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Abstract

Seismic Hazard Characterization Project (SHC) is the outgrowth of an
study performed as part of the U.S. Nuclear Regulatory Commission's
stematic Evaluation Program (SEP). The objectives of the SHC were:
evelop a seismic hazard characterization methodology for the region
the Rocky Mountains (EUS), and (2) the application of the methodology
te locations, some of them with several local soil conditions. The
eveloped uses expert opinions to obtain the input to the analyses. An
t aspect of the elicitation of the expert opinion process was the
of two feedback meetings with all the experts in order to finalize the
ogy and the input data bases. The hazard estimates are reported in
peak ground acceleration (PGA) and 5% damping velocity response
(PSV).

A total of eight volumes make up this report which contains a thorough
description of the methodology, the expert opinion's elicitation process, the
input data base as well as a discussion, comparison and summary volume
(Volume VI).

Consistent with previous analyses, this study finds that there are large
uncertainties associated with the estimates of seismic hazard in the EUS, and
it identifies the ground motion modeling as the prime contributor to those
uncertainties.

The data bases and software are made available to the NRC and to public uses
through the National Energy Software Center (Argonne, Illinois).
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Foreword

The impetus for this study came from two unrelated needs of the Nuclear
Regulatory Commission (NRC). One stimulus arose from the NRC funded "Seismic
Safety Margins Research Programs" (SSMRP). The SSMRP's task of simplified
methods needed 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 the Eastern 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.S. Geological Survey (USGS)
regarding the USGS's proposed clarification of their past position with
respect to the 1886 Charleston earthquake. The USGS clarification was finally
issued on November 18, 1982, in a letter to the NRC, which states that:

"Because the geologic and tectonic features of the Charleston region are
similar to those in other regions of the eastern seaboard, we conclude that
although there is no recent or historical evidence that other regions have
experienced strong earthquakes, the historical record is not, of itself,
sufficient ground for ruling out the occurrence in these other regions of
strong seismic ground motions similar to those experienced near Charleston
in 1886. Although the probability of strong ground motion due to an
earthquake in any given year at a particular location in the eastern
seaboard may be very low, deterministic and probabilistic evaluations of
the seismic hazard should be made for individual sites in the eastern
seaboard to establish the seismic engineering parameters for critical
facilities."

Anticipation of this letter led the Office of Nuclear Reactor Regulation to
jointly fund a project with the Office of Nuclear Regulatory Research. The
results were presented in Bernreuter et. al. (1985), and the objectives were:

1. to develop a seismic hazard characterization methodology for the
entire region of the United States east of the Rocky Mountains
(Referred to as EUS in this report).

2. to 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 that which occurred in
New Brunswick, Canada, in 1982.

The methodology used in that 1985 study evolved from two earlier studies LLNL
performed for the NRC. One study, Bernreuter and Minichino (1983), was part
of the NRC's Systematic Evaluation Program (SEP) and is simply referred
hereafter to as the SEP study. The other study was part of the SSMRP.

At the time (1980-1985), an improved hazard analysis methodology and EUS
seismicity and ground motion data set were required for several reasons:

Although the entire EUS was considered at the time of the SEP study,
attention was focused on the areas around the SEP sites—mainly in the
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Central United States (CUS) and New England. The zonation of other
areas was not performed with the same level of detail.

The peer review process, both by our Peer Review Panel 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 important studies have been completed and
several significant EUS earthquakes have occurred which could impact
the Panel members' understanding of the seismotectonics of the EUS.

Our understanding of the EUS ground motion 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 performed (i.e. by 1985), the Electric Power Research
Institute (EPRI) had embarked on a parallel study.

We performed a comparat
understanding the reaso
EPRI studies. The thre
magnitude value of the
the ground motion atten
local site characterist
1985 study and the appl

EUS. In recognition of
of research in seismote
prediction, in particul
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and have a final round
the input to the analys
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ns for differences in

e main differences we
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uation models, and (3
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the fact that during
ctonics and in the fi

ar with the developme
approach, NRC decide

of feedback with all

is.

et. al. (1987) , to help in

results between the LLNL and the
re found to be: (1) the minimum
ing to the hazard in the EUS, (2)

) the fact that LLNL accounted for
Several years passed between the

ology to all the sites in the
that time a considerable amount

eld of strong ground motion
nt of the so called random
d to follow our recommendations
our experts prior to finalizing

In addition, we critically reviewed our methodology which lead to minor
improvements and we also provided an extensive 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 recognition of the
fact that the results of our study will be used, together with results from
other studies such as the EPRI study or the USGS study, to evaluate the
relative hazard between the different plant sites in the EUS.

This report is comprised of eight volumes:

Volume I provides an overview of the methodology we developed as part of
this project. It also documents the final makeup of both our Seismicity
and Ground Motion Panels, and documents the final input from the members
of both panels used in the analysis. Comparisons are made between the new
results and previous results.

Volumes II to V provide the results for all the active nuclear power plant
sites of the EUS divided into four batches of approximately equal size and

of sites roughly located in the four main regions of the EUS. A regional
discussion is given in each of Vols. II to V.
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Volume VI gives some important sensitivity studies, in particular the
sensitivity of the results to correction for local site conditions and
G-Expert 5's ground motion model. Volume VI also contains a summary of
the results and provides comparisons between the sites within a comnon
region and for sites between regions.

Volume VII contains unaltered copies of the ten questionnaires used from
the beginning of the 1985 study to develop the complete input for this
analysis.

After the bulk of the work was completed and draft reports for Vols. I-VII
were written, additional funding became available.

Volume VIII contains the hazard result for the 12 sites which had some
structures founded on shallow soil. These results supplement the results
given in Vols. II to V where only the primary soil condition at the site
was used.

-xni-





List of Abbreviations and Symbols

A Symbol for Seismicity Expert 10 in the figures displaying the results
for the S-Experts

ALEAS Computer code to compute the BE Hazard and the CP Hazard for each
seismicity expert

AM Arithmetic mean

AMHC Arithmetic mean hazard curve

B Symbol for Seismicity Expert 11 in the figures displaying the results
for the S-Experts

BE Best estimate

BEHC Best estimate hazard curve

BEUHS Best estimate uniform hazard spectrum

BEM Best estimate map

C Symbol for Seismicity Expert 12 in the figures displaying the results
for the S-Experts

COMAP Computer code to generate the set of all alternative maps and the
discrete probability density of maps

COMB Computer code to combine BE hazard and CP hazard over all seismicity
experts

CP Constant percentile

CPHC Constant percentile hazard curve

CPUHS Constant percentile uniform hazard spectrum

CUS Central United States, roughly the area bounded in the west by the
Rocky Mountains and on the east by the Appalachian Mountains,
excluding both mountain systems themselves

CZ Complementary zone

D Symbol for Seismicity Expert 13 in the figures displaying the results
for the S-Experts

EPRI Electric Power Research Institute

EUS Used to denote the general geographical region east of the Rocky
Mountains, including the specific region of the Central United States
(CUS)
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g Measure of acceleration: Ig = 9.81m/s/s = acceleration of gravity

G-Expert One of the five experts elicited to select the ground motion models
used in the analysis

GM Ground motion

HC Hazard curve

h Epicentral intensity of an earthquake relative to the MMI scale

h Site intensity of an earthquake relative to the MMI scale

LB Lower bound

LLNL Lawrence Livermore National Laboratory

M Used generically for any of the many magnitude scales but generally
%» mt,(Lg), or Ml-

Ml Local magnitude (Richter magnitude scale)

Mb True body wave magnitude scale, assumed to be equivalent to mu(Lg)
(see Chung and Bernreuter, 1981)

mb(Lg) Nuttli's magnitude scale for the Central United States based on the
Lg surface waves

Ms Surface wave magnitude

MMI Modified Mercalli Intensity

Mo Lower magnitude of integration. Earthquakes with magnitude lower
than Mq are not considered to be contributing to the seismic hazard

NC North Central; Region 3

NE North East; Region 1

NRC Nuclear Regulatory Commission

PGA Peak ground acceleration

PGV Peak ground velocity

PRD Computer code to compute the probability distribution of epicentral
distances to the site

PSRV Pseudo relative velocity spectrum. Also see definition of spectra
below

.
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Q Seismic quality factor, which is inversely proportional to the

inelastic damping factor.

Ql Questionnaire 1 - Zonation (I)

Q2 Questionnaire 2 - Seismicity (I)

Q3 Questionnaire 3 - Regional Self Weights (I)

Q4 Questionnaire 4 - Ground Motion Models (I)

Q5 Questionnaire 5 - Feedback on seismicity and zonation (II)

Q6 Questionnaire 6 - Feedback on ground motion models (II)

Q7 Questionnaire 7 - Feedback on zonation (III)

Q8 Questionnaire 8 - Seismicity input documentation

Q9 Questionnaire 9 - Feedback on seismicity (III)

QIO Questionnaire 10 - Feedback on ground motion models (III)

R Distance metric, generally either the epicentral distance from a

recording site to the earthquake or the closest distance between the

recording site and the ruptured fault for a particular earthquake.

Region 1 (NE): North East of the United States, includes New England and

Eastern Canada

Region 2 (SE): South East United States

Region 3 (NC): North Central United States, includes the Northern Central

portions of the United States and Central Canada

Region 4 (SC): Central United States, the Southern Central portions of the

United States including Texas and Louisiana

RP

RV

SC

SE

Return period in years.

Random vibration. Abbreviation used for a class of ground motion

models also called stochastic models.

Site factor used in the regression analysis for G-Expert 5's GM

model: S = for deep soil, S = 1 for rock sites

South Central; Region 4

South East; Region 2

I
I

I

I

S-Expert One of the eleven experts who provide the zonations and seismicity

models used in the analysis
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SEP

SHC

SHCUS

SN

Spectra

SSE

SSI

SSMRP

UB

UHS

USGS

WUS

Systematic Evaluation Program

Seismic Hazard Characterization

Seismic Hazard Characterization of the United States

Site Number

Specifically in this report: attenuation models for spectral
ordinates were for 5% damping for the pseudo-relative velocity
spectra in PSRV at five frequencies (25, 10, 5, 2.5, 1 Hz).

Safe Shutdown Earthquake

Soil -structure-interact ion

Seismic Safety Margins Research Program

Upper bound

Uniform hazard spectrum (or spectra)

United States Geological Survey

The regions in the Western United States where we have strong ground
motion data recorded and analyzed
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Executive Summary

The results of this study, including Bernreuter et al. (1985), provide the NRC

with the tools for characterizing the seismicity of the Eastern United States

(EUS) and for describing the hazard at any location within the EUS. These

tools are:

3- A data base of estimates of the seismicity of the EUS and appropriate

ground motion (GM) models, based on expert opinions, in the form of:

A catalog of maps of zonation of the EUS along with estimates,
including a measure of uncertainty in the estimate, of the

zonation and seismicity of each zone.

A catalog of ground motion models including an assessment
(weights) of their relative merits for propagating the motion
from the source of motion to any location within the EUS.

b. A hazard methodology which uses the estimates in (a) to develop an

estimate of the seismic hazard at any location in the EUS. The
seismic hazard is described in terms of a hazard curve or a uniform
hazard spectrum.

c. A data base of estimates of the seismic hazard computed at the 69

sites with either operating nuclear power plants or plants seeking a

license.

The data base for characterizing the seismicity of the EUS has been developed
from an elicitation of the opinions of experts in:

The geotectonic features and seismicity of the EUS.

Ground motion modeling.

The data base of results is described in detail below but consists of hazard
curves at each site for PGA for the 15th, 50th and 85th percentile constant
percentile hazard curves (CPHC), arithmetic mean hazard curves (AMHC) and best
estimate hazard curves (BEHC). Uniform hazard spectra for various return

periods are also included. All the results have been corrected for the site's
local soil conditions. For the sites with structures founded on several

different soil types, separate analyses have been performed for each soil

type.

The motivation and history of this long study are summarized in the
Foreword. As indicated in the Foreword, this report covering our methodology,
data base, and results for the active nuclear power plants in the EUS is in

eight volumes.

Volume I

We provide an overview of the methodology that we developed as part of the
project to incorporate the judgement of experts and their quantification of
the uncertainties about their input into a seismic hazard analysis using a
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simulation approach. Our methodology relies heavily on our previous work,
Bernreuter et al. (1985), and it highlights the improvements made in the final
version of our methodology and computer codes.

In Section 2 and
analysis computer
estimation of the
input from expert
provide the ex per

their uncertainty
of the occurrence
attenuation of th

modeling of local

Appendix C we provide the basis for the seismic hazard
programs we developed to account for the uncertainty in the
seismic hazard at all EUS nuclear power plant sites using

s. This software incorporates a simulation approach to
ts with a relatively simple but effective way to express

The hazard methodology is based on a probabilistic model
and distribution of magnitudes of earthquakes and the

e ground motion from a source to a site. It also includes
site effects.

In Section 3 we describe our elicitation process which was developed to give
each expert sufficient flexibility to define his best estimate for the various
parameters of interest, e.g., zonation, and to fully express his
uncertainty. As part of our elicitation process, we assembled two groups of
experts. One group, called our Seismicity Panel (S-Panel), is composed of
experts in the seismic zonation of the EUS. The other group is composed of
experts in ground motion estimation and we referred to them as our Ground
Motion Panel (G-Panel). Our elicitation process also included a number of
feedback loops to provide the experts with an understanding of the
implications that their assumptions and models have on the computed hazards
and to provide the experts with a simple formal way to update or change their
input. In Section 3 and Appendix B we provide a summary of the final makeup
of our panels and their input as it was used in our analysis.

Relative to the input data documented in our previous report, Bernreuter et
al. (1985), the Ground Motion Experts extensively revised their input. Of the
eleven S-Experts, three of them proposed totally new seismicity models, four
of them retained their original models and the rest made minor changes.

In Section 4 a special effort is made to highlight the differences in results
between our previous study, Bernreuter et al. (1985), and the present study.
The important conclusion is, again, the stability of the seismicity
modeling. We compared the new seismicity models with the previous ones by
calculating the seismic hazard at the same ten sites and using the same ground
motion models. The differences were quite small after combining over all the
experts in spite of the fact that the results for some S-Experts changed
significantly.

The final spectral ground motion models are significantly different from the
previous (1985) set of models. This is due primarily to the fact that a new
type of models have made its appearance, namely the random vibration,
stochastic models.

Another important difference between the results of this analysis and the
previous one, Bernreuter et al. (1985), is in the value of the minimum
magnitude of the earthquakes contributing to the hazard which is magnitude 5

in the present study as opposed to 3.75 previously. The effect of this change
is documented in the following Volumes II to V, by providing the best estimate
seismic hazard created by the earthquakes of magnitude between 3.75 and 5.
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Volume I contains in Appendix A the responses of the experts to the
questionnaire on documentation. Appendix B provides all the final input data
for the analysis, and Appendix C gives a detailed account of the methodology
used in the analysis.

Volumes II-V

Because of the large number of sites for which results are presented we have
broken them up into four batches of roughly the same number of sites. The
results for each batch are presented in separate volumes - Volumes II-V. In

selecting the sites for each batch an attempt was made to make a logical
regional grouping of approximately the same size. Some compromises had to be
made, particularly in batch 4. The sites in batch 1 correspond to the
Northeast and batch 2 to the Southeast. Batch 3 covers the central part of
the North Central region and Batch 4 is a potpourri of the remaining sites.

Volumes II to V have the same layout. In Section 1 there is a list of the
sites included along with a map showing the location of the sites.

In each of Vols. II to V in Section 2, the results are presented individually
for each site together with comments. Using a uniform format for each site
(i.e., each section) we first present table 2.SN.1 (where "SN" stands for Site
Number) providing the following information:

Soil category used in the analysis to correct for local site
conditions

For each S-Expert table 2.SN.1 provides a listing of the four seismic
zones which contribute most to the hazard in terms of the peak ground
acceleration (PGA) at both lower PGA (0.125g) and at higher PGA
(0.6g) values.

The contribution of various zones given in the table for each site is limited
only to the contribution to the BEHCs.

The table is followed by ten or more figures, 2.SN.1 to 2.SN.*. The first
three figures give various PGA hazard curves. As the seismic hazard results
presented here account for earthquakes of magnitude 5 or above only, an
additional set of calculations was made to provide an estimate of the seismic
hazard created at each of the sites by the earthquakes of magnitude between
3.75 and 5. These results are given in Figs. 2.SN.4.

The next six figures give various 5 percent damped relative velocity spectra
for five return periods. It should be noted that the spectral calculations
have only been made at five periods, 0.04s, 0.1s, 0.2s, 0.4s and 1.0s and
straight lines have been used to connect these points to get the shapes
plotted.

For some sites additional figures are given to illustrate specific points. In
particular, we found that at some rock sites for some S-Experts input the
results were very sensitive to 6-Expert 5's ground motion model. The reasons
for this are discussed in each of the volumes.
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In each of Vols. II to V in Section 3 we make comparisons between the results
at the various sites included in these volume.

Volume VI

In Volume VI we discuss the important sensitivities found in the course of our
analysis, we make regional comparisons between sites and summarize the
conclusions we have reached.

In Section 2 we give a discussion of the sensitivity of the computed seismic
hazard to several important aspects of the methodology used to estimate the

ground motion. First, in Section 2.2 we present the results of a sensitivity
study to show the effect that site correction has on the hazard. We selected
the Limerick site and performed the analysis assuming that the site fell into
each of our eight soil categories. We then compared the results from these
eight separate analyses. This comparison gives the effect of site type on the
hazard at the Limerick site. In an effort to generalize from these results,
we found three pairs of sites that are distant from the Limerick site but each
pair are relatively close together and have different site categories. By

comparing the effect of site type on the hazard observed at these sites to the
effect of site type observed at the Limerick site, we reached the conclusion
that there did not appear to be a significant variation in the effect of site

type introduced by the region the site is located in. This point is re-
examined in Vol. VIII where we did find that for some sites, the ground motion
amplification can be influenced by a combination of the regional seismicity
and the ground motion models. It can be as much as 10 percent higher and as

much as 8 percent lower than expected, had there been no regional effects.
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In Section 2.4 we examined the reasons why our constant percentile uniform
hazard spectra seemed to be high relative to the hazard curve for PGA. We

concluded that the apparent disconnect between the PGA hazard and the spectral
hazard was due to the correction for EUS conditions introduced into some of

the ground motion models. These corrections suggest that typical EUS

earthquakes have significantly more high frequency motion than assumed in

either the R.G. 1.60 spectrum or the NUREG-0098 spectrum.

In Section 3 we compare the results between all sites. At the 0.2g level we

found that typically at any site there is over two orders of magnitude
uncertainty in the estimate of hazard (as measured by the difference between

the 15th and 85th percentiles CPHCs). We also found that the spread of the
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median probability of exceeding 0.2g PGA between the site with the lowest
hazard and the site with the highest hazard is about 1.4 orders of magnitude.

We did not find large differences in the hazard between sites located at
approximately the same distance (approximately 200 km) from the New Madrid
seismic zone, as with sites located approximately the same distance from the
Charleston seismic zone. We did find that the makeup of the hazard was
different with nearby zones being more important for sites near the Charleston
seismic zone than for sites near the New Madrid zones. Conversely, large
distant earthquakes were more important for the New Madrid site than for the
Charleston site.

We found that, of the sites analyzed , some sites in New England had the
highest hazard. But it must be noted that the sites affected by the New
Madrid and Charleston earthquake were at some distance from the source
zones. Thus, if a site were to be located near these source zones, the hazard
would be greater than found for the New England sites.

Some regional influence could be seen in the spectral shape, particularly at
the longer periods. The spectral shapes for the sites near the New Madrid
region had more long period energy than for sites located near Charleston or
in New England. There were some differences at the short period end of the
spectrum, but it was relatively small.

In Section 4 we present a number of conclusions reached during the course of
this study, the most important of which are:

Our estimates of the seismic hazard for any site in the EUS display a
large uncertainty. Most individual experts have expressed
significant uncertainties about their input. There is also a wide
diversity in the opinion among experts.

The median estimate of the seismic hazard appears to be relatively
stable, both in time and between studies performed without systematic
differences.

Correction for local soil conditions is important and has a
significant impact on the results.

The results, particularly the arithmetic mean and best estimate
estimators, are wery sensitive to ground motion models with low
attenuation, e.g., such as the model selected by G-Expert 5.

There is a significant variation in the hazard across the EUS; e.g.,
the median estimate for the 10,000 year return period for the PGA
varies from 0.08g to 0.33g.

Volume VII

Volume 7 is the text of the Questionnaires provided to the experts to develop
the data base used in the analysis whose results are presented in this
report. In all, ten questionnaires were designed and sent to the experts.
They are the following:
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Zonation Questionnaire (Ql)

Seismicity Questionnaire (Q2)
Questionnaire on Regional Self Weights {Q3)

Ground Motion Models Questionnaire (Q4)

Feedback-1 Questionnaire on Zonation/Seismicity {Q5)

Feedback-1 Questionnaire on Ground Motion Models (Q6)
Feedback-2 Zonation Questionnaire (Q7)
Documentation Questionnaire (Q8)

Feedback-2 Seismicity Questionnaire {Q9)
Feedback-2 Ground Motion Questionnaire (QIO)

Questionnaires Ql, Q2, Q3, Q5, Q7, Q8 and Q9 pertain to the S-Experts on

zonation and seismicity. Q4, Q6 and QIO pertain to the G-Experts.

The questionnaires are important to the reader for several reasons:

The questionnaires allow the reader to understand exactly the

questions that our experts were responding to. This provides the user

of our methodology with sufficient information to judge—for specific

applications— if additional information is needed.

The questionnaires often have detailed explanations, comparisons and

discussions which are needed to supplement the text of Vols. I-VI. In

Vols I-VI we often made reference specific questionnaires rather than

repeat a lengthy discussion or set of comparisons.

Volume VIII

After the completion of the analysis reported in Vols. II-V and summarized in

Vol. VI, some additional funds became available. Because of the importance of

the correction for local site conditions, it was determined that it would be

most beneficial to use these funds to perform an analysis for the appropriate

shallow soil category at the twelve sites which had most structures founded on

rock but also had a few founded on shallow soil. These sites and their

secondary soil categories are listed in Table 1.1 of Vol. VIII.

In Sections 2.1 to 2.12 we provide the results for the secondary soil category

for the sites listed in Table 1.1. Using a uniform format for each site

(i.e., each section) we first present Table 2.SN.1 (where "SN" stands for Site

Number) providing the following information:

Secondary soil category used in the analysis to correct for local

site conditions.

For each S-Expert the Table 2.SN.1 provides a listing of the four

seismic zones which contribute most to the hazard in terms of the

peak ground acceleration (PGA) at both lower PGA (0.125g) and at

higher PGA (0.6g) values.

The contribution of various zones given in the table for each site is limited

only to the contribution to the best estimate hazard curves (BEHCs).
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In Section 3 we examine the regional variation of the effects of the site
correction on the computed hazard. We also examine the sensitivity of the
results to the choice of ground motion models, in particular, relative to the
low attenuation model selected by G-Expert 5.

Our results show several interesting results:

There is some region-to-region variation and even site-to-site
variation in the effect of correction due to the soil type at the
site. This variation is found to be due to the combined and complex
effects of interactions between the ground motion models and the
seismicity and zonation models. It was found that for the three
sites considered in batch 4 (Arkansas, Callaway and Duane Arnold),
the site amplification ratio of PGA values for a fixed return period
(soil /rock) is approximately equal to that of the case where Expert
5's ground motion is not used, that is, the resultant amplification
is approximately 10% higher than what would be expected if all types
of correction carried equal weight. For the other sites, in Region 1

and Region 2, the amplification factors vary by basically remaining
within 5 percent of the value one would expect if the correction
models of all five G-Experts carried the same weight.

Now, if we compare the variations due to site correction in terms of
probability of exceedance, one might be mislead in believing that the
site effects could be very large.

We found that the computed median hazard applicable for the
structures founded in shallow soil, range over a factor of 2 to over 5

higher than the median hazard applicable for structures founded on
rock at the same site. Given this wide variation and the complex set
of factors causing the variation, it is not possible to say
positively that our results include the worst case.

It is clear from the results presented that it is not possible to
approximately correct for site conditions by first computing the
hazard at a site by considering it as a rock site and then introduce
approximate correction factors, e.g., such as could be extracted from
the sensitivity results given in Section 2.2 of Vol. VI.

Considerable caution must be exercised in trying to use the results
given in this volume to extrapolate to other sites. There is a very
complex interaction between the zonation, seismicity parameters and
the correction for site type which has a significant impact on the
computed hazard at any given site.
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The correction for site category is sensitive to the ground motion
models used. If G-Expert 5's model is not included then it appears
that there is a wider regional and site-to-site variation than when
G-Expert 5's model is included.
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FIRST QUESTIONNAIRE- ZONATION (Q1

)

1.0 INTRODUCTION

1.

1

Background

The purpose of this project, Intlated by the U.S. Nuclear Regulatory

Conmisslon (NRC), is to "develop a seismic hazard characterization for the

region of the United States east of the Rocky Mountains." One task of the

project is to assess the seismicity of this region and to describe it in a

form which can be used as input to a seismic hazard analysis. The seismic

parameters of interest are:

o Seismo-tectonic zonatlon.

o Rate of earthquake occurrence.

o Distribution of earthquakes magnitudes.

o Largest earthquake, i.e. upper magnitude cutoff.

Because it is difficult, or perhaps Impossible, to precisely quantify such

seismic parameters using only the sparse historical record, expert judgement

is crucial. Thus, a panel of experts has been assembled. The membership of

the panel is:

Dr. Peter W. Basham

Professor Gilbert A. Bollinger

Dr. Michael A. Chlnnery

Mr. Richard J. Holt

Professor Arch C. Johnston

Dr. Alan L. Kafka

Professor James E. Lawson

Professor L. Tim Long

Professor Otto W. Nuttli

Dr. Paul W. Pomeroy

Dr. J. Carl Stepp

Dr. Anne E. Stevens

Professor Ronald L. Street

Professor M. Nafi Toksoz

Dr. Carl M. Wentworth

As a member of the panel you have been selected based on your knowledge of the

seismicity of all or part of the Eastern United States (EUS). We wish to

thank you for your willingness to participate in the deliberations of the

panel

.
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Some of you are familiar with the approach that ve are taking as you
participated In an earlier study. That study was limited to the assessment of
the seismic hazard at the nine oldest reactor sites In the EUS. This study
represents a generalization of the earlier study In that: (1) the approach Is
modified to Incorporate methodology Improvements suggested by our reviewers,
and (2) the area to be dealt with Is the entire EUS east of the Rocky Mountain
front, Including the offshore regions along the east and Gulf coastlines.

For those of you not familiar with our approach, we have enclosed the overview
report from the previous study and give below a brief description of the
ellcltatlon process and analyses planned. The ellcltatlon process will be In
three stages. The first stage will be the ellcltatlon of the selsmo-tectonlc
zonatlon. This Is the object of this questionnaire. You will be asked to
describe a base map which Identifies all potential source zones for the EUS.
Since you may be uncertain about the existence and shape of some of the zones,
you will be asked to provide plausible alternatives to individual features of
your base map. From this information, a set of mutually exclusive zonatlon
alternatives for the entire region can be derived. An appropriate subset of
these alternative maps can be used to assess the seismic hazard at a specific
site.

The second stage of this study, a questionnaire will be sent to you in order
to elicit your opinion on the occurrence rate and magnitude distributions.
Ideally, you should use your own set of historical seismicity data. However,
if you desire, we will provide you such data in the form of a catalog of
historic events. This catalog is described In Appendix 1. Specifically, for
each zone in your base map as well as for the alternate zones, you will be
given (1) a listing of all earthquakes in the zone having magnitudes greater
than some pre-specified minimum, and (2) a table giving the number of
earthquakes in the zone as a function of magnitude-^. You will then be asked
to respond to questions designed to elicit your opinion, in light of the data,
regarding the earthquake occurrence rate, upper magnitude cut-off and
magnitude distribution.

Your responses will then be combined and cross-checked to assure consistency
in the results. Also, the results will be used to compute the seimlc hazard
at various locaions in the EUS. These hazard assessments will be made
available to you in the third stage of the elicltation process so that you may
assess the physical reasonableness of the seimlc parameters elicited in the
first two stages of our process.

The third stage of the process will start with a general meeting of the panel,
and at that time you will have the opportunity to review results based on your
input, as well as the results from the other panel members. In order to
ensure anonymity, each panel member's results will be identified by some code
which only that panel member will know. In addition, at the meeting we will
discuss

:

1. We use the term magnitude as a general term referring to size, not as a
specific measurement.
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1. the models and approximations that we introduced to put your results

into a form suitable for Input into our hazard analysis;

2. the parameters which contribute the most to the uncertainty in the

predicted seismic loading at the selected sites and to which the

results are most sensitive; and

3. those areas which may need to be more carefully considered by the

panel members.

After this meeting we will formally request that you revise your original

responses if appropriate.

1.2 Description of the Seismic Hazard Analysis

Given source zone configurations and seismlcity Information from the first two

questionnaires, along with an attenuation model, we can compute a hazard curve

for any site in the EUS and any time period T. The hazard curve at a site is

defined here to be the probability, P(A>a), that the maximum value of peak

ground acceleration. A, Induced at the site by earthquakes occurring within a

T-year period exceeds the value a. Graphically, a typical hazard curve,

plotted on a semi-logarithm scale. Is given in Figure 1.1.

Log P(A > a)

10-3

10-A

10r5

Figure 1.1 Typical Hazard Curve at a Site

To develop a hazard curve at a site, It will be necessary for us to adopt

certain models to describe seismlcity. From the responses to this

questionnaire we will be able to develop a collection of maps (alternative

source zone configurations for the EUS) for each expert. Given a map, we

model the occurrence of earthquakes within each zone, where attention Is

restricted to earthquakes with magnitudes exceeding some pre-specif led

minimum, M^,. Following the standard hazard analysis practice, we assume

that the occurrence of earthquakes can be approximated by a Polsson process.
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You will be asked, In the second questionnaire, to estimate the space-time
rate of occurrence, vhlch Is assumed constant within a zone, but which may
vary from zone to zone. Given an earthquake. It Is then necessary to model
the magnitude distribution. You will be asked to model the magnitude-
recurrence relationship for each zone and also to estimate the values of the
parameters of the model (e.g., a linear model with an Intercept and a slope as
parameters). In addition, you will be asked your opinion about the existence
of a physical upper bound on earthquake magnitudes. If you feel that you
cannot give such an upper bound, or If you feel that the bound Is so large as
to be of no practical Importance, then we will model the distribution of
magnitudes with an upper limit equal to the largest observable value on your
chosen measurement scale (e.g., XII on MMI scale). On the other hand. If you
specify an upper magnitude cutoff, M^, the range of the magnitude
distribution will be restricted to the Interval [M^.M^] . Your magnitude-
recurrence model and your upper magnitude cutoff value will be combined to
model the distribution of magnitudes for each zone.

Another essential Ingredient In seismic hazard analyses Is the attenuation
model which relates peak ground acceleration at a site to earthquake magnitude
and source-site distance. This portion of the project Is not concerned with
the choice of attenuation model. A second panel is being formed to assist in
the selection of appropriate attenuation models and to estimate the parameters
of the model.

The seismicity Information for each expert is combined with the attenuation
model to develop a "best estimate" hazard curve for each expert. Variations
in the source zone configurations and uncertainty in the seismicity parameters
will be combined to develop bounds for the hazard curve which reflect your
level of confidence in your responses.

1.3 Discussion

Information about the seismicity in the EUS is available both in the form of
recorded events (i.e., data) and in knowledge, held by individuals like
yourselves, about the tectonic and geologic properties of the region which
affect seismicity. Thus, it is appropriate to combine these two sources of
Information when characterizing seismic hazards in the EUS. Methods exist for
analytically combining data with opinions, however, in this project we are
relying on your abilities to assimilate the data with your knowledge in
developing your responses to the questionnaires. Thus, we expect that you
will review one or more catalogs of events, recognizing the shortcomings of
the data (e.g., incompleteness of the catalogs). The data, in turn, should be
combined with your general experience in the region, your knowledge of the
geologic and tectonic features, similarities of the EUS with other regions,
and other related Information.

Throughout the questionnaires we will be asking you to associate a level of
confidence to your responses. We will Interpret your level of confidence to
represent the degree to which you judge your knowledge, expertise, the
historical data, etc., support a given response. In making this judgement we
ask that you not be Influenced by your level of expertise, for a given section
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of the EUS, relative to the other pane] members. The latter measure of

relative expertise (self-weighting) is only approproate when opinions from
several individuals are combined to form a consensus. We will be eliciting
such self-weights as a separate part of the elicltatlon process. To

illustrate, suppose you are responding to a question about the existence of a

zone in a section of the EUS for which you feel your level of expertise
(self-weight) on a scale of 0.0-1.0 is 0.8. Based on your knowledge, review
of past-events, etc., if you are 95 percent sure the zone should be

identified, then your level of confidence in the existance of the zone is

0.95, not 0.95 x 0.8 «= 0.76. [If you assign confidence of 0.76 to the zones

existence, this implies that your confidence in its non-existence is 0.24,

rather than 0.05].

We recognize the Inherent difficulty of quantifying subjective judgement.

However, substantial uncertainty is an unavoidable factor In assessing seismic

hazard in the EUS. Until more data becomes available expert opinion about

seismlcity is an Important source of information. It is widely accepted that

subjective probability (i.e., in our terminology, level of confidence) is the

uniquely appropriate means of quantifying uncertainty. Thus, eliciting your
level of confidence is an attempt to assist you in sharpening and quantifying

your opinions as well as to express your uncertainty. We encourage you to be

as unbiased and complete as possible in responding to the questionnaire.

Although the goal is to describe the seismlcity of the entire EUS, It Is

recognized that some of you will not feel comfortable In responding for the

entire region. However, we urge you to supply zones for all regions If

possible. Large uncertainties can be reflected in the range of alternatives

presented and through the level of confidence associated with a response. We

want to emphasize that, in addition to assessing the best estimate hazard

curve and associated uncertainty for each expert, the intent of the project Is

not to obtain a consensus but to present the diversity of opinion among

different experts. Therefore, we urge you to express your own knowledge and

beliefs in your responses. Specifically, do not be reluctant to express

unconventional and/or non-classical viewpoints.

If you feel that you cannot respond to our questions for certain regions of

the EUS, this is acceptable. In that case respond only to the portion of the

EUS for which you are knowledgeable. However, whatever portion of the EUS you

respond to, we urge you to answer all questions.
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2. SOURCE ZONE CONFIGURATION

2.1 Introduction

In this part of the ellcltatlon process we are concerned with the
specification of various seismic source zones. A zone Is a region which has
homogeneous seismic characterlctlstlcs In terms of rate of activity, magnitude
dlsdtrlbutlon and upper magnitude cut-off. The intent of this section Is to
obtain the geographic boundaries of the major seismic zones and local tectonic
features, e.g., faults, which should be considered in a seismic hazard
analysis. The region to be considered Is the Eastern United States and
Southeastern Canada extending west to the Rocky Mountain front or rouehlv
IO4OW. ^ ^

We will be asking you to draw a base map of the seismic source zones for the
Eastern United States and Southern Canada on one of the maps provided . The
base map should:

o Identify all potential selsmloc zource zones

o Describe your "best estimate" of the boundaries of the zones.

It is recognized that you may have alternative views about the zonatlon other
than your Initial base map. Specifically, you may be uncertain about:

o the existence/non-existence of an individual zone or cluster of
zones, i.e., should/should not an individual zone or cluster of
zones be treated as a source separate from the area surrounding it,

o the boundary shape of an individual zone or boundaries of a cluster
of adjacent zones.

Thus, we will be asking you questions which will allow you to express such
uncertainty.

We have provided several maps which can be used to Indicate alternative source
zone configurations. Please do not return your responses on any other working
maps or even copies of the maps provided to you. In processing your
responses, these maps will be digitized and therefore need to be all the
same. If you need more maps, please do not hesitate to request them from us.

To assist you in interpreting and answering the questions for this part of the
ellcltatlon, we have Included an Illustration of the type of response we hope
to derive from the questions in this section of the questionnaire. Please
recognize that this illustration is not Intended to reflect reality but only
to illustrate the desired format for your responses. (In fact, the
illustration was purposely done by a non-seismologist).

In the illustration. Figure Al describes the base map, in response to Question
1-1. Each zone has been indexed. Indexing zones is necessary for later
identification when one describes alternative configurations in response to
later questions. In this illustration 15 zones were identified. Most of the
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zones are aras, except Zone 2 which Is a line source. TaVle Al Illustrates

the response to Question 1-2 on uncertainty in the existence of one or more

zones Identified on the base taap. The zones Identified in TaMe Al are those

for which the respondent was not sure about their existence, I.e., the need to

Identify a separate source zone different from the surrounding area. Two

pieces of Information are provided for each zone Identified in Table Al:

o the respondent's level of confidence that a zone does exist

o If the zone is considered non-existent, the region must become part

of another zone; this zone must be identified.

In the illustration. Zones 2, 3, A, 5, 12, and l4 were considered potentially

non-existent. The respondent's confidence In Zone 2 existing is O.AO and if

Zone 2 does not exist then that region becomes part of Zone 1. Similarly, the

respondent has confidence 0.85 that Zone 3 must be identified as a separate

source zone.

Responses to Question 1-3 on potential alternative boundary shapes for an

Individual zone or group of zones is illustrated in Figures A2 and A3 and

Table A2. In this case. Zone 3 was considered to have two potential

configurations; the elliptical shape on the original map and a triangular

shape drawn on Figure A2. The respondent's confidence, conditional on the

zone's existence, in the elliptical shape boundary was 0.6 and In the

triangular boundary was 0.4. These are entered in Table A2 . Also, in the

Illustration, alternative configurations for Zones 11 through 15 are drawn on

Figure A2 as Zones 19 through 24. Finally, zones labeled 4 and 5 in the

Initial map were judged to have two additional boundary shapes. These are

labeled 17 and 18 in Figure A2 and Zone 25 in Figure A3. Notice that in the

latter alternative, the region originally described by two zones has been

described by a single zone.

Although most of the source zones identified In the illustration represent

areas, there are also relevant line and point sources, such as faults, which

could be active or could otherwise serve to localize seismicity. It is

Important that you identify such line and point sources on your maps and treat

them in your responses as another zone, indexing them consider their
existence/non-existence and possibly reshaping or relocating them on your

alternative maps.

2.2 Questions

1-1 Using one of the maps provided, please draw your base map of potential

source zones, along with their "best estimate" configurations, for the

Eastern United States. Please index each zone identified on your map.

1-2 To express an uncertainty about the possible existence of an individual

zone or cluster of zones, please record, by index number, in a table

similar to Table Al , any regions which you are not certain should be

identified as a zone. Indicate your level of confidence in its being a

zone and indicate what zone that region will be part of if the zone does

not exist.
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1-3 To Indicate possible alternative boundaries for an individual zone or
cluster of adjacent zones, please isolate the zones you would like to
reshape; provide as many alternative boundaries, on one or more of the
maps provided, as you feel is necessary; and, in a table similar to Table
2, list the alternatives and give us an expression of your confidence
(relative to the other alternative shapes for that zone or zones) in each
alternative boundary shape.

As indicated in the Introduction we will provide, if you desire, a description
of historical seismic activity relevant to your source zone configurations
which you can use as a data base for responding to the questions on selsmicity
in the second stage of the ellcltatlon process.

1-A Do you desire to have us provide you a description of historical seismic
activity in the EUS?

Yes No
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Figure Al . "Best Estimate" Source Zone Configurations

Q1-10



Table Al . Existence of Selected Zones

Zone Index

Level of Confidence Non-Exlstent Zone Becomes

In Existence Part of Zone Number

A and 5

0.85

0.98

12 0.70 11

lA 0.80 15
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Figure A2. Alternative Source Zone Configurations
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Figure A3. Alternative Source Zone Configurations
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Table A2. Confidence for Alternative Boundaries

Zone Index

3

16

^, 5

17, 18

25

Level of Confidence

In Boundary Shape

0.6

0.4

0.7

0.15

0.15

(1)

11, 12, 13, lA, 15

19, 20, 21, 22, 23, 2A

0.7

0.3

(1) Notice that for any specific region, the sum of the levels of confidence

over alternative boundary shapes should be 1.0.
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SECOND QUESTIONNAIRE - SEISMICITY PARAMETERS {Q2)

1. EASTERN UNITED STATES SEISMICITY

1.0 Introduction

As part of the project to develop a seismic hazard characterization of the

EUS, this questionnaire is designed to elicit your opinions about the

selsmlclty of the source zones you identified in Questionnaire 1. For each of

the zones^-'^) identified in your zonations of the EUS we will ask questions

about:

o The largest earthquake, i.e., upper magnitude cutoff

o The expected frequency or occurrence rate of earthquakes

o The magnitude-recurrence relation

We are returning to you digitized versions of the maps you developed for

Questionnaire 1 as well as historical seismic data, if you requested this

information.

In responding to questions about selsmlclty we expect that you will use one or

more catalogues of historical events, either those of your ovm choosing or the

catalogue we have supplied at your request. When using the catalogues to

assess the future selsmlclty in the EUS it is important that you consider the

validity and quality of the data as well as some potential shortcomings in

using the recorded events to form your opinions. One issue you should

consider is the potential incompleteness of the data. The completeness of a

catalogue will depend on several factors, e.g., the length of recorded

history, the population density and distribution during past events.

Completeness is likely to vary between catalogues as well as between regions

within a catalogue. It would be appropriate for you to correct for

incompleteness when using the data to form your opinions. You should also be

aware of potential inaccuracies in the location and size of the past events.

In addition, aftershocks are a potential source of uncertainty when using

historical data. Since our analysis is based on assuming earthquakes occur as

a Poisson process, one might question the inclusion of aftershocks when using

the data to assess selsmlclty. How to treat aftershocks is left to your

discretion. Aftershocks have not been culled from the data in the catalogue

we provided.

The extent to which you rely on the historical data to form opinions about the

future selsmlclty of the EUS should be based on your judgements of the data.

This may be based on your knowledge of the geologic and tectonic features of

the area, similarities with other regions, theoretical considerations, results

of studies available to you, and any other information you feel is related to

the selsmlclty of the EUS. Thus, your responses to questions about selsmlclty

should reflect your assimilation of the data with your knowledge and

experiences relevant to the selsmlclty of the EUS and your evaluation of the

historical record of selsmlclty in the various zones.

(1) In using the generic term zone in this questionnaire, we are referring

to all tectonic features (e.g., areas, faults) identified on your maps as

potential sources of earthquakes.
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For each seismic parameter used to characterize selsmlclty within a zone,

e.g., the expected frequency of earthquakes, we will ask you to give your best

estimate of the value of the parameter. In addition, we will ask you to give

an interval of values for each parameter to which you associate a high degree

of confidence. As discussed in the Introduction in Questionnaire 1,

confidence is considered to reflect your state of knowledge regarding the

seismic parameter conditional on the historical data, your knowledge about and

experiences with the geologic and tectonic conditions in the EUS, and any

other information relevant to the selsmlclty in the region. We do not ask you

to associate a specific level of confidence with the interval because of the

difficulty we expect you would have in distinguishing between similar

confidence levels, e.g., distinguishing between 90 and 95 percent levels of

confidence. However, in our analysis we will model your state of knowledge

about a parameter by assigning a probability distribution to each seismic

parameter. Your best estimate and confidence bounds will be used to estimate

the parameters of the probability distribution. In this context we will

associate a specific level (e.g., 95 percent) of confidence with your

Interval. This interval should represent a set of values, in which you are

highly confident that it includes the true value of the parameter. The width

of the Interval should reflect the uncertainties you have about the selsmlclty

within a zone.

We would like to emphasize that it Is important, for the success of this

project, that you respond to all questions for each of the zones identified in

the first questionnaire. Thus, even if you are uncertain about one or more

seismic property for a zone, we encourage you to express an opinion. Your

uncertainty should be reflected in your responses to questions involving a

statement of confidence. Moreover, even if you believe some seismic features

(e.g., the magnitude-recurrence relation model) are similar for all zones, you

should consider each zone individually in making your responses. For example,

even if your best estimate of the slope of a linear magnitude-recurrence

relation is the same for all zones, your uncertainty about this parameter may

vary from zone to zone; one reason for this is that the quality and amount of

historical data varies from zone to zone. This variation in uncertainty

should be reflected in varying confidence bounds for the slope from zone to

zone.

To help you understand the reasons for the questions we pose in this

questionnaire as well as why we emphasize the need for you to respond to all

questions, we will outline how the three items addressed in this questionnaire

(frequency of earthquakes, upper magnitude cutoff, magnitude- recurrence

relation) enter into the hazard analyses.

For this project, seismic hazard at a site is defined as the probability P(A

a) that the peak acceleration A at the site exceeds the value a. That is,

P(A a) is the probability that at least one earthquake occurs for which the

peak acceleration at the site exceeds a. This probability is experessed per

unit time, e.g., 2.8 X 10"-^ per year. The seismic hazard curve is

frequently described by a plot of the logarithm of P(A a) versus a. (See

Figure 1.1 in Questionnaire 1.) The peak acceleration at a site is assumed to

be functionally related to earthquake magnitude and source-to-site distance.
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Hence, the hazard P(A y a) depends on the distribution of peak acceleration
conditional on magnitude and source-to-site distance, as veil as the
distribution of magnitudes, Integrated over relevant source zones. The upper
magnitude cutoff Is the parameter of the distribution of magnitudes which
defines the largest possible earthquake for each zone. The expected frequency
of earthquakes and the magnitude-recurrence relation are jointly used to

describe the frequency of magnitudes between the specified minimum level M^
and the upper magnitude cutoff M^. Our hazard analysis methodology, similar

to that used In the previous study, uses your Inputs about the selsmiclty
within a zone to estimate the expected frequency of earthquakes for a finite
set of magnitude Intervals spanning the range between Mq and My. Assuming
a Polsson model for the occurrence of earthquakes In each zone, we can

Integrate over the relevant zones to assess the seismic hazard at a site,

conditional on the values of the seismic parameters.

We will combine your best estimate and Interval estimates of the seismic
parameters, along with your responses to the questions in Section A, to

specify a joint probability distribution for the seismic parameters. This
distribution will be used to assess a best estimate hazard curve and bounds
for the hazard curve which represent your uncertainties in the selsmiclty of

the EUS. Details about the appropriate probability distributions and about
how we will interpret your Inputs to estimate these probability distributions
are discussed in the respective sections of the questionnaire. A discussion
of the precise method for assessing the seismic hazard at a site and

propagating the uncertainties through the analysis are too complex to present

in this introduction. Details for the complete seismic hazard analysis,

including the procedures for propagating uncertainty through the analysis,
will be presented for your review at the general meeting of the panel during
the third stage of the ellcltatlon process.
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2. UPPER MAGNITUDE CUTOFF

2.1 Introduction

An Important parameter of the magnitude distribution Is the upper limit of the
range of magnitude values. This limit corresponds to the largest magnitude
that will occur given the current geologic and tectonic conditions within a

zone. This part of the questionnaire is concerned with eliciting your
opinions about this limiting magnitude value for each zone identified in your
seismic zonatlon of the EUS.

When one considers the magnitude of the largest event that can occur in a

source zone, one might imagine that this will depend on the time length to be
considered. For example, if one considers periods of 150 years and 1,000
years, one might expect the magnitude of the largest event to be different for
the two time periods. In fact, if one were able to record the magnitudes of
all earthquakes within a source zone over two such time Intervals it would not
be unusual for the largest event in 150 years to be different than the largest
event in 1,000 years. This would be true even if the tectonic and geologic
conditions of the region remained constant over time, since the magnitude of
the largest event in T years, M^p, is a random variable. Thus, values
observed over the 2 time periods would be realizations from two distributions
of values. It is true that the probability distributions of these random
variables will depend on T. However, assuming that the seismic, tectonic, and
geologic conditions of the region remain constant over time, the range of
values, specifically the lower and upper limits of the distributions, will be
the same for both distributions. Conceptually, the relationship between the
distributions of the largest earthquake in 150, 500, and 1,000 years is shown
in Figure 2.1. Notice that all three distributions have a common upper limit,
denoted M^j. However, the probability that the largest earthquake has a
magnitude close to My decreases as the time period T decreases. This common
upper limit is the parameter of Interest in this section of the
questionnaire.

The assumption that the range of values of the distribution of magnitudes is
Independent of time suggests, perhaps, that the value of the upper limit must
include magnitudes of events which may occur as a result of potential long
term changes in geologic and tectonic conditions. This is not the case for
this project. In your responses, you should not consider the consequences of
a change in tectonic conditions, for example, a change of the Atlantic margin
to a subductlon zone. The purpose of this project is to consider the
seismicity of the region as it exists today and can be expected to exist in
the near geological future.

The tectonic and seismic conditions currently existing within a zone will
limit the magnitude of an earthquake, should an earthquake occur. This
limiting value of magnitude, determined by the physical conditions within a
zone, is the upper limit of the distribution of magnitudes. We refer to this
parameter as the upper magnitude cutoff.
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P(K^ > m)

T = 150 years

T = 500 years

•T = 1 ,000 years

Figure 2.1 Probability that the Magnitude of the Largest Earthquake, M^,

In T Years Exceeds m.
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Definition ;

Upper Magnitude Cutoff . My - the upper limit for the distribution of
earthquake magnitude within a zone, given the current tectonic and
seismic conditions*

If the current tectonic and seismic conditions were to remain stationary and
the magnitudes of all earthquakes were recorded for a long time, the
collection of magnitudes would form a distribution of magnitudes, the upper
limit of which is the parameter My. The parameter My should be
distinguished from the random variable Mj discussed above.

An Important consideration in the assessment of the upper magnitude cutoff is
the saturation properties of the measurement scales presently used to describe
the magnitude of an earthquake. For example, the Modified Mercall Intensity
(MMI) scale has an upper value of XII. Thus, no matter what the total energy
(or moment) associated with an earthquake. Its magnitude, when measured in
MMI, can never exceed XII. Similarly, the energy (or moment) - magnitude
relationship, when magnitude is measured in M^j^ units, is described in
Figure 2.2. Thus, when responding to questions concerning an upper magnitude
cutoff, if one's response is expressed relative to observable magnitude
values, the magnitude saturation value is an upper limit. On the other hand,
when assessing the upper magnitude cutoff you may not want to be constrained
by the saturation value. This can be done by expressing one's opinion in an
alternative magnitude scale (e.g., in Mg). Alternatively, to avoid problems
of changing magnitude scales (e.g., from Mg to M^^Lg) and the uncertainty
of the relation between scales, you may want to continue the linear portion of
the moment-magnitude relation beyond the saturation value (indicated by the
dashed line in the figure). To allow you as much flexibility as possible in
expressing your views about the upper magnitude cutoff, you should feel free
to consider or not consider the saturation of the measurement scale in your
responses. We do ask you, however, in Question 2-2 to indicate if you are
limited by a saturation value.

In Question 2-A we ask you to specify an interval for the upper magnitude
cutoff Mu to which is associated a level of confidence. This interval will
be combined with your best estimate to describe your uncertainty about the
value of Mu. In this description we will treat your best estimate as the
most likely value (mode) and the endpoints of the interval as the limits of a
triangular distribution similar to that shown in Figure 2.3. If you feel the
triangular distribution does not adequately describe your uncertainty in the
value of the upper magnitude cutoff, you should indicate an appropriate
distribution in response to Question 2-5. Such a distribution can be
expressed in terms of a density (relative frequency) function e.g., the
uniform density function in Figure 2.Aa, or in terms of a cumulative
distribution function, e.g., the uniform distribution function in Figure 2.Ab.
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Saturation
Value

-M
bLg

Figure 2.2 Moment - Magnitude Relationship

Lower Best
Bound Estimate

Upper
Bound

Figure 2.3 Triangular Density Function
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1
A

Lower Bound Upper Bound

Figure 2.Aa Uniform Density Function

Lower
Bound

Upper
Bound

Figure 2.Ab Uniform Distribution Function
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2.2 Questions

For each of the seismic source zones identified on your maps of the
zonation of the EUS.

2-1 What scale of measurement (e.g., MMI, M^jLg, etc.) for earthquake
magnitude will you use for your responses to questions about the upper
magnitude cutoff? (Note: It is not necessary to use the same scale for
all zones; indicate, separately, the scale you are using for each zone.)

2-2 Will you, in your responses concerning the upper magnitude cutoff, be
constrained by the saturation value (e.g., XII on the MMI scale) on your
chosen scale of measurement? If so, what Is the saturation value?

2-3 Given the current tectonic and seismic conditions for each zone, give
your best estimate (most likely value) for the upper magnitude cutoff
Mjj for the distribution of magnitudes for the zone.

2-4 Give a lower bound I^l and an upper bound Myu for the value of the
upper magnitude cutoff such that the range (M^l. Myy) is a reflection
of your confidence in estimating the upper magnitude cutoff. As
indicated in Fig. 2.2, the interval (M^l. Muu) will be treated as a
100% confidence Interval for My.

2-5 Does the triangular distribution adequately describe your uncertainty in
the value of the upper magnitude value? If not, please indicate an
appropriate distribution.
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3. EARTHQUAKE OCCURRENCES

3.1 Introduction

In this part of the questionnaire we elicit your opinions about the occurrence
of earthquakes with magnitudes between a tnlnlmum magnitude Mq and the upper
magnitude cutoff in each of the source zones identified on your maps of the
zonation of the EUS. For this project, the minimum magnitude, in MMI units,
Is Mq = IV and, in MbLg ""Its, is M^ = 3.75. To elicit your opinions we

ask you to respond to questions about:

1. The expected frequency (occurrence rate) of earthquakes with
magnitude equal to or greater than M^ within a zone.

2. The magnitude-recurrence relation within a zone.

We recognize that by requesting your opinions about the expected frequency and
the magnitude-recurrence relation, we are potentially eliciting redundant
information. Specifically, for a specific time period, if the
magnitude-recurrence relation is applicable at M^ then it can be used to

estimate the expected frequency of earthquakes with magnitude equal to or
greater than Mq. However, since the magnitude-recurrence model is usually
derived from historical data, data which might be incomplete for magnitudes
close to Mq, one might believe that the magnitude-recurrence model does not
hold for all magnitudes. In this case, the two sets of questions are not

redundant but provide needed Inputs Into the seismic hazard analysis. We
further address the issue of the range of applicability of the
magnitude-recurrence relation In Section 3. A.

By asking both questions, it provides you an opportunity to estimate the
expected frequency by viewing the historical data from more than one
perspective. For example, an estimate of the expected frequency can be based
on only the number of earthquakes occurring over a period of time. On the
other hand, the estimate from the magnitude-recurrence relation is influenced
by the model used to fit the historical data. Thus, we have estimates of
similar parameters based on different methods of analyzing the historical
data. We recognize, of course, that you may choose to use entirely different
procedures as a basis for your responses.

In any case, we request that you respond to questions about both expected
frequency and the magnitude-recurrence relation. In doing such we hope that
you will consider both questions separately and not derive the obvious
response of one from the other. This permits us to treat your responses to
both sets of questions equally In the seismic hazard analysis.

In responding to questions regarding the occurrences of earthquakes we expect
you will use historical data on the seismic activity in the EUS, either your
own data or the catalogue of historical events we have provided. Of course,
when using this data to subjectively assess future seismiclty in the EUS it is
Important that you use your judgment as to the validity, quality, and
completeness of the data in determining how much you will rely on the data to

Q2-11



form your opinions. If you are using the catalogue that we provided at your
request, It should be recognized that no corrections for completeness have
been performed on It nor have aftershocks been culled from the data. The
analysis of the completeness of the catalogue and the use of aftershocks has
been left to your discretion. Your judgments of the data may be based on
geologic and tectonic considerations, similarities with other regions,
theoretical considerations, results of your own studies or other studies
available to you, or any other Information which you feel Influences the

selsmlclty in the EUS.

We will ask you to provide your best estimate of the selsmlclty parameters and
to express your uncertainty about each parameter by specifying an interval for
the value of the parameter to which you associate a high degree of
confidence. When modeling your uncertainty about the parameters in this
section, the confidence Interval is interpreted to be the set of values for
which your personal confidence is 0.95 (i.e., a 95 percent level of

confidence) that the true value lies within that range. As discussed earlier,

the level of confidence reflects the degree to which you judge the data,
tectonic and geologic conditions, etc., support a given response.

In the seismic hazard analysis, rather than imposing a parameteric model on

the magnitude distribution, we take a nonparametrlc approach and base our

analysis on the occurrence rate for each sublnterval in a finite partition of
the magnitude range (Mq,Mu). Your best estimates and confidence bounds
for the seismic parameters are transformed into a best estimate and confidence
bounds for the magnitude-recurrence relation using the functional form (e.g.,

linear) of the relation you supply. The best estimate and confidence bounds
for the magnitude-recurrence relation will be used to specify the means,

variances and covarlances of the occurrence rates for the subintervals. These

will, in turn, be used to determine the parameters of the joint distribution
of the occurrence rates, which is modeled as a multivariate gamma distribution.

3.2 Magnitude Scale

When analyzing your responses to questions about earthquake occurrences it is

Important that the magnitude scale you use in making your responses be clearly
identified. You are free to use whatever scale you feel permits you to best

express your opinions about selsmlclty within a zone. The same scale need not

be used for all zones. In Question 3-1 we ask you to identify the magnitude
scales you will use in your responses about earthquake occurrences.

The seismic hazard analysis will be based on magnitudes in either the KNI or

MbLg scales. Thus, if you use any other magnitude scale it will be
necessary to transform the responses in your chosen scale to statements on

either the MMI or M^Lg scale. To make this transformation we will need to
know the relationship between the magnitude scales you will be using and

either MMI or M^^lp* To ensure the Integrity of your answers, we ask you to

describe this relation.
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Also, the hazard analysis will Involve several ground motion models, some of
which Involve Intensities and some Involving magnitudes. Thus, It Is
necessary for us to move between the eplcentral intensity (MMI)£ expressed
In the MMI scale and M^l- scale. To do this we propose to use the relation

(MMI)e = 2MbLg - 3.5

Tf you do not feel that this is the best mode] for relating (MMI)£ and

^bLg measurements, you can indicate such in your response to Question 3-4.

Finally, the seismic hazard analysis Is based on assessing the hazard at a
site in the EUS due to earthquaVes with magnitudes above a minimum level. For
purposes of this project, the minimum magnitude, Mq, is either (MMT)£ = IV
or M^,Lg = 3.75. In this analysis it is assumed, from a structural
standpoint, the effect on a nuclear power plant of earthquakes of magnitude
below IV or 3.75 will be insignificant and hence need not be taken Into
consideration. If you respond to questions about selsmlclty In other than the
MMI or M^Lg scales. It Is important to identify the corresponding minimum
level

.

Questions

3-1 In your responses to questions about earthquake occurrences, please list
all the magnitude scales you will use. Note: It is not necessary to use
the same scale for all zones.

For any magnitude scale other than MMI and MbLg Identified in Question 3-1,
please

3-2 Describe the relationship between that scale and either the MMI or M^Lg
scale.

3-3 Indicate the minimum magnitude, Mq, below which the effect of the
earthquake will be Insignificant.

When transforming between (MMI)£ and M^^g scale in our analysis we propose
to use the relation

(MMI)£ = 2M^Lg - 3.5

3-A Do you agree with this relation? If not, please indicate the
relationship you believe is more appropriate.

3.3 Expected Frequency of Earthquake

An important parameter for characterizing the seismicity of a zone is the
frequency with which earthquakes occur within the zone. Since a seismic
hazard analysis is based on considering the effect of earthquakes having
magnitudes or eplcentral intensities greater than some minimum level, we are
only interested in the occurrence of earthquakes with magnitude at the minimum
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level or greater. The questions In this part of the questionnaire are
designed to elicit information about the expected frequency of earthquakes
within a zone with magnitudes at or above the minimum level.

For purposes of this project the minimum magnitude, Mq, is either (MMI)£ »

IV or M^Lg ~ 3.75. If you are responding to questions about magnitude In
any other scale, e.g., in Mg units, there is a corresponding minimum leve:
below which the effect of the earthquake on a nuclear power plant will be
Insignificant

.

The expected frequency can be expressed either in terms of the rate of
occurrence within a zone per year, e.g., 0.313 per year, or the number of
earthquakes expected to occur in a zone within a specified period of time,
e.g., A7 in 150 years. The time period is left to your discretion. The
period you use may depend on the catalogue of historical data you choose and
your opinion about the completeness of the data. The same time period need
not be used for all zones. We are interested in assessing the seismic
activity in each zone under the geologic and tectonic conditions as they exist
today and can be expected to exist in the near geological future. Thus, in
using the historical data one must judge, in addition to the completeness of
the data, how well past seismic activity reflects activity that may occur in
the future under present conditions.

Questions

For each of the seismic source zones identified on your maps of the zonatlon
of the EUS:

3-5 What scale of measurement for earthquake magnitude will you use for your
responses to questions about the expected frequency of magnitudes greater
than Mq?

3-6 Give your best estimate of the expected frequency, either in terms of the
mean rate per year or the expected number in T years, of earthquakes with
magnitude at or above Mq occurring within the zone. Indicate the time
period T.

Note: The expected frequencies should be expressed as the rate (number)
per zone, not per unit area.

3-7 Give an Interval which you believe, with a high degree of confidence,
represents the possible values of the expected frequency.

3. A Magnitude Distribution

Conditional on an earthquake of magnitude M^ or greater occurring within a
zone, the magnitude of the earthquake can be any value between M^ and Mij,

the upper magnitude cutoff. Thus, given that an earthquake occurs within a
zone, its magnitude is the value of a random variable drawn from a
distribution of magnitudes. The purpose of this part of the questionnaire Is
to elicit information which characterizes this distribution.
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Several methods can be used to describe the magnitude distribution.
Certainly, one simple method would be to list a set of distinct magnitude
values along with the frequency or relative frequency corresponding to each
magnitude. However, the method most often used Is based on the magnltude-
recurrence relation . This Is a model for the relationship between the
•^^SlO V^^ ^"^ •" fo^ magnitudes between Mq and My, where NmCT) Is
the number of earthquakes exceeding magnitude m In T years. Three such
models, or magnitude-recurrence relations , are Illustrated In Figure 3.1. The
choice of the function , e.g., linear, quadratic, plecewise linear, as well as
the values of the model parameters, e.g., a, b, c, characterize the magnitude
distribution.

Another method for describing the magnitude distribution, which may be
analogous to specifying a magnitude-recurrence relation, is to model the
magnitude distribution in terms of a well known probability distribution,
e.g., the exponential distribution. The choice of the distribution, e.g.,
exponential, as well as the values of the parameters of the distribution
characterize the magnitude distribution. When using well known probability
distributions it must be recognized that most probability distributions are
defined over an Infinite range, e.g., zero to infinity. Since the upper
magnitude cutoff. My, is finite, it will be necessary to truncate the
probability distribution at My when using such models to describe the
magnitude distribution.

Although any of these methods is adequate to describe the magnitude
distribution, it is most convenient for our analysis to characterize the
magnitude distribution in terms of the magnitude-recurrence relation. Thus,
we encourage you to respond to Questions 3-8 through 3-16 which elicit
information about the magnitude distribution In terms of the magnitude-
recurrence relation. However, If you feel you can better characterize the
magnitude distribution using another method then please use the alternative
method. In any case, it is important that the magnitude distribution be
completely characterized, i.e., both functional form and parameter values, for
all zones.

Questions

Questions 3-8 through 3-16 are based on characterizing the magnitude
distribution in terms of a magnitude-recurrence relation. If you are using an
alternative method to describe the distribution of magnitudes, skip questions
3-8 through 3-16 and go directly to Question 3-17.

3-8 What scale of measurement (e.g., MMI, M^^Lg) for earthquake
magnitude will you use for your responses to questions about the
magnitude-recurrence relation?

3-9 Will you, in your responses concerning the magnitude-recurrence
relation, be constrained by the saturation value on your chosen
scale of measurement? If so, what is the saturation value?

Q2-15
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Figure 3.1 Magnitude-Recurrence Relations
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In using the magnitude-recurrence relation to characterize the magnitude
distribution It must be recognized that the model is an empirical relation
based on historical data collected over T years. Since the entire magnitude
range may not be represented in the historical data, the model derived from
the data may not be applicable for all magnitudes between the minimum
magnitude Mq and your maximal upper magnitude cutoff Myu* We ask you to
Identify the range of magnitudes, denoted M^g, Myg, in Question 3-lA.

This range may vary from zone to zone.

It is necessary for the seismic hazard analyses, however, to characterize the

magnitude distribution for all magnitudes including the magnitudes between
Mq and Mj^g and between M^g and Myu. Thus, it is necessary to
extrapolate the magnitude-recurrence model beyond the range (MLg, Mug).
You can indicate how this should be done by responding to questions 3-10 and
3-11. If you do not suggest a method we will extrapolate the magnitude-
recurrence relation beyond Mj^g and Myg by a method based on assuring a

continuous derivative at Mj^g and Myg, a zero derivative at M^ and a

value at Mq, on the N^j scale, equal to the expected frequency of
earthquakes with magnitude equal to or greater than Mq, the minimum
magnitude. A graphical Illustration, assuming a linear magnitude-recurrence
relation, Is given in Figure 3.2. Note, the vertical scale in Figure 3.2(a)
is Np, rather than logioNn,(T) and logioNmCT) In Figure 3.2(b). For
each of the seismic source zones identified on your maps of the zonatlon of
the EUS

3-10 Indicate the magnitude-recurrence model (e.g., linear, a + bm;

quadratic, a + bm + cm^) which, in your opinion, best represents the
seismicity of the zone.

Notes: a. The same model need not be used for all zones.
b. If a piecewise model is chosen, part of the model is the

specification of the "change points" e.g., Mj^ in Figure
3.1c.

3-11 For the model chosen in Question 3-10 give your best estimate of the
value of the parameters of the model (e.g., values of a, b, c).

3-12 Specify the time length, T, on which' your estimates of the parameters
identified in Question 3-11 are based.

3-13 Give an interval which you believe, with a high degree of confidence,
represents the possible values for each parameter identified in your
response to Question 3-11.

3-14 Specify the range of magnitude values, denoted (Mj^g, Myg), for which
the magnitude-recurrence relation identified in Questions 3-10 and 3-11

is applicable.
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If the range (Ml^, Myg) does not coincide with the Interval (Mq, Myu)
for some zones, It Is necessary to extrapolate the magnitude-recurrence curve

beyond (Mlb, Mub) so that the frequency of earthquakes can be assessed for
all magnitudes from the minimum magnitude Mq to the maximal upper magnitude
cutoff Muu* Extrapolation of this curve In either direction Is a matter of

subjective opinion. We have suggested one method for extrapolating. However,
you may prefer to suggest an alternative procedure. In that case our method •

of extrapolation would not be applied when we analyze your inputs. Of course,
when extrapolating, two restrictions on the extrapolation procedure must he
recognized. Specifically, the value of N^, at m = Mq, the minimum
magnitude, should equal the expected frequency of earthquakes with magnitudes
equal to or greater than M^ and the value of Nm at My, the upper
magnitude cutoff, should be zero. To Indicate your method of extrapolation,
please respond to Questions 3-15 and 3-16.

If the range (Mlb» ^ub) does not coincide with the Interval (Mq, Myu)
for any zone and you have a method of extrapolation you feel Is appropriate,

please

3-15 Indicate how the magnitude-recurrence curve should be extended to

magnitudes in the Interval (Mq, Mlb)*

3-16 Indicate how the magnitude-recurrence curve should be extended to

magnitudes In the Interval (MyB* Muy).

If you have responded to Questions 3-8 through 3-16 for all source

zones, please skip the remaining questions in this section.

If you can better describe the magnitude distribution using another

method (e.g., by a discrete or well known continuous probability
distribution), please do so In the context of Questions 3-17 through 3-19.

3-17 What scale of measurement (e.g., MMI , M^Lg) ^o^ earthquake magnitude
will you use in describing the probability distribution of magnitudes?

3-18 For each of the seismic source zones identified on your maps of the

zonation of the EUS, specify a model for the probability distribution of

magnitudes for that zone. Include in your specification your best

estimate of any parameters in the model*

3-19 Give an Interval which you believe, with a high degree of confidence,

represents the possible values for any parameters identified In your
response to Question 3-18.
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4. EARTHQUAKE OCCURRENCE IN T YEARS

A.l Introduction

As discussed In Section 2.1, the magnitude M-p of the largest earthquake In T
years Is a random variable, the probability distribution of this random
variable is a function of earthquake frequency and magnitude distribution.
Thus, your opinions about the probability distribution of the largest
earthquake In T years reflect your opinions about the distribution of
earthquake magnitudes.

In eliciting your opinions about the probability distribution of M-j. we
recognize that we are gathering more information than is absolutely necessary
to analyze the seismic hazard at a site. However, use of redundant
information increases the precision of our estimates and gives you the
opportunity to assess seismicity from more than one perspective. We plan to
develop the seismic hazard at a site based on (1) your responses to the
questions In Sections 2 and 3, and (ii) your responses to Sections 2 and 3
combined with your responses to the questions in this section. This will give
us an opportunity to share with you, when we discuss the output of the hazard
analysis, the consequences of your assessing the seismicity of the EUS from
alternative perspectives.

Since the probability distribution of Mt is related to the seismic
parameters discussed in Sections 2 and 3 it would be possible to derive
responses to the questions in this section directly from your responses in the
preceeding sections. We prefer you did not do this but again use the
historical data, the tectonic and geologic conditions of the EUS, and other
relevant information to develop your opinions about the probability
distribution of M-p.

To gather information about the distribution of the magnitude of the largest
earthquake we consider two time periods, T = 150 years, because it represents
approximately the length of recorded history in some sections of the EUS, and
T = 1,000 years, because it represents a somewhat extended length of time.

As discussed previously, the distribution of M-j depends on the seismic
parameters identified in Sections 2 and 3. A critical parameter is the
largest magnitude possible, i.e., the upper magnitude cutoff My. In Section
2 we elicited your best estimate as well as an interval (MyL. ^\j\}) for the
upper magnitude cutoff. Since it would be impossible for you to respond to
the questions in this section for all values of My in the range (Mul,
%u)» ^^ ^^^ yo" to respond conditional on your best estimate, denoted Mr,

in the questions. Also, since your responses are conditional on My, you
should respond to the questions in this section in the same scale of
measurement as M^.
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A. 2 Questions

Please respond to Questions A-1 or A-2 or both, and A-3.

For each of the seismic source zones Identified on your naps of the zonatlon
of the EUS:

For T « 150 years and T = 1,000 years.

A-1 Give an estimate of the probability that the magnitude M-p of the
largest earthquake in T years equals or exceeds m, conditional on your
best estimate Mu of the upper magnitude cutoff, i.e., estimate

p{m^ >n,
I
H,}

"o-'^J
for (a) m = ti. - 1, (b) m = s , and (c) m = M +1

A-2 Give an estimate of the median M-pC.S) for the magnitude of the largest
earthquake in T years, conditional on M^. That is, estimate the value

Mj(.5) such that

p[m^1 M^(.5)
I
M^l = p[m^ < M^(.5) I M^]= 0.5

Information about earthquake frequency is also reflected in statements about
the number of earthquakes with magnitudes exceeding a specific value. This is

addressed in the next question.

A-3 Give an estimate of the expected value of the number of earthquakes of

magnitude m or greater in T years, Nin(T), conditional on your best

estimate My, for

M^ + My
(a) m = >L - 1, (b) m = =

, and (c) m = M +1.
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5. DEPTH OF EARTHQUAKES

5.1 Introduction

As described by attenuation models, the hazard at a site depends on the
magnitude of an earthquake as well as the distance of the site from the
earthquake source. The source-to-site distance, for some models, Is a
function of the surface distance of the site from a source as well as the
depth of the hypocenter at the source. Thus for some models. In general, the
deeper the expected depth of an earthquake, the greater the correction In the
surface distance In the attenuation. In this section we elicit your opinions
about the expected depth of an earthquake within each zone.

5.2 Questions

For each of the seismic source zones identified on your maps of the zonatlon
of the EUS:

5-1 Which of the following best describes the distribution of depths at which
earthquakes will occur within the zone. Earthquakes within the zone will
occur

:

a. at approximately the same depth throughout the entire zone

b. at only a small set of depths

c. within a "continuous" range of depths.

5-2 Give your best estimate of either

a. the single depth value

b. the set of depths and the percentage of activity attributable to each

c. the range of depths and a probability distribution describing the
relative activity at depths throughout the range.

If your response to Question 5-1 is either b or c,

5-3 Do you believe that the depth at which an earthquake will occur within
the zone will depend on the magnitude? If yes, what function best
describes the relation between depth D and magnitude M (e.g., linear, D =
a + bM; power function, D = aM'^) ?
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Lawrence Livermore National Laborator

NUCLEAR SYSTEMS SAFETY PROGRAM

July 20, 1983
EG-83-62/103AU

Professor Gilbert A. Bollinger
60A Newman Lane
Blacksburg, Virginia 2A060

SUBJECT: "Self Rating" Questionnaire
EUS Seismicity Modeling Panel
Seismic Hazard Characterization of the EUS

Dear Gil:

Enclosed plesse find the subject "Self Rating" questionnaire
and answer sheet (three pages in all). It is important to the

success of the project that you complete this questionnaire and

return it to me as soon as possible. We will then incorporate
your self-rating into our computational chain in strict
confidence.

We are making steady and good progress in our project
objectives. You will soon be informed about the extent of our

progress and the time and place of our "Feedback Meeting" in

October, 1963.

Thank you very much for your immediate attention, and have a

good summer.

Sincerely yours,

Dae H. Chung
Principal Co-Investigator

DHC/sa

Enclosure

PS: If you have not yet submitted your bill, please send it to

me indicating your consulting time. Danny
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bcc: D. L. Bernreuter
R. T. Langland
P. D. Smith

NRC

A. J. Murphy
L. Reiter/J. Kimball

Same letter sent to:

Dr. Alan L. Kafka
Weston Observatory

Mr. Richard Holt
Weston Geophysical Research, Inc.

Professor Arch Johnston
Tennessee Earthquake Information Center

Professor Tim Long
Georgia Institute of Technology

Professor James Lawson
Oklahoma Geophysical Observatory

Dr. Carl Stepp
EPRI

Professor Otto Nuttli
St. Louis University

Professor Ronald Street
University of Kentucky

Dr. Paul Pomeroy
Rondout Associates

Professor Nafi Toksoz
MIT

Dr. Carl Wentworth
USGS

Dr. Peter Basham
Dept. of Energy, Mines, and Resources
Ottav;a Canada

Dr. Anne Stevens
Dept. of Energy, Mines, and Resources
Ottawa Canada
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SELF RATING

1.0 Introduction

We have been receiving your responses from Questionnaire 2 and are In the

final stages of developing the software to translate your opinions regarding
the zonatlon and selsmlclty of the EUS Into descriptions about the seismic

hazard at selected sites. We want to again express our appreciation for your
participation In this project.

As part of the elicltation process, we have asked you to give us your (a) best

estimate of the seismic parameters (e.g., zonatlon, occurrence rate, upper

magnitude cutoff, etc.) as well as (b) a range of values to which you

associate a degree of confidence. In this context we consider confidence to

reflect the degree to which you judge the historical data, your knowledge and

experiences with the geologic and tectonic conditions in the EUS, and other

relevant information to support a given response.

In the discussion (Section 1.3) in Questionnaire 1, we specifically pointed
out that in questions Involving a statement of confidence you should not be

influenced by your level of expertise relative to the other members of the

panel. Thus, we are able to develop a hazard curve with bounds for each

individual which reflects the degree of confidence (or level of uncertainty)

associated with the responses of that individual.

However, in addition to the hazard curve developed from the responses of each

expert, it is important that we combine the hazard curves over all members of

the panel to develop (a) a "best estimate" hazard curve which reflects the

"best estimate" responses of the entire panel and (b) bounds for the hazard

curve which reflect not only the uncertainties of the individual members but

also the diversity of opinions between members of the panel. We propose to

combine the best estimate hazard curves from each member and the uncertainty
Information by a weighted averaging procedure. To do this, of course, we need

to determine an appropriate set of weights.

Although there are several weighting schemes (e.g., equal weights, LLKL

derived weights), one set of weights, consistent with what was done on the

previous (SEP) elicltation, is based on your appraisal of your expertise, i.e.

self rating. We recognize some of the weaknesses and difficulties In

eliciting and using self rating and we are investigating alternative weighting

techniques. However, most weighting techniques are subjective and thus

Involve some of the same problems as self rating. Overall, we believe self

rating to be a viable means of developing weights for combining the hazard

curves for all members of the panel. Thus, we would ask you to self rate

yourself with regard to your level of expertise about the geologic, tectonic

and seismicity of the EUS.

In contrast to the previous elicltation when you were asked to self rate

yourself with regard to (a) zone configuration, (b) maximum earthquake and (c)

earthquake recurrence for each zone, our weighting method only allows for a

single weight, i.e. a single weight which simultaneously reflects your
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expertise with regard to zonatlon and seismlclty. However, we do recognize
that you nay feel your level of expertise Is not the same for the entire EUS.
Thus, we have partitioned the EUS Into four regions.

o Northeast
o Northcentral
o Southeast
o Southcentral

which have been labeled regions I-IV on the Included map. The boundaries of
the regions are also described in the following questionnaire. We would like
you to self rate yourself for each of the four regions. We will combine your
rating In the four regions to develop a single weight for the hazard based on
your responses. The combination is based on the likelihood of the risk being
Initiated in a zone within each region.

In appraising your level of expertise in each of these regions, we ask that
you use a 1-10 scale where low values Indicate a low level of expertise and
high values a high level of expertise. An Integer value Is not necessary,
although not more than one decimal place (e.g. 7.3) is appropriate.

2.0 Question

For each of the four regions identified below, please indicate your level of
expertise with regard to the geologic, tectonic and seismic characteristic
within the region.

I.

REGION

Northeast

SELF RATING

II. Northcentral

III. Southeast

IV. Southcentral
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Limit of this
analysis

/ '

»

Identification of four regions of the Eastern U. S. based on a compilation of

the seismic zonation expert maps developed in this study, combined with a map

of QQ-contours from Singh & Herrmann (1983).
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FOURTH QUESTIONNAIRE - GROUND MOTION MODELS {Q4)

DEVELOPMENT OF EASTERN UNITED STATES GROUND MOTION MODELS
LAWRENCE LIVERMORE NATIONAL LABORATORY

1.0 BACKGROUND

We use the term Ground Motion Model to Identify the equation used to estimate

the ground motion at a particular site as a function of the "magnitude" of

seismic energy released by an earthquake, the appropriate distance between the

site and the source of energy released, and some factor to account for local

site conditions. Typically, the ground motion model takes the functional form:

In(GMP) •= Ci + C2 E + C3A(R) + C4 S + (Error term) (1-1)

vhere GMP = ground motion parameter of interest; e.g., PGA or PGV

C^ = constants

E = measure of seismic energy release - usually some magnitude

measure or eplcentral intensity-

R = appropriate distance measure
A(R) = attenuation term typically A(R) •= InR - C5R

S - site factor term, e.g., S = soil
^ 1 rock

The error term accounts for the fact that the ground motion at a site due to a

specific earthquake is a random variable, being affected by many more

parameters than can be represented in a mathematical model such as Eq. (1-1).

For example, the ground motion generating potential of an earthquake may be

governed by dynamic stress drop and the area of release of energy in addition

to the earthquake magnitude. Furthermore, ground motion is likely to be

affected by the radiation pattern as well as "fine" details of the local site

geologic column. Thus, the model in Eq. (1-1), less the error term, is

Intended to represent the "expected" or average ground motion at a site and

the error term accounts for the random variation about that average value

attributable to specific earthquakes.

In addition to the inherent random variation in ground motion about the

average value, another source of uncertainty associated with ground motion

models is attributable to the choice of parameters included in the model and

the data base used to estimate the values of the coefficients C^j.-.C^ in

Eq. (1-1). These uncertainties, which we call modeling uncertainties,

contribute to the uncertainty associated with the hazard analysis

methodology. Modeling uncertainties are discussed in more detail in Section

The ground motion model and the associated magnitude of the random variation

have a direct effect on the hazard analysis. The estimates of the probability

of exceedance are strongly correlated with the ground motion model* Changes

in the model significantly affect the estimates of the hazard at a site.

Thus, it is Important that we select the most appropriate ground motion models

for use in the hazard analysis.
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The development of a ground notion model for the Eastern United States (EUS)

Is a difficult task for several reasons:

o There are few data on strong ground motion from EUS earthquakes.

o It Is generally agreed that one cannot make direct use of a ground

motion model developed from the Western United States (WUS), as data

from a number of different sources indicate that the attenuation of

seismic energy in the EUS is much different from that in the WUS.

o Recent work by Nuttli (1983b) suggests that the seismic source

spectrum scales differently for EUS earthquakes than for WUS

earthquakes.

In spite of these difficulties, given the paucity of strong ground motion data

in the EUS, it is necessary to make use of WUS ground motion data and models

and make corrections for the known differences between the WUS and EUS. The

ground motion parameters (GMP) chosen for this analysis are the horizontal

components of peak ground acceleration (PGA), peak ground velocity (PGV), and

several spectral ordinates (SA) at frequencies ranging from 0.5 to 25 Hz.

In our earlier program for the Systematic Evaluation Program (SEP) we took

what might be termed a "best estimate" approach; i.e., for a given site we

developed a single best estimate hazard curve for each expert of the EUS

Seismiclty Panel. In keeping with this approach we only sought a best

estimate model from our first EUS Ground Motion Panel. We did not achieve

this objective and in the end we handled the ground motion model in an ad hoc

fashion, primarily relying on sensitivity studies to demonstrate differences

between models.

In our current effort, one of our objectives is to incorporate the

improvements suggested by our reviewers into our overall approach. Two of the

main areas for improvement are in the treatment of uncertainty and the manner

in which the ground motion model is treated. This time we are concerned not

only with a best estimate hazard curve but a detailed study of the uncertainty

in the estimate of the hazard. We also want our results to be suitable for

use in performing probabilistic risk assessments (PRA). Suitable input for a

PRA requires a complete specification of the uncertainty in the hazard curve.

To achieve these objectives, it is necessary to put the current EUS Ground

Motion Model Panel on the same footing as the EUS Seismiclty Panel. This

requires the identification and weighting of all ground motion models for the

EUS which the Panel members deem sufficiently reliable to be included in the

analysis.

Because it is possible to develop a large number of different models, we have

attempted to provide in this report a framework for selecting from all

possible models those which we feel are sufficiently reliable or credible to

be used in the hazard analysis. To assist us in choosing the most appropriate

models we ask the panel (see questionnaire. Section 7) to provide several

pieces of information. For the short term, we ask you to select from seven
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categories of already existing models the best model in each category and to

provide your relative degree of belief In each. We also ask you to select

from all the models the one vhich, In your opinion, provides the best overall

estimates for the EUS. (Note: These models can change regionally.) For the

long term, if in your opinion some new model could be developed or existing

models improved by some additonal vork, we ask you to provide a prescription

of how to develop your "best estimate model" (or models if several are almost

equally likely In your judgment). We may also have overlooked some models

that you feel should be Included. These should be added. In the feedback

phase we will ask you to provide weights for all models. We will also address

how best to deal with local site effects. Initially, we had planned to

address this issue in this document, however. It would appear best to delay it

until after the USGS workshop in July.

When making selections there are several considerations regarding how the

models will be used that may affect choice and ranking of the various ground

motion models. The first consideration is the choice of strong-motion

components. Since our study is concerned with the horizontal components of

ground motion, we have excluded any models based on the vertical component.

In fact, there are very few such models available. Because there are two

horizontal components, one must decide how they are to be used In the

analysis. Models can be developed using the maximum or minimum component, the

mean of the two components, the vector combination of components, or both

components. In our analyses we will be using the mean of the parameters

established from the two horizontal components . Since it is relatively

simple to relate predictions based on other definitions to estimates of the

mean, the particular definition used should not affect your choice or ranking

of models. However, your choice of the value of uncertainty to be associated

with these predictions should take this into consideration. The use of the

mean of the two horizontal components has been found to result in a smaller

standard error than the use of either the maximum component or both components.

The second consideration is the definition of the source-to-site distance.

The way the hazard analysis is performed, earthquakes are essentially modeled

as point sources at the surface of the earth. This is consistent with the

definition of eplcentral distance. Therefore, ground motion models utilizing

eplcentral distance as the measure of source-to-site distance are the most

appropriate models to be used with the hazard code. A problem arises when a

ground motion model uses a distance measure other than eplcentral distance.

Three such models, two by Campbell (1981b, 1982) and one modified from Joyner

and Boore (1981), referred to as the SSMRP model, are offered for your

consideration. Their use of closest distance to the fault rather than

eplcentral distance has substantially reduced the standard errors associated

with these models. While this suggests that models based on fault distance

are better predictors of strong ground motion than eplcentral models, one must

consider their use before making such a decision. For example, such models,

when used with a hazard analysis based on eplcentral distance, will tend to

underestimate the ground motion expected at the site for distances close to

the source (see Appendices C-B and C-C for a more complete discussion). This

should be kept in mind when selecting and ranking the various ground motion

models and when specifying an appropriate value for the uncertainty to use in
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the analyses. If the panel neinbers feel the use of eplcentral sources In the
hazard code is a severe limitation to their selection of the best models, they
are asked to indicate this in the questionnaire*

The last consideration is in regards to the strong-motion parameter to be
used. The parameter of interest for our study is pseudo-relative velocity
representing frequencies of 0.5 to 25 Hz (periods of O.OA to 2 sec).
However, there are very few EUS ground motion models available that predict
this parameter directly. The current state-of-practice is to develop response
spectra from peak acceleration and/or peak velocity and standard spectral
shapes. For this reason, we require ground motion models based on peak
acceleration and peak velocity. Because there are fewer velocity models than
acceleration models, the unavailability of certain models may also affect your
choice of the "best model" in a particular category. Each of these parameters
will be ranked separately. Several factors will have to be considered when
selecting and ranking spectral models. One factor is whether the model is
based on a regression of individual ordinates or based on a spectral shape. A
second factor is the relative appropriateness of the various spectral shape
models. Another factor is whether the spectral shape model requires estimates
of both peak acceleration and peak velocity and whether both are available.

In Section 2 we describe the framework we have selected to categorize the
different ground motion models. In Section 3 we provide a generic evaluation
of the different categories defined in Section 2. In Section A we provide
specific examples and comparisons between the acceleration models. In Section
5 we discuss velocity and spectral models. In Section 6 we discuss the
available EUS strong-motion data. Section 7 contains the questionnaire.
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2.0 INFERRING EASTERN U.S. GROUND MOTION

There are at least three general approaches that could be used to develop EUS
ground motion models:

1. Those that use site intensity as an Intermediate variable (I),

2. Those that use ground motion measurements directly (D), and

3. Theoretical modeling (T).

2.1 Intensity Based Models

This category Includes all models developed in a formal manner by combining a

MM intensity-attenuation relation, such as

Ig = Ci + C2I0 + C3 In R + C^ R (2-1)

with a relation between site intensity (Ig) and various ground motion
parameters (e.g., PGA), to get a relation between GMP, source size and

distance.

For each intensity-attenuation relation there are a number of different ways

that the relation between site intensity and ground motion parameters can be

developed and combined with the intensity-attenuation relation. To organize

our discussion we will sort all such approaches into one of five basic methods:

(I-l) Ko weighting
(1-2) Distance weighting
(1-3) Magnitude weighting
(1-A) Magnitude and distance weighting
(1-5) Semi-empirical

The following discussion will briefly describe each of these approaches and

the basic assumptions required for each. We will also attempt to describe the

inferences involved in these assumptions regarding the prediction of ground

motion in the EUS. The reader may then compare these inferences regarding EUS

ground motion with what he believes to be the true conditions prevailing in

the EUS to help him decide which models are more appropriate.

Method I-l (Ko Weighting) . This method simply relates site Intensity to

ground acceleration, ground velocity, and/or the response spectrum, as

obtained from existing strong ground motion records. Thus,

Is " F(Io,R) based on EUS data (2-2)

GMP » G(Ig) based on wus data

This method assumes that ground motions are the same for the 1same s ite

intensity in both regions, regardl€!SS of th«2 size or distance associated with

this intensity. Thus, differences in th e a ttenuation of Ig between the two
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regions (I.e., differences In the relation Ig - F(Io,F)) require that
predictions of GMP In the EUS for fixed Ig be associated with predictions In
the VUS based on data obtained at shorter distances or from larger
nagnltudes. This will result In ground motion models for the EUS that predict
higher amplitudes than similar models In the WUS for similar magnitudes and
distances. Because this approach results In predictions in the EUS that
represent WUS data of higher magnitudes or shorter distances, Inferences
regarding the effect of this approach on spectral shape and duration of strong
ground motion in the EUS are not clear. While higher magnitude data will be
associated with longer durations and relatively higher low frequency content,
data obtained at shorter distances will be associated with shorter durations
and relatively greater high frequency content. This would imply that on the
average predictions of GMP in the EUS will probably be associated with ground
motions of about the same duration and spectral content as those in the WUS.

Method 1-2 (Distance Weighting) . This method relates the ground motion
parameter to site intensity and distance, assuming that the ground motions are
the same for a similar site intensity and distance in the two regions. Thus,

Is
GMP

F(lo,R)

Gds, R)
based on EUS data
based on WUS data

(2-3)

This method, which can be called "distance weighting," requires that predic-
tions of GMP in the EUS for fixed Ig and R be associated with predictions in
the WUS based on data obtained from larger magnitude earthquakes in order to
accommodate differences in the attenuation of Ig between the two regions.
This will result in ground motion models for the EUS that predict higher
amplitudes than similar models in the WUS for similar magnitudes and
distances. Because this approach results in predictions in the EUS that
represent WUS data of similar distances but higher magnitudes, we may infer
that EUS predictions will be associated with ground motions having longer
durations, greater low frequency content, and about the same amount of
dispersion as WUS predictions at the same magnitude and distance. The
enhanced low frequency content will result in a "broader" predicted response
spectrum in the EUS.

Method 1-3 (Magnitude Weighting) . This method relates the ground motion
parameter to site intensity and magnitude, assuming that the ground motions
are the same for a similar site intensity and magnitude in the two regions.
Thus,

Is
GMP

Fdo.R)
Gdg, M)

based on EUS data
based on WUS data

(2-A)

This method, which we refer to as "magnitude weighting," requires that
predictions of GMP in the EUS for fixed Ig and M be associated with
predictions in the WUS based on data obtained at shorter distances in order to
accommodate differences in the attenuation of Ig between the two regions.
This will result in ground motion models for the EUS that predict higher
amplitudes than similar models in the WUS for similar magnitudes and
distances. Because this approach results in predictions In the EUS that
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represent VUS data of Einilar magnitudes but shorter distances, ve may Infer
that EDS predictions will be associated with ground motions having shorter
durations, greater high frequency content, and less dispersion than WUS
predictions at the same magnitude and distance. The enhanced high frequency
content will result In a "narrover" predicted response spectrum in the EUS.

Method 1-A (Magnitude and Distance Weighting ). This method relates the ground
motion parameter to site intensity, magnitude and distance. Thus,

GMP G(I«, M, R)
based on EUS data
based on WUS data

(2-5)

This method requires the assumption that the ground motions are identical for
the same Ig, M, and R in the WUS and EUS. Thus, in order to accommodate
differences in Intensity attenuation between the two regions, predictions of
GMP in the EUS will be associated with WUS data exhibiting higher than average
site intensities for a given magnitude and distance. These data will tend to
be associated with relatively rare properties of the source, path or site that
result in higher than normal amounts of damage. This will result in ground
motion models for the EUS that predict higher amplitudes than similar models
in the WUS for similar magnitudes and distances. This method Infers that EUS
predictions will be associated with ground motions of either higher
amplitudes, longer durations, enhanced frequency content, or some combination
of these as compared to WUS predictions. Because this approach results in
predictions in the EUS that represent WUS data at similar distances, they will
represent ground motions having similar dispersion characteristics.

Method 1-5 (Semi-Empirical) . All of the above methods are based on a formal
substitution of the results of a regression analysis between the QIP and site
intensity (using WUS data) into a relation between site intensity, epicentral
Intensity and distance (EUS data) to get a relation between GMP, epicentral
intensity and distance for the EUS, There are alternative approaches; e»g.,
Nuttll and Herrmann (1978) used Method 1-4 but included a free parameter which
they evaluted using judgment and some EUS ground motion data. Battls (1981)
assumed that the ground motion In the epicentral region would be similar in
all regions for earthquakes of the same epicentral Intensity, and that PGA at

the limit of the felt area is equal to 6 cm/sec^.

2.2 Direct Models

Under this category we include all the approaches that derive ground motion
models directly from the data without the use of site intensity as an

intermediate variable. For the WUS, typical models of this class are those

developed by Joyner and Boore (1981) and Campbell (1981a). Unfortunately, for
the EUS there isn't sufficient data to perform such regression analyses.
Thus, for the time being, one must resort to a semi-empirical approach to
arrive at a model for the EUS.
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There are nany possible ways of developing senl-emplrlcal models. For ease of
discussion ve separate then up Into two major subcategories, D-1 and D-2>
Category D-1 includes all those models where It Is assumed that the ground
motion "near" the source of energy release Is the same In the EUS and WUS

,

and that at larger distances the differences In the ground motion between the
two regions Is due solely to differences In anelastlc attenuation. Nuttll
(1979) and Campbell (1981b) have developed models based on this assumption.

Category D-2 Includes those seml-emplrlcal models for which it is assumed
that, in addition to differences in anelastlc attenuation between the EL'S and
WUS, the ground motion scales differently In the EUS than In the WUS with
source size (i.e., the basic source parameters of the earthquake are on the
average different between the two regions). Nuttll 's most recent models
(Appendix A) fall into this category.

2.3 Theoretical Models

This category includes the approaches that rely on numerical modeling
techniques, making use of some simple or complex theoretical model to compute
the ground motion at a site. Examples of models in this category are:
Herrmann and Goertz (1981), Savy (1979, 1981), and Apsel et al. (1982). This
is a very large category which undoubtedly would have a number of
subcategories. However, at this time it does not appear to us that any of the
methods or results are sufficiently advanced to use in the type of hazard
analysis required for this project. Although such methods show promise, they
are not yet advanced to a state that one can use them without excessive
computation costs. In addition, in view of the lack of correlation between
earthquakes and known tectonic structures in the EUS, it is not possible to
develop with any degree of accuracy the necessary source parameters for such
models. Thus, in what follows, very little will be said about theoretical
models and such models will not be included unless specifically proposed by
one of the Panel members.

2. A Modeling Uncertainties

Given an earthquake of magnitude M and distance R from a site, the ground
motion model represents a statistical description of the ground motion at a
site. In the case of an earthquake, the actual motion of the site is not
likely to be exactly as predicted by the model. Although there are several
reasons for this, they can be summarized as follows:

o The model is only a mathematical representation of the physical
world which cannot capture all of the details of reality. It is
unlikely that all relevant parameters have been included in the
model. Furthermore, the values of the coefficients in the model are
based on a limited sample of earthquakes. Thus, for a specific
earthquake, the model cannot be expected to predict the exact ground
motion value. Since for the EUS the coefficients are determined by
use of data from other regions and/or theoretical or semi-empirical
considerations, there is an added degree of uncertainty in modeling
EUS ground motions.
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Even If the mathematical model was an exact representation of ground

motion characteristics, it only represents an average or expected

motion at a site for a specified magnitude and distance. Due to

random variations in source, path, and site characteristics, it

cannot predict the actual ground motion for a specific earthquake.

Both types of variation contribute to the uncertainty in predicting

the ground motion for a specific earthquake. We believe it is

important to distinguish between these uncertainties which we label

modeling and random. The latter variation is, of course, the

inherent random variation that occurs in the physical world. In the

hazard analysis this type of variation is recognized by assuming

that the ground motion has a distribution about the predicted

value. We describe this distribution, in our hazard analysis, by a

lognormal distribution, the median of which is estimated by the

ground motion model. A complete specification of the distribution

requires some measure of the variation in the ground motion

parameter about its median value. A convenient way of expressing

this variation is in terms of the standard deviation of the natural

logarithm of the GMP. However, data necessary to assess this

variation (i.e., ground motion data at the same location from

several earthquakes of similar magnitude and distance from the site)

are not available for the EUS. Thus, it is necessary to elicit

expert opinion about this variation. The former variation is what

we call modeling uncertainty. It arises because we have very

limited data sets and an imperfect understanding of the functional

form and parameterization of the ground motion model. This

uncertainty will be included by the use of several ground motion

models together with subjective weights assigned by panel members.
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3.0 EVALUATION OF APPROACHES

3.1 General Discussion

Of the Bjany possible models that can be developed, which one Is "best"? The
absence of actual data makes It Impossible to give an unqualified answer.
Thus, we must rely on expert Judgment to help us select the best models.

At least three major factors must be considered when developing an EUS ground
motion model. These three factors represent differences between the EL'S and
WUS relative to:

1.

2.

3.

Regional attenuation of strong ground motion,
Scaling of ground motion with earthquake magnitude, and
The variability in ground motion between earthquakes of the same
magnitude Introduced by source, path and site effects.

The selection and ranking of ground motion models from those available should
be based in part on an assessment as to how well they account for the above
Items. For example, all of the general approaches outlined above include
differences In regional attenuation but in different ways. The approaches
which use intensity data make the assumption that strong ground motion in the
EUS attenuates at a rate proportional to that of intensity, this proportion
being the same as that in the WUS. The semi-empirical approaches generally
Introduce a correction based on regional measurements of the attenuation of
low energy seismic waves.

Evaluation of the general approaches outlined above is difficult because it is
possible to develop many specific models for each class. However, there are
some general comments that can be made which may be of use In comparing one
model to another.

3.2 Intensity Based Models

We noted that there were at least five possible methods which use Intensity to
make estimates of the ground motion. However, in general, there seems to be
no method free of theoretical deficiencies for using intensity data fron the
WUS to estimate ground motion in the EUS. One problem is that, in estimating
one random variable (z) from another (x), Introduction of a third randot
variable (y), used as an Intermediary, results in both a bias in the mean
estimate of z and a larger modeling uncertainty in estimating z than would be
the case if z were to be estimated directly from x. In the case of estimating
ground motion, the procedure of estimating site intensity from epicentral
Intensity, then estimating ground motion amplitudes from site Intensity,
results in amplitudes that are less dependent on earthquake size and distance
than would be the case if ground motion were to be estimated directly. Such
procedures can work well if there is a strong correlation between the
variables. Such does not appear to be the case. This is not surprising as
the intensity scale was not developed with such correlations in mind.
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Inclusion of a distance or magnitude term In the correlations of GMP to site
Intensity (Ig),

GMP « Gd-, R) (3-1)

or

GMP «= G(Ig, M) (3-2)

tends to increase the dependence of GMP on M and R (I.e. it affects the
re]at5onsh5pE In the correct manner), maVlng such correlations appear to be
better than zelatlonshlps of the type GMP = G(Ip). However, Inclusion of M
or R does not ensure that unbiased estimates vil] be made. In fact no
intermediary parameter can do that, unless it is perfectly correlated with the
f:i6t parameter (in this case Ig) or vr'th the Jast (GKP)

.

For the intensity based approaches, regional scaling of ground motion vith
earthquake magnitude i£ primar'Ty accounted for by the vay site intensity at
some distance R scales vith epicentral intensity, the regional relation
between epicentral intensity and magnitude, and, as discussed ir Section A
(see Eq A-IS), how the various GMPs are related to site intensity. This last
factor (Ig G>T relation) is of concern because it is oLtairec from data in
the WUS. The magnitude weighting approach introduces a seconoary correction
for magnitude scaling; however as discussed in Bernreuter (1981) this
additional weighting is not introduced to account for regional differences in
scaling of ground motion with magnitude, but rather help account for regional
differences in attenuation and the fact that the same Intensity occurs at much
greater distances for large earthquakes as compared to smaller earthquakes.
Battis (1981) argued that making the assumption that ground motion was the
same in different regions at the same epicentral intensity allows for a
regional correction for scaling with magnitude to be Introduced through the
relation between magnitude and epicentral intensity.

3.3 Direct Models

The most reliable ground motion model to use in a seismic hazard analysis, at
least at this time, would be one obtained by direct regression on the data.
For such results to be valid, one needs sufficient data from a number of
earthquakes to be able to obtain reliable estimates for the coefficients of
the model. Such data are not currently available in the EUS, requiring a
semi-empirical approach to develop such models-

Semi-empirical models D 1 and D-2 are difficult to assess as a group because
many diverse assumptions can be made. Many of the semi- empirzcal models
Introduce a correction for regional attenuation based on regional measurements
of the attenuation of lov; energy seismic waves. In general, such models have
a higher rate of attenuation at larger distances than the intensity based
models. Most such models rely heavily on strong motion data from WUS
earthquakes

.
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One key elenent Jn our classification Is the question of tbe differences In
average source parameters between EUS and WUS earthquakes and the Implication
this has on ground motion. The basis for such differences Is discussed by
Kuttll (1983a b). The Impact of these hypothesized differences lies In the
vay GMP scales with magnitude. Semi empirical approaches ?n category r 2

Introduce a regional correction for scaling of ground motion vltli magnitude.
These corrections are generally based on theoretical considerations.

3. A Other Factors

For several of the proposed categories we need to know the magnitudes of the
earthquakes in the EUS and WUS on a scale which allows them to be directly
compared at frequencies of 1 Hz and greater. The m^ scale appears to le
well suited for this, but there are problems. First, the Mj^ scale rather
than the m^, scale is commonly used for WUS earthquakes. Furthermore, r.v

values for WUS earthquakes, as determined by the USGS, are often unreliable
because they are usually based on P-wave amplitudes at distances of less than
2500 km. At these short distances two problems must be faced: the large
variation of P-wave amplitude due to variations in upper-mantle structure and
the known difficulties with the Gutenberg-Rlchter calibration function. (The
latter problem can be reduced by using the Veith-Clawson calibration function
used by DARPA.) For the larger WUS earthquakes (m^, > 5.5), there are
sufficient P-wave observations at distances greater than 2500 km to overcome
these problems. But some seismologists who have studied the amplitudes of P
waves from underground nuclear explosions at the Nevada Test Site conclude
that anomalous upper-mantle structure causes m^ values for WUS events to be
underestimated by about 0.3 mj, units. Using such data, Chung and Bernreuter
(1981) and Herrmann and Nuttli (1982) conclude that the two scales (m^ in
the EUS and Ml in the WUS) are approximately equivalent In the Ml=5
range. Using standard measurements, an Ml of about 5.0 for a WUS earthquake
would be comparable to an m^j of about A. 6 for an EUS earthquake.

In addition to the corrections for differences in regional attenuation and
magnitude scaling, there may be a need to correct for possible regional
differences in the variability in ground motion between earthquakes of the
same magnitude. This random variability arises due to differences in the
rupture process, complexity of the travel path, and local site geology. For
example, there is some evidence that earthquakes of the same magnitude are
more similar in mid-plate areas, such as the EUS, than along plate margins.
If this is true, we would expect to see less source induced random variability
in the ground motion in the EUS than in the WUS. In addition, the travel path
is certainly less complex in the EUS than along plate margins which would also
lead to less variability. For this study the variability in the estimate of
the ground motion for a given magnitude and distance is generally measured by
the standard deviation of the natural logarithm of the parameter, OinQ^p.
Thus, for the EUS ground motion model we might expect contributions of source
and propagation path variability on O^nQip to be smaller than for the
WUS. However, there are not sufficient data in the EUS to evaluate such an
hypothesis.
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The value of OinGMP *^ « measure of the total uncertainty Incluc'ing the
fact that the data used to develop the ground motion model was obtained from a
number of different sites with very different site geology. There have been
only a fev studies which have attempted to sort out the relative contribution
to the variability In the ground motion from these factors (Bernreuter, 1V79,
McCann and Boore, 1982). At this stage we are only addressing standard "rock"
and "soil" sites. Nevertheless, It should be kept In mind that, In general,
near-surface rock Is more competent (e.g., higher Vg, Vp,p) In the EUS
than In the WUS. Also the soils In many areas of the EUS are significantly
different (e.g., Glacial Deposits) than those at sites that make up the
existing strong motion data base. These factors need to be kept In mind when
providing estimates for OinGMP ^" ^^^ question- naire. As noted In the
introduction, we will address shallow soil sites and other anomalous site
conditions as special cases.

Q4-14



4.0 REVIEW OF ACCELERATION MODELS

4.1 Intensity Based Models

Intensity Attenuation Relations

Development of an Intensity attenuation model requires a relation of the form,

F(I. or M, R) (4 1)

The first consideration in the development of such a relation is whether
F(lo,R) is to be derived from intensity data of a single veil recorded
earthquake, assuming all earthquakes of Intensity 1q are the same, or from
more limited data of several earthquakes. If one uses a single well recorded
event, questions arise as to the appropriateness of the data in representing
the attenuation characteristics of other earthquakes and how to scale the
ground motion between earthquakes. If data from a number of earthquakes with
sufficient variation In epicentral Intensity Is used, then these problems are
taken care of. Unfortunately, this latter alternative Is not viable at
present, because even though considerable Intensity data exists, very little
of it Is in a form that can be used to develop the required relations. Only a
few studies have been made of individual earthquakes to develop the required
equations, and no study that we are aware of has used individual Intensity
reports from a number of earthquakes to correctly estimate the coefficients of
Eq

. (4-1). Because of the large variation in intensities, considerable data
are required—particularly at the lower intensity levels. Typically, such
data are not available.

Because individual Intensity data are seldom available, the coefficients of
Eq. (4 1) are more commonly computed using an equivalent or average distance
for each Intensity. This "Equlvalent-R" approach is convenient if, in place
of Intensity reports, one works with isoseismals. Isoselsmals are useful
because they have been developed for a number of earthquakes, including most
of the significant historic earthquakes. Results based on the two approaches
can be considerably different as illustrated by Fig. 4-1 taken from a study by
Weston Geophysical Corp. as documented In Bemreuter (1981b). The curve
labeled 1 was obtained by direct regression on the data for the Ossippee
earthquake and the curve labeled 3 was obtained using distances to
isoseismals. The triangles represent the Individual intensity reports. As
can be seen from Fig. 4-1, Eq. (4-1) is poorly constrained by the data.

Figure 4-2 shows the fit of the equation

Is - lo = Ci + C2 InR + 03 R (A-2)

to the individual intensity data from each earthquake listed in Table 4-1.
While no one has combined such data from a wide range of earthquakes to
develop the required coefficients of Eq. (4-2), several investigators have
used Isoseismals to develop generic relations. Included in Fig. 4-2 is such a
relation developed by Gupta and Nuttll (1976). Since the Gupta-Nuttli
relation was based on isoseismal data rather than Individual intensity
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reports, ve have reduced the Cj coefficient by 0.5 Intensity units to make
it compatible with the other expressions in Fig. A. 2. We vill refer to this
relation later as the modified Gupta-Nuttli relation

•

GMP - Site Intensity Relations

To complete the intensity based ground notion models, one also needs a

relation between site intensity and ground motion. As discussed in Section 2,
there are several functional forms this relation can take. Also, there are
several data sets that can be used. For example, Fig. A-3 shows the data base
developed by Cal Tech and Fig. A-A shows the data base developed by Murphy and
O'Brien (1977) for NRC. (Note: only the U.S. data are shown in Fig. «-A.)
Each investigator has "customized" his data set. Nevertheless, Figs. A-3 and
A-A give an indication of how much data exists and how little data there are
to define the relation between the GMP and site Intensity at the more
important higher intensity levels.
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TABLE A-1
Summary of Earthquakes Used In the Intensity Data Base

Name Date Maximum
Intensity

Analysis Source

Southern Illinois 11/9/1968 VII G. A. Bollinger

Osslppee 11/20/1940 VII R. J. Holt

Giles County 5/31/1897 VII-VIII G. A. Bollinger

Charleston 8/31/1886 X B. A. Bollinger
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Fig. 4.3 Cal tech data base of acceleration versus site intensity.
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Fig. 4.4 Murphy and O'Brien data base of acceleration versus site intensity,
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In addition to different data sets, there are a number of different ways the

regression analysis can be performed to obtain estimates of the coefficients

of the model. For example, McGulre (1977) found for medium sites

ln(a) •= -0.83 + 0.85 Ig

and Trlfunac (1976) found

ln(a) -0.19 + 0.67 Ig + 0.33S

(«-3)

(A-A)

McGulre and Trifunac used approximately the same data set, however, the forms

of the regression were different. McGuire separated his data Into two sets

(soft and medium sites) and performed separate regression analyses on each

data set. Trlfunac Introduced a site variable S which has a value of 0, 1, or

2 depending upon the site type (see Sec. 7 for a definition of s). Trifunac

and Brady (1975) used the same data set as Trifunac, but performed regression

analyses on the logarithm of the mean acceleration for each Intensity level,

independent of site type. Their resulting expression was

ln(a) « 0.032 + 0.69 Ig (^-5)

Murphy and O'Brien (1977) found by using a more extensive data set not

segregated by site type

ln(a) •= 0.58 + 0.58 Ig (^-6)

Murphy and O'Brien used just the peak horizontal component, whereas McGulre,

Trifunac, and Trifunac and Brady used both components.

Site type can have a significant effect on the derived relation. For example,

McGuire found for soft sites

ln(a) = 0.27 + 0.6 I^ (A-7)

which is significantly different than his expression for medium sites (Eq.

^-3). This dependence on site type may be an important consideration in the

selection of the "best" relation between the GMPs and site intensity as these

expressions should be derived in a manner consistent with Eq . (A-1). All of

the available intensity attenuation relations were derived without regard to

site type, because site data is not generally available for the intensity

reports. In addition, it is doubtful in our opinion that the value of

intensity assigned to each PGA value (a in the above expressions) in the

various data bases can be said to be truly representative of the intensity at

the recording site. For these reasons, one might prefer GMP-Ig relations

that are developed without regard to site type.

An even more significant problem involves the use of low intensity data in the

regression analysis. For example, the Cal Tech Data set used by Trifunac,

McGuire, and Trifunac and Brady includes MM IV and V data. However, the

ground motion data for these intensities may not be representative because the

data set was developed using only digitized accelerograms. The criteria for
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•electing accelerograns to be digitized required that the level of ground
shaking be "significant" or that the records be associated with an earthquake
with "significant" damage. In our vlew» such a selection process would tend
to bias the data towards high PGA records, particularly at the lower intensity
levels. In the least squares fitting process this would tend to reduce the
coefficient of the Ig term, thereby reducing the estimate of PGA at hieh
intensity levels.

The data set developed by Murphy and O'Brien also has some bias. Although the
set of MM IV and V data Is more complete than the Cal Tech set, in order to be
included, the accelerograph had to trigger, the records read, and the values
reported. Such values are often only reported If the level of acceleration is
at least 0.05g (this is standard practice for the USGS). Thus, The MM IV and
V set of Murphy and O'Brien is probably also biased towards higher values of
PGA. Eq. (A-6) suffers from a further bias because in performing their
regression analysis Murphy and O'Brien only Included PGA levels greater than
10 cm/sec^.

To assess the Impact of incompleteness at the lower intensity levels, we have
recomputed the coefficients of Eq. (A-6) using U.S. data without the 10
cm/sec"^ cutoff. We found

ln(a) « -1.69 + 0.86 I^

if MM IV-X data are Included and

ln(a) - -2.32 + 0.96 Ig

if only MM V-X data are used.

(A-8)

(A-9)

Equations (4-3), (4-A), (4-6), (4-7) and (4-9) are compared in Fig. 4-5. Also
shown on Fig. 4-5 are the mean log acceleration levels for MM V-VIII level

^rf^.S" '*!^ ^^""^^^ ^""^ O'Brien data for the U.S. shown on Fig. 4-4. A value
of 1000 cm/sec^ was chosen for MM X.

As seen by the scatter of data at each intensity level, the correlation
between PGA and site intensity is poor. Different methods have been proposed
to improve this correlation. For example, studies show that the residuals of
tfU'-Ig relations are strongly correlated with distance. This leads
naturally to regressions of the form

lt»(a) • Ci + 02 InR + C3 I, (4-10)

which we have denoted as "distance weighted" models. For medium sites.
McGuire (1977) found

ln(a) - 1.45 - 0.359 InR + 0.68 I. (4-11)
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Fig. 4.5 Comparison of several accelerations versus site intensity equations
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and for soft sites

ln(a) - 2.01 - 0.313 InR + 0.51 1^

In our earlier study (Bernreuter 1981a) we found

ln(a) - 1.79 - 0.323 InR + 0-57 I^

(A-12)

(A-13)

Eq. (4-13) was obtained using the Cal Tech data set without regard to site
type. It is m general agreement with McGulre's results, falling somewhere
between his predictions for soft and medium sites. Neither Murphy and

^^r*^";,^i^"^^'
'''''* ^^"""^^ a^d B^^dy considered a regression of the form

oi Eq. (A-10).

Our earlier study (Bernreuter 1981a) appears to be the only case which has
considered a magnitude-weighted" model of the form

ln(a) •= Cj + C2 M + C3 I, (4-14)

We evaluated the coefficients of Eq. (4-14) using a modification of the Cal
xech data set and a weighted regression analysis to obtain

ln(a) e 0.96 - 0.13Ml + 0.63 1 (4-15)

In addition to Eq. 4-6. Murphy and O'Brien also developed a relation of thelorm

ln(a) - q + C2M + C3 InR + C4 Ig

They found for U.S. accelerations greater than 10 cm/sec^

ln(a) «= 1.38 + 0.55M - 0.68 InR + 0.32lc (4-16)

The magnitude used is assumed to be Mj^.

Battls (1981) introduced a different approach for using intensity data todevelop a relation between GMP and site intensity. Battls assumed that theradius of the felt area of earthquakes could be defined by a constant level ofacceleration equal to 6 cm/sec2. This value was based on his extrapolationot the results of Trifunac and Brady (1975).

Combined Models

To get the required relation between the GMP, magnitude, and distance
applicable in the EUS

,
we must combine an intensity attenuation relation withan expression relating GMP to Ig. As outlined above, there are a number of
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6uch combinations - each vlth their own assets and liabilities. The
difference between the different intensity attenuation relations vas
illustrated in Fig. A-2 . To evaluate the difference between the various
GMP-Ig relations we chose the modified Gupta-Nuttli curve shown in Fig.
A-2. It more or less represents an "average" between the different intensity
attenuation relations. Ve combine the modified Gupta-Nuttli relation with
Eqs. (A-3), (A-6) and (A-9) to develop three relations which approximately
bound the different regression analysis results and assumptions. That is* we
combine the different relations of the form

ln(a) 02 I, (4-17)

with the modified Gupta-Nuttli relation

Ig - Iq •= 3.2 - O.OOllR - 1.17 InR (A-18)

for R > 15 km

to obtain

ln(a) «= Ci + C2(Io + 3.2 - O-OOllR - 1.17 InR) (A-19)

Figure A-6 shows this comparison for epicentral intensities of V, Vll and IX.

This figure indicates that the choice of the GMP-Ig relation has an

important effect on both the rate of attenuation and how the ground motion
scales with earthquakes of larger epicentral intensity - both being controlled
by the coefficient C2 of the Ig term in Eq. (4-17). To a large extent the
coefficient C2 is controlled by what data is included or excluded in the

lower intensity ranges.

To illustrate the impact of "unweighted", "distance weighted" and
"magnitude weighted" relations, we have compared the results using the
modified Gupta-Nuttli attenuation model with the GMP-lg acceleration
relations given by Eqs. (A-A), (A-13), and (A-15). We use this set because
all three regressions were performed using approximately the same data base.
In making the required substitutions, we obtain

ln(a) = C, + C, InR + C,13 A \* (I + 3.2 - .OOllR - 1.17 InR] (A-20)

where the coefficients
intensity and PGA.

Cj^ are obtained from the regression between site

A problem occurs here in making a comparison between Eq. (A-15) and either Eq.
(A-13) or Eq. (A-A) because Eq. (A-15) uses Ml while the other two relations
are in tenns of epicentral intensity. Some relation must be used to translate
Ml into the appropriate 1q in the EDS. This is normally done in a two
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step process. First the Ml Is converted to an equivalent EUS BbL- and
then the injjLg Is converted to an equivalent I^,. As discussed earlier, It
appears that

Ml 'V/ bLg

and In the past the relation

lo " 2int,Lg - 3.5 (A-21)

has been widely used In the EUS. Figure 4-7 shows the comparison of the
unweighted, distance-weighted and magnitude-weighted models made by combining
Eqs. (A-4), (4-13) and (4-15) with Eq. (4-18), the modified Gupta-Nuttll
attenuation relation. In the distance-weighted model, the R in Eq. (4-13) is
assumed to be the same as the R in Eq . (4-18). This, as discussed earlier, is
not strictly true.

The last set of models we need to compare are the Intensity based
semi-empirical models. These models form a somewhat disjoint set. One of the
earliest semi-empirical models was developed by Nuttli and Herrmann (1978).
They combined the relation

Is
- 3.1 - 1.07 InR (4-22)

which they felt approximates the Gupta-Nuttll relation, with Eqs. (4-16) and
(4-21) and a free parameter. The use of Eq. (4-16) makes this essentially a
"magnitude-and distance-weighted" approach. The free parameter was evaluated
using judgment and available EUS data to obtain

ln(a) « 1.47 + 1.2 m^Lg - 1*02 InR; R > 15 km

Battis (1981) assumed the model

ln(a) = Ci + C2 M + C3 ln(R + 25)

M e appropriate magnitude scale'
R = epicentral distance

(4-23)

(4-24)

To evaluate the coefficients in Eq. (4-24), Battis assumed that In the "near
field" (i.e., R = 10 km) the ground motion is the same for all regions for the
same epicentral intensity. In the "far field," at the limit of the felt area,
he assumed that the ground motion is the same for all regions and sizes of
earthquakes, using a value of 6 cm/sec^. To obtain relations for both the
central U.S. and the WUS, he used McGuire's (1974) relation to get PGA
estimates at R = 10 km as a function of Ml. He used the relation between
Ml and m^, derived by Brazee (1976) for California,

mb - 1.28 + 0.75 Ml, (4-25)
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(A-26)

and Brazee's relation between ni, and 1^,,

ni, - 2.89 + 0.37 l©,

to relate the parameters Ml, Ob ^^^ ^o ^°^ ^^^ ^^'

Battis developed an approximate relation for the radius of felt area for the

WUS. For the Central U.S., he used the relation

»b 2.6 + 0.3A I,
(A-27)

and determined the distance of the felt area using Nuttli and Zolweg's (1974)

relation between the felt area and m^

InRf -6.23 + 3.A1 mb - 0.2 m^ (4-28)

He evaluted the coefficients of Eq. (A-24) using a least squares process and

obtained

ln(a) - 3.16 + 1.24 m^ - 1.24 ln(R + 25) (A-29)

for the Central US. Fig. 4-8, taken from Battis, compares Eq. (4-29) to his

result for the WUS,

ln(a) - 5.83 + 1.21 m^ - 2.08 ln(R + 25) (4-30)

At 10 km the difference between Eqs. (4-29) and (4-30) arises because of the

differences between Eqs. (4-26) and Eq. (4-27). For example at I^ » VII

Eq. (4-26) results in m^ values that are about 0.5 units larger than those

given by Eq. (4-27).

Weston Geophysical Corporation, Inc. (WGC) has proposed a model for New

England. WGC based the attenuation of intensity on four New England

earthquakes ranging in magnitude from 3.5 to 5.8. WGC used Eq. (4-11)

(distance weighting) to convert from site intensity to ground motion. They

noted that because of the small range of magnitudes of the earthquakes

involved that the scaling with magnitude determined by the regression analysis

was unreliable. To account for this, they changed the coefficient of m^

from the value of 0.7 determined from the regression to 1.1 and readjusted the

constant so that the model with the 1.1 slope agreed with the 0.7 slope model

at mi)
= 4.875. Their resultant model is given by

ln(a) - 1.47 + 1.1 m^ - 0.88 InR - 0.0017R (^"31)

The Nuttli-Eerrmann model, Eq . (4-23). the Battis model, Eq. (4-29), and the

WGC model, Eq. (4-31), are compared in Fig. 4-9. Also shown in Fig. 4-9 for

comparison is the magnitude-weighted model, Eqs. (4-15) and (4-20) expressed

in terms of n^j through Eq. (4-21),

ln(a) « 0.77 + 1.13 m^ - 0.0007R - 0.74 InR (4-32)
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4.2 Direct Models

Although there are many possible models In the categories referred to as D-1
and D-2, In fact, only a few have been formally developed. Recall that
category D-1 Includes those seml-emplrlcal models that do not use site
Intensity as an Intermediate variable and assume that differences between the
ground motion from EUS and WUS earthquakes are only related to the differences
In attenuation between the two regions. Category D-2 Includes those models
which assume that In addition to attenuation differences between the two
regions there are also differences In magnitude scaling.

Nuttll (1979) assumes that

GMP (R) AqR ^'^ exp(-^) (A-33)

where y is a regional absorption coefficient,
attenuation curve for Lg waves.

Nuttll further assumes that

Eq. (A-33) Is a theoretical

log ^nax '^ O-^J^b

l°g V^ax « I'Omb •

In addition, he assumes that the source spectra of EUS earthquakes are the
same as for WUS earthquakes, so that the ground motions observed In the
near-source region are the same for both areas. Nuttll also assumes that the
predominate frequency of the ground motion for identical magnitude earthquakes
is the same between the two regions.

The constant Aq in Eq . (A-33) was assumed to be proportional to m^ as
given in the above relations and calibrated using the San Fernando
earthquake. The appropriate absorption coefficient for the central US was
taken from Nuttll and Dwyer (1978). Nuttll 's (1979) model is given by the
following equations:

ln(a) = 1.481 + 1.15 m^ - ^ - 5/6 ln(R)

where y = 0.0136 - 0.00172 m^

X
'\

t
fi

t
t
9
t
a

(A-34)

In addition to Nuttll 's (1979) model we are aware of four other models that
fall into category D-1, one that we developed for SSMRP, Campbell's (1981b)
and (1982) models, and the model used by Algermissen and Perkins (1976). We
exclude the model by Algermissen and Perkins because it is nonanalytical and
would be difficult to use in the hazard analysis. The model is based on the
relation of Schnabel and Seed (1973) with a regional correction for
attenuation. Figure 4-10 taken from Algermissen et al. (1982) compares this
model to that of Nuttll and Herrmann (1981). Aglermissen et al. do not
indicate what relation they used to go from m^j to Mg

.
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In developing the SSMRP model we started with Nuttli's (1979) suggestion that

GMP •= AoCmi,) R"^/^ expC-y R) (A-35)

Nuttli suggested that A^Cmij) could be determined from WUS data using the

assumption that the only difference between WUS and EUS earthquakes is a

difference in regional attenuation. To develop the SSMRP model we repeated

the regression analysis on the data set of Joyner and Boore (1981) (Ml >^

5.0) using an approach similar to theirs. However, in our analysis the

coefficient of geometrical attenuation was taken to be -5/6 (in agreement with

Nuttli's model) rather than the value of -1 assumed by Joyner and Boore. The

purpose of this change was to put the model in the same form as assumed by

Nuttli when he determined the regional absorption coefficients for the EUS and

WUS. In addition, a value of m^ appropriate for the EUS (or an estimate of

this value) was used for the measure of the size of the earthquakes. We

determined the best fit relation

ln(a) = 3.99 + 0.59 m^^ - 5/6 InR - 0.007R (A-36)

where

2il/2R^ = [d^ + h^]

h = 5.3

and d is the shortest distance between the site and the surface projection of

the fault rupture plane.

Nuttli (1979) obtained a similar estimate for y in the WUS. For the central

U.S. (CUS) Nuttli (1982) estimates y = 0.003. If indeed the ground motion

from CUS earthquakes scales the same with magnitude as WUS earthquakes, we can

convert the above relation into a CUS ground motion model simply by

replacing y with an appropriate value for the CUS. This gives

ln(a) = 3.99 + 0.59 m^ - 5/6 InR - 0.003 R (4-37)

where

r2= [d2+h2]l/2
h = 5.3

Campbell (1981b) uses a different functional form than that used by Nuttli

(1979) or Joyner and Boore (1981). He takes as his relationship for modeling

the attenuation of peak acceleration with distance the expression

ln(a) = a + bM - d ln[R + C(M)] - yR (4-38)
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Campbell selected this functional form because It Is capable of modeling

nonlinear magnitude and distance scaling effects In the near field that may be

supported by the data. The far-field properties of this relationship are

characterized by the coefficient b which controls magnitude scaling, the

coefficient d which controls the geometrical attenuation rate, and the

coefficient y which controls the rate of attenuation due to absorption.

C(M) modulates the attenuation of acceleration at distances close to the

source where little geometrical attenuation is expected (Hadley and

Helmberger, 1980). Since the distance at which the transition from far-field

to near-field attenuation occurs is probably proportional to the size of the

fault rupture zone, and since fault rupture dimensions scale exponentially

with magnitude, Campbell used the following relationship to model C(M):

C(M) = Ci exp(C2M) (A-39)

Eq. (^-38) differs from Nuttli's relationship (Eq. A-34) in two ways. The

first is that the geometrical attenuation term d is not fixed but rather was

determined from the regression analysis. The second is the addition of the

C(M) parameter. Both of these differences are required to accommodate the

near-source effects of extended fault rupture in the case of large earthquakes

and accommodate the depth of the source in the case of small events.

He based his analysis on the near-source data base of Campbell (1981a).

Earthquakes were selected only if their magnitude was equal to or greater than

5.0. Distances were restricted to be no further than 30 km from the fault

rupture plane for 5.0 _< M < 6.25 and no further than 50 km from the fault

for M > 6.25. Analyses^ were conducted separately for two definitions of

distance: the closest distance to the fault rupture surface, referred to as

fault distance, and epicentral distance. He considered peak acceleration to

be regionally invariant at the source (i.e., at R = 0). He used the values of

absorption proposed by Nuttli (1979) in the WUS to establish y* f^om which

he developed the relation

yyUS = 0.042 - 0.009M + 0.00057M' (4-40)

Using a weighted regression analysis similar to that of Campbell (1981a) he

found the following expression for the median (50th-percentile) value of peak

acceleration in cm/s^ in terms of fault distance ;

ln(a) = 2.64 + 0.79M - 0.862 In [R + 0.0286 exp(0.778M)] - >R (4-41)

with a standard error of ln(a) of 0.409.

The results of the regression analysis for epicentral distance yielded the

following expression for the median value of peak acceleration:

ln(a) = 4.39 + 0.922M - 1.27 In [R + 25.7] - yR (4-42)
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where C2 was found to be equal to zero. The standard error of ln(a) was
found to be 0.5A8.

Since the standard measure for earthquake size In the CUS Is n^j, Campbell's
application of Eqs. (4-Al) and (A-A2) to this region required a conversion
from m^ to M, the magnitude scale used in the development of these
relationships. The magnitude scale used in the above equations was defined as

Mg when both Mg and Ml were larger than 6.0 and Ml when both were

below this value. Campbell used the relationships between magnitude scales
developed by Nuttli (1979) and his definition of M to develop the following
conversion relation

M =
1.6A m^ - 3.16 (mi, >_ 5.59)

1.02 mi, + 0.30 (mi, < 5.59)

(A-43)

An appropriate ground motion model for the CUS was obtained by substituting
values of y for the CUS proposed by Nuttli (1979) using the expression

YCUS = 0.023 - 0.00A8M + 0.00028 M^ (A-44)

This analysis was later revised by Campbell (1982) using a frequency dependent
expression for y of the form

:e

c
R
J
t

e

a
s
a

TiT'

Q T ^U
o o

(A-A5)

where T Is the period of the wave, U Is the group velocity, Qq Is a

reference value for the quality factor Q, T^ is a reference value for

period, and ri Is defined by the expression

dW (A-A6)

The predominant period of PGA for sites located on rock was modified from a

plot given by Seed et al. (1969), resulting in the relation

T =
-0.229 + 0.0650M + (0.000556M - 0.00172)R (M > 7.0)

-0.0A3 + 0.0382M + (0.000556M - 0.00172)R (M < 7.0)

(4-47)

An expression for y appropriate for California was obtained by substituting
the values Qq = 150, t] - 0.55, U = 3.5 km/sec and Tj, = 1 sec. into Eq.
(4-45) based on the reglonalizatlon of Q for the United States by Singh and
Herrmann (1983). Using this expressionfor y and the relation for period
given by Eq. (4-47), the analysis of Campbell (1981b) was revised, resulting
in the following expression for peak acceleration (g):

ln(a) = -4.290 + 0.777M - 0.797 ln[R + 0.012 exp(0.898M)] - yR (4-48)
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where R is fault distance as defined previously.
In this analysis was 0>A05*

The standard error for ln(a)

While Campbell only applied Eq. (A-A8) to the estimation of PGA In the

northcentral Utah region, this expression may be applied to other regions of
the U.S. by selecting an appropriate value for Q^ and T] from Singh and

Herrmann (1983) (or some other source If appropriate) and selecting an

appropriate value or relation for the predominant period of PGA. Then y may
be estimated from Eq. (A-A5) and substituted Into Eq. (A-48) to estimate PGA.

A conversion between M and m^, may be taken from Eq. (A-A3) or from more

current relations proposed by Nuttll (1983 a,b).

Figure 4-11 compares Campbell's Eqs. (A-Al) and (A-A2) and the SSMRP model

given by Eq . (A-37) for an m^ of A. 25, 5.25, and 6.25. In making this plot

several items need to be noted. First, Eq . (A. 37) Is plotted as a function of

the distance R. This Is consistent with the distance R In Eq. (A-38) for EUS

earthquakes where earthquakes do not rupture to the surface. In Fig. A-11 the

eplcentral distance R In Eq. (A-A2) Is different than either of the other two

definitions, but It Is plotted as R for reference. For a discussion of the

differences in the definition of distance as It relates to the prediction of

strong ground motion, the reader is referred to Appendices B and C and Shakal

and Bernreuter (1981). Second, it should be noted that we have extrapolated

beyond the data to plot the curves for m^, = A. 25. However, as an extended

data set is not readily available, it is not possible at this time to revise

these models using smaller magnitude data. At some point in your response to

us you should note if it is necessary for us to extend these models.

As can be seen from Fig A-11 there is a considerable difference between all

three models. One notable difference is how the ground motion scales with

magnitude. For Eqs. (A-Al) and (A-A2) the m^ was converted to the magnitude

M used by Campbell based on Eq. (A-A3).

This is believed to contribute to the differences In the magnitude scaling

properties of Eq. (A-37) and Eqs. (A-Al) and (A-A2). In the SSMRP model it

was assumed that Ml = nibLg, whereas for the Campbell models M was

determined using the magnitude conversion relations developed by Nuttll (1979)

resulting in an m^, approximately 0.3 to O.A units smaller than Ml. In

order to see what impact this might have on the results we replot Campbell's

models on Fig. A-12 using M = m^, (Note: this is only strictly valid for M
< 6.0 where M ~ Ml). As seen from Fig. A-12 the scaling of PGA with

magnitude is still significantly different between all three models. We may

conclude from these comparisons that the relations used to convert between

scales is an important consideration in the development of a ground motion

model in the EUS.

We only know of one model that falls into Category D-2. This is the latest

version of the model of Dr. Nuttll and is part of a long developmental

process. Appendix C-A gives the details of the model and some other

reflections on the questions before this panel by Dr. Nuttll. Figure A-13

compares Nuttll 's (App. C-A) model with his 1979 model given by Eq. (A-3A).
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To make this plot we assume a depth of h = 12 km In his App. C-A model and

take the distance R In both models to be the same. The models are found to be

very similar—the differences arise primarily from the Inclusion of the depth

term and the change to a constant value for anelastlc attenuation In the App.

C-A model.

Figure A-IA compares Campbell's eplcentral model, Eq. (A-A2), the SSMRP model,

Eq. (4-37), Nuttll's App. C-A model and the Intensity Based Magnitude-

Weighted Model, Eq. (A-32). The models of Campbell and Nuttll are very

similar, except for differences In anelastlc attenuation at the smaller

magnitudes. The SSMRP model exhibits substantially less magnitude scaling and

the magnitude-weighted model exhibits substantially less attenuation than the

other models

.

To facilitate making additional comparisons we have provided you with clear

overlays of several of the key figures.
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5.0 REVIEW OF VELOCITY AND SPECTRAL MODELS

Only a few of the Investigators referenced In Section A have developed scaling

relationships for peak velocity and response spectral ordlnates. This creates

a dilemma, since it is the probabilistic prediction of response spectra that

Is ultimately required for the characterization of seismic hazards In the EUS

.

Since a discussion of peak velocity relations would be very similar to the

previous discussion on peak acceleration, no presentation of actual models

will be made here. Rather, the reader may refer to the Questionnaire Section

7 for a list of available models.

Of all the investigations referred to in Section A, only three present models

for response spectral ordlnates. Two of these, the "distance-weighted" and

"magnitude-weighted" intensity models of Bernreuter (1981b), were developed

for the previous SEP study. The only other available model is a "no-weighted"

intensity model based on the approach taken by Trlfunac and Brady (1975) to

develop similar relations for peak ground motion parameters. Because of the

Importance of response spectra, we feel it necessary to augment these limited

models with models based on standard response spectral shapes.

Three spectral shapes will be considered; these are (1) the shape recommended

by the Nuclear Regulatory Commission for the seismic design of Nuclear Power

Plants (USAEC, 1973), (2) the shape recommended by the Applied Technology

Council for the seismic design of buildings (NBS, 1978), and (3) the shape

recommended by Newmark and Hall (1982) for the seismic design of all types of

buildings (although originally developed for the design of nuclear power

plants). While other spectral shape models exist, these three comprise those

commonly used in practice. Of course, if you feel another model should be

considered, you may indicate so in the Questionnaire. The following is a

brief discussion of each model.

5.1 Nuclear Regulatory Commission

The response spectral shape recommended by the Nuclear Regulatory Commission

(NRC) for the design of nuclear power plants is described In U. S. Atomic

Energy Commission Regulatory guide 1.60 (USAEC, 1973). This shape is based on

a statistical analysis of response spectra of strong-motion earthquakes as

described by Newmark et al. (1973a). It is a broad-band spectrum,

encompassing earthquakes of various sizes and distances. The NRC regulatory

staff has determined this shape to be acceptable for defining the Design

Response Spectra representing the effects of the vibratory motion of the Safe

Shutdown Earthquake (SSE), one-half the SSE, and the Operating Basis

Earthquake (OBE) for sites underlain by either rock or soil deposits and

covering all frequencies of interest. They further indicate that this shape

should not be used for sites that are relatively close to the epicenter of an

expected earthquake or have physical characteristics that could significantly

affect the spectral pattern of input motion, such as being underlain by poor

soil deposits.
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The spectrum shape recommended In Regulatory Guide 1.60 was selected to

represent an 8Ath percentile spectrum vhen anchored to a median value of PGA.

This makes this spectrum incompatible with the requirements of our project,

which is designed to estimate a median or "best estimate" spectrum for a given

probability of exceedance and to specify appropriate confidence limits. The

50th percentile (median) spectral shape consistent with Regulatory Guide 1.60

was obtained from Newmark et al . (1973a). To meet the program objectives the

median amplification factors for each frequency control point was estimated

from the ratio of the 8A.1% and 50% amplification factors given in the

original studies used to establish the amplification factors for each control

point. This resulted in 5%-damped median amplification factors that are 23%

and 26% lower in the acceleration domain (control points at 9 Hz and 2.5 Hz,

respectively) and 31% lower in the displacement domain (control point at

0.25 Hz) than the corresponding 8A.1% amplification factors. This median

spectral shape will be referred to as the Modified Regulatory Guide 1.60

spectrum.

The spectrum based on an 84th percentile shape is shown in Fig. 5.1 for

damping values of 0.5, 2, 5, 7 and 10% and a peak horizontal acceleration of

Ig. The spectrum may be adjusted to any other value of PGA by linearly

scaling Fig. 5-1 in proportion to the desired value of peak acceleration.

Thus, the shape remains independent of magnitude, distance, and site

characteristics. The applicable amplification factors and control points used

to construct the spectrum for a specified PGA is given in Table 5-1.

5.2 Applied Technology Council

The response spectral shapes recommended by the Applied Technology Council

(ATC) for the seismic design of buildings is described in National Bureau of

Standards Special Publication 510 (NBS, 1978). Spectral shapes representative

of different soil conditions were selected on the basis of a statistical study

of the spectral shapes developed on such soils close to the seismic source

zone in past earthquakes (Seed et al., 1976; Hayashi et al., 1971). They

represent smoothed spectral shapes for the following three soil profiles.

Soil Profile Type S -\: Rock of any characteristic, either shale-like or

crystalline in nature (such material may be characterized by a shear wave

velocity greater than 2500 ft/sec); or stiff soil conditions where the

soil depth is less than 200 ft and the soil types overlying rock are

stable deposits of sand, gravels, or stiffer clays.

Soil Profile Type S ^t Deep cohesionless or stiff clay soil conditions,

including sites where the soil depth exceeds 200 ft and the soil types

overlying rock are stable deposits of sands, gravels, or stiff clays.

Soil Profile Type S '^; Soft-to-medium stiff clays and sands,

characterized by 30 ft or more of soft-to-medium-stiff clay with or

without Intervening layers of sand or other cohesionless soils.
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TABLE 5-1

SPECTRUM AMPLIFICATION FACTORS FOR HORIZONTAL

ELASTIC RESPONSE

(Taken In Part from Newmark et al., 1973 a)

Damping One Sigma (8A.1%)

% Critical Accel. Displ.

33 Hz 9 Hz 2.5Hz 0.25 Hz

Median (50%)

Accel. Dlspl.

33 Hz 9 Hz 2.5 Hz 0.25 Hz

0.5 1.0 A. 96 5.95 3.20 1.0 3.11 3.8A 2.11

2.0 1.0 3.5A A. 25 2.50 1.0 2.53 2.93 1.67

5.0 1.0 2.61 3.13 2.05 1.0 2.01 2.32 l.Al

7.0 1.0 2.27 2.72 1.88 1.0 1.91 2.09 1.32

10.0 1.0 1.90 2.28 1.70 1.0 1.62 1.73 1.21

Note: Maximum ground displacement is taken proportional to maximum ground

acceleration, and is 36 in. for ground acceleration of Ig.
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FIGURE 5-1. Horizontal design response spectra-scaled to Ig horizontal
ground acceleration (USAEC, 1973).
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The spectral shapes are used by ATC in conjunction with two Indeces - A^, a

parameter numerically equal to Effective Peak Acceleration (specified In units

of g), and A^, a parameter related to Effective Peak Velocity—In defining a

design response spectrum. However, the similarity of the spectral shapes to

those recommended by Seed et al . (1976) suggests that they may be used In

conjunction with PGA to adequately represent ground motion spectra for use In

our project. Spectra for an Effective Peak Acceleration of O.Ag (A3=0.A)

and 5% damping are shown in Fig. 5.2. The value of k^ for Soil Profile Type

S3 has been reduced by 20% as recommended by ATC. This would not be

required when anchoring the spectral shapes to PGA, as this parameter would

already contain the effects of site characteristics. The spectra may be

adjusted to any other value of Ag or PGA by linearly scaling Fig. 5-2 in

proportion to the desired value of acceleration. However, for relatively

large distances where A^ > Ag, ATC recommends that the velocity portion

of the spectra (the horizontal portion in Fig. 5-2) be multiplied by the ratio

of ky, to Ag and the remainder of the spectra extended to maintain the same

overall form. This takes into account the change in spectral shape that has

been observed to occur at large distances. However, the shapes remain

independent of earthquake magnitude.

5.3 Newmark-Hall

The response spectral shapes recommended by Newark and Hall for the seismic

design of buildings is described in a Monograph published by The Earthquake

Engineering Research Institute (Newmark and Hall, 1982). The development of

these shapes has been an evolutionary process, but has been primarily based on

the statistical studies of Newmark et al. (1973 b), Hall et al., (1976) and

Newmark and Hall (1978). They recommend that appropriate regions of the

spectra be scaled by peak acceleration, peak velocity, and peak displacement.

This enables the shape to vary with magnitude, distance, and site

characteristics in accordance with the variation in these peak parameters.

While Newmark and Hall give amplification factors for both median and 84th

percentile shapes, the median values are of interest In our study. Table 5-2

presents these amplification factors for various values of damping. The

factors labeled A, V and D represent amplification factors based on peak

acceleration, peak velocity and peak displacement, respectively. These

domains are defined in fig. 5-3 which gives the 8Ath percentile, 5%-damped

spectrum for a peak acceleration of 0.5g. a peak velocity of 61 cm/sec, and a

peak displacement of 45 cm. The corresponding median spectrum would be

reduced by 22% in the acceleration domain (A), 28% in the velocity domain (V),

and 31% in the displacement domain (D) with respect to the 84th percentile

spectrum.

Newmark and Hall recommend that, lacking other information, values of peak

velocity (v) may be estimated from peak acceleration (a) by taking a v/a ratio

of 48 in/sec/g for competent soil conditions and a v/a ratio of 36 in/sec/^

for rock. Peak displacement (d) may be estimated by taking the ratio ad/v

to equal about 6.0. The recommendation concerning v/a will be followed when
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FIGURE 5-2. Ground motion spectra for Map Area 7 (A a = 0.4), (NBS, 1978).
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ground motion models for peak velocity are not available. Since we are not

Interested in frequencies less than 0.5 Hz, it will not be necessary to

estimate peak displacements.

A comparison of the three median spectral shapes for a PGA of Ig, and a

damping value of 5% may be found in Fig. 5-A for competent soil conditions and
Fig. 5-5 for rock. These figures indicate that the only major disagreement
among the models is for frequencies greater than 10 Hz, where the ATC shape
exhibits more high-frequency content than the other two. The effect of

rock is to reduce the spectral ordinates in the velocity domain for those
spectra incorporating site conditions. The site-independent shape represented

by the Modified Regulatory Guide 1.60 spectrum tends to fall between the soil
and rock spectra of the Newmark-Hall and ATC studies. Because of the

classification of stiff soil with rock In the ATC study, spectra representing
both stiff soils (Sj) and deep soils (S2) appear in Fig. 5-A. The ATC
spectra are found to bracket both the site-independent Modified Reg. Guide

1.60 spectrum and the soil spectrum of Newmark-Hall.
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TABLE 5-2

SPECTRUM AMPLIFICATION FACTORS FOR HORIZONTAL ELASTIC RESPONSE

(Newmark and Hall, 1982)

Damping, One Sigma (8A.15I$) Median (50%)

£

% Critical A V D A V D

0.5 5.10 3.8A 3.04 3.68 2.59 2.01

1 4.38 3.38 2.73 3.21 2.31 1.82

2 3.66 2.92 2.42 2.74 2.03 1.63
i
a

3 3.2A 2.64 2.24 2.46 1.86 1.52 ^

5 2.71 2.30 2.01 2.12 1.65 1.39
a

m

7 2.36 2.08 1.85 1.89 1.51 1.29

10 1.99 1.84 1.69 1.64 1.37 1.20 1

20 1.26 1.37 1.38 1.17 1.08 1.01 ^
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6.0. EASTERN U.S STRONG MOTION DATA

There Is very little strong-motion data available In the EUS. Table 6-1
summarizes what data are currently available for earthquakes of m^ > 3.0.
The recent New Brunswick aftershocks and Gaza, New Hampshire earthqiTake have
substantially Increased this data set from the three earthquakes that had been
recorded prior to 1983.

In Figures 6-1 to 6-3, we compare selected maximum values of horizontal PGA,
listed In Table 6-1, with the ground motion model of Nuttll App. C-A. Fig.'
6-1 presents data from the New Brunswick aftershock of March 31, 1982
(mb«4.8). Fig. 6-2 presents data from the Gaza, N.H., earthquake (m^ =
A. 7), and Fig. 6-3 presents data from four New Brunswick aftershocks of mu =
A.0-A.6. ^

To facilitate further comparisons, horizontal PGA data listed In Table 6-1 are
plotted in groups of one-half magnitude units in Figures 6-4 to 6-7. These
groups represent magnitude ranges of 3.0-3.4, 3.5-3.9, 4.0-4.4, and 4.5-5.0.
These plots are drawn at the same scale as those displaying the ground motion
models in Section 4. We have Included clear copies of these data plots so
that they may be easily overlain on any plot in Section 4 to facilitate
comparison of the various ground motion models with these data.
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Table 6-1

DATA FROM EUS EARTHQUAKES LARGER THAN MAGNITUDE 3,0

Date i Location

Instrument Magnitude Approx.

Loc. A Depth Distance Comp A^

(km) (cm/s^)

max
Icm/s)

Reference & Remarks

6/13/75

New Madrid Area

New Madrid 4-4.25

D*=9

S83W 43

Down 31

S02E 64

Herrmann (1977)

3/25/76 Arkabutla 5.0 99 S28W 41

0041 UT Dam, Ms Down 10

Toe D«12 S62E 22

Crest 99 S28W

Down

S62E

21

6

10

Table continued on next page
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Table 6-1 (Continued)

Date S Location

DATA FROM EUS EARTHQUAKES LARGER THAN MAGNITUDE 3.0

Instrument Magnitude Approx.

Loc. i Depth Distance

(km)

^ max 2 max
(cm/s ) (cm/s)

Reference i Remarks

Right

abut.

Tiptonvllle

IN

New Madrid

MO

99

130

131

S28W 11

Down 6

SG2E n

S70W 11

Down 12

S20E 17

S88W 13

Down 10

S03E 11

Table continued on next page
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Table 6-1 (Continued)

DATA FROM EUS EARTHQUAKES LARGER THAN MAGNITUDE 3.0

Instrument Magnitude Approx.

Date 4 Location Loc. & Depth Distance Comp max ,

V Reference & Remarks
max

I

(km) (cm/s)

Wappapello 5.0 150 S38W 10

Dam Mo D=12 Down 5

Rt. Toe S52E 12

Right 150 S38W 6

Crest Down

S52E

5

6

3/25/76 Arkabutta 4.5 99 S28W 10

0100 UT Dam Down 4

Left Toe D=14 S62E 5

Table continued on next page
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Table 6-1 (Continued)

DATA FROM EUS EARTHQUAKES LARGER THAN MAGNITUDE 3.0

Instrument Magnitude Approx.

Date & Location Loc. h Depth Distance Comp

(km)

3/31/82

New Brunswick

Holmes

Lake

Mitchell

Lake Rd.

Loggle

Lodge

4.8

\ax ,
(cm/s*^)

max
(cm/s)

L 178 1.3

V 151 0.5

T 340 1.4

L 149 1.8

V 571 2.9

T 230 1.9

L 292 1.8

V 302 1.8

T 564 4.1

Reference t Remarks

;e

c
e

k
t
i
n
t
a

Welchert et al (1982)

The acceleration

values given are

corrected values and

are often

significantly

higher than the raw

uncorrected records.

Table continued on next page
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Table 6-1 (Continued)

DATA FROM EUS EARTHQUAKES LARGER THAN MAGNITUDE 3.0

Instrument Magnitude Approx.

Date A Location Loc. A Depth Distance Comp
max ,

V
max

Reference A Remarks

1

(km) (cm/s)

Indian 3 L 417 2.7

Brook V

T

144

405

0.9

3.11

Bear Lakes 12 L 58 0.4 These are shallow

V - - earthquakes with

T V 138 1.1 depths of 0—4 km

4/2/82 Mitchell 4.3 4 L 66 0.3 Late trigger

New Brunswick Link V 54 0.3 Missed Most

Road T 77 0.5 of record

Table continued on next page
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Table 6-1 (Continued)

DATA FROM EUS EARTHQUAKES LARGER THAN MAGNITUDE 3.0

Date & Location

Instrument Magnitude Approx.

Loc. & Depth Distance Comp

(km)

Bear

Lakes

12

nax max
(cm/s ) (cm/s)

44 0.4

Reference & Remarks

rL

:e

X
t

s
t
a
t
a

4/11/82 Bear

Lakes

4.1 12 77 0.5 Late Trigger

Ml%lhl Holmes

Lake

3.4 74

41

56

0.3

0.2

0.3

Late Trigger

Table continued on next page
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Table 6-1 (Continued)

DATA FROM EUS EARTHQUAKES LARGER THAN MAGNITUDE 3.0

Instrument Magnitude Approx.

Date a Location Loc. * Depth Distance Comp A^^^^^^

(km)

max

(cm/s ) (cm/s)

Reference i Remarks

5/6/82

New Brunswick

Holms

Lake

Mitchell

Lk. Rd.

Loggle

Lodge

4.0 42 0.3 Welchert et al. (1982)

24 0.2

71 0.7 Late Trigger

54 0.4

176 0.6

33 0.2

r L 115 1.4

66 0.7

146 1.8

Table continued on next page
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Table 6-1 (Continued)

DATA FROM EUS EARTHQUAKES LARGER THAN MAGNITUDE 3.0

Instrument Magnitude Approx. t

Date i Location Loc. « Depth Distance Comp \ax ,
(cm/s'^)

max
Reference & Remarks 1

<
Z
t
a1

(km) (cm/s)

7/28/82 Indian

Brook

3.7 1 L

Y

T

300

180

230

8
a

a

a

X
t

6/16/82 Mitchell 4.6 25 L 48 0.3
X

New Brunswick Lake Rd. V

T

26

10

0.2

0.08

w

Indian 27 L 15 0.2

Brook V

T

27

17

0.2

0.1

Table continued on next page
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Table 6-1 (Continued)

DATA FROM EUS EARTHQUAKES LARGER THAN MAGNITUDE 3.0

Instrument Magnitude Approx.

Date & Location Loc. » Depth Distance Comp Y
max

1

(km) (cm/s)

New Brunswick 7A 3.5 8 V 83 0.4

1/17/82 D«3.5 HI 83 1.2

13:33:56.2GMT H2 60 0.9

8A 10 V 18 0.1

HI 18 0.2

H2 14 0.2

Reference i Remarks

Cranswick et. al

(1982)

A number of recordings

were made for small

earthquakes. Only the

largest for which an

estimate of the

magnitude is

available, is listed

1/19/82 Franklin 4.7 8 L 288

Gaza. NH Falls Dam D»5 V 173

Abut. T 540

Franklin 8 L • 141

Falls Dam V 271

Downstream T 378

Toksoz (1982) and

digitized records

obtained from the NRC

Table continued on next page
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Table 6-1 (Continued)

DATA FROM EUS EARTHQUAKES LARGER THAN MAGNITUDE 3.0

Date i Location

Instrument Magnitude Approx.

Loc. i Depth Distance

(km)

Comp

Franklin

Falls Dam

Crest

max 5
(cm/s^)

124

114

307

V
max
(cm/s)

Reference I Remarks ru

;e

c
c

I

z

a
«
a

Union

Village

Dam Down-

stream

60 37

29

23

Abutment 60

Crest 60 22

23

25

Table continued on next page
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T«b1e 6-1 (Continued)

DATA FROM EUS EARTHQUAKES LARGER THAN MAGNITUDE 3.0

Date & Location

Instrument Magnitude Approx.

Loc. & Depth Distance

(km)

Comp \ax ,
(cm/s'^)

nax
(cm/s)

Reference 4 Remarks

North Hart

Dam Abut.

61 11

4

7

Crest 61 37

16

38

II . Spring-

field Dam

Downstream

76 31

14

23

Crest 76 24

22

22
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Figure 6-1 Nuttli's (App. C-A) model compared to data from the New

Brunswick aftershock of 3/31/82 (m^ = 4.8).
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Figure 6-2 Nuttli's (App. C-A) model compared to data from the Gaza, N.H.,

earthquake (m. = 4.7).
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Figure 6-3 Data from New Brunswick aftershocks (m|^ = A.O - A. 6) compared

to Nuttli's (App. C-A) model for m^^ = 3.5, A.O, 4.3 D=2km.
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Figure 6.4 EUS strong motion data from earthquakes of m^ = 3.0 - 3.4.
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Figure 6.5 EUS strong motion data from earthquakes of m. = 3.5 - 3.9,
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Figure 6.7 EUS strong motion data from earthquakes of m. = 4.5 - 5.0.

Q4-73



7.0 QUESTIONNAIRE

7 . 1 INTRODUCTION

As part of the seismic hazard characterization of the Eastern United States,

It Is necessary to select an appropriate set of ground motion models to be

used in assessing the seismic hazard at a specified site. This questionnaire

Is designed to elicit your opinion about the selection of the most appropriate

models.

The previous sections contain a general discussion, based primarily on PGA, of

EUS ground motion models which we would like you to consider in making your

recommendations for the most appropriate models. We also will ask you to

provide additional models if you feel they are needed. The collection of

models chosen for your consideration were based on the discussion during the

meeting of the panel, January 11-13, 1983, our review of the literature, and

our judgment of the validity of the models to describe the attenuation of

seismic energy and the ground motion at locations throughout the EUS.

As discussed in the previous sections, we have found it appropriate to

partition the available ground motion models into two major categories:

1. Intensity Based Models

Models based on using intensity as an intermediary variable to model

ground motion as a function of the earthquake parameters. Most such

models involve a combination of

o an intensity-attenuation relation. Is = F(Io»^)» ^^^^^

relates site intensity to source intensity, and

o a ground motion parameter-site Intensity relation, GMP =

0(1 ,M,R) which rebates ground motion parameters to site

Intensity and, perhaps, other earthquake characteristics such

as magnitude and distance.

2. Direct Models

Models based on using available data to model directly the ground

motion parameter in terms of the earthquake parameters such as

magnitude and source-to-site distance. Such models are generally

based on the '"theoretical attenuation curve"

GMP = K(M)R~3 exp (->R)

where y is the absorption coefficient and K(M) is a scale factor

which is often expressed as a function of magnitude.

The former category, the Intensity Based Models, have been subdivided into

five subcategories:
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1-1, No Weighting ; model combinations

Ig - F(Io,R)
GMP - GCIg)

In which the ground motion parameter Is related to site Intensity

only.

1-2. Distance Weighting ; model combinations

GMP = G(Ib,R)

In which the ground motion parameter Is related to site Intensity

and source-to-site distance.

1-3. Magnitude Weighting : model combinations

Is " Fdo''^)
GMP «= G(l6,M)

In which the ground motion parameter Is related to site Intensity

and source magnitude.

1-A. Magnitude and Distance Weighting ; model combinations

Is " F(Io»R)
GMP = GCIg.M.R)

In which the ground motion parameter Is related to site Intensity,

source magnitude, and source-to-site distance.

1-5. Semi-Emplrlcal ; models

GMP = H(M,R)

relating the ground motion parameter to earthquake magnitude and

distance, but based on using Intensity as an Intermediary variable.

Note that subgroups 1-1 through 1-A Involve a pair of models which. In our

hazard analysis, will be combined to relate the ground motion parameter to the

earthquake parameters M and R. Since the Intensity-attenuation model Is

derived Independently of the ground motion parameter-site intensity model, any

one of a number of Intensity models can be combined with any of the ground

motion parameter models.

The latter category group, the Direct Models, have been subdivided into

two subcategories, based on the parameters which are expected to vary between

the WUS and the EUS:

:e

X
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s
*
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o models In which only the absorption coefficient y (or the quality
factor Q) Is assumed to he different for WUS and EUS;

o models In which both the absorption coefficient y and the scale
parameter K(M) varies between the WUS and EUS.

Considering all possible combinations, we have Identified 59 models for the
peak ground acceleration PGA. Ideally, for each of these there would be a
corresponding model for PGV and a corresponding set of spectra models.
Unfortunately, not all PGA models have a corresponding model for PGV and there
are only a few spectra models. Ideally, the same type of model would be used
for all 3 parameters In the hazard analysis. However, to give you as much
flexibility as possible In choosing the most appropriate models we will ask
you to rank the models separately for PGA, PGV and spectra.

In characterizing the selsmlclty within a zone, the earthquake size Is

expressed In either magnitude or eplcentral Intensity. To estimate the hazard
at a site it is necessary to assess the hazard based on each of the ground
motion models. Since some ground motion models are expressed in terms of
eplcentral intensity and others in magnitude, a conversion of magnitude scales
is required at some level. After consideration of the alternatives, we have
chosen to make this conversion at the ground motion level. Thus, it is

necessary to express each ground motion model in terms of both eplcentral
intensity and magnitude. To accomplish this conversion, we asked each member
of our EUS Selsmlclty Panel to provide the proper conversions between scales.
Since you may not feel that a ground motion model expressed in eplcentral
Intensity to be as appropriate when converted to a model Involving magnitude
or vice versa, we will be asking you to select a separate set of models for
intensity and magnitude.

Another issue which must be addressed in the selection of ground motion models
is the question of the distance measure. Our hazard analysis Is based on
treating earthquakes as point sources so that the distance R In the ground
motion model is treated as an eplcentral distance. It must be recognized that
some of the ground motion models are based on fault distance rather than
eplcentral distance. Thus, our treatment of R as eplcentral distance may
influence your choice of appropriate models. See Section 1.0 for additional
discussion on this issue.

Finally, as discussed in Section 2. A, the choice of the ground motion model
has a direct influence on the outcome of the hazard analysis. This Influence
is a function of the model as well as the extent of the random variation in

the ground motion parameter (GMP). For purposes of the hazard analysis, we
are approximating the random variation in the ground motion parameter by a

lognormal distribution for which the ground motion model describes the
expected value of the logarithm of GMP, given the earthquake parameters.
Random variation is the inherent variation in GMP about its expected value due
to a lot of unidentifiable factors. The extent of the random variation in GMP
is described by the standard deviation of the logarithm of GMP (which is

approximately the coefficient of variation of GMP). We will be asking you to

estimate this standard deviation. In making an estimate it is important to
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recognize that the standard deviation associated with a specific ground motion
model usually has both a random variation component as veil as a modeling
uncertainty component (see Section 2.4 of the accompanying report). It is the
random component of this uncertainty that is of interest in this study. The
modeling uncertainty is accounted for in the use of several models.

7.2 SELECTION PROCESS

We have identified four regions in the EUS, shown in Fig. 7.1, for which it may
be appropriate to change the values of some of the model coefficients, e.g.,

Y in the direct models. Also, a particular ground motion model may be
appropriate for one region but not applicable in another. Thus, we will be

asking you to select appropriate models for each of the four regions. We
recognize that the actual physical situation is much more complex and the

boundaries cannot be simply drawn, however, at this stage of the analysis we
will limit the complexity of our model by partitioning the EUS Into the four
identified regions.

We have limited our analysis to the use of two "magnitude" scales, intensity
(MMI) and body wave magnitude (m^,). It should be noted that (as discussed
in Section 3. A) we are assuming m^jj^g and m^j to be essentially equivalent.
For simplicity we use the term m^j even though most of the magnitudes in the

catalogs are in fact ObLg*

Weighing the merits of using all the models available to describe ground
motion versus (1) our capability to handle a large number of models in the
hazard analysis and (2) your ability to reasonably distinguish between the

models so as to rate them for their appropriateness has led us to the

following method for eliciting your opinion about the ground motion models.

We have divided the ground motion models into seven subcategories identified
in Section 7.1, five subgroups of Intensity Based Models and two subgroups of

Direct Models. The models in each subcategory are catalogued in Section 7.3.

For each of the two magnitude scales in each of the four regions (a total of 8

combinations) we would like you to:

n.

;e

c
r,

iC

e
t
a

a

For peak ground acceleration and peak ground velocity,

o Select from among all the models the one model which you consider
the most appropriate . This is labeled the Best Estimate Model .

(Note: if this model Is an Intensity Based Ground Motion Model, the
Best Estimate would consist of 2 models, an attenuation model and a

GMP model.)

o For each of the seven (7) classes of models identified above, select
the most appropriate model within the subcategory. Assign a

relative "level of confidence" to each of the models. (Note: the
sum of the confidences over the seven subcategories should equal
1.0.)
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Limit of this
analysis

Fig. 7.1 Identification of four regions of the Eastern U.S.
based on a compilation of the seismic zonation
expert maps developed in this study, combined with
a map of Q -contours from Singh & Herrmann (1983).

Q4-78

*ii^':



The "level of confidence" ve ask you to express for each nodel is considered
to reflect your degree of belief that the data, the aodellng process, your
knowledge of seismic attenuation and ground aotlon and any other relevant
Infomatlon supports the use of the specific nodel to describe ground notion
vlthln the given region. Ve expect that your "level of confidence" vlll
reflect, to sone degree, your opinions about the use of each of the different
types of nodels (based on different nodellng philosophies) for nodeling ground
notion. At a later date ve vlll ask you to provide velghts for all of the

nodels (Including any that different panel nenbers nay suggest).

For the spectra nodels,

o Select the set (one for each frequency) of nodels which you consider
nost appropriate.

o Assign a relative "level of confidence" to each of the nodels
(Note: a zero level of confidence Is acceptable).

7.3 MODELS

7.3.1 Peak Ground Acceleration

I. Intensity Based Models

Except for the nodels in Subcategory I-S, a ground notion nodel is

a combination of (a) an intensity-attenuation nodel and (b) a

ground notion paraneter-slte Intensity nodel* The latter nodels
fom the basis of the Subcategories I-l through 1-4. The fomer
nodels are:

Al. Bollinger (Charleston, South Carolina earthquake)
I, - 2.87 + lo - 0.00052R - 1.25 In R , R > 10

ru

:e

c
r.

t

'C

e

a

a

Is- lo , R < 10

A2. Bollinger (Giles County, Virginia earthquake)
Ig - 0.35 + I© - 0.0038R - 0.34 In R

A3. Modified Gupta-Nuttli (Central U.S.)
Ig - 3.2 + lo - O.OOllR - 1.17 In R , R > 15

, R < 15

A4. LLNL (Southern Illinois earthquake)
Ig - 0.35 + I© - 0.0046R - 0.31 In R

A5. Weston Geophysical Corporation (Ossippee earthquake)
Ig - 0.441 + lo - 0.004R - 0.67 In R
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Subcategory I-l . Wo Weighting (Equation number froo Section 4)

Gil. LLNL (1983) (Eq. 4-8)

ln(a) - -1.69 + 0.86 Ig

G12. LLNL (1983) (Eq. 4-9)
ln(a) - -2.32 + 0.96 Ig

013. McGulre (1977)
- 0.83 + 0.85 I,

ln(a) -

0.27 + 0.6 le

(nedluiD sites)

(soft sites)

(Eqs. A-3 and A-7)

GU. Trlfunac and Brady (1975) (Eq . A-5)
ln(a) - 0.032 + 0.69 Ig

G15. Murphy and O'Brien (1977) (Eq. 4-6)
ln(a) » 0.58 + 0.58 I-

G16. Trlfunac (1976)
ln(a)

(Eq. A-A)
-0.19 + 0.67 Ig + 0.33S

5-0 (alluvium)
5*1 (Intermediate rock sites)

S 2 (basement rock sites)

Subcategory 1-2 . Distance Weighting

G21. Bernreuter (1981a) (Eq. A-13)

ln(a) - 1.79 + 0.57 Ig - 0.323 In R

G22. McGulre (1977)
A-12)

ln(a) =
1.A5 + 0.68 Ig - 0.359 In R

2.01 + 0.51 Ig - 0.313 In F

(Eqs. A-11 and

(medium sites)

(soft sites)

Subcategory 1-3 . Magnitude Weighting
.

G31. Bernreuter (1981a) (Eq. A-15)

ln(a) •= 0.96 + 0.63 Ig - 0.13 Ml

Subcategory I-A . Magnitude and Distance Weighting

GAl. Murphy and O'Brien (1978) (Eq. A-16)
ln(a) - 1.38 + 0.32 Ig + 0.55 Ml - 0.68 In R

Subcategory 1-5 . Seml-Emplrlcal

G51. Battls (1981) (Eq. A-29)

ln(a) •= 3.16 + 1.2A m^, - 1.2A In (R + 25)
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C52. Nuttll and Herrmann (1978) (Eq. A-23)
ln(a) - 1.A7 + 1.2 int,Lg - 1.02 In F; F> 15 km

C53. Weeton Geophysical Corp. (Eq. A-31)
ln(a) - 1.47 + 1.1 mb - 0.0017R - 0.88 In F

II. Direct Models

Subcategory II-l . y Variable

m2)R

Dll. Campbell (1981b)

ln(a) « 2.6A + 0.79M - (0.023 - 0.00A8M + 0.00028
- 0.862 In [R + 0.0286 exp(0.778M)]
where R closest distance to fault rupture

(Eq. A-Al)

D12. Campbell (1981b) (Eq. ^.-42)

ln(a) - A. 39 + 0.922M - 0.023R + 0.00A8RM - 0.00028Rm2
-1.27 In (R + 25.7)

where R Is eplcentral distance, and for both Dll and D12
1.02 mi, + 0.30 (m^ < 5.59)

M -=

1.6A mi, - 3.16 (mi, > 5.59)

D13. Campbell (1982) (Eq. A-A8)
ln(a) - -A. 29 + 0.777M - 0.797 ln[R + 0.012 exp(0.898K)) -^R
where R = closest distance to fault rupture and

Y = frequency-dependent absorption coefficient (e.g. Singh
and Herrmann, 1983)

DIA. Nuttll (1979) (Eq. A-3A)
Inl(a) = 1.A81 + 1.15 mfc - (0.0136 - 0.00172 mi,)R

- 0.833 In R

D15. SSMRP (Eq. A-37)

ln(a) = 3.99 + 0.59 mi,
- 0.003 (r2 + 28. 09)^/^

- 0.833 In (r2 + 28.09)^/2
where R «= closest distance to surface projection
of fault rupture.

Subcategory II-2 . y and mi. Variable

D21. Nuttll (App. C-A)

3.892 + 0.576 m^^ -0.83A In (R^ + exp(-A.371 + 1.308 m^)}

-0.00281 (R-1)

ln(a) -

/2

m, < A.A
D —

2 1/2
1.313 + 1.15 m^ - 0.833 In [R + exp(-7.968 + 2.100 m^)] '

:e

X
R

I

e
*
3

a

- 0.00281 (R-1) A.A < niv £ 7.

A
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7.3.2 Peak Ground Velocity

I. Intensity-attenuation models, Al through AS are the sane as in
Section 7.3.1.

Subcategory I-l . No Weighting

GVll. McGulre (1977)

ln(v)

-4.02 + 0.952 I (medium sites)

-1.51 + 0.5A3 I (soft sites)

GV12. Trifunac (1976)

ln(v) « -2.25 + 0.67 I + 0.032 S

S « (alluvium)

S " 1 (intermediate rock sites)

S = 2 (basement rock sites)

GV13. Trifunac and Brady (1975)

In (v) »= -1.A5 + 0.58 I
s

Subcategory 1-2. Distance Weighting

GV21. Bernreuter (1981a)

In (v) = -2.9A + 0.76 1 + 0.06 In K'
s

GV22. McGuire (1977)

ln(v)

-3.61 + 0.923 I - 0.06A In F (medium sites)
s

-1.11 + 0.521 I - 0.072 In F (soft sites)
s

Subcategory 1-3 . Magnitude Weighting

GV31. Bernreuter (1981a)

ln(v) - -2.62 + 0.51 I + 0.17 M^
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J?f..

Subcategory I-A » Magnitude and Distance Weighting
(No models)

Subcategory 1-5 . Seml-Emplrlcal

GV51. Nuttll - Herrmann (1978)
ln(v) - -6.72 + 2.3 m^ - In R

GV52. Western Geophysical Corporation

ln(v) - -0.92A + .95 m^, - .0023R - .765 In R

+ .923Ei + E2

where E^ and E2 are random variables with mean zero and standard
deviation oj and 02« Ej and E2 represent the error terms in the fit of
site intensity versus source intensity and distance, and the fit of site
intensity as a function of magnitude and distance, respectively.

II. Direct Models

Subcategory II-l .

DVll. Nuttll (1979)
This model only appears in the form of a set of curves of velocity
versus distance and magnitude. The reader is referred to the
publication (Nuttll, 1979).

DV12. SSMRP(a)
ln(v) « -7.86 + 2.3 mfc - CyR - .835 In R

where C^ » .0076 - .00099 m^,

DV13. SSMRP(b)
ln(v) « - .963 + 1.15 m^ - CyF - .833 In R

Subcategory II-2.

DV21. Nuttll (App. C-A)
- -3.11 + 1.15mi, - 0.833 In [r2 + exp(-4.371 + 1.308

mi,)ll/2 - 0.00122(R-1) m^ < 4.

A

ln(v)
» -8.29 +2.3 mij - 0.833 In [r2 + exp(-7.968 + 2.100 m^)]"^^^

- 0.00122(R-1) A. A < cmj, < 7.

A

•c

ru
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t
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s
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a
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a
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7.3.3 Response Spectra

RSI Modified Reg. Guide 1.60 (spectral shape anchored to PGA)
RS2 NBS, 1978 - ATC (spectral shape anchored to PGA)
RS3 Newmark and Hall (1982) (spectral shape anchored to PGA and PGV)
RSA Bernreuter (1981a): Distance-weighted iDodel

In(SA) " Ci + C2I0 + C3R + C^ln R
where SA * pseudo-absolute acceleration In cm/sec^

Frequency (Hz) S S S ^A

25.0 2.35 0.55 -0.0025 -0.5A2

20.0 2.A9 0.55 -0.0025 -0.565

12.5 2.8A 0.56 -0.0026 -0.612

10.0 2.98 0.56 -0.0025 -0.605

5.0 2.87 0.56 -0.0026 -0.A87

3.3 2.27 0.62 -0.0028 -0.A33

2.5 1.60 0.65 -0.0030 -0.3A6

1.0 -1.21 0.816 -0.0038 -0.100

0.5 -3.19 0.886 -O.OOAl 0.061

RS5 Bernreuter (1981a) Magnitude-weighted model

In(SA) •= C. + Cjl + C3R + C^lnR

Frequency (Hz) C,

25.0 2.67

20.0 2.73

12.5 3.0A

10.0 3.20

5.0 3.8A

3.3 3.63

2.5 3.3A

1.0 1.23

0.5 -0.3A

2

0.59

^3

-0.0007
^A

-0.760

0.58 -0.0007 -0.761

0.57 -0.0007 -0.768

0.56 -0.0007 -0.775

0.52 -0.0007 -0.7A0

0.57 -0.0007 -0.762

0.57 -0.0007 -0.719

0.71 -0.0006 -0.637

0.7A -0.0005 -0.536
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7.4 QUESTIONS

Based on your opinion of the data and methods used to develop a model, the
ability of a model to accurately reflect the attenuation and ground motion
vlthln a region, and any other information you deem appropriate to judge the
models, please respond to the following questions using the Included
Questionnaire Reply Forms.

7.4.1 Peak Ground Acceleration
For each of the four regions and two magnitude scales,

Question 1 . Among the peak ground acceleration models catalogued in
Section 7.3.1, indicate the one model (or attenuation/ground motion
pair) which you consider to be the most appropriate ground motion
model, i.e., select the "best estimate" model for peak ground
acceleration.

Question 2 . For each of the seven subcategories (types) of peak ground
acceleration models, I-l through 1-5, II-l, and II-2, select the one
model within the subcategory which you consider to be most appropriate
(Note: for subcategories I-l through 1-4, this should be a pair of
models).

Question 3 . For each of the seven subcategories, indicate a confidence
level which you associate with that type of model.
Notes: (1) See the discussion of confidence level in Section 7.2

(2) For each region, magnitude scale pair. If
Ci,C2,...,C7 denote the confidence levels for the
seven subgroups
o any Cj can be zero
o the sum of the Cj's should equal 1.0

Question A . Indicate any ground motion models for PGA which were not
included in the catalogue in Section 7.3.1 and which you consider
worthy of consideration by the panel at a future time.

7.4.2 Peak Ground Velocity
For each of the four regions and two magnitude scales.

Question 5 Among the peak ground velocity models catalogued in Section
7.3.2, indicate the one model (or attenuation/ground motion pair) which
you consider to be the most appropriate ground motion model, i.e.,
select the "best estimate" model for peak ground velocity.

Question 6 For each of the seven subcatagories of peak ground velocity
models I-l through 1-5, II-l, and II-2, select the one model within the
subcatagory which you consider to be most appropriate (Note: for
subcatagories I-l through 1-4, this should be a pair of models).

•c
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Question 7 For each of the seven subcatagorles, Indicate a confidence

level which you associate with that type of model. (See the Note after

Question 3)

Question 8 Indicate any ground notion models for PGV which were not

Included In the catalogue In Section 7.3.2 and which you consider

worthy of consideration by the panel at a future time.

7. A. 3 Spectra
Response for each of the four regions and two magnitude scales,

Question 9 . Among the response spectra models catalogued in Section

7.3.3, indicate the spectral shape model (or attenuation/spectra pair)

which you consider to be the most appropriate response spectra model.

Question 10 For each of the response spectra models in Section 7.33,

indicate a confidence level which you associate with that type of model

(see the notes after Question 3).

Question 11 Indicate any response spectra models which were not

Included in the catalogue in Section 7.3.3 and which you consider

worthy of consideration by the panel at a future time.

7. A, A Random Variation

As discussed in Section 7.1, the standard deviation of the error associated

with a model Includes both a measure of the random variation in the GMP about

its expected or average value as well as a measure of the adequacy of the

model. It Is Important In doing the hazard analysis that only the random

variation component be used when making the probability calculations. Thus,

we need to elicit your opinions about the magnitude of the random variation

associated with each of the ground motion parameters.

Since the GMP is a function of earthquake magnitude and distance, we are

Interested In the random variation in GMP conditional on magnitude and

distance. Our hazard analysis assumes that the GMP random variation is

Independent of magnitude and distance as well as the site, although we do

allow for regional variation by asking you to provide your estimates on a

regional basis.

Since we will be modeling the random variation in the GMP by a lognormal

distribution, we would like you to provide your estimates of the random

variation either in terms of

o the standard deviation of the InGMP, o

o the coefficient of variation of the GMP, GOV

Using Table 7.1, Included in this Questionalre, for each of the GMP's and each

of the four regions.
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Q"**^£p"^12 Clve your best estlnate of the randon variation (either
O or COV) In the CMP at a alte.

Queatlon 13 Give an Interval which you believe, with a high degree of
confidence, represents the possible range of o or COV.

Question U Do you agree with our choice of the lognonnal distribution
to describe the random variation in the CMP's? If not» please indicate
a distribution which Is more appropriate.

7.5 Self-Rating

In our hazard analysis it will be necessary to combine the risks at a site
based on the different ground motion models chosen by a panel member as well
as combining over the the opinions provided by all panel members. Combining
the risks estimate using the different models suggested by an individual
ember will be based on the confidence levels you provide. To combine over
all the panel members we propose to use a weighted average procedure. Of
course, this requires an appropriate set of weights.

Although there are several weighting schemes (e.g., equal weights, LLNL
derived weights), the set of weights we propose to use is based on your
appraisal, i.e., self- rating, of your expertise about the utility of ground
motion models.

We recognize some of the weaknesses and difficulties in eliciting and using
self-rating, however, most alternative weighting schemes are also subjective
and involve some of the same problems as self-rating. Overall, we believe
self-rating to be a viable means of developing weights for combining the
results derived from your opinions about the ground motion models. Thus, we
would like you to indicate your level of expertise with regard to assessing
the utility of the ground motion models.

In appraising your level of expertise, we ask that you use a 1-10 scale where
low values Indicate a low level of expertise and high values a high level of
expertise. An integer value is not necessary, although not more than one
decimal place (e.g., 7.3) is appropriate.

Question 15. Please indicate your level of expertise with regard to
assessing the utility of ground motion models.
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Table 7.1

(Questions 12 and 13)

Parameter

PGA

Region
North South

Northeast Southeast Central Central

PGV

Best Estimate:

Confidence Bounds:

Best Estimate:

Confidence Bounds:

Spectra
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PEAK GROUND ACCELERATION

REGION

> Northeast I Southeast 1 Northcentral 1 Southcentral I

estlonl j

MMI
1

n^,
j

MMI
j

i,^,
j

Hil 1 »%, 1 MMI I m^ I

'Best Estimate' Model 1 1 1 1 1 1 1 1 1

estlons 2 and 3 1 1 1 t |
|

i t i

Intensity Based Models 1 1 1
I 1 II 1

•

1-1. No Weighting
1 1 1 1 1 j

1 1 1

Models^l' |( , )|{ . )|( . )|{ , )|( . ,|( . )|( , ),( _ ),

Confidence
1 1 1 1 1 I | | |

1-2. Distance Weighting
1 1 1 1 1 I |

I 1

' ModelsflJ |{ . )|( . )|( . )|( . )|{ . ,1, , ,,( , ), 1

Confidence
1 1 1 1 1 I | | |

1-3. Magnitude Weighting
1 1 1 1 1 I

I I 1

Hodels'^^ |( , )|( . )|( . )|( . )|( . ,|( , )|( , )| 1

Confidence
1 1 1 1 1 | | | |

1-4. Magnitude * Distance Weighting
1 1 1 1 1 1 t

I 1

Models'l^ |( . )|( . )|( . )|( . )|( . )|( , ),( , )|( , ),

Confidence 1 1 1 1 1 I I I |

1-5. Semi -Empirical 1 1 1 1 1 I
I I 1

Model
1 1 1 1 1 1 1 1 1

Confidence 1 1 1 1 1 1 | | |

. Direct Models 1 1 1 1 |
| I 1 1

II. 1. Y Variable 1 1 1 I i i
I 1 1

Model
1 1 1 1 1 1 1 1 1

Confidence 1 1 1 1 i 1 | | j

11.2 yK(M) Variable 1 1 1 1 i |
1 1 1

Model
1 1 1 1 1 1 1 1 1

Confidence
1 1 1 i 1 | | | |
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of (a) an

intensity-attenuation relation and (b) a PGA site intensity relation.
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B. PEAK GROUND VELOCITY

(1) For categories 1-1 thru 1-4, a ground notion nodel consists

intensity-attenuation relation and (b) a PGV-slte Intensity

of (a) an

relation.

REGION
1 Northeast 1 Southeast 1 Northcentral | Southcentral

1 Mil 1 1^ 1 »f1I 1 B^ 1 HHI 1 a^ 1 HMl 1 mt,

Question 5 1 1 1 1 1 i 1 1

'Best Estimate" Hodel 1 1 1 1 1 1 1 1

Questions 6 and 7 1 1 1 1 1 1 1 1

1. Intensity Based Models 1 1 1 1 1 1 1 1

I-l. No Weighting 1 1 1 1 1 1 1 1

Models'^^ |{ . )|( . )l( , )1( . )l( . )ll . )1( .)!(,)
Confidence 1 1 1 1 1 1 1 1

1-2. Distance Weighting 1 1 1 1 1 1 1 1

1
Models^^^ II . )l( . )lf , )|( . )ll . )l( . )ll . )l

Confidence 1 1 1 1 1 1 1 1

1-3. Magnitude Weighting 1 1 1 1 1 1 1 1

Models'^^ 11 , )l( . )l( , )|{ . )l( . )l( . )l( . )l

Confidence 1 1 1 1 1 1 1 1

1-4. Magnitude * Distance Weightinq | | 1 1 1 1 1 1

Models^^^ |( , )l( , )l( . )l( . )l( . )l( . )|{ . )l( . )

Confidence 1 1 1 1 1 1 1 1

1-5. Semi -Empirical 1 1 1 1 1 1 1 1

Model 1 1 1 1 1 1 1 1

Confidence I I 1 1 1 1 II
II. Direct Models I I t 1 1 i 1 1

II. 1. Y Variable 1 1 1 1 1 1 1 1

Model 1 1 1 1 1 1 1 1

Confidence 1 1 1 1 1 1 1 1

II. 2 yK(M) Variable 1 1 1 1 1 1 1 1

Model 1 1 1 1 1 1 1 1

Confidence 1 1 1 1 1 1 i 1
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Question < Additional Peak Ground Acceleration Models

Question 8 Additional Peak Ground Velocity Models
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C. RESPONSE SPECTRA

REGION

1 Northeast
I Southeast 1 Northcentral 1 Southcentral I

1 MMI 1 R^ 1 HHI 1 B^ 1 MMI 1 1^ 1 MMI 1 %, 1

Question 9 1 1 1 1 1 1 1 1 1

"Best Estimate' Hode1 I I I | | | | | |

Question 10 1 1 1 1 1 1 1 1 1

RSI. Reg. Guide 1.60 1 1 1 1 1 1 1 1 1

Confidence 1 1 1 1 1 1 1 1 1

RS2. NBS. 1978 - ATC 1 1 1 1 1 1 1 1 1

Confidence 1 1 1 1 1 1 1 1 1

RS3. NeMnark-Ha11 1 1 1 1 1 1 1 1 1

' Confidence 1 1 1 1 1 1 1 I 1

RS4. Distance-Weighting 1 1 1 1 1 1 1 1 1

Confidence 1 1 1 1 1 1 1 1 1

RS5. Magnitude-Weighting 1 1 1 1 1 1 1 1 1

Confidence I I | | | | | | |

RS6 Westermo, et a1. 1 1 1 1 1 1 1 1 1

Confidence 1 1 1 1 1 1 1 1 1

Question 11 Additional Response Spectra Models
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). RANDOM VARIATION

)uest1ons 12 and 13

' Peak Ground Acceleration

Peak Ground Velocfty"

Best Estimate
"Confidence" Bounds

hesponse Spectra

Best Estimate
"Confidence" Bounds

Best Estimate
^confidence" Bounds

Northeast

REGION

Southeast I Northcentral Southcentral

hiestlon 14

Is lognormal distribution an adequate description of random variation?
If no, what 1$ a nore appropriate distribution?

;. SELF RATING
Question 15

Self-Rating:
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OTTO W NUTTLI

PROFtSSOn OF CEOPHVCICS

P.O. BOX eO»». LACLCDt STA.

ST. LOUIS. MISSOURI 63 196

..y.TWiU 658-3124

January 2h, I983

Dr. Dae H. Chung, 1^95
Lawrence Livermore National Laboratory

P.O. Box 805
Livermore, CA 9^550

Dear Dan;

I am v.-riting to offer my suggestions as to how to handle the attenuation

problem in LLI^X's sensitivity study of strong ground motion.

My recor-Tiendation is to use three different models, to determine the

sensitivity of the site ground motion to different attenuation relations.

Model 1 would be the one used two or three years earlier in the LLNL-TERA

study for specific eastern nuclear power plant sites. There are two reasons
for including this model: first, it will show the sensitivity to different

soiorce models in the two studies, as the attenuation relation will be the same

for both; second, it is based on intensity data, which make up the bulk of

eastern United States data, and thus is the most empirical (relies least on

theoretical riodeling) kind of attenuation relation. The problem is that we have

to use data bases from other parts of the world, prijnarily the western United

States, that relate M.M. intensity to ground acceleration, velocity and displace-

ment, and we have good reason to suspect that these data are not directly

applicable to the eastern United States.

Model 2 would be Ken Campbell's attenuation curves for strong ground motion

for the central United States. These curves assume that the source excitation

is the same for eastern and western earthquakes of a given magnitude, but that

the anelastic attenuation is different for the two regions. The idea is similar

to that employed by Algermissen and Perkins in constructing their hazard maps far

the United States, and to that used by me in the 1979 reportll^he Waterways Experi-

iinent Station of the Corps of Engineers. One potential problem with Campbell's
curves is the way he defines magnitude, i.e., Ml for Mj^ less than 6.5 and Mg for
Mg greater than 6.5* l^e relations which I obtain for the eastern United States
(spectral scaling paper to appear in April I983 issue of BSSA) arei

Mg = 1.0 m^ - 1.15 for

Mg = 2.0 m^ - 5.63 for 4.5f m^57.0.

For the eastern United States Bob Herrmann and I showed that Ml = mb. In the
East you seldom vdll have to deal with earthquakes of ^II greater than 6,^, There-

fore my suggestion is to use Ml (or m|j) values with Campbell's curves.
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Dr. Chvms
January 2k, 1983

Model 3 is one which has evolved from studies of Bob Herrmann and myself.

The roost recent published version Is my paper In the Proceedings of the June

1982 Earthquake Microzonation Conference. The method uses empirical studies

of mid-plate magnitudes and moments to establish spectral scaling relations,

from which a scaling law for peaJt ground acceleration, velocity and displace-

ment is derived. Frequency-dependent anelastic attenuation relations are ob-

tained from measurements of eastern earthquakes by observatory-type" instru-

ments. T^e level of the attenuation curves is determined by existing central

United States strong-motion data, as present/ln the Microzonation paper. Thus

Kethod 3 is semi-empirical, semi-theoretical. Although I am not impartial and

unbiased, I believe it represents the best existing set of strong motion re-

lations for the East.

I don't believe it is advisable to attempt to distinguish between

differences of anelastic attenuation in the craton region of the central and

eastern United States and the accreted coastal-plain regions to the east and

south of the Appalachian and Ouachita-Wichita Mountains. By attempting to

consider this effect you would be introducing a refinement that has smaller

consequences than those resulting from more basic uncertainties in the

attenuation relations.

In the paper for the Kicrozonation meeting I presented my attenuation re-

lations only in the form of sets of curves. In the past week I put them in

equation form. Also, based upon material contained in my spectral scaling paper,

I have more carefully considered the problem of minimum focal depth, which

affects the ground motion at small epicentral distances. Included is a figure

showing how the ground acceleration at near-source distances changes with focal

depth for an mij = 5*0 earthquake. Because we cannot possibly estimate focal

depth for all the historical earthquakes, I suggest that in all cases you use

the attenuation curves for minimum focal depth, as in the three figiires

included with this letter (for maximum acceleration, velocity and displacement).
Ihis is most conservative, in the sense that it will give the largest possible
ground motions.
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Please don't hesitate to call me if you have any questions, criticisms,
suggestions, or such.

With best regards.

Sincerely,

otto W. Nuttli

Enclosures

P.S. The equations and cuarves axe an average for various rock and soil types.
Probably they are most representative of a stiff or competent soil.
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STRONG GROUND MOTION ATTENUATION RELATIONS

FOR THE CENTRAL UNITED STATES

Minimum Focal Depth

log b (km) - -0.949 + 0.284 m for m < 4.4
'10 mln

lo8,n h . (km) « -1.730 + 0.456 m. for m > 4.4
*'10 mln b b

3
Q (quaHty factor at 1 Hz) - 1000; Q(f) - lOOOf * (f - frequency)

Max-Acc «= arithmetic average of peaks on 2 horizontal components

assumed: a has a frequency of 5 Hz
max

V has a frequency of 1.5 Hz
max ^ •'

d has a frequency of 0.5 Hz
max ^ '

log,^ a (cm/sec^) •= 1.69 + 0.25 m. -0.833 log,, r^+h^ -0.00122 (r-1)
'"ID max b 10

for m. <^ 4.4

login a
10 max

0.57 + 0.50 m^ -0.833 log^^ r^+h^ -0.00122 (r-1)

for 4.4 < niv £ 7.4

2., 2
log,^ V (cm/sec) - -1.35 + 0.50 m. -0.833 log,, r +h -0.000532 (r-1)

10 max D iv
for m, <^ 4.4

loEin V
10 max

-3.60 + 1.00 m. -0.833 log^^ r^+h^ -0.000532 (r-1)

for 4.4 < Bw £ 7.4

•10 max

2.. 2
log,^ d (cm) - -3.43 + 0.75 m -0.833 log r^-Hi -0.000244 (r-1)

for m. <^ 4.4

login ^
10 max

-6.81 + 1.50 m. -0.833 log,^ rVh^ -0.000244 (r-1)
•10

for 4.4 < n^v £ 7.4

where h = focal depth (in km) and r « epicentral distance (in km)
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UNIVERSITY OF SOUTHERN CALIFORNI

UNIVERSITY PAKK

SCHOOL OF ENGINEERING

DEPARTMENT OF CmL ENGINEERING

LOS ANGELES. CALIFORNIA 90007

4 HiCD

January 18, 1983

Dr. Dae H. Chung
Lawerence Livermore Laboratory
University of California
Livermore, California 94550

Dear Dae,

As you requested I am enclosing my brief comments on the use of 'distance'

in the papers by Joiner and Boore (1981) and Campbell (1981). Those are:

1 Joiner and Boore (1981) employ a definition of distance which is

equivalent to (Rq^^ h*2)I/2in the enclosed Figure 1. In their
work h* is a 'measure' of the source depth selected to minimize
the sum of the squares of the residuals. This definition of dis-
tance would be appropriate if an argument could be made that the
peak ground motion comes from the portion of the fault surface
which is at 'depth' h* and beneath A in Figure 1.

2. Campbell (1981) uses distance R2 (in Figure 1) and a magnitude
dependent 'coefficient' C(M) which physically resembles h*. This
is also fitted to the data to minimize the sum of the residuals
squared.

Assume we have recorded three peak accelerations and we wish to plot those
versus same distance R as in Figure 2. In a typical case (say Imperial Val-
ley 1979 data) I interpret Campbell's work to plot these data points as

crosses (+) in Figure 2. Joiner and Boore (1981) definition would lead to
the peaks plotted as circles (0) in Figure 2 (assuming that somehow we know
h*). Assuming on the other hand, that we wish to plot those peak accelera-
tions versus distance Rj , which is a distance to a 'center' of the fault sur-
face we would get the points shown by asterisks, (Figure 2). It is obvious
from the geometry of Figure 2 that Ro<Ri,R2<Riand (Rq^* h*2)4'<R2. since we do
not know a priori which part of the fault will contribute most to the peak
ground motions, unless L»Riit would seem reasonable to use some definition
(in the mean) close to l^-. This effect is of course significant only for
small Ri and as R^"*** al4 definitions of distance become indistinguishable.
Therefore I believe that Joiner and Boore (1981) as well as Campbell (1981)
have a tendncy to underestimate peak amplitudes of ground motion for small

R. This is seen from sketch in Figure 2.
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I am taking the liberty of sending these comments to Boore and Campbell di-
rectly. I hope they can examine them and suggest wether I have erred In my
Interpretation of their results.

Please let me know If you feel that these comments are not clear and wether
there are additional aspects of Interest that I did not discuss.

Sincerely,

M. D. Trlfunac
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February 3, 1983

FEB BRtrO

Dr. Dae H. Chung, L-90
Lawrence Livermore National Laboratory
P. 0. Box 808
Livermore, California 94550

Dear Danny:

I would like to take this opportunity to respond to Dr. Trifunac's letter
of January 18 regarding the use of "distance" in strong-motion scaling
relationships. He claims that the use of shortest distance between the
recording site and the fault rupture surface (used by Campbell, 1981) has
a tendency to underestimate peak amplitudes of strong ground motion for small
distances. He infers from his Figure 2 that this could be avoided by defining
distance as the distance from the recording site to the center of the fault
surface. This latter definition is preferred by Dr. Trifunac, since it is
not known in advance which part of the fault will contribute most to peak
ground motions.

Although we may not know in advance where the peak motions will come from,
there is considerable evidence to suggest that closest distance to the fault
rupture (R^) is a more appropriate measure than distance to the center of
fault rupture (R, ) for characterizing and predicting the scaling properties
of strong-motion parameters. In fact, scaling relationships based on R, as
they are commonly used will lead to overestimation of peak parameters in some
cases. Arguments in support of these statements are as follows:

(1) The use of closest distance to the fault rupture is consistent with
the definition of distance in seismic design scenarios. For lack
of more detailed information, design earthquakes are always
hypothesized to rupture that portion of the causative fault closest
to the site and distance is always measured from the closest point
of this rupture. This is identical to the definition of distance
used to develop the scaling relationship of Campbell (1981). The
degree to which this distance is inappropriate in both past and
future earthquakes is reflected adequately in the uncertainty
associated with the prediction (the standard error of estimate)
and may be properly accounted for by using a prediction based on
a percentile greater than 50 percent (the median).

(2) With the realization that the portion of the fault responsible for
the peak motion at a recording site is most likely closer than the
center of rupture, taken with the way design earthquakes are
hypothesized, the use of distance to the center of fault rupture
will result in-Qverestimation of strong-motion parameters in
situations where the fault rupture is adjacent to the site. There
are many fault rupture configurations where the fault can rupture
adjacent to the site. For all but one of these configurations,
the center of the fault rupture will '^'^+ ^^ '»'-«-«^- =+'-'< >•<**- i--
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Dr. Dae H. Chung - 2 - February 3. 1983

closest portion of the rupture. In fact, for very large events,

the center of rupture could be tens of kilometers further away than

the closest point. The inevitable assumption for design purposes

that the closest approach of the fault zone represents the center

of rupture characterizes only one extremely rare rupture configuration.

Coupled with the realization that distances to the center of rupture

used in the development of the scaling relationships would be based

on a random selection of such rupture scenarios, this inevitably

leads to the overestimation of predicted values for typical design

scenarios. To properly account for this discrepancy, distance

should more appropriately be taken as the average distance to the

center of all possible rupture configurations that lead to rupture

adjacent to the site.

f3) The analysis of peak acceleration has shown that distances measured

to single fixed points on the fault rupture surface are statistically

inferior to those measured to the closest point on the fault. In

the case of the 1979 Imperial Valley earthquake, distance scaling

relationships based on closest distance to the rupture were found

to have substantially lower standard errors than those based on

any single fixed point on the fault, including the center of rupture

and the epicenter. Multiple regression analyses for the Campbell

(1981) dataset have also demonstrated that substantially lower

standard errors are obtained when closest distance is used rather

than epi central or hypocentral distance.

(4) Earthquake modeling studies of recent earthquakes indicate that

there are multiple patches of rupture (i.e., asperities) on the

fault that contribute to strong ground motion and that those patches

nearest the recording station tend to dominate the motion at that

station. This would tend to favor closest distance to the fault

rupture over distance to the center of rupture as the appropriate

distance measure to use for scaling purposes.

It must be emphasized that, in order for these arguments to hold, one must

use the closest distance to the hypothesized fault rupture when using the

relationship of Campbell (1981), or any other relationship based on closest

distance to predict ground motion for either deterministic or probabilistic

^ialv^P^ The use of epi central or hypocentral distance with such a re ationship

?nprobbilIstic analyse w?ll lead to the underestimation of peak amplitudes

}Sr'ag V n return period. However, if the proper distance measure is used,

then the use of such a relationship can appropriately lead to smaller

probabilistic estimates because of the smaller standard error associated with

the expression.
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Dr. Dae H. Chung - 3 - February 3, 1983

In conclusion. Dr. Trifunac's simple argument is not appropriate in light
of the known characteristics of strong ground motion and the way in which
seismic design scenarios are formulated. Closest distance to the fault rupture
surface does represent a realistic and appropriate means of characterizing
distance for the development of strong-motion scaling relationships. I hope
this discussion clarifies the confusion that developed at the strong-motion
panel meeting regarding the appropriate definition of distance. If there
are any more questions, please feel free to give me a call.

Sincerely,

Kenneth W. Campbell

KWC:cas

cc: Dave Boo re
Leon Re iter
M. D. Trifunac
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FIFTH QUESTIONNAIRE - FEEDBACK QUESTIONNAIRE ON

ZONATION AND SEISMICITY (Q5)
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Feedback Questionnaire on Zonation and Seismicity

1. Introduction

This document constitutes the last step in LLNL elicitation process in

finalizing the seismic zonation and the seismicity parameters of the Eastern

United States (EUS). In the feedback meeting of December 13 and 14, 1983,

held in Reston, Virginia, with representatives of the NRC. LLNL and the

seismicity panel members, the details of the methodology were presented by

LLNL. The Panel was given the opportunity to discuss the generic assumptions

made by LLNL and to review the use of the experts' zonation and seismicity

data. These discussions resulted in an improved understanding of the experts'

data and of the methodology. As a result, several items have been identified

as requiring clarification, modification, improvement or simply updating.

First, some minor errors in the interpretation of the experts' inputs and

minor errors of interpretation of the questions in questionnaire Ql (zonation

questionnaire) and Q2 (seismicity questionnaire) were identified. For

example, a change in the system of indexing regions by LLNL led to confusion

and errors in the assignment of the regional self weights. This trivial

error, which has little impact on the results, has been corrected. Another

example is the way some experts interpreted the extent of the domain of

validity of their recurrence relationships, in effect confusing the upper

magnitude cutoff with the upper limit of the magnitude range within which

their recurrence law is valid. This less trivial problem is discussed in

Section 3.1 of this document.

Second, some more fundamental items were identified which require some

modifications to ir.prove the methodology. One item is the treatment of the

recurrence relationship outside its domain of validity given by the experts.

Another issue is the method used to simulate the recurrence models which does

not account for correlation between the a's and b's in the linear (or bi-

linear) models for the recurrence relationship.
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And finally, some theoretical problems of more philosophical nature

dealing with the meaning and the interpretation of self weights.

In Sections 2 to 5 of this document, each of these items is discussed with

an emphasis on clarification and their consequences on the hazard calculation

and uncertainty. These sections introduce the questions posed in Section 6,

be it to clarify a point, update or modify a set of data or to elicit your

opinion on items not discussed in the previous questionnaires.

2. Zonation Maps

In this part of the feedback elicitation process we are only concerned

with the possible updating of the seismic source zone configurations. For

this task, we would ask you to critically review your answers to the

questionnaire on zonation (Ql) and modify your zonation maps as you see fit.

The definition and assumptions necessary to perform this task are the same as

the ones of Ql and for more details you should refer to that document.

A variety of reasons may lead you to consider revising a zonation map,

including:

z.
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You may have some new scientific information which may lead you to a

different interpretation from the one derived at the time of

answering Ql. This could include minor revisions to the original

best estimate zonation map of 01 as well as revised alternative maps

or even entirely new best estimate maps and/or alternative maps.

The presentations and discussions which took place at the feedback

meeting of December 13 and 14, 1983 may have modified your

understanding of the seismicity zonation structure for a given part

of the EUS.

Your responses to Ql, when interpreted by LLNL, lead to results which

you do not consider plausible.

Please note that Tables Al and A2 are an integral part of the zonation

maps, since they are used to generate all the possible maps for the seismicity
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zonation of the EUS. You are therefore encouraged to critically review your

responses in Tables Al and A2 in 01. As a reminder, Table Al gives the level

of confidence in the existence of each zone. Therefore, for a zone with level

of confidence less than one, there is the possibility that the area of the EUS

defined by that zone will be part of another zone. This replacement or "Host"

zone is also specified in Table Al.

Table A2 includes your uncertainty in the boundary shape of a zone or a

cluster of zones. It includes a list of the zones or cluster of zones which

have an alternative boundary shape and your level of confidence associated

with each shape.

3. Seismicity Parameters

3.1 Magnitude Recurrence Modeling

As a consequence of the constructive discussion at the feedback meeting,

we are making some modifications in the magnitude recurrence modeling which,

we believe, will improve the methodology. These modifications involve the

treatment of the recurrence relationship at the lower and upper ends of the

domain of validity of the linear (bi -linear) model you provided for each zone.

Originally, at the lower magnitudes, if the lower endpoint of validity Mlb

was equal to K , the minimum magnitude, the value of the magnitude recurrence

relation at M^, i.e., the value of log^Q Nmo» ^^^ ^^^^^ °" ^^^ average of

log
10 ^0

a + b M = a + b Mj^g

given the two separate inputs X , the expected number of earthquakes with

magnitudes greater than or equal to M^, and the coefficients (a,b) of the

linear model. If Icg^Q X^ < a + b M^, then X^ was not used. In response to

the discussion of the feedback meeting, we plan to modify this to use only the

linear magnitude recurrence model. Thus, when M^ = M|_b we will not use your

inputs about X but only the magnitude recurrence equation a + bm.
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Wher Mq < r^g, we will continue to model the recurrence relationship as we

have previously, i.e. at M^

flog,^ X if 1

U + b Mj^g if 1

ogjo X^ > a + b Mlb

logjQ x^ < a + b M
LB

and for M^ < p < M|_g we model N^^, as a quadratic polynomial function of m. The

resulting magnitude recurrence models are shown in Figure 3.1.1

A point of possible concern arises when M^ < M|_g and

log^Q x^ < a + b M^g.

This conbi nation, as can be seen in Figure 3.1.1, suggests that no earthquakes

with nacnitudes between M^ and M|_g are expected to occur.

If this is an unacceptable description of the seismicity for a given zone,

it is necessary for you to make some adjustments in your seismicity

parameters. Specifically, two possible adjustments might be based on

reconsidering the estimates of X

reconsidering the values of the coefficients (a,b) and domain (M|_b,

UE) of validity of the linear model a + bm.

.t:

:jj
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At the high rr.agnitudes, our initial treatment of the recurrence model was

based on the philosophy that your linear model a + bm would not be changed

ove- the do-c-'r c' validity (rYg, M^.). Thus, the only adjustnents in the

recurrence nodel were made for m > M.jg when M^, the upper magnitude cutoff,

was g-eater than My^. If that occurred, then the model for N^, for
Myg < m < M^. 1s

N, = a e^^(M, . m)2 (3.1)

which satisfies the condition that N,, = 0. This adjustment is illustrated in
' U
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Figure 3.1.1 Magnitude Recurrence Models When M^ < M
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Figure 3.1.2. One consequence of nwdeling the recurrence relationship in this

way is that the expected number of earthquakes in some magnitude

interval (m, m •^ h) may be less than the expected number for a comparable

interval at a higher interval (m', m' + a) where m' > m. This is illustrated

in Table 3.1.1

In this illustration M^g = 7.5. If My = 7.75, then, based on the LLNL

method, the expected number of earthquakes with magnitudes between (7,5, 7.75)

is 0.00069. On the other hand, the expected number with magnitudes (7.25,

7.5) is less, i.e., 0.00047. If My = 7.5, the expected number of earthquakes

with magnitudes (7.25, 7.5) is .00116, again greater than the expected number

.00079 in the preceding interval (7.0, 7.25). The same phenomena will occur

if My > Mjjg and the adjustfnent in Equation (3.1) is used. Figure 3.1.3,

although not to scale illustrates how the expected number increases in the

last interval (7.25, 7.5) using the LLNL model.

An alternative model, suggested at the feedback meeting and described in

[1] and [2], is based on modeling earthquake magnitudes as truncated

exponential random variables with range (M^, My). Without going into the

mathematical details, the model for the logarithm of the expected number N of

earthquakes with magnitude greater than or equal to m can be expressed as

ru

:e
X
R
J
I

it

t

a

a

a

a

i

1

-$ m log,Q e (3.1.2)

where N^ is the expected number of earthquakes with magnitudes greater than or

equal to M^ and 6 is the parameter of the exponential distribution. This

[1] Weichert, D. H., Estimation of the Earthquake Recurrence Parameters for
Unequal Observation Periods for Different Magnitudes, Bulletin of the
Seismological Society of America, Vol. 70, No. 4, pp 1337-47, Aug. 1980.

[2] Cornell, C. A., Engineering Seismic Risk Analyses, Bulletin of the
Seismological Society of America, Vol. 58, No. 5, pp 1583-1606, Oct. 1968,

Q5-7



m

%B % '^

F-Icjre 3.1.2 Adjustment in Recurrence Model When M^j > K
UB

Q5-8



m
LLNL Method

Truncated Exponential
Model

rt

:e

R

S

a

a

3.75
l=i=^E^

4.50 5.00 5.50 6.00 6.50 7.00 7.50 m

X

X

Figure 3.1.3 Estimates of the Expected Number of Earthquakes
With Magnitudes in a Subinterval (Am = .25)
(Not to Scale)
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log^O N
m

a + bm

Adjusted Model

Eq. 3.1.4

LB
m

Figure 3.1.4 Truncated Exponential Model
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relationship can be treated as an adjusted linear model by equating the linear

model with Equation (3.1.2) at a point. Choosing that point to be m = M^

gives

(3.1.3) a + b Mq = logjo Nq

Thus, Equation (3,1.2) can be rewritten in the form

log,. N^ = a + b m + log,. (1 - e'^^^U ' '"^) -
10

log,, [(1 - e-^(^U^o)) (3.1.4)

where now e = -b log^Q e. The adjusted model is shown in Figure 3.1.4.

One advantage of this model is that the expected number of earthquakes in

a magnitude interval will be monotone decreasing, as illustrated in Table

3.1.1 and Figure 3.1.3. However, it does adjust, slightly, the linear model

a + bm in the domain of validity M|_g, Myg. As you can see for the example in

Table 3.1.1, the expected number N. in an interval of low magnitudesAm ^

increases slightly under this model. For example, for the magnitude interval

(4.25, 4.50), based on the linear model (LLNL model), the expected number is

.23536, whereas for the revised model (truncated exponential model) the

expected number is .23547.

xn
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Although we have described this alternative assuming M^^ = M|_g, if you

choose to have us use the truncated exponential model we will make an

adjustment if K^ < M|_g. In that case, because of the adjustment we make

for M^ < m < Mj^g, we will use the truncated exponential model for ti > M.p.

In summary, we propose to have you select between these two alternative

ways of modeling the magnitude recurrence relationships:

A. LLNL Model

^Qse 1 : \\^ = M|_g and Myg = Myy, i.e., the linear (piecewise linear) model

is applicable for all m and upper magnitude cutoffs My. Use the linear

model a + bn without adjustment.
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TABLE 3.1.1

Estimates of the Expected Number of Earthquakes Based

on a Linear Model with a « 3.59, b « -0.9, \^ « 3.75, Mjg « 7.5

LLNL Model Truncated Exponential Model

m Lm p Am

3.75 1.64059

4.00 .97724 .66335

4.25 .58210 .39514

4.50 .34674 .23536

4.75 .20654 .14020

5.00 .12303 .08351

5.25 .07328 .04975

5.50 .04365 .02963

5.75 .02600 .01763

6.00 .01549 .01051

6.25 .00923 .00626

6.50 .00550 .00373

6.75 .00327 .00223

7.00 .00195 .00132

7.25 .00116 .00079

7.50 .00069 .00047

7.75 .00069

1.64059

.97696 .66363

.51866 .39530

.34619 .23547

.20594 .14025

.12239 .08355

.07262 .04977

.04298 .02964

.02532 .01766

.01480 .01052

.00854 .00626

.00481 .00373

.00258 .00223

.00126 .00132

.00047 .00079

.00047

Q5-12



iiii BoasB

Case 2 : K^ < N,j_g or Mjjg < M^u, i.e., the linear model is applicable

for Mlb < r < K^g.

If Mq < MLg, set N|^ = X^ and model N^^ as a quadratic polynomial

in m for M < m < M, ^
Lt5

For M, p < m < M,p, use the linear model a + bmIB 'LB

If Mjg < Muu, for any M^ > Myg, model N^ by

N^=ae^m.M,)2

for M||g < m < M^.

B. Truncated Exponential Model

Case 1 : K^ = Mlb

Use the adjusted model. Equation 3.1.4, for all M < m < M,.

it

•c
ru
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e
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a

Case 2 : M^ < K. n
LD

Set N^ = X and model Nj^ as a quadratic polynomial in m

for M °< m < M, p.LB

X
€
X

Use the adjusted model, Equation 3.1.4, for all M. g < m < M^.

3.2 ^a, b) °e"' Bf' ris'^TD ari-:? I'ncprteintv

Two issues, identified at the feedback meeting, relative to the estimates

of the coefficients in the recurrence model which should be addressed in the

final phase of the elicitation process are:

The ranees of uncertainty in (a, b) and their effects on the range of

uncertainty in Nj^, the expected number of earthquakes with magnitude

greater than or equal to m.
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How LLNL treats your uncertainty in (a, b), specifically the fact

that the estimates are treated as if they are independent.

With regard to the first issue, this may not be a problem. However, we

feel it is appropriate to make you aware of the implications of uncertainties

in a and b. Specifically, we want to make sure that you are cognizant of how

changes in a and b translate into variations in N^^^, the expected number of

earthquakes. To illustrate the effect of uncertainty in (a, b) assume a

linear recurrence model,

and

logio Njj, = a + bm

For simplicity, assume further that the uncertainty bounds are symmetric,

i.e., (aL, aj) = a + Aa and (b|_, by) = b + Ab. The range of uncertainty in fi^

at any m can be represented by (— N , f N ) where

N
m

10
a + bm

is the best estimate and

f = 10
Aa + Abm

is the factor of uncertainty, which varies with m. For example, if Aa =

1.2 and Ab = 0.2,

f(m = 3.75) = 89

f(m = 6.25) = 282

That is, the uncertainty in N^^ ranges from a factor of 89 to 282 over the

range of magnitude (3.75, 6.25).

If you have not considered the effect of the uncertainty in (a, b) on

uncertainty in N^ in your response to 02 we woulc encourage you to consider it

as you review your estimates of seismicity and your uncertainty in these

estimates as represented by the bounds, (a^, ay) and (bL, by).
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With regard to the treatment of your best estimates of a, b and your

uncertainty about these coefficients in the magnitude recurrence model, up to

now we have treated your level of knowledge about these coefficients as

independent. We would like to offer two additional approaches to handle the

joint uncertainty in estimating a and b which introduce correlation between

these estimates. To do this, consider the following interpretation of how the

uncertainty analysis is handled when your estimates of a and b are treated as

independent.

Given your best estimates a, b and bounds (a^, ay) and (b^, by) the

uncertainty analysis is based on treating the coefficients a, b as random

variables with probability distributions based on the best estimates and

bounds. Treating a, b as well as other inputs, e.g. My, maps, as random

produces a probability distribution on the hazard which describes the

corresponding uncertainty in the hazard due to your uncertainty in the

zonation and seismicity. Let F(a; a, a, , a,.) and G(b; b, b, , by) denote the

probability distributions for the intercept and slope respectively. Another

distribution we can consider is the distribution of b given a value, say a^,

for a. Let GCbja^) denote this distribution. This distribution would

represent your level of knowledge about b corresponding to an intercept a^.

Since your estimate of the most likely value of b or uncertainty about b could

change for each a^, this conditional distribution could change with aQ.

However, treating a and b as independent means that G(b|aQ) is the same for

all &Q and

X
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G(bla^) = G(b; b. b^,

Stated yet another way, independence of a and b is saying that your best

estimate of b and uncertainty in b is the sane for all values of the

intercept. Graphically the relationship between a and b when, they are

treated independently, is described by the set of possible magnitude

recurrence models for different intercepts, as shown in Figure 3.2.1 for two

values of a, ay and a^. Notice that the upper bound {best estimate, lower

bound) nodels ere parallel for all values of a.
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upper 97,5% bounds

best estimate

lower 2.5% bounds

1 ay + by m

M

ay + t m

a^ + b,, m
U

a. I + b. m

a^ + b, m
L

LB
M
UB

m

Figure 3.2.1 Range of Recurrence Models, Given ay and a , When

Estimates of a and b are Treated as Independent.
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Sone of you felt that independence of a and b is not the best model,

however, it is difficult to assess the relationship (correlation) between

these coefficients. Thus, we would like to offer two alternatives which

impose some correlation but which use only the best estimates and bounds you

already provided. Neither alternative requires additional inputs. We

recognize that none of the alternatives are ideal. Also, the last alternative

is very special and will only be an alternative for some of you. However, we

will ask you to choose one of the approaches as the method for handling your

estimates of fhe coefficients a, b. Note that in the two alternatives

presented below (alternatives 2 and 3), the variation in the recurrence law is

less than when a and b are independent (alternative 1), since the range of

equations used in alternatives 2 and 3 is a subset of the range used in

alternative 1.

Three ways of handling the relationship between your estimates of the

coefficients a, b are:

1. (a, b) are independent

This method has been described in the introductory paragraphs. It assumes

that the uncertainty distribution for b, given a, is the same for all a.

Thus, the correlation between a and b is zero.

2. (a, b) are "partially" negatively correlated

This method is based on interpreting the model

logjo N^ = £ + bm

derived from your best estimates a, b as representing your best estimate

of log,^ N at the upper bound of the domain of validity of the model.

With this "interpretation" of your inputs, consider the following models

for your estimates of a and b. As for the independence case, F(a; a, a. , ay)

is the uncertainty distribution for the intercept. However, instead of using

the same distribution of b for all a, we use a conditional distribution

a:
IB
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G(b|a^; b^ , b,_, b^)
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which Is based on the most likely value of b", denoted b , as that value of
a A *

the slope of the straight line which connects the points a^ and a + b M

i.e.
UB

^ ^ ^ %B • ^o
M
UB

Bounds for b, given a^, continue to be the bounds you provide. Thus, we

assume the most likely value of b changes for different values of a but your

level of knowledge, as described by the uncertainty bounds (b. , by) remain the

same for all a. Graphically, the relationship between a and b is shown in

Figure 3.2.2a. The equation used for a given a is represented by the

intermittent long-small dashed line ( ) in Fig. 3.2.2a. The change

here from the previous case, i.e. a, b independent, is that the most likely

recurrence model changes for each value of a. It should be noted that,

dependency on a, b, (b, , b.j,) and (a, , a^), occassional ly produces

^ ^ h °^
'^a

^
'^U

as shown in Fig. 3.2.2b and c. In this case, we impose the restrictions

b = b, or b = by respectively.

An obvious question is "how much correlation does this procedure inpose on

a, b?". It will depend on the Inputs, however, we have estimated the

correlation using your response to Questionnaire 2. We find the correlation

to range from close to -0.5 to close to -0.02. On the average, the

correlation was about -0.22. Some specific Illustrations are given in Table

3.2.1.

To summarize, the difference between treating a, b as independent and this
A

case is, whereas in the former the most likely value of b is b your best

estimate, the same for all a., in this case, the most likely value of b
A "

is b which changes with a^. The bounds (b^, by) remain the same in both

cases. Thus with respect to your uncertainty In b, given a^, this method

Implies that the range (bL. by) remains the same for all a^ but the "peak"
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Figure 3.2.2a Bounding and Most Likely Recurrence Models When
a and b are Treated as "Partially" Correlated
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Fig. 3.2.2b

•a^ + b,,in
U
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Fig. 3.2.2c
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Figure 3.2.2 (Continued)
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TABLE 3.2.1

Sone Illustrations of Correlations Imposed by Treating

a, b as "Partially" Correlated

(a. b) (af

2.344,

ay)

2.584

(bL, bu)

-1.170, -.906

^UB

4.5

Correlation

2.434, -.906 -.037

1.5, -.59 1.4, 2.5 -.85, -.50 6.75 -.186

3.00, -.69 2.71, 3.26 -.74, -.64 8.7 -.245

4.167, -1.06 2.947, 5.387 -1.226, -.901 6.0 -.375

5.786, -1.40 4.786, 6.786 -1.50 -1.35 6.0 -.499 ru

\l
X
R

I

IS

a

I

a
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(region of the most probable value of the slope) of the uncertainty

distribution changes with a^.

3. (a, b) are "highly" negatively correlated

Alternative 2 introduced correlation in the estimates of (a, b) by making

the most likely value of b depend on a but keeping the variation (b^, by) the

same for all a. Ideally, it seems like the most appropriate method would vary

the range of b as well as the most likely value. This does not seem to be

feasible given the information we derived from your response to 02. To

provide an alternative which introduces more correlation than alternative 2,

we propose an alternative which reduces the variation in b, given a^, to

zero. That is, for each aQ there is a unique value of b. The implication of

this procedure is that the estimates of (a, b) are "highly" negatively

correlated, in fact, the correlation is -1.0.

For this alternative the unique value of b, given a^ is derived as

follows:

Given a, (a., a..), b, (b. , b^) , there exists some m* > such that

ay + b^ m* = a|_ + b^ m*

which is.

m• =

Given any a^., the value of b, is the slope of the line which
o a

connects aQ to the point of intersection at it , 1 .e.

^ = - ^

It should be recognized that this procedure is only applicable if the best

estimate model a + bm also passes through the point of intersection at m*.

This will be guaranteed if the bounds (aL, ay) and (b|_, by) are symmetric

about a and b respectively.
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The basic concept of this alternative 1s that there is a unique slope for

each intercept. Stated differently, the implication is that the uncertainty

in the conditional value of b, given the intercept, is zero. Viewing this

alternative from the standpoint of knowledge about log N^, it suggests that

one is most knowledgeable at certain values of magnitude. For example,

consider the three cases illustrated in Figures 3.2.3a, b, c. In Figure

3.2.3a, clearly the implication is that the uncertainty in log^Q \ is less at

Mu3 than it is for M|_g. In Figure 3.2.3c the opposite is true. If m* lies

between M^g and Myg, the implication is that the uncertainty is minimum for

magnitudes between M|_g and Myg.

3.3 Complementary Zone (CZ)

The purpose of this section is to help you in evaluating the parameters

of the CZ. No action is requested from you. The seismicity parameters of the

CZ determined from your answers to Questionnaire 2 exhibit a large amount of

variation in the a and b values, as well as in the upper magnitude cutoffs.

The following is an enumeration of some possible reasons for this fact:

The surface areas of the CZ can be very different from one expert to

the other.

One expert may have constrained every seismogenic area to be part of

a specific zone other than the CZ. In this case, the CZ clearly

could have a low seismicity.
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Another expert may not have constrained all seismogenic areas to be

part of a specific zone other than the CZ. This could be the case

when the uncertainty on the location and seismicity parameters of

some seismogenic areas is too large to warrant defining a specific

seismic zone. In this case, some seismicity is allowed to "float"

within the CZ, thereby leading to higher seismicity parameters for

the CZ.

There nay have been sore misunderstandings on the part of the experts

as to the exact size, shape and location of the CZ.
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log N

a.. + b| m

Log N

%B •"* ""

a.| + b| m

a. + b^ m

FiQure 3.2.3a Figure 3.2,3b

log N

a. + b^ m

Figure 3.2.3c

Figure 3.2.3 Uncertainty Bounds for log,Q N at M. „ and M^g

for Various m*
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The experts may have lacked some knowledge as to the consequences of

the choice of parameters of the CZ on the final hazard at the site.

And finally, as is the case for Expert 4 (see Table 3.3.1), the

expert did not provide the seismicity parameters for the CZ, but only

for a portion of it. In this case, LLNL extended these properties to

the overall CZ.

In order to help you in defining the geographical boundaries of the CZ, a

set of maps is provided in Figs. 3.3.1 through 3.3.11. In these maps the CZ

is represented by the shaded area. In the case of Expert 4, zone 13 is shaded

in one way and the zone identified as the CZ is shaded in a different way, but

the actual CZ is the union of both these zones.

The seismicity parameters of the CZ's are presented for comparison in

Table 3.3.1. One has to be careful in interpreting the values in Table 3.3.1

and translating then directly into a comparison in hazard values, as the

characteristics of the CZ can be very different for the reasons mentioned

above. Table 3.3.1 shows the map index of the CZ, the surface area as well as

the a and b values, the upper magnitude cutoff, the number of earthquakes

greater than magnitude 3.75 per year and unit of area for each expert.

<
ru

r.

<
IS

X
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X

X

The best estimate recurrence relationships are plotted in Fig. 3.3.12 from

m = 3.75 to the upper magnitude cutoff My. These curves are expressed per

unit area (10^ km^) and for 1 year. They can be used directly to make

inferences on the relative hazard at sites located inside the CZ. For

example, the CZ of Expert 10 has the highest density of earthquakes per unit

area but has a relatively low magnitude cutoff (My), therefore one can infer

that the hazard at low PGA will be the highest (for a site inside the CZ), but

the hazard will decrease faster than for zones with higher magnitude

cutoffs. On fne other hand, a CZ with relatively low a and high My, such as

in the case of Expert 2, will lead to relatively low hazard at low PGA values

and relatively high values of the hazard at high PGA, thereby increasing the

positive concc.'ity of the hazard curve.
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N/lO^km^/year

Figure 3.3.12 Number of earthquakes in the complementary zone (CZ),

per year and normalized to a unit area of 10 km , as a function of

magnitude. Comparison between all the seismicity experts. The

numbers refer to the experts' index used in the analysis. The

interval of magnitude for which each of the lines is drawn is from the

lowest magnitude used in the analysis (m=m^=3.75) to the best estimate

upper magnitude cutoff M^. For the purpose of this figure, the upper

end of the curves (near M^) is not drawn exactly as they are actually

used in the analysis. (See Section 3.1 for more details.)
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Finally, you are invited to analyze the set of results presented to you at

the December 1983 neeting to complete your understanding of the effect of the

CZ on the. hazard. In studying these results, you have to realize that a site

which may be in the CZ for one expert may not be in the CZ for another expert.

4. Completeness of the Catalogues of Earthquake and Aftershock Sequences

The assessment of the parameters of the recurrence model is strongly

dependent on the degree of completeness of the earthquake data available for a

given zone. Furthermore, some catalogues of earthquakes contain aftershock

sequences. A catalogue of earthquakes may be defined as complete over a time

period of T years and for a range of magnitude [m^, m2] or intensity [Ij, I2]

if all the events with magnitude or intensity falling in these intervals form

a sample representative of the long range seismicity of the area

investigated. This implies that the necessary period of complete recording

for frequent events (small events) is smaller than for less frequent and a

fortiori for rare (large) events. On the other hand, as we consider events

smaller and smaller in size, the likelihood of having them recorded in the

catalogue decreases, whereas large and very large earthquakes are almost

certain to have been recorded. This likelihood of recording depends

principally on our ability to detect and properly assess a "size" (magnitude

or source intensity) to the event.

As a consequence, the available catalogues for the EUS which include

events as far back as the 17th century may be considered complete for rare

events with return periods in the order of the time of recording, but they may

not be considered complete for smaller events. The practical consequence of

using an incc'~;"'ete dat? set in the context of this analysis is the generation

of an erroneous set of recurrence models. This analysis uses the form LogiQ^ni

= a + bm (or Log^o^I " ^"^^ alternatively), where N is the number of

earthquakes greater than m (or I) and a, b are parameters to be determined for

each zone. Thus, using an incomplete data set would lead to low a values and

low b values in conparison with the ones which would be obtained from a

complete data set. Tnere are several published nethods to account for

incompleteness, ranging from the ad hoc to more sophisticated statistical

types.
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An aftershock sequence in a data set may also lead to erroneous estimates

of the recurrence laws and sone analyst choose to remove the aftershock

sequences .from the catalogues of events.

In responding to Q2, the panel members were invited to use a catalogue of

earthquakes of their choice. We have provided LLNL's catalogue to the experts

who requested it. This catalogue has not been adjusted for completeness nor

for aftershock sequences. Testing for completeness and removing aftershock

sequences requires a high level of experience and judgment, thus it was left

to each expert's discretion.

It is not appropriate for us to evaluate the methods you used to account

for incompleteness and aftershocks. However, in order to formulate a generic

evaluation of our analysis, we feel it necessary to survey your level of

effort in handling incompleteness and aftershocks.

Thus, in Questions 4.1 to 4.3 you are requested to indicate what was your

level of effort in dealing with the problem of completeness (Question 4.1) of

the catalogue you used and the problem of aftershock sequences (Question 4.2)

either generically for all EUS or specifically zone by zone. Question 4,3

gives you an opportunity to elaborate on the methods used.

5. Self Weights

During the feedback meeting it became clear that your self-ratings

(Responses to 03) were not all on the same basis. Your comments suggested

that some of you rated yourself relative to the other panel members whereas

others rated yourselves relet* ve to sore overall knov.'ledge of zcnation and

seismicity for the EUS. Therefore, it is appropriate that we establish a

basis for you to rate yourself and then give you the opportunity to reconsider

your self -ratings.

Although there are several bases that one might consider for forming self

ratings, three that we consider appropriate are:

Your level of expertise relative to the other panel menbers.
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Your level of expertise relative to the scientific community at

large.

Your level of expertise relative to an "absolute level" of overall

knowledge.

There is no general agreement on which is the preferred basis to use, however,

two points influence our consideration.

The ratings are used to establish weights to use in combining hazard

results and uncertainties. The combinations are based on a relative

weighted averaging process.

Development of the weights was based on treating your self ratings as

a measure of your "utility" of your estimates of the hazard.

The former point suggests that the "level" or basis is not important, thus, it

is not important what basis one uses to measure ones level of expertise.

However, the latter point suggests that the ratings should reflect some

measure of overall worth of ones estimates.

ri-
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After some consideration we have decided to ask you to use the scientific

community at large as the basis for self rating your level of expertise.

Although this request may not be as easy as rating yourself relative to the

other panel merbers, we believe the overall study will benefit from your

assessment of your level of expertise relative to the overall scientific

connunity. I*^ rsf'tt'cjla'", the cve'~a"'"' rat-'PT? o^ all D?'^el renders will cive

us some indication of how you rate yourself (as a panel) relative to other

groups of experts who might have been assembled.

6. Questions

Section 2: Zoration Maps

Question 2.1
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Please review the zonation maps that you provided in answer to Ql and

generate updated versions of these maps if you think it is necessary.

You will find the original maps that you designed in response to Ql which

you can use to respond to this question if your modifications are not

extensive. Please indicate your modifications by altering these same maps

clearly (using different colors and a clear key, for example). Feel free,

however, to use a new blank map sheet if your modifications are extensive or

if you have new alternatives. In any case, please return the original maps

together with your responses to this questionnaire.

Question 2.2

Please update Table Al as necessary.

Question 2.3

Please update Table A2 as necessary.

Section 3: Seisrocity

Question 3.1

Please indicate the magnitude recurrence model we should use to develop

hazard curves based on your opinions about seismicity.

LLNL Model

Truncated Exponential Model

Question 3.2

Please indicate the most appropriate way for us to handle correlation

between your estimate of the intercept, a, and slope, b, of the magnitude

recurrence equation.

(a, b) should be treated "independently"

(c, b) should be treated as "partially" negatively

correlated

(a, b) should be treated as "highly" negatively correlated
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Question 3.3

Please review the seismicity estimates you provided in response to 02 and

make any nodifications you deem appropriate. In doing this, please keep in

mind any changes that are necessary due to changes in zonation (i.e. responses

to Questions 2.1-2.3) and your responses to how we should treat the magnitude

recurrence modeling (Question 3,1) and correlation between (a, b) (Question

3.2).

Tables, as provided in 02, are included. You need not recopy any

infornation which is the same as before. Only fill in the appropriate

modifications.

Section 4: Completeness of the Catalogue and Aftershock Sequences

Question 4.1

What level of consideration would you say you gave to the problem of

completeness of the catalogue you used in your final answers about seismicity

in Section 3 of this Questionnaire? Please respond by filling Table 4.1 with

check marks ( ) in columns 2 to 5. You may chose to answer specifically for

each zone or have a single generic answer. In Table 4.1, the zone index

nnbers refer to the zone numbers on your final zonation maps, which you might

have updated in response to question 2,1 of this Questionnaire.
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Question 4.2

What level of consideration would you say gave to the problem of

aftershock sequences in the catalogue you used in your response about your

final answers on seismicity in Q2 and Section 3 of this Questionnaire?

Please respond by filling Table 4,1 with check marks ( ) in columns 6 to

9.

Question 4.3 (Response to this question is optional.)

If you ceen it appropriate, please elaborate on the method you used to

account for incompleteness in the catalogue you used and/or to account for

aftershock sequences.
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Section 5: Self Rating

Question 5.1

For each of the four regions identified below, please indicate your level

of expertise (on a scale of 1-10, with 1 indicating a low level of expertise)

with regard to the geologic, tectonic, and seismic characteristics within the

region.

REGION SELF-RATING

I Northeast

II Northcentral

III Southeast

IV Southcentral
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Table Al

Level of Confidence in Existence of Zones

Zone Index

on Final

Updated Maps

Level of

Confidence
in Existence

If Zone does not

Exist, it Becomes Part

of Zone Number

Additional
Comments

1

10

11

12

13

14

15

16

17

18

19

20

21

22

23
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X
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Table Al (Continued)
Level of Confidence in Existence of Zones

Zone Index

on Final
Updated Maps

24

Level of

Confidence
in Existence

If Zone does not

Exist, it Becomes Part

of Zone Number

Additional

Comments

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44
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Table Al (Continued)

Level of Confidence in Existence of Zones

Zone Index

on Final
Updated Maps

45

46

47

Level of

Confidence
in Existence

If Zone does not

Exist, it Becomes Part

of Zone Number

Additional
Comments

48

49

50 IB

R
I

e
X

Q5-47



Table A2
Level of Confidence in Boundary Shapes of

Zones or Cluster of Zones and Alternative Shapes

Zone Number (s) of

the Zones or (Cluster
of Zones) in Final

Updated Map

Level of Confidence
in Boundary

Shape

Zone Index of

Alternative Zone (or

Cluster of Zones)
Boundary Shape

Additional
Comments
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SIXTH QUESTIONNAIRE - FEEDBACK QUESTIONNAIRE ON

GROUND MOTION MODELS (Q6)

s
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^ixth Questionnaire -• Feedback Questionnaire on
Ground Motion Models (Q6)

1. INTRODUCTION

The purpose of the feedback meeting is to give the members of the Ground

Motion Panel (6MP), a chance to update their input of the ground motion

models, and to express their opinion on the methodology to be used in

accounting for local site effects. Hence, as a member of the GMP, this

meeting was intended to give you:

1) An understanding of how we interpreted and used your input.

2) A chance to review the implications of your input, i.e., the combination

of ground motion models with the seismicity models provided by the

Seismicity Panel

.

3) A chance to either correct any misinterpretations we (LLNL) might have

made or alter your responses in light of the results and or responses from

other panel members.

4) A chance to evaluate the proposed methods to correct for local site soil

conditions by assigning a level of confidence to each one of them, and

possibly propose modifications or different methods.

5) A chance to revise your weights relative to other responses.

To assist you in reviewing and updating your input, we have sent each of

you a copy of our Interim Report. At the June 27, 1984 meeting, we briefly

reviewed our methodology (which is discussed in detail in Section 2, and

Appendix D of the Interim Report) and gave you an opportunity to ask

questions. Section 3.4 of the Interim Report gives our interpretation of the

input you provided in response to the Ground Motion Questionnaire given in

Appendix C.
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In addition, this document provides you with additional information. In

particular. Section 2 of this document provides a more complete listing of the

models and the weights for each model than given in the Interim Report and

includes the responses from Expert 2 which were not available at the time the

Interim Report was published. Section 3 of this document expands upon the

results presented in Sections 4.1 and 4.2 of the Interim Report with emphasis

on ground motion models and their contribution to the uncertainty of the

estimate of the seismic hazard at selected sites. The results presented in

Section 3 of this document have been updated to include the input from Ground

Motion Expert 2.

In Section 4 of this document we briefly revisit ground motion saturation

and other topics. In Section 5 we address the approach we propose using to

correct for the local soil conditions. In keeping with our Monte Carlo

approach, several alternative schemes are proposed which you will be asked to

evaluate by providing a level of confidence for each one of them. Section 6

contains the ground motion feedback questionnaire.

ru

it:

t

<

a

:»

I
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2. REVIEW OF THE GROUND MOTION MODELS SELECTED BY THE PANEL EXPERTS

2.1 Background

The ground motion models presented in this section are the ones selected

by the 6MP experts in response to questionnaire Q4. In Q4, we (LLNL)

organized all possible availale models into several classes, described their

origins, characteristics and limitations. You were then requested to choose

one model in each class and to assign a level of confidence to each of the

classes.

However, the enumeration of models provided in this section contains some

models not mentioned in the questionnaire 04, and is also more complete than

the list provided in Table 3.4.3 of the Interim Report. The reasons for this

are as follows:

1. The list of possible models provided in the questionnaire 04 was not

as complete as possible and two models have been added by one expert,

prior to making the computations reported in the Interim Report.

These two models include the acceleration model number 27 and the

spectra model number 119 of Table 3.4.3 in the Interim Report, which

are both labeled "Trifunac -Anderson."

2. One expert who had not been able to provide his answers to 04 in time

for performing the analyses reported in the Interim Report, returned

his answer recently permitting us to include it in this section.

However, the effect of this new input requires some more analysis to

determine the impact of these new models on the hazard. This is

treated in Section 3.

For the large part, all the models (except for 3 models) presented in this

section were described in detail in the questionnaire 04, which you all have,

(it is also the Appendix C of the Interim Report), and this will not be

repeated here. In this section, we present the models by classes and give a

short description and reference for the models not present in 04. We also

present the method of simulation used in the calculations for the random
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selection of ground motion models and give, for each expert, the levels of

confidence assigned to each class of models.

2.2 The Ground Motion Models

2.2.1 Acceleration models.

There are seven classes of acceleration models. Five of them are

intensity based, and two are direct. Table 2.1 gives the list of PGA

attenuation models arranged by classes. It also gives for each model a file

index number which cross references it with Appendix A. The Appendix A is a

listing of the actual coefficients of each model as used in the analysis. The

index number is not the same as the index of Table 3.4.3 of the Interim Report

for velocity and spectra models as a result of addition of new models. Table

2.1 also contains an indicator which tells us if the models distinguish

between soil or rock. In the last four columns. Table 2.1 provides the index

of the expert who chose the model as a best estimate model for each region.

The geographical definition of the regions is given in Fig. 2.1. The model

number 27, labeled "Trifunac -Anderson," was obtained by using the Gupta-Nuttli

(Central U.S.) intensity attenuation relationship with the Trifunac (1976)

(G16) acceleration versus Site intensity relationship. The equation A3 of

questionnaire 04 is different from the Gupta-Nuttli relationship, only in its

leading coefficient of 3.2 instead of 3.7. This "modified Gupta-Nuttli"

equation was developed in the S.E.P. study in an arbitrary fashion by

decreasing the intensity of a half unit to account for the fact that the

relationship was based on isoseismal data rather than individual intensity

reports. If we were to call A6 the Gupta-Nuttli equation, the

Trifunac-Anderson relationship used for the interim report would be labeled

A6-G16. This relation was updated as a result of the feedback meeting of June

27. The final equation will use "Modified Gupta-Nuttli" equation A3, (thus,

it becomes A3-G16.), and to make it consistent with the other models it uses

the coefficients for soil (S=0) instead of rock (S=2). This last update

applies also to spectral model #125.

.r.

ntm

n

*
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The value of y used in the Campbell 's (1982) equation (e.g. D13) is

0.002, and the Nuttli equation (D21) was obtained by using the h^^^ value

given in Nuttli 's letter of January 24, 1983 (see Appendix C of Interim

Report). Furthermore, it has to be stressed that the hazard calculation

assumed all distances to be epicentral distances. Because of this limitation

the experts have been requested to factor this in their evaluation of the

models, and it is reflected in the attribution of levels of confidence

provided to us (LLNL) as responses to questionnaire 04. These models are

plotted for each class, for magnitude m^^ = 5 and 7, in Figure 2.2 through

2.7. Note that model number 27 has been updated and actually becomes model

number 12. Furthermore, a new model has been proposed for your consideration,

at the June 27 meeting.

This model developed by G. Atkinson, is described in detail in Section 7

of this document, which is a copy of the paper submitted by the author for

publication in BSSA; and appended here with her permission. This model has

been added in the list of models to choose from in Section 6. Because of the

way it was developed, it falls in the category of direct models and is

labelled D22 in Table 6.1.

2.2.2 Velocity Models

As for acceleration, there are seven classes of peak ground velocity

models, which are given in Table 2.2. The same general remarks made for

acceleration applies to velocity. In addition, note that expert number 5 did

not provide a velocity model, and expert number 2 provided a model not

described in questionnaire 04. This is the model 6V53 developed by

Klimkiewicz 6, 6 and Pulli, JP 1983, which can be found in Earthquake notes,

V54, N.l, p. 10. These models are plotted for each class, for magnitude

m. = 5 and 7, in Figure 2.8 through 2.12.
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2.2.3 Spectra Models

The spectra models were separated into six classes. The first three

classes consist of scaling spectra shapes, namely the Reg. Guide 1.60, the

NBS, 1978-ATC and the Newmark-Hall spectral shapes. Reg. 1.60 and ATC shapes

are anchored with one acceleration equation and Newmark-Hall are anchored with

both acceleration and a velocity equation. The next three models are

intensity based and were obtained by using distance weighting, magnitude

weighting and no weighting. The no-weighting intensity based model was taken

from Trifunac and Anderson's report "Preliminary Empirical Models for Scaling

Absolute Acceleration Spectra," Report No. CE 77-03, USC, 1977. In all cases,

the spectra used in the analysis assume a 5% damping.

Table 2.3 lists the spectra models, and Figure 2.13 through 2.16

shows these spectra plotted for the rock site conditions and for m.

magnitudes 5 and 7 for distances of 10 and 100 km.

2.2.4 Best Estimate Models

w
*'fiii
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Figure 2.17 shows the best estimate (BE) acceleration ground

motion models. Fig. 2.18 through BE velocity models and Figs. 2.19a and b

shows the BE spectra models selected by the GMP members for magnitudes 5 and 7

and for distances 10 and 100 km. Tables 2.1 - 2.3 indicate which expert

selected the various models and for which regions the models are assumed to be

BE models.

2.3 Random Uncertainty

The values of the standard deviation on the logarithm of the ground motion

parameter used in the analysis are presented in Table 2. A, In most cases

these values are identical to the ones provided by the experts as answers to

questionnaire 04. However, it was necessary to make some interpretation in

some cases. For instance, one expert provided a different standard deviation

for each frequency. We need only one value obtained by averaging the g values

given by the expert, after discussing the problem with him.
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2.4 Model Uncertainty

-i^j

The hazard analysis accounts for the model uncertainty by assuming a given

distribution of ground motion models. The actual calculations are performed

by using a Monte Carlo simulation technique where the hazard is calculated for

each sample ground motion model. The models are drawn from the discrete

probability distribution of models constructed with the input from

questionnaire 04. The probability of each model being the right one, for a

given expert, is assumed proportional to his level of confidence in the class

to which that model belongs. The Table 2.5 gives the cumulative levels of

confidence assigned to each ground motion model by each expert to the models

they selected. The actual discrete probability distribution of the ground

motion models used in the analysis is simply a scaled version of the

cumulative values presented in Table 2.5 a, b and c. The scaling value is

1/5 = .2. In addition, however, the hazard analysis accounts for the self

rates you provided in questionnaire 04.
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TABLE 2.1

List of Peak Ground Acceleration Models

(Names of models refer to the Classification in

Questionnaire 04 - or Interim Report, Appendix C, Section 7),

and the regions are shown on the map of Figure 2.1.

Expert for whom it

is a best estimate
model (per region)

RegionClass of Model Index in file Distinguish •r.

Model Name of Appendix A Rock - Soil NE SE NC SC

A1-G16 8 No

I'U

re

1 A3-G15 1 No n
.3

(Intensity- A3-G16 12 Yes
1

no weighting) A4-G12 4 No 4
A4-G16 16 Yes

A5-G16 20 Yes
A6-G16 27 Yes 5 5 5 5

1

A1-G21 9 No 9
2 A1-G22 30 Yes

1(Intensity - A3 -621 13 No

Distance A3-G22 32 Yes s
Weighting) A4-G21

A4-622
A5-G21
A5-G22

17

31

21

29

No

Yes

No

Yes

A1-G31 10 No
3 A3-G31 3 No

(Intensity- A4-631 18 No
Magnitude A5-G31 22 No
Weighting)
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TABLE 2.1 (Continued)

Expert tor' whom it

is a best estimate
model (per

Regi

' region)

Class of Model Index in file Distinguish on

Model Name of Appendix A Rock - Soil NE SE NC SC

A1-G41 11 No

4 A3-641 15 No

(Intensity - A4-G41 19 No

Magnitude A5-G41 23 No

& Dist.

Weighting)

G51 28 No 2

5 G52 24 No 2 2

(Semi- G53 5 No 2

emperical

)

D12 6 No

6 D13 25 No 3 3 3 3

(Direct-1) D14 26 No

(Direct.2)

D21 No 1.4 1.4 1.4 1.4
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TABLE 2.2

List of Peak Ground Velocity Models
(Names of models refer to the Classification in Questionnaire Q4 -

or Interim Report, Appendix C, Section 7), and

the regions are shown on the map of Figure 2.1)

Expei"t for whom it

is a best estimate

Model ln(dex in file Distinguish
model (per region)

Class of Region

Model Name of Appendix A Rock - Soil NE SE NC SC

1 A1-GV12 38 Yes

ensity A3-GV12 33 Yes

leighting) A4-GV12
A5-GV12

44
47

Yes

Yes

2 A1-GV22 39 Yes .r.

ensity A3=GV21 34 No K'tm

MS

• • A3-GV22 42 Yes

hting) A4-GV22 45 Yes

A5-GV22 48 Yes
n

e
<

s
3 A1-GV31 40 No

;ensity A3-GV31 35 No

A4-6V31 46 No •"

ihting. A5-GV31 49 No a
a

4 No model s

;ensity- ."'

& Dist. I
jhting)

5 GV51 50 No 2

ii- 6V52 36 No 2 2

irical

)

GV53 52 No 2

6

*ect-l

)

DV12 51 No

7

'ect-2)
DV21 37 No 1,3,4 1,3,4 1,3,4 1,3,4
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TABLE 2.3

List of Pseudo Velocity Spectra Models

(Names of models refer to the classification in Questionnaire 04, and

Interim Report, Appendix C, Section 7.

The regions are shown on the map of Figure 2.1

Anchor Expert for whom it

equation is a best estimate

Acceleration
and/or

Index in

file of Distinguish

model (per region)

Class of Reg-ion

Model Velocity Appendix A Rock - Soil NE SE NC SL

RSI G51 161 No

(RG 1.60) 052

G53
D13

D21

170

179

80
71

No

No

No
No

2 2

RS2 G51 134 No 2

(NBS, 1978 652 143 No

ATC G53

D13

D21

152

98
89

No

No

No

2

RS3 651/GV51 188 No

( Newmark G52/GV52 197 No

Hall) G53/GV53 206 No
^

D13/DV21 116 No 3 3 3 3

D221/DV21 107 No 1. 4 1,4 1,4 1,4

RS4 SEP 1 53 No

(Dist. Weight) Bernreuter

RS5 SEP 2 62 No

(Mag- Bernreuter

weighted)

RS6 Trifunac-

(No weighting) Anderson

125 Yes
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TABLE 2.4

Random Uncertainty Input
Values of "sigma" used in the analysesv')

Acceleration Velocity Spectra
Expert

i.?^9^
ion ,.?^9-ion Reg ion

Index Nt SE NC SC KE St Ht SC NE $E NC SC

Low .35 .40 .45

1 Best
Up

.5

.65
.55

.70
.60
.75

Low .4 .3 .4

2 Best

Up

.6

.8

.5

.7

.6

.8

.IK

KIUI

PL

«i

n
Low .48 .64 .53 1

3 Best
Up

.6

.72

.76

.88

.65

.77
IS

1

Low .5 .5 .5 .5 .5 .5 .5 .5 .7 •«

4 Best .6 .6 .55 .6 .6 .6 .55 .6 .9 »
Up .8 .8 .7 .8 .8 .8 .7 .8 1.4 a

x
>«

Low .6 .6
5(2) Best

Up

.6

.6

.6

.6

«j

Notes; 1. Values of signma not given for SE, NC, and SC are identical to those of NE.

2. Expert 5 did not provide values for velocity.
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Limit of this

analysis

'•C-l

Fig. 7.1 Identification of four regions of the Eastern U.S.

based on a compilation of the seismic zonation

expert maps developed in this study, combined with

a map of Q -contours from Singh & Herrmann (1983).
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Weighting Acceleration Models Selected By GMP.
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Fig. 2.17 Best Estimate Acceleration Models Selected By GMP.
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Fig. 2.19b Best Estimate Spectral Models Selected By GMP.
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3. IMPACT OF THE GROUND MOTION MODELS ON THE HAZARD

3.1 Introduction

The impact of the ground motion models on the hazard has been described

and analyzed in detail in the Interim Report. However, the availability of an

additional set of models provided to us by expert 2 made it necessary to

update the analysis.

We selected two sites, Braidwood and Millstone, wery different in their

seismic environment, and three seismicity experts, experts 1, 6 and 12 in an

effort to cover the widest possible spectrum of cases with a limited

computational effort.

For each site and each of the 3 seismicity experts, we show the hazard

calculated with the B.E. ground motion model of each of the 5 ground

motion experts for the acceleration and for the pseudo velocity spectra,

Then for each ground motion expert we show the hazard calculated with

each one of the ground motion models provided, considering that all the

other parameters (seismicity, maps) are random.

Finally, for these two sites we give the hazard calculated by combining

all the ground motion experts, but still with only the 3 seismicity

experts' input selected above and letting all the random parameters

free of varying.

3.2 Best Estimate (B.E.) Ground Motion Models

The hazard was calculated for the two example sites and 3 seismicity

experts by assigning to each random variable its best estimate value. These

calculations allow to make relative comparisons between the various ground

motion models for a given set of maps and for known set values of the other

parameters. Figures 3.1 to 3.3 show the hazard calculated for the example
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site Braidwood, for the seismicity experts 1, 6 and 12 respectively. These

figures show 5 curves. Each one of these 5 curves has been obtained by using

only the B.E. ground motion model of the ground motion expert whose index is

associated with the curve. Figures 3.4 to 3.6 is the same as above applied to

the sample site Millstone. Note that these calculations were made prior to

the ground motion feedback meeting, before the model #27 was updated. Since

model 27 was chosen as B.E. by expert number 5, we expect the final analysis

to provide lower estimates of the hazard as the ones shown here.

Figures 3.7 and 3.8 show the B.E. hazard at the two sample sites,

combined over the 5 ground motion experts.

3.3 Other Ground Motion Models impact on the Hazard

In order to analyze the actual effect of every ground motion model on

the final hazard, we calculate the hazard by considering the uncertainty on

all the parameters of the analysis but in the ground motion model. That is,

we fix the choice of a ground motion model and let all other random variable

be simulated.

Fig. 3.9 to 3.18 show the 50th percentile hazard curves grouped by

ground motion experts. For instance. Fig. 3.9 shows the 50th hazard curve for

the six ground motion models selected by ground motion expert 1.

".I

:e

«
I

K
IS

!3

a

Ia

a:
•«

3.4 Case of the hazard in terms of P.S.V. spectra

Because of the added dimension due to the consideration of frequency,

only the simplest cases are considered here. The B.E. hazard was calculated

at the two sample sites, combined over the three seismicity experts 1, 6 and

12. The Figures 3.19 and 3.20 show the hazard, for the two sites for a

1000 yr return period. Each figure includes 3 curves relative to the 3

seismicity experts. No individual calculations, per spectral model, are shown

here, but results of such calculations were shown at the meeting. The results

of these calculations emphasize the effect of each one of the spectral

models on the final hazard.
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Fig. 3.10 Hazard Combined Over Seismicity Experts 1,6 and 12,

Calculated For Each One Of The Ground Motion Models
Selected By Ground Motion Expert 1 (Models 1, 2, 3,

5, 6 And 7).
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Fig. 3.11 Hazard Combined Over Seismicity Experts 1, -6, And 7,

Calculated For Each One Of The Ground Motion Models

Selected By Expert 2 (Models 7, 16, 18, 19, 26, 28 And 31)
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Fig. 3.12 Hazard Combined Over Seismicity Experts 1,6, And 7*

Calculated For Each One Of The Ground Motion Models
Selected By Expert 2 (Models 5, 7, 20, 22, 23, 26 And 29)
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Fig. 3.13 Hazard Combined Over Seismicity Experts 1, 6, And 7,,

Calculated for Each One Of The Ground Motion Models

Selected By Expert 3 .(Models 7 And 25).
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Fig. 3,14 Hazard Combined. Over Seismicity Experts 1, 6, And 7,
Calculated For Each One Of The Ground Motion Models
Selected By Expert 3 (Models 7 And 25).
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Fig. 3.15 Hazard Combined Over Seismicity Experts 1, 6, And 7,

Calculated For Each One Of The Ground Motion Models

Selected By Expert 4 (ModeU 7, 12, 13, 14, 15, 24

And 26).
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Fig. 3.16 Hazard Combined Over Seismicity Experts 1, 6, And 7,

Calculated For Each One Of The--Ground Motion Models
Selected By Expert 14 (Models 5, 7, 20, 21, 22, 23,
And 26).
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4. UPPER LIMIT OF THE GROUND MOTION

4.1 Ground Motion Saturation

It was first suggested by Housner (1965) that accelerations in excess of

.5g where not possible to occur, but values much larger than .5g have been

recorded since 1965. Later Hanks and Johnson (1976) proposed an upper limit

of 1 .8g for the acceleration. Even if there is no seismological evidence of

higher values by actual recording, there is no statistical evidence either to

eliminate the possibility of very high strong motion accelerations.

The problem of identification of the upper limit of the ground motion,

which we call here ground motion saturation, might also be different in the

Eastern U.S. from what is in the West. Since the EUS earthquakes are believed

to be richer in high frequencies than the earthquakes in the West, it is

legitimate to consider the possibility of occurrence of peak ground

accelerations at higher frequencies than for the West. This also leads us to

postulate the possible occurrence of peak ground acceleration in the East

higher than anything observed in the West.

In spite of these arguments in favor of high saturation values, common

sense and basic physics tell us that any GMP cannot be unbounded.

Bounding the GMP seems a logical step for implementation in a hazard

analysis, but then we must ask ourselves the following questions.

1) Does it make any difference in a hazard analysis to consdider the GMP

bounded?

2) If the saturation value is very high, compared to the mean, does it

make any difference in the hazard computed with unbounded GMP?

3) If the GMP is bounded, what is the saturation value?
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The most important question is clearly the first one. Many analysts have

tried to answer this question, and they concluded that the saturation value of

the GMP is a y/ery important value in assesssing the hazard. However, we have

to be careful in reaching a conclusion since the saturation values chosen were

all in the range of observed values. For example, in a recent study performed

by Zemell (1984), it is shown that imposing a saturation value of 1.8g

increases the hazard by 50% from what it would be if the saturation value was

1.2g (i.e: .15g vs .lOg) for 10,000 yr return period and only approximately

10% (i.e: .065g vs .058g) for 1,000 yr return period. If we were to perform

again those analyses with the same ground motion models and same random

variation values but with a higher range of saturation values, we believe that

the sensitivity of the results to changes in the saturation would be much

smaller than in the example cited above.

This last remark leads us to the next question. Let us assume that the

saturation value is very high, and let us model the random variation of the

GMP by a truncated distribution (such as the truncated lognormal as in our

analysis), truncated at the saturation value. Then the difference with using

an umbounded distribution would be small since in the unbounded case the

probability of exceeding a value equal to the saturation value, would be very

small.

In trying to answer the third question above, we have to keep in mind that

we are concerned with a frequency range of engineering interest, i.e.,

frequencies less than 25Hz. This restriction eliminates the peak ground

acceleration that we might observe at very high frequencies. In spite of this

restriction of the range of values, evaluating the saturation value still

remains a very difficult task with a large uncertainty, as no data exist to

help us.
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4.2 Modeling the Saturation of the GMP

We mentioned above that any estimate of a saturation value would be very

unreliable. Rather than trying to associate some uncertainty with the

estimate, we prefer to keep this paramenter as a deterministic parameter as we

believe that the task of evaluation of a standard deviation would be too

unreliable.
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We then propose three simple methods of introducing 6MP saturation in our

analysis, shown in Fig. 4.1:

The first method, labeled Type I, assumes that there exists some

value a-i of the GMP which cannot be exceeded at any location. This

assumption is guided purely by physical -mechanistic considerations on

the resistance of the top layers of soil at site and on the

resistance of the rock on the travel path as well as the nature of

the earthquak source. This is shown by the Curve C^ in Fig. 4.1.

The second method, labeled Type II, assumes that the upper limit of

the GMP is a function of the magnitude and distance from the

epicenter of the earthquake. It is more directly based on the

observed data and assumes the GMP cannot be greater than the average

predicted GMP for a given magnitude and distance, multiplied by a

constant factor. Thus, for a given magnitude and a given mean curve,

the GMP is bounded by the curve C2 in Fig. 4.1.

The third method relies on both the assumptions made in the Type I

and Type II methods. Thus, for a given magnitude and a given mean

curve, the GMP is bounded by the curve c^ which is the lower

envelope of the curves c, and Cp in Fig. 4.1.

In Question 6.2 of this questionnaire, you will be asked your opinion on

the necessity of considering that the GMP is bounded. If you are of the

opinion that it should be bounded, you will be asked to indicate the model of

saturation you consider as the best suited for the analysis, and to provide

the needed parameters to define your choice of saturation model.
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Fig. 4.1 Saturation

Description of the three types of models considered for the
physical saturation of the ground motion. The random vari-
ation of the logarithm of the GMP is modeled by a normal
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5. LOCAL SITE EFFECTS

5.1 Background

A possible major deficiency in the hazard curves and uniform hazard

spectra presented in the Interim Report lies in the way that the correction

for the various sites soil column was incorporated into the analysis. For

many ground motion models, e.g.. spectral models based on RG 1.60. ATC. or the

Newmark-Hall model scaled by Nuttli's velocity model, no correction was

entered. For others, only a very simple correction based on use of a simple

soil classification procedure such as that introduced by Trifunac and Brady

(1975). For example, the spectral model developed as part of the Site

Specific Spectra Project (SSSP) was developed using such a simple approach.

By this we mean that this ground motion model (the relation between earthquake

magnitude, distance and the ground motion at the site of interest) was

developed from the set of earthquakes contained in Vol. II of the Cal
.
Tech.

series in the following manner:

1) We separated this data into rock sites and soil sites using our judgment

along with reference to the numerous other such division of this data set.

2) Using variations of this data set we developed correlations between the

observed ground motion, distance, magnitude and site-type (rock or soil).

Thus, the spectra that we developed are only valid at what we can loosely

term average soil or average rock sites.

Trifunac, in his work, used a slightly more complex classification scheme

but the basic concept is the same.

The use of such a simple approach could lead to the introduction of

significant systematic errors in the analysis. Two major errors can occur:

1) Projected ground motion estimates for a site are based on correlations

developed from data obtained at a number of dissimilar sites; hence, there
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Is little correlation between the spectral peaks from site to site. Thus,

the spectral peaks at one site are often averaged with spectral lows for

another site. However, a given site may consistently amplify the incoming

seismic energy at certain frequency intervals. The net result is that the

projected ground motion estimates may be biased on the low side for such a

site.

2) The statistic (typically the standard deviation) that measures the

dispersion or spread of the data about the mean could be smaller than that

for data recorded at different loosely correlated sites.

Our concern about the first possible error is heightened for many EUS

sites, because their geological column is significantly different than for the

sites making up the WUS. There are typically three major differences between

EUS and WUS sites. First, one significant difference is that many EUS sites

are underlain by rocks with a higher shear wave velocity (as compared to

typical Western U.S. sites). Secondly, many of these sites also share a

relatively shallow soil depth varying between 60 and 150 ft. Finally, the

soil profile at a number of EUS sites consists of stiff, highly

over-consolidated glacial tills which are significantly different than the

soil conditions at the sites contained in the WUS data set.

Although our main concern is about site amplification, the value of

standard deviation is also of interest because it has a significant effect on

the seismic hazard projected for a site.

The ideal way to address these questions would be to develop ground motion

models by regression analysis using only data from sites similar to EUS

sites. Such an analysis would most likely result in a higher median estimate

and possibly in a reduced error term. However, it is not possible to do this

because there is so little data from sites with characteristics similar to

such EUS sites. A second approach would be to apply correction factors

(determined from judgment and analysis such as presented in the following

sections) to the uniform hazard spectrum for a given return period.
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If correction factors are used, these correction factors (In our opinion)

should not be applied to the spectra given In the Interim Report. There are

two reasons for this. First, the spectra presented In the Interim Report are

the result of combining over a number of different spectral models. These

models, for the reasons discussed below In Section 5.3, do not all represent

the same base case. The correction factors should be applied In a consistent

manner to each ground motion model during the analysis. Secondly, the spectra

developed In the Interim Report were computed using an error term for the

ground motion model based on data recorded at many different sites. The error

is made up of source, travel path, site, and because intensity was used in

some cases, building effects. All contribute significantly to the

uncertainty. The contribution to the uncertainty due to the data being

recorded at different site types and due to role of site intensity should be

removed from the estimate of the error term used for the ground motion models

in the hazard analysis. The uncertainty in the location of median estimates

should be included in the correction factors used.

5.2 The Need for Correction

A reasonable starting point is to address the basic question, is site

response an Important phenomena that significantly affects the level of strong

shaking at ground periods of engineering interest? This question has been

frequently adressed in the literature. Most recently, a three day workshop

was held at Santa Fe to address this question. One of the papers at this

meeting, Rogers et al (1973) noted that the papers at responses to this ranged

from "very significant" to "not important in this region" to "important, but

impossible to predict." The preponderance of data, however, including damage

statistics, intensities, strong motion measurements, and low-level ground

motion measurements indicates that site response effects are significant. But

there still exists significant controversy as to how important these effects

are (given the differences in motions caused by different source mechanisms

and different wave-transmission paths) and as to what is the best analytical

procedure to evaluate them. The absence of recorded field performance has

contributed to the continuing debate on this subject.
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It seems that the heart of the problem lies in the difficulty to

accurately predict the wave content of a potential earthquake motion. The

available procedures are usually based on the assumption of vertically

propagating shear (S) waves (1-Dimensional Theory). Many experts in

earthquake engineering, however, are unwilling to accept the results of 1-D

amplification because, they feel, this theory predicts a greater degree of

amplification over a narrow frequency range than is actually observed in

nature, except in unusual circumstances. The lack of consipicuous soil

effects in the San Fernando 1971 earthquake records has given some support to

these arguments, e.g., Crouse (1978). It has also been argued that if soil

amplification theories were true, all earthquakes recorded at a site would

have very similar frequency content.

On the other hand, the Japanese and Russians have examined numerous case

studies showing that the geographic distribution of damage and intensity is in

some way related to the thickness and/or other physical properties of the

near-surface sediments (Kanai, 1952, Ooba, 1957; Minakami and Sakuma. 1948;

Medvedev, 1962). Using recordings of low-level ground motions produced by

distant nuclear explosions, Borcherdt and Gibbs (1976) found a high

correlation between geographic changes in intensities in the 1906

San Francisco earthquake and geographic changes in mean spectral

amplification. This correlation exists up to the highest shaking levels that

occurred in that earthquake (Modified Mercalli ^X). Site effects have

recently been isolated in the strong motion data from the 1979 Imperial Valley

earthquake (Mueller and others, 1982) and are also observed in the strong

motion data recorded during the Fruili and Ancona, Italy earthquakes

(Chen et al — Chiaruttini and Siro, 1981). Analysis of the San Fernando

earthquake data set by Rogers and others (1983a) shows that site effects occur

at the 28 strong-motion sites they studied. For these sites mean spectral

amplification on soil ranged as high as a factor of 5. Data at other

Los Angeles sites, employing recordings of Nevada Test Site nuclear

explosions, indicated that at some alluvium sites mean spectral amplifications

as large as 11 are observed. Many other examples of ground motion studies

could be cited that demonstrate the importance of geologic conditions on

strong ground shaking.
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Appendix B of this report contains a discussion of the reasons why we

consider it necessary to Include a correction for the local soil column at

various sites.
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5.3 Proposed Approach

5.3.1 Overview

One of the main objectives of this project is to assess the

uncertainty in the estimate of the seismic hazard at selected nuclear power

plant sites in the EUS. In keeping with this objective, we want to include

the uncertainty introduced by the local site condition at various power plant

sites. This uncertainty has both random and systematic components. The

systematic component can be accounted for by using several different

approaches to obtain the correction factors varying from "no correction" to

that obtained by a linear 1-D analysis such as performed in the SHAKE computer

program. The random aspect which arises from our uncertainties in the soil

column and energy and frequency content of the potential seismic ground motion

at the site, can be accounted for by including uncertainty in the correction

factors for each systematically different method used to develop the

correction factors. Your role as Panel Members will be to select the

approaches/correction values you deem best and give subjective weights,

i.e., the likelihood that they are correct relative to the other

approaches/correction factors.
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There are a few important limitations to what is possible, e.g. schedule

and budget requirements currently preclude the development of some new

approaches. Schedule and budget requirements also restrict what we can do,

i.e., acceptable approaches must fit into our analysis scheme. Because of

these limitations, our questions in Section 6 are structured into two parts.

The first part deals with a limited subset of approaches/correction factors

which we can include in an analysis under current schedule and budget

limitations. We also solicit your ideas along these lines. We anticipate

that at a number of sites the simple approaches/correction factors will have a

significant effect on the estimates of the seismic hazard at those sites.

Thus, for the longer term we will also suggest/solicit more complex but

presumably better ways to incorporate the significance of local site effects

into the analysis for NRC's future consideration.
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For the short term we propose the following approaches/corrections

factors :

1) No correction.

2) Use only a simple soil or rock classification if available -- otherwise,

no correction.

3) Develop correction factors for each ground motion model based on several

generic site classifications, 1-D analysis data, and judgment.

4) Do a site specific analysis.

5) Other - as proposed by panel members.

Each of these are discussed in detail in the following sections:

5.3.2 No Correction

Here, the argument might be that both our knowledge of EUS ground motion is so

poor and the methods we have to assess local site effects so uncertain, that

it would be better to do nothing. All site types would be treated the same.

Here, it should be noted that some of the ground motion models adopted seem to

fall into this category. For example, Nuttli's model #7 makes no reference to

site type. One could argue that it is for "generic" soil sties. Certainly,

Campbell's models fall into the "generic soil" category as they were developed

using only soil data. For other models, e.g. what we have labeled the

Trifunac-Anderson model, have a simple site correction term included. If this

case is selected and such a ground motion is included, then the value for the

site correction term should be specified.

5.3.3 Simple Rock/Soil Correction

For this case, the site types are put into two (rock or soil) or (stiff or

soft) or three categories (soft, stiff, basement rock) and a simple constant

(for each category) correction factor is applied.
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Figure 5.3.1a shows typical correction factors going from soil to rock as

a function of period found from WUS data. The curve labeled 1 is based on

Joyner-Boore (1982) regression analysis, the curves labeled 2 and 3 are based

on Trifunac and Anderson (1977) and the curve labeled 4 is based on the SEP

results Bernreuter (1981). For Trifunac 's model, curve 2 is between soft

alluvium and hard sedimentary rock and curve 3 is between soft alluvium and

basement or crystalline rock. Both Ooyner-Boore and the SEP use only

rock/soil categories.

Figure 5.3.1b is similar to Figure 5.3.1a but now the correction is from

rock to soil

.

The ratios between Rock/Soil for PGA and P6V are given in Table 5.3.1.

TABLE 5.3.1

Model

Ratio

PGA PGV

a;

R
I
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a

Trifunac (1976a) Basement Rock

(Intensity Based) Sedimentary Rock

Joyner-Boore (1982)

1.93

1.4

1.0

1.07

1.03

0.68

SEP

McGuire (1978)

Trifunac (1976) Crystalline Rock

Sedimentary Rock

1.0 0.87

1.22 0.93

0.76 0.55

0.87 0.74

Campbell (1981) 1.0
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It can be seen from Table 5.3.1 that there is considerable variation

between different studies. These differences arise from several different

causes. The first is that form of the model used may not be applicable, i.e.,

the influence of site type might be a function of magnitude and distance.

This is very hard to verify because there are too few sites which are truly

rock sites. McGuire (1977) developed a relation between site intensity and

the peak ground motion parameters:

In(a) =

- 0.83 + 0.85 Is

0.27 + 0.6 Is

(medium sites)

(soft sites)

In(v) =
-4.02 + 0.95 Is (medium sites)

-1.51 + 0.54 Ip (soft sites)

whereas Trifunac (1976) fit the relation

log a = Ci + C2 Is + C3S

where S is the site type variable

S = soft
= 1 sedimentary rocks/stiff
= 2 basement rocks

In the same 1977 study, McGuire also found

Ina -

Inv =

1.81 + 0.9 Ml - 0.9 Inr (soft)

1.47 + 1.0 Ml - 0.9 Inr (stiff)

-1.58 + 1.0 Ml - 0.7 Inr (soft)

-3.61 + 1.4 Ml - 0.8 Inr (stiff)

•These results would suggest that the use of a simple distance - magnitude

independent correction factor might be too simple. It should be noted that in

his 1978 paper, McGuire used a simple constant correction factor to account

for site conditions in his regression analysis model. He indicates that he

did investigate a case where he modeled the site conditions with a relation of

the form

(C^M + C,^ Inr)
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where s « for rock sites

= 1 for soil sites

McGuire concluded that the coefficient CL was not statistically significant,

however, the coefficient Cj^ was. He noted that the use of a more complex

model did not improve the fit to the data, therefore, there was no point in

using the more complex model. Unfortunately, McGuire did not report the value

of the coefficients C^^. and Cp. In addition to possible deficiencies in

the form of the mathematical model used for the regression analyses, all of

the regression analyses were performed using less than perfect data sets. All

the data sets suffer from the use of a poor criteria for the identification of

rock sites. Recently, more site boring data has become available to assist in

properly sorting the data into categories. The Joyner-Boore (1981) data set

is the best in this regard, but it contains a number of questionable sites

identified as rock sites. Except for the Joyner-Boore data set records

recorded in large buildings and/or in basements, were included in the other

data sets used to obtain the results plotted on Figure 5.3.1 and given in

Table 5.3.1. Joyner and Boore (1981), Campbell (1981) and (1983) and others

have shown that building type and location of the recorder in a sub-basement

can have a significant effect on both the PGA and P6V.
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The major problem with using the simple category approach is that ground

motion models that incorporate such corrections were generally lowly

weighted. Only one expert chose such a model as his best estimate model -

Model #27 (PGA), #125 (S^). The other best estimate models, e.g. Nuttli's

Model #7 (PGA), #37(V) are based on all data (rocks and soil) or just limited

to soil. However, there are so many more data points on soil than rock that

effectively the models are "soil" models.

One possible approach would be to introduce a correction factor for these

models based on WUS data, i.e., use one of the factors plotted on Figure 5.3.1

to convert from "soil" to rock. This is a somewhat arbitrary approach but

would include some correction for the systematic difference that exists

between sites. PGA could be corrected using one of the factors from

Table 5.3.1. In a somewhat more complex model median, correction factors

could be given along with the uncertainty (and a model for the distribution)

of the median.
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5.3.4 Generic Correction Factors

5.3.4.1 Overview of Approach. The simple model proposed in Section 5.3.3

might be adequate if enough categories are used; however, the data base is too

sparse to define many categories. One possible approach, developed in this

section, is to supplement the data set with analysis. Our proposed procedure

is as follows:

1) Use available soil/rock pairs (soil and rock stations in close

proximity to each other that record the same earthquakes) to compute

empirically observed amplification factors. This provides a measure

of the range of amplification observed and the uncertainty introduced

by source, travel path and rheological effects. These results are

used to calibrate analytic results.

2) Ideally, one would like to have a sufficient number of soil/rock

pairs to put them into a "reasonable" number of categories based on

soil type, depth, bedrock shear wave velocity, etc. and develop

"generic" median amplification factors (as a function of at least

frequency) for each category and the uncertainty associated with each

category. Because sufficient data does not exist to even make a

"rough cut" at this time, we must resort to analytic modeling. We

defined eight categories based on three soil depth categories and two

soil type categories plus a rock category and a deep soil category.

Two basic soil types were chosen: (1) primarily a sandy type soil

column and (2) primarily a "till like" column. Granted, most soil

columns are mixed, but defining too many categories becomes pointless

and a site specific approach such as discussed in 5.3.5 should be

used. Each category contains several different soil columns which

are based on actual soil columns at nuclear power plant sites. To

incorporate the uncertainty from the source and travel path effects

in the analysis, we selected a set of time histories recorded at rock

sites with a range of magnitude and distances. These time histories

were used as input to the SHAKE computer program and the PGA and

amplification factors were computed for each category for each time

history. Then for each category, a median amplification factor

(correction) and its uncertainty was computed.
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One major question arises — what should these correction factors be

applied to? Ideally, we should predict the PGA hazard curve and UHS at each

site at a hypothetical unweathered basement rock outcrop and then apply the

correction for the appropriate site category to obtain the PGA hazard curve

and UHS corrected for local site effects. Unfortunately, It Is our judgment

that none of the ground motion models available can be considered as

predicting the ground motion at an unweathered hard rock outcrop. In fact,

the models most highly weighted by the Ground Motion Panel can at best be

considered as applicable to only a "generic" soil site. A few of the models

chosen can be considered applicable to weathered rock sites. But in our

opinion, these models have the serious problem that the different data sets

used to develop them have shallow soil sites listed as rock sites and they

have data from large buildings/basements intermixed with free-field field

data. Also, the set of time histories used to develop the correction factors

were generally recorded on highly weathered rock.

Given the lack of data recorded at true rock sites and the possible

complexity of the systematic differences between rock and soil sites, it is

not clear that even with added analysis that we could develop an acceptable

ground motion model for even weathered rock sites. For this reason we

included a "generic" soil category in our analyses. Amplification factors

were computed relative to the generic soil category as well as rock. Several

avenues are possible: (i) Only use the soil version of the various ground

motion models and correct using computed correction factors for the site's

category, (ii) Use a mixed set; i.e., use the rock version, if available, and

use the rock to site category correction factor; otherwise use the soil model

and soil to site category correction factor, (ill) Convert all models to a

rock version using the approach suggested in Section 5.3.3 and then use the

rock to site category correction factor.
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5.3.4.2 Selection of Time Histories . Ideally, we would like to have a set of

time histories recorded on unweathered hard rock from earthquakes with

magnitudes ranging from 4.0 to 7.0 and distances ranging from 2-1/2 km to

several hundred kilometers. With such a set, we could rerun our analysis and

then examine the results to see if magnitude and distance were important.
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Unfortunately, the available set of time histories does not match the ideal

set. Most records are recorded on weathered rock -- and in fact, the shear

wave velocity of the "rocks" at many sites is closer to a "soil" than a rock.

Because only ratios are involved, this may not be a major problem except at

hard unweathered rock sites where we do not have a good measure of what the

difference might be between the ground motion recorded at hard rock sites as

compared to soft weathered rock sites.

Table 5.3.2 gives a list of the records selected. Because of time and

budget constraints we have limited our analysis to twenty records using only

the maximum horizontal component from each station. We restricted our choice

to recordings made either in the free-field or in small buildings. It can be

seen from Table 5.3.2 that we have a reasonable distribution of magnitudes but

not a very good distribution on distance.
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Table 5.3.2

Rock Records Used in the Analysis

Station Earthquake

Mag,

M.

Dist, Accel

.Hi
Helena Fed. Bid.

Golden Gate Park

Temblor

Pacolima Dam

Pacolima Dam

Cal. Tech. Seism. Lab

Griffith Park Obs.

Cape Mendocino

Oroville Seism. Sta.

Gilroy Array No. 1

Gilroy Array No. 6

Superstition Mt.

Cerro Prieto

Superstition Mt.

Rocca

Rocca

San Rocco

San Rocco

Bagnoli

Sturno

Helena, Mont. 10/31/35

Daly City 3/22/57

Parkfield 6/21/67

San Fernando 2/9/72

After Shock

San Fernando 2/9/72

San Fernando 2/9/72

Cape Mendocino 6/7/75

Oroville 8/1/75

Coyote Lake 8/6/79

Coyote Lake 8/6/79

Imperial Valley 10/15/79

Imperial Valley 10/15/79

Westmoreland 4/26/81

Ancona, Italy 6/14/72

Ancona, Italy 6/14/72

Friuli, Italy 9/15/76

Friuli, Italy 9/15/76

Campunia Lucania 11/23/80

Campania Lucania 11/23/80

67 8 0.15

5.3 8 0.13

5.5 11 0.41

6.4 3 1.20

5.4 12 0.11

6.4 18 0.19

6.4 17 0.18

5.3 25 0.20

5.7 8 0.11

5.9 9 0.13

5.9 4 0.42

6.6 25 0.21

6.6 24 0.17

5.7 13 0.11

4.7 6 0.55

4.2 6 0.45

6.1 9 0.12

6.0 19 0.23

6.7 12 0.18

6.7 18 0.23
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5.3.4.3 Definition of Site Categories

In order to define site categories, site data for more than 60

nuclear power plant sites throughout the United States has been reviewed.

Such site data includes geologic profile (layering and depth to rock), soil

parameters (soil type, shear wave velocity, compressional wave velocity,

density, shear modules and damping ratio at high strain levels) and bedrock

properties (shear, compression wave velocity and density). Like most site

classification systems, soil depth to the bedrock and soil type are the

primary site parameters used to define site categories. Based on our review

of the available data from FSAR and PSAR of U.S. nuclear plants sites we have

defined the following categories based on the range of the thickness of the

soils above bedrock and primary soil type:

Site Class I: Rock Sites. This category includes sites with exposed

bedrock including plutonic, igneous, metamorphic,

crystalline and sedimentary rock. Sites where the

thickness of the soil is less than 25 feet are also assumed

to fall in this category and the surface material is

neglected as it is generally removed. The mean shear wave

velocity from 60 sites is about 6200 fps with a coefficient

of variation (COV) of 40%.

Site Class II: Intermediate thickness soil sites. This category includes

sites having soil layering thickness ranges from 25 to 300

feet over bedrock. Based on the samples distribution of

available sites, we further classify this site class into

three subclasses Ila, lib and lie.

(Ila): Soil deposit of 25 to 80 feet over rock as shown

in Fig. 5.3.2a. The mean shear wave velocity for

each site is calculated by weighted sublayer

thickness of the site. Among the 12 sites, the

mean shear wave velocity is 1500 fps with a COV

of 40%. The mean thickness is 48 feet with a COV

of 30%. The mean and COV of bedrock shear wave

velocity are 6000 fps and 30% respectively.
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(lib): Soil thickness of 80 to 180 feet over rock as

shown in Fig. 5.3.2b. The mean and the COV of

the shear wave velocity of the 12 sites are

1550 fps and 40% respectively. The mean soil

thickness is about 120 feet with a COV of

25%. The mean shear wave velocity of the

bedrock is 6400 fps with a COV of 40%.

Site Class III

(lie): For soil depth of 180 to 300 feet over rock as

shown in Fig. 5.3.2c. Only four sites fell

into this category. The mean shear wave

velocities of soil and rock are 2000 fps and

9350 fps respectively. The mean soil

thickness is 250 ft. No COVs were computed

due to insufficient site data available to us

this time.

Thick soil sites. This is our generic soil category site

and includes those sites having soil deposit more than

300 feet over the bedrock. Fig. 5. 3. 2d shows the shear

wave velocity profile for this site class. The mean and

COVs of the shear wave velocity among a set of 14 sites

are 2115 and 26% respectively. The median value of soil

thickness was found 650 feet with a COV of 40%. The mean

shear wave velocity is 5700 fps with a COV of 45%.
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As these site profiles show a great deal of variability in site

parameters, a generic site class can only be defined in a loose manner. For
each site class, we only consider two extreme soil types, namely till-like
soil and cohesionless soil (sand-like). Since the variation of shear wave
velocity with depth for a till-like soil is not significant, a mean constant
shear wave velocity was assumed in each site class for the generalized
till-like site model for response calculation. However, because the shear

modulus for cohesionless soils is more sensitive to the soil depth, it is

assumed that the shear modulus varies with the square root of the effective
over burden pressure for the sand-like site models.
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Table 5.3.3 The means and COVs of the input parameters used

for numerical simulation for Site Response Analysis

Class Ila Class lib Class Ill

Mean COV Mean COV Mean COV

H (ft; soil) 48. 0.25 120. 0.25 650. 0.25

Vs (fps; soil) 1500. 0.40 1550. 0.40 2115. 0.40

D (%; soil) 7. 0.60 7. 0.60 7. 0.60

Vs (fps; rock) 6200. 0.40 6200. 0.40 6200. 0.40
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For the deep soil site Class III, only a sand-like soil was used,

i.e., it was assumed that the shear modulus varied as the square root of the

effective over burden stress.

These are rather drastic simpliciations, however, to define too many

categories is, in our opinion, pointless and it would be better to go to a

site specific analysis. However, this is clearly a point that needs

discussion at our meeting and we solict your views. But, we would like to

avoid too many categories and it is not clear to us what would be an

acceptable set of categories since different layerings are introduced.

5.3.4.4 Analysis Procedure

Basically, the site response was calculated by assuming

one-dimensional vertically propagating SH waves. Sites were modeled as a

system of horizontal layers of infinite extent. Viscoelastic material model

for each layer were assumed — shear modulus, density, Poisson's ratio, and

material damping.

Site response calculation should account for the uncertainty

contributed by the variation of depth of the soil model, dynamic soil

properties, and the impedance ratio between soil and bedrock. All of these

factors could contribute significant uncertainty to calculated response. In

addition, the seismic input motions are also an important contributor to the

uncertainty. In our analysis to account for the above source of uncertainty,

we perform repeated deterministic analysis, each analysis simulating an

earthquake occurance. By performing many such analyses and by varying the

values of the above input parameters, a mean response and its coefficient of

variation can be obtained. The Latin hypercube experimental design (Iman et

al, 1980) as used in SSMRP was employed for the response calculation.

Variability in the seismic input is included by sampling one of the twenty

time histories listed in Table 5.3.2 to obtain a different earthquake time

history for each simulation. Variability in the dynamic modeling was

introduced by sets of input parameters (mainly shear wave velocities of soil

and rock, damping ratio of soil and the depth of soil deposit) from assumed
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probability distribution for each simulation. A log normal distribution was

assumed for this study. Twenty deterministic analysis were performed for each

site class. Thus, to adopt the Latin hypercube sampling techniques, 20 ti«e

histories were used. The distribution of each input parameter was then

divided into 20 equal - probability Intervals. A value was randomly selected

from each Interval, and the 20 values for each variable were rearranged

randomly. The 20 time histories and the permutaded values of the variable

parameters were grouped to give 20 combinations of input values for the

analysis.

Table 5.3.3 shows the mean and the COV of four key input parameters

used in the simulation for site response analysis.

The influence of non-linear soil behavior on site amplification is

still an open research area. Currently, yery little field data has been

obtained to address this question. Tucker and King (1984) show that the

observational site amplifications are not much different between groups of

strong and weak motions.

Practical non-linear soil constitutive models are not yet available.

The non-linear behavior of soil materials cannot be fully described by

constant elastic moduli and damping coefficients. However, a good

approximation of the effects of soil non-linearities on the response can be

obtained by the use of constant strain compatible moduli and damping ratios in

a sequence of linear analyses. This method is known as the equivalent linear

method (Seed and Idriss, 1969).

Both linear and equivalent linear analyses were performed for site

classes Ila, lib and lie. The results of our analysis are discussed in the

following section.
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5.3.4.5 Computed Correction Factors

We noted in Section 5.3.4.1 that the correction factors have to be

applied to some reference case — ideally at an unweathered hard rock

outcrop. The correction factor would represent the median value of the ratio

of (S^) site/(S^) outcrop. However, because many of the ground motion

models are only valid for soil, then the correction factor would represent the

median value of ratio of (S^) site/(S^)jjj where (S ),.. is the

base-case Class III defined above.

Our analysis of both actual data and from computer modeling indicates that

there is considerable variability in this ratio from earthquake to

earthquake. The variability can reasily be accounted for by including it in

the simulation process. The main problem, in our opinion, is in defining the

ground motion levels and frequency content for the base case. The

difficulties in defining the base case are threefold: (1) few (possibly none)

of the ground motion models are applicable for rock sites; (2) what soil

column would represent the generic soil models and; (3) the set of rock

records contain many records obtained at soft weathered sites.

As a starting point we have taken the "generic soil site" to be

represented by a deep sand-like (shear-wave velocity a function of the depth)

site with linear visco-elastic properties, i.e. site Class III defined in

Section 5.3.4.3. We have examined two sets of correction factors -- one set

relative to the rock outcrop records and one set relative to the Class III

generic soil sites. The spectra at the surface of the Class III sites were

computed using the set of rock time histories given in Table 5.3.2 and for

twenty sets of soil column properties obtained by simulation using the

approach discussed in Section 5.3.4.4.

«ir-;;

a:
Vi

I

««:

IS
tae

93
is

Because it is conceptually the simplest, we first summarize the results

relative to "rock"; i.e., relative to the set of time histories/spectra given

in Table 5.3.2.
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Figure 5.3.3a shows a comparison of the median amplification factors

relative to the rock site category computed for sand-like sites for categories

Ila (25'-80'), lib (80*-180'), lie (80'-300') and III (deep). Also shown are

the amplification factors computed by Joyner-Boore (1982). The match between

Category III and Joyner and Boore's results is better than one might expect.

It is interesting to note that our modeling results indicate that the peak

acceleration amplification factors is unity in agreement with the results

obtained by Joyner and Boore and Campbell. There is considerable departure at

longer periods (greater than 1.5 seconds). This might be due, in part, to the

fact that some of the rock records were not all base line corrected so that

there is some longer period noise in the rock records. Part of the departure

might be due to the fact that the damping is not a function of frequency;

hence, the long period motion has the same damping as the short period high

frequency motion.

There is considerable uncertainty associated with the median curve for

each category. For example. Figure 5.3.3b shows the envelope amplification

factors, the median and 1-Sigma amplification factors for Category lib and

Figure 5.3.3c for Category III.

Figure 5.3.4 shows a comparison of the median amplification factors

relative to the rock outcrop category for till-like sites for categories Ila,

lib and lie. The amplificastion factors relative to the rock outcrop category

for Category III sites is also shown. Comparison of Figure 5.3.3a and 5.3.4

show that the till-like categories have somewhat lower amplification than

sand-like categories.

•We have made an initial set of runs using the equivalent linear model.

Only a sample of these results are shown in Figure 5.3.5. Figure 5.3.5a shows

a comparison between the amplification factors for sand-like Category lib

obtained using the records in Table 5.3.2 as recorded, all scaled to 0.2g and

all scaled to 0.4g. There are only minor differences between the different

cases. Figure 5.3.5b shows the envelope, median and 1-Sigma amplification

curves for the set of records in Table 5.3.2 and Figure 5.3.5c shows the same

results for the case when all the records were scaled to 0.4g. It is seen by
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comparing Figs. 5.3.5b & c that the uncertainty is approximately the same.

Our sensitivity analysis indicates that the damping of the soil is one of the

most important parameters. We considered three cases for damping of the soil:

1) Median damping value of 2% with COV of 40%.

2) Median damping value of 7% with a COV of 40%.

3) Equivalent linear core with a best estimate curve based on available

data.

Figure 5.3.6 illustrates the importance of damping for lib sand like soils

by comparing the three damping cases. Comparison of Fig. 5.3.6 with 5.3.5a

shows that the choice of the damping parameter's value has an Important effect

on the computed amplification factor.

If Figs. 5.3.3a and 5.3.4 are compared to Figs. A-5, A-7, A-14, A-15,

A-16, A-28 in Appendix B it is seen that the computed amplification factors

have a shape similar to those observed at actual sites, but are somewhat

lower. This, in part, could be due to the fact that each site category covers

a relatively wide range of sites and, in part, because layering was not

considered. Layering can Increase the amplification because layers with large

contrasts In impedances can occur. This point is discussed below in Section

5.4.
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As noted earlier, because many of the ground motion models are generic

soil models, we also give the amplification factors relative to Category III

on Figs. 5.3.7a for sand-like sites and 5.3.7b for till-like sites. Also

shown is the amplification factors relative to Category III for the rock set.

Figure 5.3.7c shows the envelope, median and 1-Sigma amplification factors

computed for the lib sand-like category relative to Category III. Comparing

Fig. 5.3.7c with Fig. 5.3.3b shows that the uncertainty is much larger if base

case is taken as Category III as compared to rock (Category I). This Increase

in uncertainty is to some unknown extent an artifact of our approach, but most

of it is, in our opinion, real.
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5.4 Site Specific Correction Factors

The approach here is similar to that discussed above in Section 5.3 except

that a specific analysis is performed for each site rather than for a set of

sites falling into a particular category. However, it is still necessary to

model the uncertainty in our knowledge of the random variation in the soil

properties over the site (in the same layer), depth to bedrock and the

randomness introduced by the dynamic response to all future earthquakes. We

propose using an approach similar to the one discussed above in Section 5.3

except the variation in the soil parameters would be governed by conditions at

the specific site.

One example of the differences in amplifiction factors that can result

between using a category approach and a site specific approach is illustrated

in Fig. 5.4.1. For the site specific case we selected sand-like Category lib

and greatly reduced the COV used to simulate the site models. We used a COV

of 5% on depth and rock shear wave velocity and a COV of 15% for the shear

wave velocity of the soil column. We selected these values to be consistent

with the range of uncertainty that one would have relative to these parameters

at any particulsr site. Also shown on Fig. 5.4.1a, for comparison, is the

curve for sand-like category lib from Fig. 5.3.3a. These amplification

factors are relative to rock. As expected, the site specific case has higher

amplification factors and less dispersion about the peak. Figure 5.4.1b shows

similar comparison for the till-like lib case. The difference between site

specific and the Category approach is similar.

Figure 5.4.2 taken from Appendix B shows a specific analysis for the soil

column at the Zion site which would fall into sand-like Category lib. The

amplification factors are much higher at Zion. There are several reasons for

this:

1) The Zion site soil column model had lower damping.

2) There was a larger contrast in shear wave velocity between bedrock

and the first layer of soil.

3) Soil layering in the Zion site's soil column model also introduced

added amplification.
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Figure 5.4.3 shows the envelope, median and l-Sigma amplification factors

for the site specific case shown on Fig. 5.4.1a. Comparing Fig. 5.4.3 to

Fig. 5.3.3b shows that (as would be expected) the uncertainty is reduced for

site specific case. However, considerable variation still exists from

earthquake to earthquake.

5.5 Other Approaches

At the Ground Motion Panel Feedback meeting of June 27, 1984, and in

subsequent interaction with the panel members after the meeting, questions

were raised about the adequacy of our proposed approach. In particular it was

suggested that surface waves and other non-vertical ly incident waves could be

important. Also focusing and defocusing of rays are not considered.

To include such factors would require a very detailed site specific

analysis. For a Western U.S. site where the configuration of major near-by

active faults is known, it would be possible to perform such complex studies

and examine such issues. Although, it should be noted that such studies are

almost beyond the current state-of-the-art and few even limited studies have

been performed to address such issues. For the EUS these questions are even

more difficult to assess because it is assumed that the earthquakes occur

randomly around the site. Thus, it is very difficult to perform such detailed

site specific studies.
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Our proposed approach evolved from the following observations. First, it

is very difficult to separate out the wave type in the strong motion

accelerograms. In part because strong motion accelerograms are generally

recorded within 100km of the source. Our analysis shows that much of the

hazard is contributed by earthquakes located within 100km of the site. It

must also be kept in mind that we are primarily interested in the high

frequency end of the ground motion spectrum— i.e. for frequencies greater than

1 or 2Hz.
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Even for distant sources— in particular site amplification observed at

sites from underground nuclear explosions (Hays, 1980; Murphy et al, 1971); it

has been found that the simple linear theory similar to our proposed approach,

has been adequate to explain the important feature of the observed ground

motion.

Also to address this issue as part of NRC funded SSMRP, we funded an

analysis using earthquake source modeling to (in part) characterize the type

and direction of incoming seismic waves at a typical EUS site as compared to

WUS site (Apsel, et al, 1980). This analysis found for a soil site (falling

into our lib category with a soil depth of about 100' over a bedrock with a

shear wave velocity of 3.3km/Sec) that all of the energy emerged almost

vertical at all frequencies. For a deeper soil WVS site the results were much

different with waves generally emerging at angles of 20° or more relative to

the vertical. It is assumed that the results for a deep soil EUS site would

be similar.

The issue of ray focusing is very difficult to deal with given the

relatively random nature of seismic activity around any particular site.

Except for a few yery special potential earthquake locations around a few

sites, it is not evident how to even approach this question.

Finally in choosing your weights it should be kept in mind that one of the

purposes of this study is to identify sites that require a detailed site

specific study. Such studies are costly. Thus, the decision to require such

studies should be based on an approach which adequately, but not too

conservately, bounds the uncertainties in the estimate of the seismic hazard

at any particular site— including the effect of the local soil configuration.

One of the objectives of this study is to provide NRC with the best possible

estimate of the seismic hazard at each site so NRC can make an informal

judgment.
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It Is our judgment that to do this requires at least the sites be put into

categories such as we have proposed and correction factors be included in the

analysis. However, your judgment may well be different—which is, of course,

why we are soliciting your responses about how to best incorporate the

uncertainty about the influence of the local site conditions on the estimated

seismic hazard at any specific site.

5.6 The Contribution to the Uncertainty in the Ground Motion Model due to

Different Sites.

We noted earlier that the uncertainty in the median estimate of ground

motion for only given model is made up of several contributors. Specifically,

the ground motion models that were used in our analysis are of the form

Ina = C, + Co(I or M) + C,R + C- In R + (error term) (5.6.1)
1 2 6 4

The error term is made up of the contribution to the uncertainty from source,

travel path, site and building effects. Building effects entered because in

developing Eq. (5.6.1) intensity values were used. For typical sets of

Western U.S. data

n
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To get a handle on the appropriate value of a^^^ to use in the analysis if

the site remains fixed we analyzed the data from several sites which had

experienced a number of earthquakes. In addition, some data is available from

underground nuclear explosions.

Figure 5.6.1 from Lynch shows the reduction in the dispersion of the same

data when they are analyzed by a covariance analysis that explicitly includes

each site rather than a typical regression analysis. Briefly, covariance

analysis relates a component of spectrum SV at period i recorded at K stations

(S., ) to the yield of events detonated in a restricted area. The

statistical model has the form

svik = ^kW
Bi

i = 1, 2, .

k = 1, 2, .

... I

. . , IN
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Covariance analysis determines for each component at each period, i, a yield

scaling exponent B., a standard error of estimate a., and K sets of

amplitude coefficients A^,^. The amplitude coefficients A^,^ implicitly

reflect the average distance from the event area to the recording station,

local station amplification and any factors associated with the transmission

path. The standard errors of estimate a. reflect variance due to

neglected source parameters, transmission path factors for each station and

differential changes in the average distance to each recording station.

Source and travel path variations for each site were minimized by

restricting the data to only UNEs located on Pahute Mesa. The level of ground

motion was low so that site soil nonlinear effects should be small. Figure

5.5.1 shows that fixing the site and reducing the possible source and travel

path variations significantly reduce the scatter of data about the mean. A

significant variation can still be attributed to relatively minor changes in

travel path and source conditions.

If a given site has experienced a number of earthquakes and has records of

the ground motion, then it is possible to determine if the site generally

amplifies ground motion relative to typical correlations such as those

developed by McGuire. It is also possible to determine if the data at a given

site are less dispersed than the more general data set for a number of sites.

The difficulty is to assess the role that site response factors play relative

to source and travel path factors. Source and travel path variations are

extremely important. It is difficult to account directly for these factors

other than by the simple approach of grouping the available data so that these

factors are minimized.

The El Centro and Ferndale sites have the most complete data set: Table

5.6.1 gives the earthquake data recorded at the El Centro site, and Table

5.6.2 gives the data for Ferndale. A number of different references were used

to develop these tables, and different data sets often have significant

differences among themselves; no significant effort was undertaken to

reconcile the discrepancies among different data bases.

Both of these sites are deep soil sites, although the overall soil depth

is greater at El Centro than at Ferndale, where the earth is somewhat stiffer

than at the El Centro site.
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Sufficient data have been recorded at these two sites to compare the peak

acceleration to the mean predicted by typical correlations among peak

accelerations, site type, earthquake magnitude, and distance. For comparison,

the most recent correlation developed by McGuire (1978) was chosen as

representative. For soil sites, McGuire determined that

a = 24 .5 exp [0.89M]

~w^— • 'Ina
= .62 (5.6.2)

where

M = Local Richter magnitude

R = Distance from energy release

o = Standard deviation

Figure 5.6.2 shows a comparison of the recorded acceleration at the El

Centro and Ferndale sites normalized by exp 0.89M as a function of R. Also

shown is the median normalized line given by Equation 5.6.2 and the ±

one-sigma lines. It is evident from this figure that consistently

higher-than-average peak accelerations are recorded at the Ferndale site

during the earthquakes. The El Centro site appears to have average

acceleration.

In order to quantify the dispersion of the data, separate regression

analyses were performed for the data at the El Centro and Ferndale sites. The

results of these analyses are:

<ulZ

" K
r'l,.
•'MttI

' «:n
\

<«

:;r:

ln(a) = 4.82 + 0.52M - 0.83 ln(r)

a, = 0.39
Ina

for Ferndale, and

ln(a) = 4.12 + 0.53M = 0.85 ln(r)

Oin. = 0-67
Ina

for El Centro.

There is significantly less scatter to the data at the Ferndale site than

to the data at the El Centro site. The data at El Centro have about the same

Q6-95



standard deviation as the more general data set used by McGuire, which

included eight El Centre records and nine Ferndale records. Although the

distances R for the Ferndale events are less certain than for El Centro

events, no systematic error exists, S. Smith (1978), and it is unlikely that

the errors are large enough to significantly change the conclusion reached

above.

We also examined the Oroville data set. We performed regression analysis

on the data in Seekins and Hanks (1978) to determine how the error term was

reduced going from the general data set to a fixed site. We only examined

(for the fixed site cases) those sites at which eight or more earthquakes were

recorded. We obtained

Sigma (Ina) = 0.56 General data set

0.42 Johnson Ranch Station

0.26 Station 5

0.61 Station 1

0.36 EBH Station

The results are in reasonable agreement with the results for Ferndale, El

Centro and underground nuclear explosions data. There is considerable scatter

to the data making the choice of appropriate value to use difficult. The only

trend that may exist is that the "stiffer sites" (Ferndale, Johnson Ranch,

Station 5, EBH) show lower value than deep, softer stations (El Centro and

Station 1). McCann and Boore (1983) and McCann (1983) attempted to sort out

the various contributions to the uncertainty in the prediction of ground

motions using data from the San Fernando Earthquake. McCann (1983) concluded

that local site effects contributes about 30% of the uncertainty.
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5.7 Summary of Proposed Approach

In Section 6.4 we ask you to consider the discussion in Sections 5.1 - 5.6

and to select specific models. In this section we want to ensure that the

questions are sufficiently specific. This section should be read in

conjunction with Section 6.4

In Question 6.5 (Table 6.7) no specific approach/set of correction factors

is implied. What we are asking is, in your judgment, how much different would

the various GMP's be if the site in question was located on hard rock or

shallow soil (50'-200' deep), as compared to the values of the GMP's predicted

by the base case models.

In Question 6.6 (Table 6.8) we are addressing the adequacy of various ways

to correct for the effect of the local soil column on the GMP's. Methods 2

and 3 are intended to be correction factors based on the approach discussed in

Section 5.3; however, both method and—site specific correction—are meant to

be as general and a complete analysis as required to correct for the factors

you give in Table 6.10
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In Question 6.7 we want you to specify the simple correction model you

wish us to use.
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We indicated that if you do not supply a specific model we would use the

correction factors determined by Joyner-Boore, 1982~Curve 1 on Figs. 5.7.1.

We selected this model as the "fall-back" case because in our opinion it is

based on the best available data set. The difficulties with the other models

are discussed in Section 5.3. You can select other models by providing a plot

similar to Fig. 5.7.1 or the data to make such a plot. Note that we also need

the correction factor for PGA and PGV illustrated in Fig. 5.7.1.

For categorical correction factors we will use the median curves to obtain

the equivalent linear model shown in Fig. 5.7.2a for sand-like sites and

5.7.2b till-like sites. The uncertainty is modeled by assuming that the

distribution is lognormal with a value for the standard deviation of the log^

of the correction factor equal to '5 . We chose the equivalent linear model

for the "median" curve because, as can be seen from Fig. 5.3.6, it falls

between the "upper " and "lower" limit results. The system is chosen to model

the uncertainty in damping and soil properties for the category.
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Plot Symbol

1 J.B. (1982)

2 Trif & And (1977)

3 Trif & And (1977)

4 SEP
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Fig. 5.3.1a. Simple correction factors obtained by regression
analysis of WUS data.
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Fig. 5.3.1b. Same as 5.3.1a, except soil/rock,
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• From J.B. (1982)
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Fig. 5.3.3a. Comparison of amplification factors for sand-like

sites for Categories Ila, lib and III. Amplification

is relative to rock. Also shown is the results from

J.B. (1982) (Fig. 5.3.1), Regression Analysis.
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Envelope, median and la amplification factors for
sand-like lib category relative to rock.
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Fig. 5.3.3c. Envelope, median and +la amplification factors
for Category III relative to rock.
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Fig. 5.3.4. Comparison of amplification factors for til 1-1 ike sites
I la & lib relative rock. Category III results also
shown for reference.
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Fig. 5.3.5a. Effect of PGA on computed amplification factors-

equivalent linear analysis for sand-like

lib category.
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Effect of PGA on uncertainty of computed amplification
factors--original records Category II2b sand-like
relative to rock.
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Effect of PGA on uncertainty of computed amplification
factors for Category lib sand-like relative to rock.
All reacords scaled to 0.4g.
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Fig. 5.3.7a. Amplification factors for sand-like soils relative to
Category III. Also shown is the amplification of the
rock category relative to Category III.
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Amplification factors for til 1-1 ike soils relative to

Category III. The rock category relative to Category

III is also shown for reference.
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Fig. 5.3.7c. Increases in uncertainty in the computed amplification
factors when Category III is used as reference.
Envelope, median and +la curves shown for Category lib
sand-like relative to Category III,
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"Site Specific" site COV on
depth and rock shear wave
velocity was reduced to 5%.

COV of soil shear wave
velocity was reduced to 15%

relative to larger values
used in the values used for

simulation.

g

zo

l.tj—

1.4 -

1.2-

2.0-

1.t-

1.4 -

1.2 -

1.0-

.« -

.«-

.1-

lib sand-like site specific

From Fig. 5.3.3a

7% median soil damping

J L—L I I I J L

E o
• •

PERIOD-SEC

Fig. 5.4.1a. Comparison of computed amplification factors for a

"Site Specific" case Category lib sand-like to the

median curve for Category lib shown on Fig. 5.3.3a,
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Fig. 5.4. lb. Comparison of "Site Specific" case for till -like lib
site to general curve for til 1-1 ike lib sites shown on
Fig. 5.3.4.
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standard deviation).
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Fig. 5.4.3. Uncertainty of the "Site Specific Amplification
Factors" for a lib sand-like site.
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Plot Symbol

1 J.B. (1982)

2 Trif & And (1977

3 Trif & And (1977
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Fig. 5.7.1. Simple correction factors obtained by regression
analysis of WUS data "Fall Back" model is the
J.B. Model plot symbol 1.
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Fig. 5.7.2a. Proposed median correction factors (site/soil) for
sand-like categories. Rock/soil shown for
reference.
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6. Questionnaire Q6

6.1 Ground Motion Models

Tables 6.1a, 6.2a and 6.3a are a listing of the ground motion models for

acceleration, velocity and spectra which will be considered for use in the EUS

Seismicity Characterization Project. They were developed from your responses

to the previous questionnaire (Q4) and your input after the Feedback meeting

on June 27, 1984. For your convenience. Tables, 6.1b, 6.2b and 6.3b summarize

our (LLNL's) interpretation of your answers to Q4. Although the models have

been partitioned into groups, this is done only for your convenience in

identifying the models with the discussion in Q4. We will not be asking you

to weigh the 7 (6 for spectra) different classes of models as was done in 04.

In Question 6.1 you are requested to indicate your choices of models to be

used in the analysis, by filling Tables 6.1, 6.2, and 6.3. These tables

contain eight vertical columns to distinguish between the four regions and the

two scales (K
,

, MMI). In each of the eight columns please select:

«:
fir*

%

a best estimate model

a subset of the models with associated levels of confidence

The best estimate model, the model to which you associate highest

confidence, should represent that model which you believe best represents the

average ground motion at a site. Even if you believe there is no one best

model but there are several comparable models, it is still necessary for you

to select one model which can be used in the "best estimate" hazard analyses.

Since many models have been developed based on a variety of criteria, e.g.

different data sets, different parameters, you may believe that more than one

model can provide useful estimates of tlie ground motion. Thus, you are

requested to select a subset of the models from the list of models in Tables

6.1, 6.2, and 6.3 (up to seven models in Tables 6.1 and 6.2 and up to six

models in Table 6.3). These models represent your uncertainty in estimating

'a'

ii
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the expected value of ground motion at a site given the magnitude of the

source and the source to site distance. You are requested to associate a

"level of confidence" to each model. Your level of confidence should be based

on your opinion of the data and methods used to develop the model, the ability

of the model to accurately reflect the attenuation and ground motion within a

region, and any other information you deem appropriate to judge the models.

When selecting the models please keep in mind their application in the

hazard analysis for this project. Specifically, it should be recognized that

(1) earthquakes are assumed to be point sources and distance is treated as

epicentral distance, (2) although the seismicity panel members have revised

their inputs so that the highest upper magnitude cutoff is not higher than the

saturation value on the magnitude (approximately 7.5 "^jig)* the ground

motion models will be assumed to be applicable over the entire range of

magnitudes, 3.75-7.5 iri . , and (3) depending on your recommendations for

adjusting for local site effects, the ground motion models will be adjusted

for local site effects as follows:

since the largest portion of the data used to develop the ground

motion models is for generic soil, we chose that to be the base

case. Hence, in order to retain consistency between all models, for

the ground motion models which distinguish between several site

types, the base case will be the soil version.

the appropriate local site effect correction (depending on your

choice of methods of correction) will be applied for sites with other

soil conditions than the base case.

Question 6.1

For the 3 ground motion parameters, acceleration, velocity and spectra,

please select 8 sets (4 regions and 2 magnitude scales) of models in Tables

6.1a, 6.2a, and 6.3a respectively by:
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selecting a best estimate model and entering the model code. e.g.

A5-621 or G51 . in the boxes at the bottom of the table.

assigning a level of confidence to at most 7 models (6 for spectra)

per column; enter the level in the appropriate boxes in each of the 8

columns. The sum of the levels of confidence within a column must

add to 1

.

Please fill Table 6.1c if you selected any model requiring the knowledge of an

undetermined parameter such as y of Model D13.

K

m
a'.

r:

IK

i§

iS!
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Table 6.1a: Ground Motion Acceleration Models

Class of

Models

File

Index Model

For Use with Magnitude For Use with MMI

NE SE NC SC NE SE NC SC

1

Intensity

8 Al-616^

1 A3-G15

No-Weight in 9 12 A3-G16^»^

4 A4-G12

16 A4-G16^

20 A5-616^

2

Intensity

Distance-

Weighting

9 A1-G21

30 Al-G22'^

13 A3-621

32 A3-G22^

17 A4-G21

31 A4-G22^

21 A5-G21

29 A5-622'^

3

Intensity

Magnitude

Weighting

10 A1-G31

3 A3-G31

18 A4-631

22 A5-631

4

Intensity

Magnitude

Distance

Weighting

11 A1-G41

15 A3-G41

19 A4-G41

23 A5-G41

5

Semi -

empirical

28 G51

24 652

5 653
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Table 6.1a: Ground Motion Acceleration Models (continued)

6 6 D12

Oirect-1 25 D13^

26 D14

7 7 D21

Direct-2 022^

Best Estimate Model

Notes: (a) These models have a basement rock, sedimentary rock and soil form.

See Table 5.3.1, Trifunac (1976a) entry. (The base case being soil)

(b) These models have a medium site and soft site form. See discussion

in Section 5.3.3. (The base case being soft)

(c) For this model the measure of distance is the closest distance to the

fault rupture.

(d) The "Trifunac-Anderson" model labeled #27 (A6-616) in interim report

NURE6/6R 3756, has been updated after the feedback meeting and is now

identical to model number 12 (A3-G16). It now uses the "Modified

Gupta-Nuttli" equation A3 instead of the original equation, i.e. the

leading coefficient is 3.2 in lieu of 3.7. So the new symbol becomes

A3-G16 instead of A6-G16.

(e) This model was added after the feedback meeting of June 27, 1984. It

was developed by G. Atkinson and a full description can be found in

the appended paper recently submitted for publication to BSSA.

If your response is the same for all 4 regions you need only fill out one column

for each of the 2 magnitude scales.

t:;i
tfl
51"

In.

I
3

«:
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If you have chosen a model which contains an unspecified term y, please provide

the value below.

Table 6.1c

Jill
I

iii

Model

Code

Value of

Y

D13

file index 25
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Table 6.2a: Ground Motion Velocity Models

Class of

Models

File

Index Model

For Use witJ1 Magnitude For Use with MMI

NE SE NC SC NE SE NC SC

1

Intensity

No-Weighting

38 A1-GV12^

33 A3-GV12^

44

47

A4-GV12^

A5-GV12^

2

Intensity

Distance-

Weighting

34 A3-GV12^

39 A1-GC22^

42 A3-GV22^

45 A4-GV22° '

48 A5-GV22'^

3

Intensity

Magnitude

Weighting

40 A1-GV31

35 A3-GV31

46 A4-6V31

49 A5-GV31

5

Semi-

empirical

50 GV51

36 GV52

52 GV53

6

Direct-1

51 DV12

7

Direct-2

37 0V21

Best Estimate Model:

mi;

ir.

n

S3

V.

El

Notes: (a) These models have a basement rock, sedimentary rock and soil

versions. (The base case being soil)

(b) These models have a medium and soft versions. (The base case

being soft)

Q6-129



Table 6.3a Ground Motion Spectra Models

Model

Class

File

Index

Anchor Equation

Acceleration

and/or Velocity

For Use witth Magnitude For Use with Intensity

NE SE NC SC NE SE NC SC

RSI

(RG 1.60)

161 G51

170 G52

179 G53

80 D13

71 D21

RS2 134 G51

(NBS. 197£\ 143 652

ATC) 152 G53

98 D13

89 021

RS3

(Newmark-

Hall)

188 G51/GV51

197 G52/6V52

206 653/GV53

116 D13/DV21

107 D21/DV21

RS4

Di St. Weigh

53

t

SEPl

Bernreuter

RS5

Mag. Weigh

62

t

SEP2

Bernreuter

RS6

No Weight

125 Trifunac-

Anderson

Best Estimate Model:

Notes: (a) Models 53 and 62 have a soil and rock versions. See Figure

5.3.1a Plot Symbol 4.

(b) Model 125 has a hard rock, intermediate and deep soil versions

See Figure 5.3.1a Plot Symbols 2 & 3.
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6.2 Ground Motion Saturation

For this project, the hazard analysis has been based on modeling the

ground motion parameter, given magnitude (and/or intensity) and distance, as

having a lognormal distribution, i.e. as having an unbounded range. At the

feedback meeting some of you indicated that a more appropriate model would be

one which restricted the ground motion parameter (GMP) to a finite range. To

accomodate this view we propose to include a model for your consideration, a

model for the GMP that has a truncated lognormal distribution. To do this it

is necessary to specify an upper limit to the range of the GMP's.

Any upper limit on the range of the GMP's should be based on some

Interpretation of ground motion saturation. Three interpretations of

saturation are proposed (Note: the discussion is given In terms of

acceleration although a similar discussion holds for velocity and spectra):

Type I: There Is an absolute maximum acceleration. Independent of

magnitude and distance, which will not be exceeded.

Type II: The maximum acceleration is a function of magnitude and

distance; this will be modeled by assuming the maximum

acceleration is a fixed number of standard deviation from

the mean in the lognormal distribution of the GMP's.

Type III: For any magnitude and distance the maximum acceleration is

the minimum of an absolute maximum and a fixed number of

standard deviations from the mean; this is an envelope of

Type I and II saturation.

MS

1)3

!9

m:

lO
t Mil

t
"*l

The 3 types of limits, drawn as a function of distance R for a fixed

magnitude m are depicted in Figure 6.1:

Type I, an absolute maximum acceleration, a,, results in the

horizontal curve C,

Type II, the maximum acceleration is a fixed number, n, of standard

deviations from the mean, thus the limit curve is Cp which

"parallels" the mean curve, a{m, R)

Type III, the envelope of Type I and II, results in the curve C,
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GMP

(Log scale)

^C2 (Type II

c, (Type III)

Distance

Fig. 6.1 Saturation

Description of the three types of models considered for the

physical saturation of the ground motion. The random vari-

ation of the logarithm of the GMP is modeled by a normal

distribution with mean a(m,R) and standard deviation a"
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We would like you to consider the potential physical saturation of the

ground motion parameters and, if the ground motion parameters do saturate, the

most appropriate way to model physical saturation. Please recognize that we

will continue to assume that, given magnitude and distance, the 6MP basically

has a lognormal distribution. If the GMP does saturate, bounding the range

implies that the distribution of the GMP will be modeled as a truncated

lognormal distribution, truncated at the upper limit. The 3 types of

saturations are different methods for modeling the upper limit.

Question 6.2

Using Table 6.4 please indicate the method you consider most appropriate

for modeling the range of values for each of the ground motion parameters,

acceleration, velocity and spectra. Indicate your choice by writing a check

mark (/) by the appropriate method for each ground motion parameter.

£9

a'

s
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Table 6.4

.ill'

r

Method for Describing Range of 6MP

Ground Motion Parameter

Acceleration Velocity Spectra

1. 6MP is not bounded; range is

(O.oo)

2. GMP saturates; maximum is best

described by a Type I limit.

3. GMP saturates; maximum is best

described by a Type II limit

4. GMP saturates; maximum is best

described by a Type III limit

it

•lit

If you have checked method 1, no bound, in Question 6.2 for all three GMP's,

please skip Question 6.3 and go to Question 6.4.

If you selected method 2, 3 or 4 it is necessary to specify the parameters,

i.e. a^ or n, which characterize the upper limit. We would like you to

specify a best estimate value for the appropriate parameter.
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Question 6.3

In Table 6.5 please give your best estimate for the parameter (s) which

characterize the method you choose for describing the upper limit of the GMP's

of the range of each of the GMP's.

Table 6.5

Absolute Maximum, a,

(Needed for method 2 & 4)

(cm/s/s, cm/s, cm/s)

Number of Standard

Deviations, n

(needed for method 3 & 4,

n, not necessarily an integer)

Ground Motion Parameter

Acceleration Velocity Spectra

6.3 Random Variation

The hazard analysis used to construct a seismic hazard curve or a uniform

hazard spectra at a site is based on assuming that, given a source magnitude

(and/or intensity) and source to site distance, the GMP is a random variable.

As indicated earlier, for this project, random variation in the GMP will be

modeled by the lognormal (or truncated lognormal) distribution. It is

recognized, per the discussion at the feedback meeting, that the unbounded

lognormal distribution may not be the optimal model for describing the

variation in the GMP given magnitude and distance. However, given that there

is only limited information in the literature regarding alternative

distributions we consider it appropriate to continue to use the lognormal

distribution in the hazard analyses for this project. In addition, allowing

truncated lognormal distributions as alternative models introduces some

flexibility which, we believe, will provide models which are more concentrated

about the central value of the distribution—the characteristic observed in

some plots of historical data.

iiii

X

a'
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An Important characteristic of the lognormal distribution, in addition to

the description of the mean (of the log 6MP) given by the ground motion model,

is the measure of the random variation in the 6MP. This is usually described

by a, the standard deviation of the log GMP.

Although we asked you to provide best estimates and uncertainty bounds, we

believe it is appropriate to have you reconsider your estimates of the random

variation you provided in responding to Questionnaire 4, in light of what you

have learned about the way LLNL uses the ground motion models in the hazard

analysis, the possibility (if you indicate it is appropriate) of making local

site effect corrections, or any new developments in the field of ground

motion.

When assessing the value of a there are several points which we believe

you should consider:

Many of the ground motion models are based on fitting empirical

models to historical data. An estimate of the "standard deviation of

the error" is a common output of the fitting process. One might

consider this to be a reasonable estimate of a. However, it should

be recognized that the standard deviation of the error potentially

consists of 2 components of variance -- the random variation in the

GMP about its expected or average value (as estimated by the ground

motion model) and the adequacy of the specific model in describing

the true expected or average value of the GMP. It is important in

doing the hazard analysis that only the random variation component be

considered in making the probability calculations.

What, if any, effect will correcting for local site conditions have

on the level of random variation? It should be recognized that

adjustments will be made, at your discretion, in the ground motion

models for different types of conditions at the site. If making such

adjustments will have an effect on the level of random variation,

this should be recognized in assessing your estimates of a.
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The hazard analysis assumes that the GMP random variation Is

independent of magnitude and distance as well as the site, although

regional variation in a Is considered, and some implicit dependence

on the distance may be Introduced if you choose Type II or Type III

saturation as an answer to Question 6.2.

Overall, given an earthquake of a fixed magnitude and distance from

the site, the GMP at the site will be affected by many factors

Including (1) the frequency content and other characteristics unique

to each earthquake, (2) the specific travel path of the ground motion

and (3) the unique soil conditions of the specific site, even if a

local site correction is made -- the correction will only be made for

a soil class, not for each specific site.

Question 6.4

Using Table 6.6 for each GMP and each of the 4 regions, update, if

necessary, your

best estimate of o

estimate of the interval which you believe, with a high degree of

confidence, represents the possible range of o

Table 6.6

(Please give values of a to be used with natural logarithm)

Ground Motion Parameter:

Region

Northeast Southeast

North

Central

South

Central

PGA Best Estimate:

Uncertainty Bounds:

PGV Best Estimate:

Uncertainty Bounds:

Spectra Best Estimate:

Uncertainty Bounds:

ii!

ii:

^

i
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6.4 Correction for Local Site Effects

•3,

I

Most ground motion models are based on historical records from various

sites involving various soil types and depths of soil. The local site soil

conditions are known to have a significant effect on the ground motion

parameters and spectra. This local site effect may not be very well

represented by the ground motion models in our catalogue. Thus, it may be

appropriate to make some correction for local site effects to realistically

estimate the seismic hazard curves and uniform hazard spectra for any site.

We would like your opinion regarding:

the significance of the local site effect

the quality of some alternative methods for "correcting" for local

site effects (You may want to review Section 5.7 for added background

on this matter.)

Question 6.5

Noting that most of the GM models used in the analysis are for generic

soil, for each of the GMP's please indicate in Table 6.7, on a scale of 0-10

(10 being high), how important you think it is to consider the soil conditions

at the site when modeling the expected or average value of the GMP's at the

site, i.e. how important is it to adjust the models in Tables 6.1a, 6.2a and

6.3a for soil types other than the base case (i.e. other than "generic soil").

Table 6.7

Ground Motion Parameter

Importance to Consider Correction

Eastern Rock Shallow Soil

Acceleration

Velocity

Spectra
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At the feedback meeting and In Section 5 of this Questionnaire, three

methods of adjusting (correcting) the ground motion models for different types

of site conditions were discussed. One method, referred to as a "simple

correction", involves making a deterministic adjustment. The second method,

referred to as a "categorical correction" is based on more sophisticated

analysis of the GMP's for a sample of earthquake time histories and sites.

The third method referred to as a "site specific correction" (see Sections 5.4

and 5.5) involves an extensive analysis for each site, addressing a number of

site specific factors.

Question 6.6

Using Table 6.8, rank the four alternatives on a 0-10 scale with

representing a nonviable approximation and 10 meaning that the alternative

would be the most desirable method.

Table 6.8

Method of Adjustment Ground Motion Parameter

Index Type Acceleration Velocity Spectra

1 No correction

2 Simple correction

3 Categorical correction

4 Site specific correction

I!:

Tip

s

i
3

C
i:
s

Since site specific analysis is not part of the present scope of this project,

we need to elicit your opinion as to what weight you would assign to the first

3 methods of Table 6.8, as described in Section 5.7. The simple correction we

will use will only have two types of sites. Rock - Soil. We will use the

correction factor developed by Joyer & Boore, US6S open file report 82-977,

unless you prefer to give us another set of correction factors, for example.

Fig. 5.3.1a of this document. (We need one factor for PGA and one factor for

each frequency.

)
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In answering question 6.7, please keep in mind, as discussed in Section

5.5, that generally the dominant contributors to the hazard are the

earthquakes occuring within less than 100 km from the site (relative

importance of surface versus body waves).

lit

Question 6.7

When filling In Table 6.9, you may choose one of the three methods

exclusively by assigning a level of confidence of 1.0 to only one of them, o£

you may recommend using more than one method by assigning levels of confidence

lower than 1.0, but adding to unity. In the latter case, the best estimate

will be based on using the method with the highest level of confidence whereas

the uncertainty analysis will be based on randomizing between the selected

methods. And to avoid any ambiguity by possibly having several equal highest

levels of confidence, please fill the bottom box to indicate your best

estimate.

Table 6.9

Methods of Adjustment
I^IBI 1 I

I !! I —^^—

Index Type

1 No correction

2 Simple correction

_3 Categorical correction

Your Best estimate method

(Please indicate 1 , 2 or 3

Ground Motion Parameter

Acceleration Velocity Spectra

Question 6.8

In Section 5 we outlined an approach to correct for local site effects.

At the feedback meeting it was suggested that our approach was too simple and

that other factors should be included in the assessment. Given the current

state-of-the-art and the fact that for most sites/ground motion model

combinations the main contribution to the seismic hazard is coming from

earthquakes within less than 100 km of the site, please Indicate below in

Table 6.10 what factors should be considered in a site specific analysis and

indicate their relative level of importance.
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Table 6.10

Factors influencing site effects

Factor Comments

6.5 Self Rating

In the previous questionnaire (04) you were asked to indicate your level

of expertise with regard to assessing the utility of the ground motion

models. In light of the discussion at the feedback meeting and recognition

that local site conditions should be considered in modeling the GMP's, it has

been necessary to elicit your opinions on a broader range of topics in this

questionnaire (06). Thus, it is necessary to ask you to reconsider your

self-rate. It is recognized that it may be most appropriate to have you

self-rate yourself on the different topics, e.g. utility of the ground motion

models and local site effects, however, this is not possible in the context of

the methodology developed to combine the hazard analyses based on the opinions

of the different members of the seismicity and ground motion panels. Thus, we

must ask you to consider your overall expertise about all issues raised in the

previous questionnaire (04) and the present questionnaire (06) in your

self-rate.

s

i
e

9

6

i
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3»'

Question 6.9

Please indicate your level of expertise, relative to the scientific

community at large, with regard to the several issues for which your opinions

have been elicited. Please use a scale of to 10, with 10 indicating a

"high" level of expertise.

Level of expertise:
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FEEDBACK QUESTIONNAIRE Q7

Zonation

1. INTRODUCTION:

This questionnaire is part of the continuing project, initiated by the U.S.

Nuclear Regulatory Commission (NRC), to develop a seismic hazard

characterization -based in part on your expert opinions- for the region of the

United States east of the Rocky Mountains. As part of the project we have

developed a methodology including analytical work, computer development and

data collection techniques. This methodology has been demonstrated in a set

of applications to ten nuclear plant sites distributed over the entire Eastern

United States (BUS). It has been validated by a series of sensitivity

analyses, workshops and comparisons with other available techniques. We

provided you copies of the reports documenting this effort. Bernreuter et al

.

(1985) and (1986). Our purpose is now to apply our methodology to all the

nuclear plant sites in the EUS, as requested by the NRC.

The fields of science from which every seismic hazard analysis draws its input

data have been in constant effervescence since the time that our data bases

were generated. As our methodology relies entirely on the opinions of experts

in these sciences, we have elected to reconvene our panels of experts to

update our data bases prior to calculating the seismic hazard at all the

sites. In this phase of the project, we primarily intend to revisit the data

bases and do not contemplate making major changes in our methodology. However,

we do not preclude small changes in the methodology which would be compatible

with the schedule and the available level of effort. Thus, as an expert who

contributed in the earlier phases of this project by providing your opinion

regarding the zonation and seismicity of the EUS, we are asking you to review

this document and answer the questions presented to you in Section 4.

The present phase of this project is the continuation of the Systematic

Evaluation Program (SEP), and of the Seismic Hazard Characterization of the
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Eastern United States Program (SHCP). These two programs were several years

apart as to the dates of finalizing the methodologies and data bases. An

important conclusion of the latter study (SHCP), 1985 was that the experts'

opinion showed good stability in time.

In the last past few years there has been considerable research and

applications in the fields involved in Seismic Hazard Analyses of the EUS.

This activity was primarily initiated by the following events and possibly

others:

£1

Occurrence of the New Brunswick earthquakes.

Occurrence of the New Hampshire earthquakes.

Discovery of the Meers fault.

More recent occurrence of earthquakes in Northeast Ohio, near the

Perry Nuclear Plant site.

Realization by the group of electric power utilities that an effort

parallel to the NRC effort was desirable for assessing the hazard in

the EUS.

Development of new theoretical means of assessing the strong ground

motion at a site.

Thus, new seismicity data, new strong motion data, and new geological

information are now available which were not available at the time of the

beginning of SHCP. New solutions to the problems of incompleteness of the

earthquake catalog and to the problem of existence of clusters in those

catalogs have been proposed.

In addition, the effort of the electric power utilities directed by the

Electric Power Research Institute (EPRI) has been very important in collecting

and analyzing a large amount of data relevant to seismic hazard analyses.

This includes geological data, and geophysical data such as gravity anomalies,

heat flows, tectonic stresses, and geophysical profiling. The EPRI (1985)

effort led to interesting, often new interpretations, of the seismicity of the

EUS, which might be valuable to our experts to test their own opinions.
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However, we want to re-emphasize that our study (SHCP) relies on the opinions

of individual experts rather than any group or team opinion of the kind

developed in the EPRI study. You, as an expert for the SHCP, are asked to

review the latest scientific evidence relevant to seismic zonation and

seismicity of the EUS and provide your input. You are free to modify your

opinion or reiterate the interpretations of the data you derived in our

earlier study. Thus, the purpose of this document is to make you aware of

some of the possible areas that deserve your consideration in updating your

opinion on the seismic zonation of the EUS.

Once again our elicitation process will be in two steps. First, your

responses to this questionnaire (Q7) will be a set of seismic zonation maps,

and tables of degrees of belief of existence and alternative shapes, exactly

as in your responses to the first questionnaire (Ql) and feedback

questionnaire {Q5) , to which you responded in 1982-1984. In addition as we

have modified slightly our way of eliciting your opinion about the seismicity

parameters we will need to know your opinion regarding some of the parameters

that we will use to present to you the seismicity data corresponding to your

zonation maps. Secondly, in the seismicity questionnaire (Q8) ,
you will be

asked to reconsider your earthquake recurrence model for each zone you have

defined.

In Section 2, we describe the elements of the zonation which will be updated

in this questionnaire and we restate some of the definitions and our

assumptions to avoid confusion with some of the definitions and assumptions

used in other recent studies you may have been associated with. Section 3

describes the elements of the information that we will need to develop the

feedback seismicity questionnaire (Q8).

Section 4.2 consists in the actual questions you will have to answer so that

we can update your maps of seismic zonation. This section is essentially the

same as the questions in questionnaires (Ql) and {Q5) .
Finally, Section 4.3

consists of questions you have to answer to help us to develop the next
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questionnaire {Q8) , specifically adapted to your zonation maps and your

interpretation of incompleteness and clustering.

2. ELEMENTS TO BE UPDATED: ZONATION

2.1 Introduction

At this point and for the purpose of this questionnaire, on zonation, we limit

ourselves to updating only your answers to the previous questionnaires on

zonation (Ql and Q5)

.

All the basic concepts and assumptions described in Ql and Q5 are still

valid. Thus, the seismicity of the EUS is still modeled by a set of seismic

source zones along with by a model of earthquake occurrence for each zone.

Your answers to the questions in this questionnaire will be used to update

your description of the seismic source zones. You will be asked to update

your best estimate map. To express your uncertainty, you will be asked to

update your map of alternative shapes and the tables of probability of

existence and probability of shapes. In the following subsections, we review

the elements of the update, re-state their definitions and note the conceptual

and/or methodology differences with other studies you may be familiar with.

2.2 Source zone configuration: Best Estimate Map.

We assume that it is possible to identify zones where you believe that

earthquakes of a common nature and frequency of occurrence may occur in the

future. Once such a zone is identified, it is said to "exist". Thus a source

zone is an area of the EUS which you believe needs to be identified as

different from its surroundings. If you are not sure about the need for

separate identification of a given zone, we say that you are not sure of its

existence, and we ask you to express it as discussed below in Section 2.3 by

giving your degree of belief in its existence.
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Two important points of conceptual differences between our interpretation and

that of the EPRI Study are the following:

The EPRI zones are associated with the presence of geological or

geophysical "features", where the feature in interpreted loosely. Then

that feature is considered to be active or inactive. It is considered

to be active only if it can generate an earthquake of magnitude at

least equal to M^ (e.g. Mo= 5.0 for EPRI), otherwise it is considered

to be inactive.

In our study a zone is associated with a distinct occurrence rate and

distribution of earthquake magnitudes different from the surrounding

region. The
" existence " of a zone only depends on whether the

seismicity is different from its surrounding region. If its seismicity

is different, then the zone is considered to exist. The question of a

zone being active (i.e. capable of producing an earthquake of magnitude

at least M ) or inactive does not become an element in formulating your

degree of belief about the existence of a zone.

Can our methodology acommodate an aseismic area of the EUS?

Certainly! If you consider an area to be aseismic and want to include

it, just remember that an aseismic area has a seismicity different than

the surrounding region. Thus, it should be identified as a zone, of

course, with zero seismicity (input as part of the seismicity

questionnaire). Suppose you are uncertain if it is aseismic. That can

also be included, for example, as follows:

Suppose you believe it is aseismic but you believe there is a

possibility that it has a non-zero activity level similar to

surrounding region, then

P (existence) = P (aseismic)

P (not exist) = P (seismic and rate like host zone)
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For this case the probability of existence refers to the probability of

having a zone with zero seismicity.

Suppose if it is aseismic, it has activity level different from

surrounding region, but its boundary shape is uncertain, then,

P (exist) = 1.0 and the alternative shape with zero seismicity

is given as an alternaitve,

•III;

CI.

Thus by using the probability of existence and alternative shape

description, with the possibility of a zero seismicity, we can model

any kind of combination.

In Section 4.2, you will be asked to reconsider your previous answers in

defining a best estimate map. The best estimate map is still supposed to

represent the seismic zonation map which in your opinion represents best the

spatial distribution of future earthquakes in the EUS, i.e.. your degree of

belief in the existence of each zone identified is >0.5.

2.3 Source zones: Probability of existence

As noted above, you may be uncertain about the need for identifying a

particular area as a specific source zone , i.e.., all the scientific evidence

you collected in favor of that particular alternative does not appear to

convince you entirely. In that case you can express your uncertainty by

giving your degree of belief in the need to identify that source zone

(existence) by responding to the appropriate questions in Section 4.2.

As for the best estimate map itself, you may choose to keep the answer that

you gave on the previous questionnaires (Ql and Q5-feedback) , however, you

should feel free to update any answer which you believe does not correspond to

your current thinking. The probability of existence of each source zone is an

important element in the characterization of your uncertainty in the seismic
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zonation, as we showed in the previous parts of this study that the

uncertainty in the zonation is a significant contributor to the uncertainty in

the hazard. Thus, in Section 4 you will be asked to carefully review your

previous answers on your degrees of belief in the existence of each zone,

which we have provided in Table A-1 and A-2. It was mentioned in Section 2.2

that the degree of belief in existence should not be confused with the

probability of the source being active. In our methodology an existing source

zone is always active, i.e., it is always capable of producing earthquakes of

magnitude greater or equal to Mq= 3.75.

For a zone represented on the best estimate map for which your degree of

belief of its existence is less than one, we consider that it is possible to

draw a map where that zone does not exist. In that case, you need to specify

what this extracted area becomes in the new map. Figure 2.1 gives an example

of such a case. In this example, the boundaries of B delimitate an area

separate from zone A and zone C. In the alternative case when zone B does not

exist, it becomes part of zone A (Map 2a) or part of zone C (map 2b). Zone

A (or C) is called the host zone in our terminology.

You will be asked to review your previous responses as to which zones are

considered as host zones for the zones with degree of belief of existence less

than 1 and update them as you see fit.

2.4 Source zones: Alternative Shapes

Considering one source at a time or a cluster of zones at a time, you were

asked in previous questionnaires to express your uncertainty in the shapes of

the zones drawn on your best estimate map by providing alternate shapes and

your degree of belief that the shape you suggest is the true shape.

Remembering that source zones are not necessarily associated with "features",

we emphasize the fact that you are asked to provide alternative shapes rather

than alternative scenarios as in the EPRI study. However, if you believe that
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a given zone (or cluster of zones) could be the result of the existence of two

different geological features, you may want to tailor the two alternative

shapes to the associated features.

For example, zone A of Fig. 2.2a represents an area which is distinct from its

surroundings when we review all the geological, geophysical, and seismological

available data. We believe, from geophysical and geological information that

there is a possibility that a fault exists at depth (e.g., a decollement fault

identified as F on Fig. 2.2a). On the other hand, the historic seismicity,

shown by dots on Fig. 2.2a tends to contradict the scenario of fault F. Thus,

if we believe that the most likely source zone is zone A, closely associated

with fault F, we may want to give an alternate shape A' for that same zone,

where A' might follow more closely the trend in seismicity, as shown in Fig.

2.2b. As in the previous questionnaires, you will be asked to provide maps of

alternative shapes and your degrees of belief (in Table A2) in the alternative

shapes which you gave.

2.5 The Complementary Zone(s)

Si
The concept of complementary zone (CZ) is an important one as the hazard at

many sites in the EUS will depend directly on the characteristics of that

zone. It is important to note that in our study every square kilometer of the

EUS is part of a source zone. If it is not part of any of the zones

identified in the best estimate map, it becomes, by default, part of the CZ

since the CZ is defined as the complementary part to all zoned areas. Thus,

the CZ provides for some default seismicity in the areas for which your lack

of knowledge does not allow for some specific zonation. At the time of the

last feedback, we refined the notion of CZ to that of regional CZ, in effect

acknowledging that different large regions of the E.U.S. may have different

tectonic (thus seismicity) regimes. Thus, you will be asked to review your

answer concerning the CZ and, if you judge it necessary, to draw regional

CZ's, that is, in effect, define regional CZ's as source zones.
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Note that the definition of our CZ is conceptually different from the

background zone used in the EPRI study. In the latter, it is assumed that

there are features, in the unzoned area, which are either poorly known or of

which the location is not known. It is then assumed that on the average a

certain portion of this background zone contains active features, the rest of

it being devoid of active features. The overall effect is obtained by

averaging that portion over the entire background zone.

In our study we assume that our CZ is always active and basically it has the

same definition as the other source zones. If you believe, however, that a

given area of the EUS is aseismic, as before, you will be able to express this

idea by choosing the proper seismicity parameters in the next questionnaire

(Q8).

2.6 References for Section 2

Bernreuter, D.L., et al . (1985), Seismic Hazard Characterization of the

Eastern United States: Vol 1: Methodology and Results for Ten Sites and Vol.

2: Questionnaries LLNL Report UCID 20421 Vol. 1 and 2.

Bernreuter, D.L., et al . (1986), A Limited Evaluation of the Difference

Between the LLNL and EPRI Seismic Hazard Analysis Programs. LLNL Report UCID

20696.

EPRI (1985), Seismic Hazard Methodology for Nuclear Facilities in the Eastern

United States: Vol. 1,2 and 3. Research Project Number PlOl-29 (Draft).
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Map 1

Best Estijnate Map (BBl)

'US'

!

Map 2a

Map 2b

Figure 2.1 The best estimate (map 1) is made of three source zones. Source
zones A, B and C. The degree of belief on the existence of zone B

is less than 1 (e.g., .8). Thus, we can draw another map (map 2)

where zone B does not exist, (i.e., vrtiere zone B is not separated
from its surroundings). In this case we can specify that B
becomes part of A (map 2a) or part of C (map 2b).
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Source
Zone A

Source
Zone A'

Fig. 2.2b

Fig. 2.2 Given that we need to identify zone A because it departs from its

surroundings, two possible shapes are shown. One shape (zone A)

shown in 2.2a gives more credence to the possible existence of a

fault F at depth, the other (zone A') shown in 2.2b gives more

credence to the seismic ity data.
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3. ESTIMATION OF SEISMICITY PARAMETERS

3.1 Introduction

Since the initial elicitation of zonation and seismicity information we have

been investigating the issue of estimating the seismicity in the EUS. There

are several ways of developing estimates, including:

I'll,

.3l«|i

1.

2.

3.

4.

Relying solely on the historical data and mathematical models.

Relying solely on personal opinions based on each individual's

analyses of the historical data and other sources of information on

seismicity.

Using personal opinions as "prior" information in the analyses of the

historical data with the mathematical models and data analysis being

the principal elements in the estimation process.

Describing the historical data, analyzed in a uniform way, to experts

for their use in formulating individual estimates of seismicity.

'•SI I

'Sifi'

S'

Relying solely on the historical data (method 1 above) is not a good

procedure, particularly for the EUS, because of the sparsity of events and the

incompleteness of the catalogs. Method 3 has the disadvantages that (1) most

methods assume the "prior" information is independent of the data, which is

unlikely to be the case for earthquakes, and (2) it still relies heavily on

the mathematical models used in the analyses. We used method 2 in the initial

elicitation which resulted in considerable variation between opinions. This

is not necessarily bad, however we think that some of this variation might be

artificial. That is, it does not necessarily reflect true differences of

opinions, but is a result of differences in resources, particularly with

regard to analyzing the historical data. With this in mind we have developed

a method for analyzing the historical data to estimate seismicity. We propose

to use this method to estimate the seismicity for each zone in your zonation

maps. These estimates will be provided to you to help you develop your

estimates of seismicity. The process is customized since it will depend on
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your choice of a catalog as well as some estimate of model parameters which

you will be asked to provide.

We do want to emphasize that in doing this it is not our intention to have you

be unnecessarily influenced by these estimates but, rather, to provide a level

of information about historical seismicity which is uniform to all

individuals. Everyone is free to use these estimates to the extent they

desire. You are encouraged to formulate your opinion no matter how close or

deviant it may be from the historical record. Again, we emphasize that the

LLNL approach is to base predictions of the seismic hazard on the opinions of

knowledgeable individuals. We continue to be dedicated to this approach for

characterizing the seismicity of the EUS and estimating the resulting hazard.

3.2 Estimation of Seismicity Based on Historical Data

Two significant problems related to using a catalog of historical events as a

basis for estimating the seismicity of a region are:

The incompleteness of the catalog, particularly for low magnitude

earthquakes which occurred in the earlier years.

The lack of distinction between foreshocks, main shocks, aftershocks,

clusters, etc. in the catalog.

In addition, most of the recorded early events are described by intensity

which is a subjective scale not intended to provide a "precise" estimate of

the magnitude of an earthquake. Intensity, recorded in discrete units, should

not be used in the same way as the magnitude measurements based on

instrumentation data taken on a "continuous" scale.

The method we have developed to estimate seismicity using the historical data

recognizes these difficulties and attempts to model the available data in a

way which accounts for these constraints on the information available through
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the historical records. We fully realize that our models are simple and

cannot model reality completely. However, we emphasize again that the purpose

is to provide everyone with a description of historical seismicity developed

in a uniform manner. Under no circumstances are the results of the analyses

intended to be the final answers.

:[ ;:
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The method is based on using the historical record of earthquakes of at least

a magnitude 3.75 {m^) in each zone to estimate the coefficients (a,b) in the

classical recurrence model for the expected number A{m)of events of magnitude

m or greater per time period, i.e.. the relation

log^oA (m) = a + bm (3.1)

This model is adjusted to account for the lower magnitude of interest, 3.75,

and the upper magnitude cutoff My for each zone.

The basic assumption of the estimation process is that the recordings in a

catalog represent, for each zone, a realization of the random occurrence of

earthquakes over the period of the catalog subject to the constraint that

given an earthquake occurs, there is a probability n2{m,t) of it being

detected and recorded. That is, an earthquake is not necessarily recorded

with certainty. This provides a method for handling incompleteness of

earthquake catalogs. As suggested by the notation, the probability of

detection can vary between zones and depends on magnitude and time of

occurrence, expressed in years since the present . We have modeled the

probability of detection, as a function of magnitude and time, by

a, a-;a, "2
n,(m,t) = H(m) exp [-6 (Mj,- m) t ] (3.2)
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where

H(m) is the probability of detecting, and recording, an earthquake of

magnitude m today (based on the current capability of available EUS

networks), if it occurred.

Mq is the smallest magnitude earthquake which would have been

detected, and recorded, with certainty during the entire period

covered by the catalog.

The parameters

(a, ,02) are shape parameters which determine the general

shape of the probability curve as a function of magnitude

and time

6 is a, potentially, zone dependent scale parameter which

scales the probability curve over the range of magnitudes

and times.

To minimize our influence on the estimates of seismicity, we propose to

customize the model for incompleteness to each individual, thus we will be

eliciting some necessary information from you. The fundamental approach to

modeling the probability of detection is to have you suggest the "shape" of

the probability curve (i.e., indirectly indicate appropriate values for

(aj,a2))and to use the available data in a catalog to estimate a value of the

"scale" parameter 6^ for each zone. In addition, we will ask you to indicate

values for H(m), the probability of detecting a magnitude m earthquake today,

if it occurs, and Mq, the smallest magnitude event detected with certainty

throughout the catalog period.

The best way, we believe, to approximate the "shape" of the probability of

detection, as a function of magnitude and time, is for you to identify a pair

of magnitude, time combinations which have equal probability of detection.

For example, you might consider a magnitude 6.5 event 120 years ago (in 1866)

to have had the same probability of being detected as a magnitude 4.0
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earthquake 30 years ago (in 1956). That is, you consider the magnitude-time

combinations (6.5, 120) and (4.0, 30) to have the same probability of

detection and inclusion in the catalog. We have found that setting a2= 2.0 and

allowing a,to be determined by the pair (m^,tj), and (m2,t2), works well and

leads to "acceptable shapes" for the probability of detection curve. Thus you

will be asked in Question 4.7 for these magnitude-time combinations.

Another issue of concern in estimating seismicity from historical data is the

lack of distinction between foreshock, mainshocks, aftershocks, clusters, etc.

in a catalog and the impact of culling some events from a catalog prior to

estimating seismicity. There is no universal agreement on the issue of

whether a distinction should be made nor if it is appropriate to distinguish

between the different events and what and how to cull events. Therefore for

our methodology we assume the catalog has been adjusted, if appropriate, prior

to use as a data base for estimating seismicity. This issue is discussed

further in Section 3.4

Finally, the methodology depends on having an estimate of the "true" magnitude

of the earthquake, based on the m^^ scale. Since not all events are recorded

on the mjj scale it is necessary to transform non-m|^ magnitudes and intensities

to mjj. This is done as follows:

Measured m|-,'s are assumed to be unbiased estimates of the true

magnitude.

For any magnitude scale m*, e.g. Mg' the surface wave magnitude, a

linear relation with true magnitude m^j is assumed, i.e..

m* = cm* + d„* m. + E
m* m* b

(3.3)

where E is an error term which reflects the random variation of m* and

the coefficients c^*, d^* are either

- assumed known
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- estimated from the subset of events within the catalog for which

both m* and measured m^^ are recorded

For intensities, an empirical distribution of magnitudes is estimated

from the historical data for each discrete intensity integer, i.e..

the probability that the true magnitude is less than or equal to m, as

a function of m, given an intensity, is estimated.

The recorded measurements in a catalog are transformed into an estimate of the

true magnitude using the appropriate model, Eq. 3.3, if the record is a

magnitude, or the empirical distribution of magnitude, if the record is an

intensity. This data is then used to estimate the expected number of

earthquakes in 272 bins covering the magnitude range-time period represented

in the catalog. A model for the expected number of earthquakes per bins,

involving the seismicity and probability of detection parameters, in based on

the appropriate distributions for these counts. The method of maximum

likelihood is used to estimate these parameters.

3.3 Earthquake Catalog

As indicated in the above discussion, to assist you in arriving at the

seismicity parameters for each of your zones we will, as we did for (Q2)

,

provide you a listing of the earthquakes in each zone. In addition we will

also provide you with an estimate of the a,b-values for each of your zones

using the uniform approach we developed. At the time of (Ql) and (Q2) the

only catalog we had available as a default catalog was the "LLNL Catalog".

Now we can offer you a listing of the earthquakes by zone based on either the

LLNL catalog or the EPRI catalog. As before, you can also ask us to use some

other catalog, however you will have to send it to us. In Question 4.4 you

will be asked to identify which catalog you wish us to use. As the sorting

process takes considerable effort we can only offer to sort one catalog.
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We also want to once again emphasize that the selection of a catalog will not

commit you to the use of that catalog for your final assessment of the

seismicity parameters. As before, in making your assessments you should use

any combination of catalogs and other information that, in your opinion, is

most reliable for arriving at the seismicity parameters for each of your

zones.

LLNL Catalog

The current form of the LLNL catalog is basically the same as the version we

used to provide you the sorted earthquakes in Q2. However, we have now

eliminated a few duplicate events which had been previously inadvertently left

in the catalog.

The LLNL catalog is based on merging a number of catalogs. Because of the

space and time overlap between the different catalogs, this resulted in

multiple entries for the majority of the earthquakes listed. To edit the

catalog, the following criteria were applied.

1. The entry from the local investigator was considered the most reliable and

consequently was retained in the listing (e.g., for an event in southern

Illinois, the SLU data were used).

2. In border regions (e.g., between the SLU and BOL areas or between the SLU

and WES areas), the SLU data were selected.

3. For the remaining events, if there was an EQH listing, that data was

retained.

4. There was a significant number of events remaining with a listing in the

BUS catalog only. Each of these events was examined separately. If the

evidence indicated that the event should have been contained in other

catalogs (e.g., an intensity VII in a populated area) and it was not, the

earthquake was removed from our composite catalog. This still left a
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number of EUS events, (usually low intensity) the existence of which could

not be confirmed. These events were retained in the catalog.

5. For the northeastern U.S., we adopted the magnitude estimates developed by

Street and Lacroix (BSSA, Vol. 69 pp. 159-176) and changed the appropriate

entries in the catalog.

EPRI CATALOG

At this time there is no document describing the make-up and the criteria used

to finalize the EPRI catalog. Basically the EPRI catalog is formed by merging

many catalogs, including the LLNL catalog. It is our understanding that all

events of m^j M.5 (Iq>^ 5.5) were examined in detail. Smaller events were

examined on a regional basis by one of their six Tectonic Evaluation

Contractors (TECs). The TECs and other consultants met and developed a

"consensus" (preferred entry) for each larger event. This formed a basis for

the entries listed as preferred events. In some cases the consensus catalog

differs significantly from the original catalogs. Our sensitivity studies

indicate that there are about 30% fewer events of mjj>^ 3.75 (only considering

preferred entries) in the EPRI catalog than in the LLNL catalog. It should be

noted that virtually all of the entries in the LLNL catalog are in the EPRI

catalog, however some are not considered as the preferred entry. This is an

important distinction. Because of time and budget limitations we will limit

the sorting to just the preferred entries.

EPRI also performed a detailed earthquake cluster analysis and denoted each

earthquake as either a main event or a secondary event. An approach was

developed by Veneziano and Van Dyck (1985) to statistically discriminate

between main events and dependent events. The procedure is based on locating

events clustered together in time and space. The test to determine if a given

set of events represents a cluster is based on a local departure from

stationarity and homogeneity of the assumed Poisson process of main events.

The details are given in Veneziano and Van Dyck (1985).
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3.4 Identification of Aftershocks

After major earthquakes there are often a sequence of smaller earthquakes the

occurrence frequency of which appears to decay rapidly in time. The

recurrence model for such sequences appears to have a different b-value than

the longer historical record/and or regional data. It is often suggested that

these events should be removed from the data set used to estimate the a and b-

values for a seismic hazard analysis. Considerable judgment is required to

determine which events fall into the category that should be removed. As a

first step in the identification of events that should be removed from the

catalog, it is helpful to have a listing of earthquakes which are clustered

together in time and space. In order for us to provide you with such a

listing, for your use in the identification of dependent events, we will need

some input from you relative to the size of the window in time and space, as a

function of the magnitude of the largest events in the cluster, that should be

used to develop these cluster sets. In question 4.9 we ask for this

information. We will send you the cluster sets after we receive your

responses to Questions 4.8-4.10.

3.5 References for Section 3

Yeneziano, D and Van Dyck, J (1985) Seismic Hazard Methodology for Nuclear

Facilities in the Eastern United States , Vol. 2, EPRI Research Project PlOl-

29.
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QUESTIONNAIRE Q7

ZONATION QUESTIONS

4. QUESTIONS

4.1 Introduction

Your responses to questions 4.8, 4.9 and 4.10 in Section 4.4 are very

important and need to be answered and sent to us immediately if possible.

Then we can start the cluster analysis for the identification of aftershocks

which is the first step in the sorting, and the seismicity calculations

specific to your maps and catalog. This will enable us to develop the

questionnaire Q8 in due time. You may wish to take more time to respond to

the remaining questions in this questionnaire.

We have also included, for your information, in this package the original maps

you sent us, new blank maps, computer generated maps from our digitization

process based on your previous maps, tables Al and A2 giving your previous

degree of belief in the existence of each zone, what happens to zones which

have degrees of belief less than unity and alternative boundary shapes and the

degree of belief you gave for these shapes.

4.2 Questions Dealing with Zonation Maps

Question 4.1

Please update your maps as appropriate. As noted, your original maps are

enclosed for your review and use for the revision. Please indicate your

modifications clearly (using different colors and a clear key). Feel free,

however, to use a new blank map (s) if your modifications are extensive. In

any case, please return the original maps together with your responses to this

questionnaire.
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In revising your zonation maps please review critically your responses to

Questionnaires 1 and 5 regarding the identification of seismic source zones in

the Eastern United States. Please review your definition of the complementary

zone. There is one issue you also might want to consider in your review. Our

analyses have always assumed that an earthquake of magnitude 3.75 {m^) or

greater is possible throughout the entire EUS. Do you believe there are

regions in the EUS in which it is not possible for a 3.75 or greater event to

occur? In describing your uncertainty about seismicity-aseismicity of a zone,

you may use either one of two techniques available Existence-non existence

probability-zone replacement or alternate shape with different (i.e.. zero)

seismicity.

Question 4.2

i'Si.

Please update Table Al. on your confidence in the "existence" of each zone, as

appropriate.

Note* Table Al is given at the end of this section.

•I
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Question 4.3

Please update Table A2, on alternative boundary shapes for individual zones or

clusters of zones and your associated confidence, as appropriate.

Note* Table A2 is given at the end of this section.

4.3 Inputs for Estimating Seismicity Based on Historical Data

As part of the process of estimating seismicity using the historical data it

is necessary to estimate the "true" magnitude from the measured magnitudes

recorded in a catalog. To do this we must model the relationship between each

magnitude scale and mj, as in Eq. (3.3). You can provide this or the

Historical data can be used to estimate this relationship. Or alternatively

you can provide some of the relations and specify that the data be used to
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determine the other relations. For example there are relatively few Ml values

in the catalog that also have m^ estimates as well, hence you might want to

specify this relationship. On the other hand, the catalogs have a number of

entries for M^ that also have a m^, listed, hence for these you might want to

let the data specify the relation to the m^ scale. The LLNL catalog has only

M|_, mjj.and Mgentries. The EPRI catalog has entries for, m^,, M^, m^jLg, M^, and

M|^. Mj. is a coda magnitude and M^ is listed as "Nuttli magnitude" (various

definitions). In question 4.7 you will be asked to choose a catalog for our

use, hence you only need to provide relations for the magnitude scales

contained in the catalog of your choice.

Question Q4.4

Please indicate the catalog you would like us to use to estimate the

seismicity of the zones you identify in your zonation maps:

Catalog Name:

For each of the magnitudes included in the catalog of your choice indicate in

Table 4.4, below:

that the catalog data should be used to estimate the relationship

between each magnitude and m^, i.e. check column 5 of Table 4.4

or

your estimates of the relationship between each magnitude and m^j by

estimating c*,d* and the standard deviation associated with the

magnitude.
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^m* ^m* E

Use Historic
Data to Estimate

Ms

Ml

'"bLg

\

\

where

f"* = ^m* ^ d^*
"^b ^ E

and E is described by the standard deviation of the random variable m*.

Note: The catalog you select, as answer to this question should be the same

as your answer in question 4.8.
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Question 4.5

It is also necessary to have an estimate of the standard deviation associated

with the measured m^j scale. Please indicate your estimate

Before 1940

Between 1941 - 1963

After 1964

Question 4.6

The distribution of earthquake magnitudes depends on the upper magnitude

cutoff, Mu, for each of the zones. Please indicate (possibly update), in the

appropriate column in Table Al, your best estimate of My foi^ each of the zones

you have identified on your zonation maps.

Question 4.7

Development of the detection probabilities for modeling incompleteness of a

catalog requires estimates of the following parameters:

1. The smallest magnitude (on the mj, scale), Mq, which would have been

detected with certainty over the entire time period of the catalog.

2. The probability of detection, H(m), as a function of magnitude, of

events today. For convenience, this probability is assumed constant

over half m^ units, e.g. from 6.25 to 6.75.

Q7-27



I. It

till

rt

tig

tie:

.69

3. Two pairs of a magnitude-time combinations, which have equal

probability of detection. One pair should be (high magnitude a long

time ago) combination , e.g. {6.5, 200), and the second pair should

be (lower magnitude a short time ago) combination, e.g. (5.5, 5.0).

Your opinions about these parameters can be given either for the

entire EUS, for the four regions (NE, NL, SC, SE) or for each zone by

filling either one of the three tables 4.7a, or 4.7b or 4.7c

respectively. (Choose only one table)
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4.4 Questions Dealing with Catalogs and Aftershocks

Question 4.8

Which catalog shall we use to provide you a listing of the earthquakes in each

of your source zones and an estimate of the a and b-values?

LLNL Catalog EPRI Catalog

Other

If other, then we will need a copy of the catalog either in magnetic tape or

on punched cards.

*Note that the choice of a catalog should be the same as your answer in

Question 4.4.

Question 4.9

Please supply the magnitude dependent windows in time and space to use to

define the clusters in the catalog for your use in aftershock identification

If you have selected the EPRI catalog and want to use the identification of

main events-dependent events made by EPRI, or if you have selected the LLNL

catalog and want to use the identification main events- dependent events

described in Section 4.3 of Bernreuter et al . (1986) already sent to you under

seperate cover, go to question 4.10.
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Magnitude
range

Time Window

(days)

Distance
Window
(km)

Note a circular distance window will be used.

Question 4.10

If you have selected either the EPRI or LLNL catalogs and want to also use

the results of the EPRI or LLNL studies which identified dependent events.

Check here
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EIGHTH QUESTIONNAIRE

SEISMICITY INPUT DOCUMENTATION (Q8)
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EIGHT QUESTIONNAIRE
SEISMICITY INPUT DOCUMENTATION (Q8)

1. INTRODUCTION
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The primary goal of the Eastern U.S. (EUS) seismic hazard characterization

project is to describe the seismicity throughout the EUS. This description is

to be used to realistically assess the seismic hazard at nuclear power plant

sites throughout the region. In the first phase of this project we elicited

your opinions about the zonation and seismicity of the EUS. Your opinions,

combined with inputs from the panel on ground motion models, were used as

inputs into the seismic hazard evaluation method developed for the project.

The results were applied to 10 sites to demonstrate the feasibility of this

approach to estimating seismic hazard.

The next phase of the project involves assessing the hazard at all nuclear

power plant sites throughout the EUS. Prior to making these assessments we

are doing two things:

Re-eliciting your opinions about zonation and seismicity to give you

an opportunity to update your estimates, if appropriate, in light of

any recent information you may have been exposed to and to allow us

to incorporate improvements into our methodology.

Visiting with our panel members to explore with you the process you

went through in formulating and reporting your opinions. This effort

is in response to some criticisms we have received from reviewers of

the project.

This document is intended to introduce you to our approach to documenting the

bases of your subjective inputs on seismicity. In the text, you will find a

series of questions to which you will be requested to respond to at the time

of our one-on-one meeting with you. For convenience, we have also gathered

these questions on fifteen separate pages at the end of this document.
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2. NEED FOR DOCUMENTATION

In designing the elicitation process one of our guiding principles was to make

sure that all experts had complete flexibility to develop their resources and

opinions independent of the other panelists. We wanted everyone to function

independently in formulating their opinions. Thus, we did not attempt to

structure your line of thinking about the issues relevant to EUS seismicity.

This allowed you the flexibility to use analytical methods as well as personal

intuition and insight to the degree you felt appropriate. Overall, we wanted

to assure that everyone could express their opinions without regard to a

consensus being formulated among the participants. That is, we wanted

everyone to feel free to express their opinions, even if they differed from

the opinions of the other panelists. Thus, we wanted to be able to capture

the range of opinions that might exist among knowledgeable individuals. We

believe that the elicitation process has followed this principle.

In following this philosophy of eliciting opinions, we have not neglected the

need to assure the quality of your inputs. We have introduced several quality

assurance measures into the elicitation process:

In the initial choice of experts for inclusion as panelists.

As part of the development of the questionnaires used to elicit your

opinions, careful consideration was given to the structure of the

questions.

By interacting with individuals to clarify potential misunderstandings,

By having group discussions after the initial elicitation and

following these with feedback questionnaires.

By introducing qualitative and quantitative comparisons of your
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inputs with available earthquake data, with subsequent clarification

of significant discrepancies.

We are confident that these measures can assure the quality of the final

seismicity inputs and the applicability of the resulting estimated seismic

hazard.
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In addition, the overall program was subject to peer review. A criticism by

several members of this panel was the lack of documentation relative to the

opinions of our experts. The reviewers felt that better control and

documentation of the seismicity and ground model descriptions would add

credibility to and facilitate verification of the results of the project. It

was suggested, also, that documentation would help to reduce biases and

eliminate inconsistencies in the opinions expressed by the experts. Other

reviewers, e.g., AIF, EPRI, had similar criticisms. It has been argued that

lack of documentation will make it difficult to judge when your present

opinions will be outdated, i.e., opinions have changed significantly, so that

an updated study should be done.

Also, the Panel on Seismic Hazard Analysis of the Committee on Seismology of

the National Research Council (Ref. Private Communication from D.L.

Bernreuter) has been discussing including "documentation of models and

procedures" as an important element of a probabilistic seismic risk analysis.

To meet these criticisms and to ensure that our sponsors, the Nuclear

Regulatory Commission, have a product which is credible and readily applicable

to "making decisions regarding the relative seismic risks to nuclear power

plants located in the EUS, we are undertaking the task of developing

additional substantiation of the inputs used in the seismic hazard analyses.

To do this we need to explore with you your development of the zonation and

seismicity parameter values you have provided.
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We want to emphasize that our attempt at documentation is not a reflection of

our confidence in the inputs you have provided. We are quite satisfied with

the results that have been derived so far and are confident that your inputs

have been carefully developed and are based on sound reasoning. Rather, we

feel sufficiently confident in our methodology, both the elicitation of inputs

and the seismic hazard analyses, that we want to do everything that we can

(and still follow our underlying philosophy) to maximize the credibility and

applicability of the results. We feel that some documentation of the process

you went through in formulating your opinions will help in this regard.

3. PHILOSOPHY OF DOCUMENTATION

The purpose of this document is to serve as an introduction of our philosophy

with regard to substantiation of your opinions, to indicate what we hope to

derive from this exercise and how we plan to proceed with the documentation

process.

In developing substantiation of the seismicity inputs we are not interested in

detailed technical justification for each of your choices. Rather, we are

interested in understanding "how" you arrived at your judgements, i.e., what

is the general basis of your opinions. We recognize, of course, that the

likely situation is that you used multiple sources and methods to develop

your final opinions. We would like to document what your primary sources are

and what methods, e.g, graphical, analytical, logical implications, you might

have used.

To illustrate the type of information we are interested in, consider the issue

of zonation. We are not interested in a detailed geologic/tectonic

justification of why a given zone was selected at some location with a given

boundary, e.g. because a known fault, running in a southwest-northwest

direction, exists. Rather, we are interested in what type of information

formed the basis for your zonation. For example, you might have used known

features to identify specific zones and considered all other areas as part of
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a background or complementary zone. On the other hand, you may have based

your opinions on historical seismicity and developed your zones by identifying

areas of homogeneous seismicity. Or, you might have identified known features

in some areas and used historical seismicity in other parts of the EUS.

Alternately, you may have used all these and other sources, e.g., "weighting"

known features most heavily, historical seismicity secondary and geologic,

stress processes and stress conditions as a minor contributor. Overall, we

are interested in documenting your basic sources of information, any analysis

you might have done and the thought process you went through to develop the

zonation.

Similarly, for the seismicity parameter values several issues, that could have

had a significant effect on your inputs, should be investigated, including:

Data sources you considered, e.g., a specific catalog, the data

provided by LLNL, etc.

Your treatment of clusters, foreshocks, aftershocks and

identification of a main shock, if appropriate.

Any adjustment for catalog incompleteness you may have made.

The methods for estimating the parameters (a,b) you used.

How you proceeded in making a prediction of the upper magnitude

cutoff.

Finally, the issue of assessing and describing your uncertainty in your

zonation and specification of the seismicity parameters needs to be

explored. For example, what types of uncertainties did you consider v»*-ien

specifying the bounds for the seismicity parameters? What does the

terminology "95 percent confidence or uncertainty bounds" mean to you?

Overall, we are interested in documenting, without going into minute details,

the process you went through as you developed your opinions regarding EUS

seismicity.
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Our method of developing this documentation is to visit with you, conduct a

one-to-one interview to explore with you your sources of information and

methods of formulating your opinions, and then summarizing your inputs. Thus,

we will not be asking you to write an extensive report, detailing

justification for each zone and the precise values provided for the seismicity

parameters. Rather, after the interview we will summarize, in a standard

format, your process of developing opinions about EUS seismicity. These

summaries, of course, are subject to your review.

The remaining sections will outline the key questions we will be discussing

with you during the interview. By providing these questions, we hope that you

will give them some thought prior to our visit with you so that we can make

effective use of the dialogue during the interview. Also, if you feel it is

appropriate to either make a list of your resources or have them available for

our cataloging, this would be appreciated.

4. ZONATION

There are several sources of information one might use to develop a zonation

of the EUS. One approach might be to use the physical characteristics of a

region as a basis for developing source zones. Such characteristics include

tectonic processes and stress patterns such as

tectonic stresses

variation in crustal thickness and density distribution

other stress sources

or identifiable tectonic features such as

faults

basins

plutons
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or other physically identifiable discontinuities or non-homogeneities in the

crust which might be potential sources of earthquakes. A second approach

might be to rely on observational data such as maps of historical earthquakes

including.

,3

a

plots of epicenter "locations"

contour maps of numbers and magnitudes of post events

plots of seismic moments

plots of energy and strain releases

Other observable indicators of seismic activity might include geologic

evidence, spatial and temporal changes in strength, evidence of local stress

amplification or strain.

It is recognized that any single source of information is likely to be

inadequate to identify all source zones, thus we imagine you used a

combination of information sources as a basis for zonation.

Question 1 Discuss briefly the adequacy of the principal sources of

information, including physical characteristics and observational

data, as a basis for identifying source zones.

Question 2 Outline your principal bases for identifying zones. To what

extent did you rely on tectonic and geophysical features as a

source of zonation? What, if any, historical seismicity and other

observational data did you consider in your development of seismic

source zones?

Certainly many other factors, besides identification of areas of homogeneous

seismic activity, affected your development of the actual zonation maps, such

issues as the lower bound magnitude, m^= 3.75 for this project might have

influenced your choice of zones. Also, at the micro level no region is

entirely seismically homogeneous so you always were confronted with perhaps a
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scaling question-just how "fine" must the mesh of zones be to adequately

characterize EUS seismicity? These, and other factors, required you to make

many judgements in the process of developing your zonation maps.

Question 3 Identify some of the factors, such as the scale of resolution of

your zonation maps, lower bound magnitude, which influenced your

development of the EUS zonation maps. Rank the relative

importance of each of these factors, and, if possible, explain how

these factors influenced your choice.

The concepts of background and complementary zones were important components

in adequately zoning the EUS and accounting for historical seismicity.

Question 4 Describe, briefly, the influence of, and your use of, these

features in the development of your zonation maps.

Finally, there are numerous reasons for being uncertain about the identity of

any specific zone or zones. You were given the opportunity to express your

uncertainty in zoning specific areas by specifying, in terms of a probability,

the likelihood of the "existence" of a zone or zones, i.e., the need

to identify a zone as different from the surrounding region

alternative zone boundaries

Question 5 Did you feel that these two ways of describing uncertainty

provided you with adequate means of expressing your state of

knowledge regarding zonation of the EUS? Discuss the types of

uncertainties you had identified and attempted to model by

specifying a probability of "existence" of a zone and/or

alternative zone boundaries.
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5. SEISMICITY

Given a source zone, i.e., an area of homogeneous earthquake activity, three

parameters were identified to describe the seismic ity of the zone. These are:

The upper magnitude cutoff, My, i.e., the largest magnitude that can

occur given the geologic/tectonic conditions of the zone.

The intercept, a, and slope, b, of the magnitude recurrence model, where

a is related to the occurrence rate of earthquakes within the zone and

b is related to the parameter of the distribution of magnitudes amongst

earthquakes.

We have asked you to provide estimates of these parameters, based on your

assessment of the seismic conditions within each zone, in terms of:

An interval to which you would associate some measure of confidence (we

assumed 95 percent confidence) that it bounds the actual value.

The most likely (called best estimate) value of each parameter.

Evaluation of these parameters involves some assessment of the historical data

and/or the seismological conditions existing within a zone. We need to

explore with you:

your primary source of information regarding seismicity, and

your overall approach to estimating the seismic parameters based on

summarization of this information.

5.1 Upper Magnitude Cutoff

The largest magnitude earthquake that can occur within a source zone is a

difficult parameter to estimate, particularly in a region, such as the EUS,

where only a limited number of events have been recorded.
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Several procedures have been considered for estimating the largest magnitude

event that can occur within a zone. Again, one approach is to use physical

properties, such as fault length, rupture area, stress drop or other tectonic

characteristics, to predict maximum magnitude. Alternately, analyses of the

historical data might be used as a basis of estimating My. For example, a

plot of the number of events exceeding m|^ versus m^ may display a sharp drop

at some value, indicating, perhaps, some limit on the size of earthquakes in

that zone. A very simple approach might be to use the largest magnitude

observed plus some increment. Of course, any analytic approach might be

tempered by physical constraints, e.g., limitation on the measurement scale,

or subjective input, e.g., conviction that any region is capable of producing

a m^ >_ 5.0.

Question 6 Discuss briefly what type of uncertainties you considered when

specifying the bounds for the seismicity parameters.

Question 7 What does the terminology "95 percent confidence or uncertainty

bounds" mean to you? How did you interpret it?

Question 8 Discuss, briefly, the significant issues related to predicting the

largest magnitude earthquake that can be expected to occur in a

source zone.

Question 9 Outline, briefly, the sources of information which formed the

basis for your predictions of the largest magnitude.

Question 10 Did you follow a consistent procedure for predicting My? If so,

briefly outline the procedure. Were you influenced by any

constraints, e.g., limits of measurements scale, when considering

your estimate?
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Question 11 What are the primary sources of uncertainty that you were trying

to describe in determining the upper and lower limits for My?

5.2 Magnitude Recurrence Model Parameters

Traditionally, the seismic ity within a source zone has been based on modeling

the magnitude recurrence relationship by the linear model

aa

I

log N(m) " a - bm

with N{m) being the number of earthquakes with magnitudes exceeding m, and

where the model is frequently adjusted to recognize the finite upper magnitude

cutoff. The coefficients (a,b) vary between zones and are the unknown

parameters which must be estimated.

Various methods for estimating (a,b) may be considered but perhaps the most

common procedure is to use the historical data as, at least, an initial basis

for evaluating these coefficients. Any analytical procedure for estimating

(a,b) using the available catalogs of recorded earthquake in the eastern U.S.

must take into consideration the quality of historical data. Two issues

frequently raised with regard to the use of existing catalogs are:

the existence of clusters, foreshocks and aftershocks within the

catalogs and,

the completeness of the catalogs over time, locations and magnitudes

Several procedures, both analytical and empirical, have been considered and

developed to adjust for aftershocks, etc. as well as incompleteness of the

catalogs. One such procedure, referred to as the "uniform approach to

estimating (a,b)" was developed by LLNL for the second phase of the

elicitation process. This procedure relies on an empirical adjustment for

aftershocks, clusters, etc. but analytically adjusts for incompleteness by

introducing a probability of detection as a function of time and magnitude for
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each source zone. Other procedures have been developed which also rely on

analytical procedures for indentifying and eliminating aftershocks, clusters,

etc. For all of these efforts, there are still some underlying questions.

For example, even though mathematical model, the Poisson model, used in the

hazard analysis does not properly model clusters, aftershocks, etc., is it

appropriate to remove these events from the catalog? Also, just how well can

catalog incompleteness be modeled by introducing the concept of a probability

of detection? These issues, and others, certainly must have been of concern

to you as you developed your estimates of (a,b).

Question 12 Discuss, briefly, the various issues, e.g., clusters, catalog

incompleteness, related to using recorded earthquake data as a

basis for estimating the seismicity parameters (a,b).

Question 13 Outline, and rank, the principal sources, e.g., analysis based on

your chosen catalog, the results of the LLNL "uniform approach",

you used to develop your estimates of {a,b).

Question 14 If you used a catalog of recorded events as a basis for

estimating (a,b), to what extent did you use analytical

procedures to adjust for the aftershocks, etc and for

incompleteness? Give a brief description of these procedures.

Many other issues, e.g. an underlying inclination that b should be

approximately 1.0, the parameters (a,b) should be spatially "smooth" and /or

could vary within a zone, are subject to considerable differences of opinions

among knowledgeable individuals.

Question 15 Identify and discuss, briefly, some of the significant issues

impacting characterization of the seismicity of the EUS.

Finally, there is again the issue of the uncertainty associated with

predicting these seismicity parameters. An added complexity in this case is
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that one must consider the concept of correlation, i.e. a possibly joint

uncertainty. Stated another way, ones uncertainty about the value of one of

the parameters depends on the value of the second parameter. If ones

prediction of (a,b) was based on a statistical analysis of the historical data

alone, the resulting estimates of (a,b) would be correlated. However, if

empirical judgement is used in the ultimate predictions, it is quite possible

that ones state of knowledge about one parameter, e.g. about b, would not

depend on the value of the other parameter. Then, with regard to uncertainty,

a and b are independent.

Question 16 What do you consider to be the major sources of uncertainty in

predicting the seismicity parameters {a,b)?

Question 17 Were the alternates presented in the seismicity questionnaires

for modeling potential correlation between (a,b) adequate for you

to express your views about your joint uncertainty about the

seismicity parameters? Discuss your views on correlation between

a and b.
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NINTH QUESTIONNAIRE

SEISMICITY Q9

1. INTRODUCTION

.It

!«:

n
<

IS

i

^3

The emphasis in this questionnaire is to elicit your current opinions

about the seismicity associated with each of the source zones you identified

on the zonation maps you provided in response to Feedback Questionnaire Q7.

As discussed in Q7, several seismic events have occurred recently and

considerable activity, both research and applications, has occurred in all

fields related to seismic hazard analysis. The EPRI (1986) effort, for

example, is an important source of tectonic and geophysical information

relevant to the BUS as well as providing new insights into seismicity

interpretations. All of these might be cause for you to rethink your opinions

about EUS seismicity. In any case, we want to elicit your current opinions

prior to evaluating the seismic hazard at locations beyond the ten sites

considered during the initial phases of this project.

In addition, as described in Q7, we have developed a method, using a

catalog of historical earthquakes, to estimate the seismicity within a source

zone, i.e. to estimate the parameters (a,b) of the magnitude recurrence

model. Using your inputs relevant to modeling a detection probability and

adjusting a catalog for clustering, foreshocks and aftershocks, we have

estimated, based on the recorded earthquakes in the catalog you asked us to

use, the parameters (a,b) of the recurrence model for each of the source zones

you identified. These estimates are included in the packet of information

sent with this document.

In providing these estimates, we are not trying to unduly influence your

opinions nor bias your estimates of seismicity. We are motivated by our

desire to provide everyone with as much information as possible to assist you

in formulating your opinions. You can use these inputs to the extent that you
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feel they are a useful source of information. They should be combined with

your other sources of seismicity information as well as with your professional

judgements and instincts in formulating your final opinions. Again, we want

to emphasize that the basis of the seismicity data base that is to be used in

the seismic hazard analysis are your opinions. Thus, our basic approach to

characterizing EUS seismicity remains the same as it has been throughout the

project.

Finally, we were disappointed with the models we used to describe the

correlation in your estimates of the seismicity parameters {a,b). Thus, we

have redesigned these models. We believe the revised models will give you a

better opportunity to express the "joint" uncertainty you have in the {a,b)

estimates. These models are discussed further in Section 2.4.2.2.
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The topics on seismicity in this questionnaire are the same as in the

previous questionnaires on seismicity, Q2 and Q5. The information we are

eliciting from you are your estimates of the seismicity parameters, i.e.:

the upper magnitude cutoff My for each source zone

the parameter {a,b) of the magnitude-recurrence model, within

each source zone

As before, we will ask you to express your opinions in two ways by

providing (1) a most likely value (called best estimate) of each parameter and

(2) two bounds which you are confident (we treat your level of confidence to

be 95 per cent) include the true value of the parameter. Again, your bounds

should reflect your confidence in the sources of information available to you

for formulating your opinions. That is, they should quantify your state of

knowledge and/or your level of uncertainty about the true value of the

parameter.

In the following sections we discuss the topics of the seismicity update,

review some of the important issues relevant to assessing seismicity and

introduce the questions we will ask you to respond to.

2.2 Upper Magnitude Cutoff, Mh

Although you were asked to estimate the upper magnitude cutoff for each

of your source zones in Q7, for completeness we will be asking you to provide

those estimates again along with limits for My which you are confident include

the true upper magnitude cutoff. Again, the bounds should reflect your

confidence in the sources of information used to estimate My. Conversely, the

rounds should quantify your uncertainty in estimating the upper magnitude
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cutoff. The width of the interval between the lower bound Mu|_, and the upper

bound Myy should depend on the amount of information you have at your disposal

and/or how much that information provides a clear indication of the value of

My. Good quality information should be associated with narrow limits while

limited or questionable data should be reflected in wider limits. As a

reminder, we associate a 95 percent level of confidence to your bounds for Mm

in developing the "uncertainty bounds" for the seismic hazard at a site.

Your estimates of M^j should be included as an entry in Table 2.

2.3 Magnitude-Recurrence Model

Recognizing that perhaps we are somewhat redundant in asking you again to

choose between (1) the LLNL model and (2) a truncated exponential model, we

still feel it is necessary to give you the opportunity to reconsider your

initial choice of model. Thus, we will ask you to choose between the two

models as part of this set of questions.

To ensure that you are aware of the distinctions between the two models,

we will briefly describe each model and outline the differences between them.

A. LLNL Model:

The basic Model

log^o Nfj, = a + bm. Mlb < m <MuB (1)

where N^^ is the expected number, per year, (occurrence rate) of events of

magnitude m or greater. This model (1) is assumed to be applicable for

magnitudes in the range (Mlb, ^Ub) • ^°^ magnitudes outside that range, the
model is adjusted as follows:
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For 3.75 = % ± m <_ \q.

\ = %' a^ m + a2 m (2)

such that

N|v|q = A , the occurrence rate of

magnitude 3.75 or greater

i

and

given the restriction Log^Q ^q 1 a + b Mlb

That is, the model is interpolated between M^ and M|_g by the

logarithm of a quadratic equation, restricted to equal the estimated

occurrence rate A at the lower magnitude limit M^.

For Myg < m _< Mjj,

N^ = a e^'" (M^j-m)2 (3)

such that

Logio\B = ^ ^ ^ ^UB

and where the condition Nm = is satisfied
U

The model is illustrated in Fig. 1.
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B. Truncated Exponential Model

Based on modeling the distribution of earthquake magnitudes as a bounded

exponential distribution on (Mq,Mu) and restricting the model to have the form

log N,^ = a + b M^

at m = Mq, the magnitude-recurrence model can be expressed as

- B(M„- m) -6(M,, -M^)

logio N^ = a+bm+log^o [ (l-e "
) / (1 - e ^ °

) ], MQ<m < M
U

(4)

-1
where 6 = -b log^g'-^e, is the parameter of the exponential distribution

This model is illustrated in Fig. 2.

Although the model as expressed in Equation 4 assumes it is applicable

over the entire range (M^, My), it is possible to limit the model to

magnitudes greater than some lower bound M|_g> M^. In that case, we use the

polynomial adjustment (as given for the LLNL model) for M^ _< m < M|_g and the

model given in Equation 4 for M|_g ^ m _< My.

In comparison, the LLNL model preserves the linearity of the magnitude

recurrence relationship over a desired range (Ml^jMub)* however it does have

the feature that the expected number in some magnitude interval {m,m + A) may

be less than the expected number in a comparable interval (m',m'+ A) even if

m' > m, i.e. the expected number is not always decreasing for high magnitudes

close to My. This is due to the adjustment introduced for Myg< m < My. On

the other hand, the expected number does decrease smoothly as m increases and

approaches My for the truncated exponential model. However, the linearity of

the magnitude-recurrence relation is not preserved over any subinterval of
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magnitudes. Values of the expected number exceeding magnitude m, N^, and the

expected number per 0.25 unit intervals, N^ , are given in Table 1 for

comparison.
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2.4 Magnitude-Recurrence Parameters (a.b)

Included with the questionnaire you will have estimates of the parameters

(a.b), based on a statistical analysis of the cataloged information about past

earthquakes located within each of your source zones. We hope that you will

find these estimates to be useful inputs as you review and reconsider your

estimates of the seismicity parameters {a,b) for each of your source zones.

So that you can judge the value of these estimates as a source of

information about seismicity, the following is a brief description of the

methodology used to assess the estimates of {a,b).

2.4.1 Outline of the "uniform method" for estimating seismicity parameters

The "uniform method" for estimating the seismicity within specified

source zones uses, as input, a catalog of historical earthquakes which is

assumed to have been adjusted per your request, if appropriate, to account for

the effects of earthquake clusters, foreshocks and aftershocks. Thus, the

catalog is assumed to be culled and to contain only earthquakes considered

appropriate, by the user of the seismicity estimates, for describing

seismicity within a source zone. The other assumptions which form the basis

for the methodology are consistent with the models of EUS seismicity and

seismic hazard used in this project. Specifically, the historical data is

analyzed based on the assumptions:

(a) earthquakes occur temporally as a Poisson process

(b) earthquakes occur spatially at random within a source zones

(c) given an earthquake occurs, the magnitude is a random realization

from a bounded exponential distribution with range (Mq, My), i.e.
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Equation 4, is used as the model of the magnitude-recurrence

relationship.

(d) given an earthquake occurs, there is a probability, Pq, called the

"detection probability", that the earthquake is detected and recorded

in the catalog. The probability, Pq, is assumed to be a function of

magnitude, time and location (zone).

Since catalogs generally contain several measures of earthquake size,

e.g. intensity, m^j, M^,..., it is further assumed that

(e) there is essentially no difference between the M|j|_q, m^j and m|_

magnitude scales, hereafter denoted Mjj|_g.

(f) there exists a linear relationship between any other magnitude based

measure, M, and the true magnitude, Mjj' , measured on the Mjj^- scale.

(g) for any epicentral intensity, I^, there is a distribution of true

magnitudes which result in the recorded intensity Iq.

It is recognized, in making assumption (e), that this is only an

approximation and that each of these scales has a unique definition. However,

we find many inconsistencies between users of the different scales,

particularly when recording events in catalogs. Thus, rather than try to be

overly precise about a reference magnitude scale, we prefer to leave the

magnitude scale somewhat vague. However, we will use the symbol MjjLq whenever

we need to refer to a reference magnitude scale.

The latter assumption, (g) , is necessary since intensity measurements are

different from instrumental ly based magnitudes. Intensity is based on visual

observations and recordings of physical events beyond ground motion, e.g,

buildings collapsing, furniture falling, etc. It is a subjective measure

recorded on a discrete scale. It differs from magnitude measurements based on

recording instruments. Thus, it is inappropriate to assume a linear model
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describes the relationship between M^j^g and intensity. A plot of the recorded

MfjLg values versus intensity is shown in Fig. 3 for the earthquakes in the

LLNL catalog which have both intensity and M^j|_q measurements included in the

catalog.

Given these assumptions, initially either

(1) the linear relationships between magnitude scales are specified,

if known, and used to estimate the true magnitudes M5|_q^*

or (2) the events in the catalog for which two different magnitude

scales are recorded are used to estimate the linear

relationship. Estimation is based on maximum likelihood with

the true magnitudes M|j|_g' treated as unknown nuisance

parameters.

Events for which intensity and \iq magnitudes are recorded are used to

estimate the empirical distribution of %i(J given Iq, for each integer

intensity level. This distribution is expressed by the probabilities PiIIq)*

P2(^o^»***» ''k^^o^ ^^^ ^ subintervals of the range of m^j given I^. From this

analysis, for each event, either

an estimate M^j^g' of the true magnitude

or

a probability distribution Pj, P2,...P|^ over the Mjj|__ range given an

intensity reading

is available for estimating the seismicity parameters.

For a given source zone, the number, n(m. ,t,), of earthquakes with

magnitudes in subinterval (m,^ - 6, mj^ + 6) , k » 1,...K, of the magnitude range

(3. 75, My) that occurred (and were recorded) during the time period

(t|^-A(l), t,+A(l) , t - 1,...,L,) is assessed from the catalog. That is, the

magnitude range and time period covered by the catalog are partitioned into K

X L magnitude-time bins and the number, n{m. ,t.), of earthquakes occurring in
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each bin is evaluated. If an event is recorded with an intensity measurement

only, it contributes to several magnitude bins based on the empirical

distribution Pj^, P2, ..., Pk-

Under the assumptions, n(m|^,t,) is a Poisson random variable with

parameter

A(k,Jl) = 2 A( A(k) Pp(k,Jl)

where A(k) is the expected number of earthquakes, within the zone, with

magnitudes in the subinterval (mj^- 6, m|^+ 6) and P[)(k,i) is the detection

probability of events with magnitude in the k-th interval occurring during the

l-th time period. The parameter A{k) is based on the bounded exponential

distribution of magnitudes and is given by

X(k) . » [e-6 ("kL- V -e-"("kU- V]/ [l-e-«'V "o']

where Mq = 3.75, (M|^l.M|(u) ai^e the end points of the k-th magnitude

subinterval, A is the expected number of earthquakes of magnitude Mq (

greater and 3 is the unknown parameter of the exponential distribution,

The probability of detection Pp(k,Jl) depends on location (the specific

zone), the magnitude interval {M|^|_.M|^u^ ^"^ ^^^ ^^"^^ period

(t,- A(Jl), t,+ A(Jl)). The functional model is assumed to have the form, for

the z-th zone

Pj3^(k,A) . H(m^) e
-«z (V ^)

0L-, ttr

t.- t
i

where (a,, a^) are inputs derived from your opinions (Q7) on the relationship

between detection in recent times and detection in earlier times (see Q7 for a

discussion of this relationship), H (•) is a specified function of magnitude

which allows for imperfect detection (and recording) today, i.e. at time tg.
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the latest time covered by the catalog, and 6^ is the location (zone) effect

which is estimated from the data in the catalog.

The data, n(m|^,tj^), along with the inputs (a^, ol^) and H (•), are used

to estimate, based on the maximum likelihood method of estimation, the unknown

parameters 6^, A^, 6. Estimates of the seismicity parameters (a,b) of the

usual magnitude-recurrence model

'lii

'.'1

X are

log N_, = a + b mm

.3

iSi

a

a = A.

b = 3 log^Qe

•5

where L, 6 denote the estimates of A , 3.

This method was developed for the purpose of providing everyone with

estimates, based on the historical data, of seismicity derived from a uniform

analysis. We hope you find these estimates useful and helpful in formulating

your opinions about seismicity. Again, we point out, however, that the

emphasis of this project is to have you evaluate and submit your opinions

based on your judgements and all information you have available.

2.4.2 Uncertainty in (a,b)

2.4.2.1 Uncertainty range for (a,b)

Just a brief note to again reiterate (Ref. Q5) how the range of

uncertainty in (a,b) affects the range of uncertainty in N^^, the expected

number (per year) of earthquakes with magnitudes m or greater.
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The magnitude-recurrence model describes the relationship between the

logarithm of the expected number and magnitude, i.e.

log^Q N^ = a + b m

adjusted, of course, for the truncation of the magnitudes at the upper

magnitude cutoff. Thus,

N„=10
a +bm

To describe the effects of uncertainty in the parameters (a,b), consider the

case of symmetric uncertainty bounds, (a + Aa), and (b ± Ab) , for a and b

respectively, and assuming that the uncertainties in {a,b) are independent.

In this case the uncertainty in N^ can be expressed by

{ 1
Nm .

f N^
)

where N„ = 10^ "* ""^ is the most likely value and
m -^

which can be partitioned into the contribution 10 due to the uncertainty in

a and the portion 10 ^ due to the uncertainty in b. Thus, a half unit

uncertainty in a, i.e., Aa = 0.5, corresponds to a factor of 3.16 uncertainty

in N^. On the other hand, the uncertainty in N^ due to the uncertainty in b

changes with magnitude, increasing as m increases. For example, a 0.1

uncertainty in b i.e Ab = .1 at m^ = 3.75 corresponds to a factor of 2.37

uncertainty in N^ at m^ = 3.75 but a factor of approximately 4.22 at m^ =

6.25. For Aa = 0.5 and Ab = 0.1, the overall uncertainty factor varies

between f = 7.5 at m|^ = 3.75 and f = 13.34 at m^ = 6.25, almost a factor of 2

increase over the magnitude range (3.75, 6.25).

Whether the estimates of {a,b) are independent or correlated also impacts

how the uncertainty in the seismicity parameters translates into uncertainty

in the expected numbers N^^. For example, suppose the estimates of the

seismicity parameters were:
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Most 1 ikely values:

Uncertainty bounds:

a = 2.9, b = -0.9

a|_ = 2.6, ay = 3.2, i.e.Aa = 0.3

b|_ = -0.93, by = -0.87, i.e. Ab = 0.03

n
1

fE

I

This level of uncertainty in the seismicity parameters corresponds to

uncertainty bounds for N^, assuming the estimates of (a,b) are independent

(i.e., uncorrected) or "perfectly" correlated, as follows:

m^ = 3.75
6.25

Bounds on N^ for

(a,b) Uncorrelated

(.130, .866)

(.0006, .0058)

Bounds on N for
(a,b) Perfectly Correlated

(.218,

(.0015,

,516)

,0024)

That is, the uncertainty intervals, under the correlated model, are narrower

than those under the uncorrelated model.

If you have not considered the effect of the uncertainty in (a,b) on the

uncertainty in N^^ we would encourage you to consider this as you review your

estimates of seismicity and the uncertainty, both magnitude and relationship

(correlation) between, in your estimates of (a,b).

2.4.2.2 Correlation in Estimates of (a,b)

In Q5 we offered you three options for expressing joint uncertainty in

estimating the seismicity parameters (a,b). These were:

Estimates of (a,b) are independent

Estimates of (a,b) are partially negatively correlated

Estimates of (a,b) are perfectly negatively correlated

In reviewing these alternatives, because of the constraints placed on

implementing correlation between a,b in the analysis, we do not feel that you

were given sufficient options to fully express your state of uncertainty in
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estimating these parameters. Thus, we have revised these options for

expressing correlation between your estimates of a and b.

Option 1: Estimates of a,b are independent

Estimates for the two parameters a,b are independent if, given any value

of a, the most likely value and uncertainty range for b is the same. Thus,

your estimate of the most likely value and your state of knowledge (as

expressed by your uncertainty bounds) about the slope, b, of the magnitude

recurrence model is the same for all values of the intercept, a.

In this case, one need only specify the most likely values (a,b) and the

uncertainty ranges (aL.ay) and (b|_,by).

Option 2: Estimates of {a,b) are partially correlated

Estimates of {a,b) are partially correlated if the most likely value

and/or uncertainty range of b changes for different values of a throughout the

range of values of a. That is, your estimate of the slope and your

uncertainty in the estimate vary over the range of estimates of the intercept.

To implement this option, it is necessary for you to specify:

most likely value and uncertainty range for a, i.e.

a, {aL>ay)

three sets of most likely values and uncertainty ranges for b

corresponding to a, a|_, ay, i.e

for a : b, (b|viL,b|^u)

for a|_: b|_, (bLL'^Lj)
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for aij: b^. (buL.buy)

subject to the restriction by ^ b ^ b.

Option 3 : Estimates of (d,b) are fully correlated

Estimates of (a,b) are fully correlated if a specific value of b is

associated with each value of a throughout its range. In this case, the
values of (a,b) go together in unique pairs.

The information needed for this option are:

most likely value and uncertainty range for a, i.e.

values of b associated with a and the bounds a|_, a^, i.e.

for a: b, the most likely value of b

for a|_: b|_

for ay: by

Given your option, the joint uncertainty in estimating (a,b) will be

handled in the seismic hazard analyses in the following ways:

Qpt^'o" ^' This is handled as it has been in the past. That is, uncertainty
distributions F(a: a, aL, ay) and G(b: b, b|_, by) are created based on your
inputs. Uncertainty in the hazard due to uncertainty in estimating

seismicity, i.e. (a,b), is simulated based on independently selecting values

out of each distribution F (a: •), G (b: •) to create a pair of parameters
(a,b) for estimating seismic hazard.

Optio" ^'' This option replaces the partial correlation option in Q5.

Initially, the uncertainty distribution F(a: a, aL, ay) is created based on

your inputs about a. Given an a, aL, b,
^l, there is a magnitude mL such that

a + bmL = aL + bLmL
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Similarly, there is a magnitude m^ such that

a + b my= ay + by my

For any a* in (a|_,a), the corresponding most likely value of b, denoted b ,

is such that

a +b m|_ = a+bm|_

and, similarly, for a* in(a,ay) the most likely value b is such that

a +b my = a + bmiU

If b. = b and/or by = b, then the appropriate b = b for all a*.

The uncertainty range by b, given any a*, is based on a linear

interpolation of the bounds at b and at either b^ or by, if a* is

in(a. , a ) or (a, ay) respectively. The most likely value b and bounds

(b i_,b y) are used to create the conditional uncertainty distribution of b,

given a*, i.e. G(b a*: b*, b* , bj).. A value b is selected from this

distribution and combined with a to predict the seismic hazard.

Opt ion 3: In this case a unique b is associated with each value of a. The
—

* *
procedure for identifying a b for any a in the range of a is the same as

that for evaluating the most likely value b* in Option 2. In this case, there

is no uncertainty associated with b*.

A graphical view of how these options are implemented is given in Fig. 4 a,b,c

where we have only shown the most likely value a and upper limit ay for

simplicity. We believe that these three options will give you a range of

possibilities of expressing joint uncertainty in estimating the seismicity

parameters.
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3. QUESTIONS

Included with this questionnaire are

Estimates of seismicity, in terms of the parameters (a,b), for each

of the source zones you have identified in response to the

questionnaires on zonation. If only a few earthquakes have occurred

within a zone, the historical data may be insufficient to estimate

seismicity. In that case, estimates of (a,b) are not included for

that zone.

rii

IK

a

9
3a

i

A summary of your inputs on seismicity for your previously identified

zones (i.e, zones identified prior to your response to Q7)

This information has been provided for your reference, review and use in

responding to this questionnaire. Combining this information with other

sources of information about EUS seismicity you have at your disposal, please

respond to the following questions about the seismicity associated with each

of the source zones you identified in response to Q7.

For each zone, please fill in Table 2 by providing

The zone index (column 1) based on the index numbers identifying

the zones on your maps of the zonation of the EUS.

QUESTION 3.1 The magnitude scale (column 2) you are using in responding

to the questions about seismicity.

If you use the M^j^g scale only, skip to Question

3.2.

To transform between the MMI and M^jLq scales when

using the different ground motion models, we will

use the relation

(MMI)e .2Mt,Lg-3.5
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QUESTION 3.2

QUESTION 3.3

If you do not feel that this is the best model

for relating the two scales, please indicate the

values you want to use in the appropriate place

in Table 3.

If you use any other magnitude scales, please

provide the models for relating each of the

scales to the M^^g scale; do so in the

appropriate place in Table 3.

The saturation value (column 3) of the magnitude scale if

you are constrained by magnitude scale saturation in your

response to any questions about seismicity.

Estimates of the upper magnitude cutoff, My, i.e, the

highest magnitude supportable by the geological and

physical conditions within the zone, in terms of

The most likely value (or best estimate). My

(column 4)

Uncertainty bounds, Mjl* Myy, (column 5) which,

with 95% confidence, envelope the true value of

the highest magnitude supportable within the

zone.

QUESTION 3.4 The magnitude range, M|_g, Myg, (column 6) for which the

linear model, log N^^ - a + bm, for the magnitude-recurrence

relation is applicable. Since everyone has chosen the

linear model in the past, this and the remaining questions

on seismicity are written relative to that model. If you

feel the linear model is inadequate, please indicate, at

the appropriate entry in Table 3, and make the necessary

adjustments in your responses to the questions on

seismicity to completely specify the model for seismicity

for each zone.
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If Mlb = %
3.75 in M.,

bLg

IV in MMI
, skip to Question 3.5

and do not respond in columns 7-9

4::

hi;

If.
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QUESTION 3>S

I^ Mq < M, D, please estimate the occurrence rate, A ,
'

of earthquakes of magnitude M^ or greater by providing

The most likely value, A^, (column 7)

Uncertainty (95% confidence) bounds,

^0L» ^OU'
(colunn 8)

The time length, if other than per year,

(column 9) corresponding to your estimates.

Your choice (column 10) of methods for adjusting the linear

magnitude-recurrence model for Myg < m < My to satisfy the

restriction that N^^ « o. The alternatives

LLNL model (code LL)

Truncated Exponential model (code TE)

have been discussed in section 2.3.

QUESTION 3.6 Estimates of the parameters (a,b) of the linear magnitude

recurrence model, in terms of

The time length, (column 11) if other than per

year, corresponding to the estimates of (a,b)

The most likely value of the intercept a, a,

(column 12)

Uncertainty (95% confidence) bounds for a.

Q9-20



(d|_,ay) ,
(column 13)

The model (column 14) for your joint uncertainty

(or confidence) in the estimates of the

intercept, a, and slope, b, of the magnitude-

recurrence model. The alternatives

Independent (code I)

Partially correlated (code P)

Fully correlated (code F)

have been discussed in section 2.4.2.2

Estimates of the slope b (column 15),

If (a,b) independent,

most likely value of b, b (column 15-1)

uncertainty bounds for b, (b^.by)

(column 15-2»3)

which are applicable for all values of a

If (a,b) partially correlated, most likely

value and uncertainty bounds, given

a, a, , ay, i.e, values

b, (b,^|_,b|^u) (column 15-1,2,3)

b^^, (b|_|_,b|_y) (column 15-1,2,3)

by, (byL,buu) (column 15-1.2,3)

such that by ^ b ^ b^

If {a,b) fully correlated, most likely

value, given a, a|_, ay, i.e. values

b, b^, by (column 15-1,2,3)
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TABLE 1

Estimates of the Expected Number of Earthquakes Based

on a Linear Model with a = 3.59, b = -0.9, M|_b = 3.75, Myg = 7.5

LLNL Model Truncated Exponential Model

•iir,

ri.

I'll

Xn
M

IE

i
'•J 3.75 1.64059

^ 4.00 .97724

d 4.25 .58210

1

4.50

4.75

.34674

.20654
'«l

5.00 .12303

5.25 .07328

5.50 .04365

5.75 .02600

6.00 .01549

6.25 .00923

6.50 .00550

6.75 .00327

7.00 .00195

7.25 .00116

7.50 .00069

7.75

'm Am

.66335

.39514

.23536

.14020

.08351

.04975

.02963

.01763

.01051

.00626

.00373

.00223

.00132

.00079

,00047

,00069

'm Am

1.64059

.97696 .66363

.51866 .39530

.34619 .23547

.20594 .14025

.12239 .08355

.07262 .04977

.04298 .02964

.02532 .01766

.01480 .01052

.00854 .00626

.00481 .00373

.00258 .00223

.00126 .00132

.00047 .00079

.00047
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TABLE 3

Respond to these questions ONLY if appropriate.

QUESTION 3.7.1 a. (MMI)^ = M^. + _

b. Models for relationships between M^^ and magnitude
scale you are using in your response

Magnitude scale :

Model

QUESTION 3.7.2

^bLg
'

Uncertainty distribution for M^^ (only if triangular
distribution is inappropriate)

i

a

an

s

QUESTION 3.7.3 Magnitude recurrence model if linear model is inappropriate
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Figure 1. LLNL Adjusted Magnitude-Recurrence Model.
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Figure 2. Truncated Exponential Adjusted Magnitude-Reccurence
Model
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2.1 3.1 ^.1 S.I 6.1 7.8 8.1 9.1 11.8 U.I 12.8

Epi central Intensity, MMI

Figure 3. Magnitude, m^. Versus Epicentral Intensity, MMI
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Figure 4. a (a,b) Independent- most likely value and range of b is the same
for all a values
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a+b^^jm

a+bj^l_m

a^j+Sym

a^j+b^Lm

* A*
a +b m

Figure 4.b (a,b) Partially correlated- most likely value and/or range of b
vary with different a values
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Figure 4.c {a,b) Fully correlated-unique b* is associated with each a*
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TENTH QUESTIONNAIRE - GROUND NOTION FEEDBACK

QUESTIONNAIRE II (QIO)
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TENTH QUESTIONNAIRE - GROUND MOTION FEEDBACK

QUESTIONNAIRE II (Q10)

1. INTRODUCTION

There are several reasons for having an additional feedback loop with our

Ground Motion (GM) Panel members. In particular:

IK

ir:

-A
I

Considerable progress has been made in the development of the Random

Vibration model.

EPRI has funded a number of studies to address specific issues.

To allow us to expand our panel.

I

At our two-day GM workshop we attempted to review in some detail the work that

EPRI has funded and to examine the basic assumptions of the Random Vibration

model.

The purpose of this document is: (1) to briefly summarize the points that were

discussed at our meeting and which we think are important for you to consider

in making your selections and, (2) to ask you the question which will give us

your selections.

These elements are generally covered in Sections 1-5. The last section

contains the questions.

It should be kept in mind that in the end we are asking you to select

GM models for peak ground acceleration (PGA)

GM models for peak ground velocity (PGV)

GM models for the 5% damped relative velocity spectrum (Sy)
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For simplicity much of our discussion will be centered in the GM models for

PGA, however, we are equally interested in PGV and Sy.
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2. LIMITATIONS IMPOSED BY LLNL COMPUTER PROGRAMS/APPROACH

2.1 Earthquake Size Measures

jr.

R
I

IS

At our workshop there was some discussion about the particular magnitude

definition being used with considerable emphasis being put on which formula,

wave type, etc. should be used. Given this background it is important to keep

in mind that no very precise definition of magnitude is being used in our

study. True, we implied to our Seismicity Experts (S-Experts) that we wanted

to work in terms of mjj|_g and /or epi central intensity I^. However, we did not

give the S-Experts a precise definition of what we meant by %iQt primarily

because it would have been totally meaningless. The S-Experts have to rely on

the various regional catalogs. "These catalogs are not consistent, and in

them, for much of the time covered by the catalog the only measure of

earthquake size is Iq. The S-Expert has to convert Iq in some manner to a

magnitude measure if he chooses to give his seismicity model in terms of

magnitude. It is worthwhile to note that only two S-Experts chose to work in

terms of intensity, the other nine chose to do a conversion to magnitude. The

net effect of this is that the magnitude measures being used by nine of our S-

Experts are somewhat uncertain. Effectively

m - mi
Lg "Ig

mL m
N

for this study. This may be an uncertainty that you need to factor into your

thinking.

It is also important to keep in mind that two of the S-Experts have provided

their earthquake recurrence models in terms of Iq. These two S-Experts

provided a relation to convert Iq to magnitude at the time the probability

P(6M>gm|Io,R)
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is computed in our program for use in 6M models that are in terms of

magnitude. You should note that you can provide different weights or GM

models for this case.

2.2 Distance Metric

The distance metric in our program is the epicentral distance. If you want to

assign some average depth to the earthquakes then a depth parameter should be

supplied if one is not already contained in a given ground motion model.

At our workshop it was pointed out that in some cases the use of a epicentral

distance metric leads to an under estimation of the hazard at a site.

However, this point is at best very "fuzzy" because no one has carefully

examined the question using a 6M model based on closest approach (with fault

rupture included in the hazard analyses) and a GM model based on epicentral

distance when both GM models were developed consistently from the same data

set. In this case it is not at all clear that the closest approach analysis

would lead to a higher seismic hazard for the case when the faults cannot be

defined and hence a random direction for rupture must be assumed.

On the other hand it is not clear what the distance metric actually represents

in the various Eastern North American (ENA) GM models . For earthquakes of m<

6 it may not be a very significant uncertainty. However, for very large

earthquakes the metric question certainly contributes to the overall

uncertainty.

2.3 What is Modeled

In our analysis no attempt is made to model source-site geometry effect, nor

account for a particular travel path. However, the GM models often include a

term for regional values of Q and the models/weights selected can vary by

region. Figure 2.1 shows roughly the four regions allowed in our analysis.

This choice of regions is fixed. Also, as discussed in Section 5, We do

include a correction to account for local site soil conditions.
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Limit of this

analysis

I'L

'.'16

i

S3

i

Fig. 2.1 Identification of four regions of the Eastern U.S. based on a

compilation of the seismic zonation expert maps developed in this

study and a map of Q^-contours from Singh & Herrmann (1983).
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3. N0DELIN6 UNCERTAINTY

The hazard analysis methodology, as developed for the BUS Seismic

Characterization Project, involves the probabilistic modeling of earthquake

occurrence and magnitude distribution throughout the EUS. In addition, the

ground motion at a nuclear power plant, described in terms of PGA, PGV and

spectral velocities, due to earthquakes in the vicinity of the plant is

considered to be a random process, as well, due to the variations in the

geologic environment of the earthquake source, the plant site and the travel

path of the ground motion from the source to the site. Thus, the underlying
view in developing the hazard analysis is that the physical processes involved
in earthquake occurrences and the subsequent magnitude of the earthquakes and

the resultant ground motion at any site are random {or variable) processes.

The methodology for assessing the hazard and the final description of the

hazard is probabilistic. The hazard analysis involves developing probability

models which describe the random nature of the seismic hazard process. It is

recognized, in proceeding through the analysis, that such models can only be

approximations to reality. Therefore, the hazard curves, developed through
the probabilistic modeling, are only estimates of the actual hazard. Since
the hazard analysis is an estimation process, it has certain uncertainties

associated with it, e.g., the uncertainty of using mathematical models or of
using limited historical earthquakes recordings as a basis for developing
ground motion models for describing the expected or average ground motion at a

site as a function of the earthquake magnitude and distance of the site from
the source. Such uncertainties have generally been referred to as "modeling

uncertainties". It is important that modeling uncertainties be recognized and
the level of modeling uncertainty associated with the hazard analysis be

quantified. The LLNL hazard analysis methodology attempts to account for
modeling uncertainty throughout all phases of the analysis. Thus, modeling
uncertainty is associated with the characteristics of zones, seismicity as
well as ground motion modeling. These uncertainties are combined and

propagated through the analyses and finally associated with the hazard
estimate by producing quantile estimate of the hazard in addition to a single
point (i.e. single hazard curve) estimate.
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Another consequence of modeling earthquake occurrence, magnitudes and ground

motion attenuation as random processes is that it is important at all stages

of the analysis to distinguish between the random variation being modeled and

the uncertainty associated with modeling the random variation. The former,

random variation, is assumed inherent in the physical processes being modeled,

e.g. the basic view is that earthquake occur, over time, as a random or

unpredictable process. This process can be described, approximately, by some

probabilistic model. For example, in this project the occurrence of

earthquakes is modeled as a stationary (over time) Poisson process, i.e.,

earthquake occur "at random" at a rate which is consistent over time.

Similarly, the ground motion at a site is assumed to be a random variable due

to variations in the geologic environments affecting the ground motion. Thus,

due to the unpredictability of the earthquake location and the fluctuations in

the environment through which the ground motion propagates, the motion at a

site is random. Except for two ground motion models {see section 4) the

random variation in ground motion, given an earthquake magnitude and distance,

is modeled, approximately, by a lognormal distribution.

Modeling uncertainty, on the other hand, is not associated with the physical

world, although it could be a consequence of the random variation of random

processes, e.g. the uncertainty associated with using a random sample to

estimate the expected value of a random variable. Specifically, modeling

uncertainty is a measure of how well the models used in the hazard analysis

describe the physical world. If the model is "known" to describe the world

(i.e. random process) very well, modeling uncertainty would be low.

Conversely, if the model and its parameter values are based on very limited

information (in terms of historical data and/or other sources of information)

then the modeling uncertainty should be larger. If the choice of model and

its parameter values is based on data alone then the uncertainty may be

attributed to the "random" nature of the available (sample of) data. On the

other hand, if the choice of models and parameter values are based on personal

(subjective) opinions, then the modeling uncertainty is an expression of the

individual's confidence (or lack of confidence) in the information used to

develop and express their opinions.
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With respect to ground motion modeling and your participation on the Ground

Motion Panel, two issues regarding uncertainties should be emphasized. One,

how is modeling uncertainty introduced into the ground motion modeling phase

of the hazard analysis? There are several ways that the uncertainties

associated with developing GM models could be handled, e.g. one might ask for

a single GM model plus some band about the curve which one is confident

encompasses the expected value of GM given an earthquake magnitude, m, and

distance, R. {See Fig. 3.1)

Fig. 3.1 Single GM Model Plus Confidence Bands
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For the LLNL project, modeling uncertainty for GM models is handled by asking

you to select, potentially, several GM models which in effect, cover a range

of values of the expected GM. given m. R as shown in Fig. 3.2

Model 1

Fig. 3.2 Several GM Models Resulting in a Range of Expected Log

GM Values

I

This range should reflect your confidence in the expected GM being predicted,

given m, R. We further ask you to weight, i.e. assign relative weights, to

each of the models. This, in effect, associates a distribution to the

expected GM, given m, R where the weights are a reflection of your (relative)

confidence or likelihood that the expected GM is at the level (or

approximately at the level) produced by the given model. Thus, if you are

"confident" that the expected GM is within a small range you should select

models which produce similar results whereas if you are uncertain about the

level of GM, as a function of m, R, that could be expected then you should

choose a group of models which produce a more substantial range of values for

the expected GM.

A second issue regarding uncertainty that you should be sensitive to in your

thinking about GM modeling is the separation of random variation and modeling

uncertainty. This arises when you are asked to estimate the random variation

(in terms of In GM) associated with the GM's for a fixed magnitude and
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distance. This is discussed again in Section 6, however it is an important

enough issue to mention it here also. In asking you to estimate the standard

deviation of the In GM, given m, R, we would like to have your opinion of what

the inherent random variation in M can be expected, given m, R. This is an

estimate of the 6M variation due to the physical variations in the

environments affecting ground motion. In estimating this standard deviation,

it should be recognized that when using historical data to develop GM models,

the residuals about the model are due partially to the inadequacy of the model

as well as random variation. Thus, the modeling uncertainties (inadequacies)

of the models should be deleted prior to estimating random variation. If this

is not done then the uncertainty in modeling the expected GM:

Is introduced twice-once through the selection of several models and

also as a component of random variation.

Falsely inflates the random variation in GM, given in, R.

Can the modeling uncertainty in GM models be separated from random

variation? There does not seem to be an obvious way of doing this. Most GM

models are based on fitting models to historical data, either as a bases for

developing the model and estimating the values of the model coefficients or

for "verifying" that a model "fit the physical world". In either case the

data is scatter about the fitted model. It is tempting to attribute all of

the variation to random variation. However, some of the variation is likely

to be due to the model being only an approximation to the real relationship

between GM and earthquake magnitude and distance. One way, perhaps, of

separating random variation from modeling uncertainty is to look at the

scatter about a model at a m,R value which you feel the model estimates the

expected GM exceptional well. One might also consider the variation in the

expected GM for several models in comparison to the total variation about a

model. This might suggest the extent to which model uncertainty contributes

to the total scatter in the data. Also, as is discussed in Section 6, you

might want to consider to what extent the correction for "local site effects"

requires an adjustment in your estimate of the random variation in GM.
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4. REVIEW OF AVAILABLE HODELS

4.1 Empirical Models

4.1.1 Direct Regression Models

This approach for deriving a GM model is ideally suited to our project. In

the application of this approach at least three issues arise:
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1. The adequacy of the data, i.e., given the variability between

earthquakes, is there sufficient data to reliably estimate the

parameters of the model?

2. Questions about which data should be included: i.e., generally we do

not know local site conditions.

3. Uncertainty about the proper functional relation for the proposed

model.

For ENA the first issue is dominant as the ENA data base consists of only four

small sets of data:

1. "Strong" ground motion data recorded from only four ENA Earthquakes

in the 4 £ m^ <^ 5 range within 50 km of the epicenter. Of this data,

much of it was recorded at sites where we would expect to see

significant local site effects. Data from a few earthquakes with

mjj< 3 also exists.

2. Data recorded on standard accelerographs at distances greater than 50

km. This data set is made up of data from five earthquakes in the

magnitude range of 4 to 5.3. Only one of these earthquakes, the New

Hampshire earthquake, was also recorded in the "near" source region.
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3. ECTN data. The ECTN stations record only the vertical velocity data

between 0.5 to 20 Hz. Data is available from six earthquakes. The

largest magnitude is 5.6. Generally, the distances are greater then

100km.

4. LRSM data. LRSM stations record three components of motion over the

frequency range of 0.5 to 7 Hz. The distances are generally greater

than 100 km. The magnitude range is 3 to 4.8.

Although the first issue is dominate for ENA, the second issue is also

important because several of the stations in the sparse strong motion data set

were recorded at very shallow soil sites or at dams. With regard to the third

issue only one relatively standard functional form of the model was discussed

at our November 5 and 6 meeting by Veneziano. Other forms are possible, but

it is evident that the data set is too sparse to allow any resolution between

competing models. Specifically, Veneziano used a model of the form

Ln (Y) - bo + h% * h "-"(R) + b3R + b4V + bgS + B + E (4.1.1)

where

Y - GM parameter, e.g., PGA

R - hypocentral distance

V - 1 for vertical component

for horizontal component

S - 1 soil site

rock site

B - variation between earthquakes

E - variation between data for a given earthquake

b.j» constants estimated from the data

Both B and E were assumed to be normally distributed with a zero mean.

Veneziano used a weighted regression analysis to determine the parameters ,b-j,

of the model. Veneziano used the ENA data set and added the Gazli, USSR data
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point. He gave weights of 0.2 to the vertical-component data and data from

the Gazli earthquake. See Risk Eng. (1986), Section 4 for details.

As noted, Eq. (4.1.1) is a standard form for the GM model. However, Campbell

(1981) has suggested a different functional form which he believes better

models the scaling of the GM with magnitude and the near source attenuation of

GM for large earthquakes. Campbell's model is of the form

CI.
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X
n

K
le

it
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Ln(Y) - bj + b2 m^j + b3 Ln(R + C{%)) + b4 R

where C(mjj) - Cj exp (C2mjj)

(4.1.2)

Clearly, there is not adequate data to estimate the parameters b^- and C-"in

Eq. (4.1.2).

Table 4.1.1 gives the coefficients of Eq. (4.1.1) as determined by

Veneziano. Comparisons of this model to other models are made in

Section 4.4. For future reference it is interesting to note the values of the

coefficient of the m^ and V terms (b^ and b,) in Eq. (4.1.1).

TABLE 4.1.1

Veneziano 's Fit of Eq. 4.1.1 to the ENA Data Set

GM

Parameter bo h b2 ^3 ^4 1 bs

Acceleration

Sv(lO)
Syd.)

1.98
-2.85
-8.51

1.24

1.27
2.22

-1.18
-0.89
-0.84

-0.003
-0.003
-0.003

-1.17
-1.12
-1.01

0.33
0.42

0.87

The bj coefficient controls how the GM scales with magnitude and the b^

coefficient gives the relation between the horizontal and vertical

components. If one accepts the argument by Herrmann and Nuttli (1982) that M^
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in the WUS is equivalent to m^, in ENA, then Veneziano's results suggests that

for ENA earthquakes the GM scales differently than in the WUS. For example,

Joyner and Boore (1981) found that Ln (PGA) scales as 0.57 Mj^ compared to 1.2

mjj found by Yeneziano. We will return to this point later.

The coefficient b4 gives the relation between the horizontal and vertical

components. Veneziano's results suggest that Z/H - 0.3 or the vertical

component is about a factor of three smaller than the horizontal component on

the average.

4.1.2 Intensity Based Models

Because there is so little ENA strong GM data (and much of it is very recent)

a number of GM models have been developed using intensity data. Typically one

obtains a relation of the form

Ic - F(Io» ^) (4.1.3)

where I5 - site intensity

Iq -= epicentral intensity

R - epicentral distance

based on ENA attenuation of intensity. Ideally, one would like to have a

relation of the form

GM - G(Is. Iq, R) (4.1.4)

based on ENA data. Then Eq. (4.1.3) could be substituted into Eq. (4.1.4) to

get GM as a function of Iq and R. However, there is not sufficient ENA data

to obtain the relation (4.1.4.) In the past, relations of the form
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GM - Gj (Ig) (a)

GM . G2 (Is. M) (b)

GM . G3 (Ij. R) (c)

GM - G4 ds, M.R) (d)

(4.1.5)

ia

a

«
S
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where M - earthquake magnitude/size measure have been developed based on WUS

data to overcome this problem. This was discussed at length in our second

questionniare on ground motion which is in Appendic C of our report Bernreuter

and et. at, 1985. Thus various GM models can be developed by substitution of

the relation (4.1.3) into one of the relations (4.1.5) and. if needed, a

relation between Iq and M. Several problems arise with such an approach.

First, as discussed by Veneziano at our meeting, if we initially ignore the

difficulties of intermixing ENA and WUS GM relations, the only "correct"

substitution is to use Eq. {4.1.5d). Correct here is in the sense that the

resultant relation represents a consistent regression model. One problem with

using Eq. (4.1.5d) is that there are known differences in attenuation between

ENA and WUS. For example, in general, for the same M and R in ENA I^ is

generally larger than in the WUS. In addition, there may be source

differences so that the level and/or frequency content of ENA GM is different

than WUS GM. Forms 4.1.5a and b were developed to get around the difference

in attenuation between the two regions. In addition, if forms 4.1.5b and d

are used one also needs to relate the magnitude measure used for the WUS data

to the magnitude measure and/or the epicentral intensity of ENA earthquakes.

Finally, one can argue that both relations (4.1.3) and (4.1.5) ignore the fact

that intensity is not a continuous variable but only takes on discrete values.

Given all of these defects, why attempt to use intensity? There are at least

two reasons. Firstly, we have intensity data from large ENA earthquakes, but

no strong GM data. Thus we could hope that the approaches discussed above

might shed light on how to scale GM from small ENA earthquakes to large ENA

earthquakes. Secondly, most of the historic catalog is in terms of

intensity. Thus, Trifunac (and others) argue that it is better to develop

both the recurrence models and GM models in terms of intensity then to
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introduce additional uncertainties associated with translating both the

catalog and WUS magnitudes. Trifunac also suggested that one should not use a

functional form like (4.1.3) but one should account for the fact that

intensity only takes on discrete values so that a continuous model such as Eq.

(4.1.3) is not appropriate.

Before discussing the alternative suggested by Trifunac let us return to the

class of GM models obtained by combining Eq. (4.1.3) with one of the relations

(4.1.5). There are two ways to proceed. First, one can employ an approach

such as the innovative approach Veneziano developed and discussed at our

meeting (see also Section 4 of Risk Eng (1986)) and second, combine the

regression models from ENA and WUS by assigning a prior distribution for the

differences between the vector of coefficients for the known WUS regression

relation and the unknown ENA relation. The details are much too complex to go

into here, but they are given in Risk Eng. (1986).

It should be noted that although the model Veneziano discussed at the workshop

is conceptually the same as discussed in Section 4 of Risk Eng. (1986) some of

the details differ. In particular in place of the relation of the form

(4.1.5.d) for PGA derived in Section 4 of Risk Eng. (1986) Table (4-8)

Veneziano substituted the Murphy and O'Brien (1977) relation of the same

form. Veneziano has further modified his results based on consideration of

local site effects. See Appendices 1&2. also Section 5.

The coefficents of Veneziano 's model are given in Appendix 2 and in Section

6. Of interest here is to note that Veneziano found that Ln(PGA) scales as

1.14 Mlq. The intensity data does not shed any light on the horizontal to

vertical ratio because the intensity data cannot be expressed in component

form.

Veneziano's direct model and intensity based model are compared in Fig. 4.1.1

for Mlq values of 5,6 and 7, it is observed that the two models are very

similar.
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Alternatively, one could argue it might be better to take a simpler route than
used by Veneziano and choose a relation from (4.1.5) which would balance-off
the errors introduced by using an "incorrect" functional substitution and the
errors introduced, as discussed in our first GM questionnaire, by using a WUS
relation to develop an ENA GM model. If this approach is followed then it is

possible to construct a large number of candidate models. To develop such

models one only needs to choose some attenuation relation, e.g.. several were
given in our first questionnaire and Veneziano gives others, coupled with one
of the relations (4.1.5). A number of these relations are given and compared
in our first questionnaire [See pages C-14 to C-24 of Bernreuter et al.

(1985)]. Additional comparisons with other models are given in Section 4.4.

In addition, the actual models corresponding to the attenuation relation

(4.1.3) and the various GM forms (4.1.5) are also listed in Section 6.

Trifunac argued that the intensity based models just discussed have several

problems. Because of the discrete nature of modified the Mercalli intensity
scale and no orderly monotonic correlation with GM relation the assumed forms
of the attenuation relation (4.1.3) are not appropriate. He also argued that
one should avoid introducing magnitude into the problem because, for the most
part, the ENA catalogs only have epicentral intensities listed. Trifunac

suggested that the Anderson (1978) approach would be the best way to solve the

problem.

yery briefly. Trifunac suggests that one use a relation of the form (4.1.5a)

to obtain. P(GM>gm|l5). ^^^ probability that the GM level exceeds a value gm
given I5. The P(I5|Iq,R) can be obtained from the results of Anderson

(1978). Anderson studied the distribution of isoseismal contours from

existing maps of Modified Mercalli Intensity. From these, he derived a

probability function P(Is<i|Io.R). The difference of the probability function

at two successive points, i and i + I, gives the result needed:

P(l3- i|Io,R) . P(Is<i+l|Io.R) - P(Is<i|Io.R) (4.1.6)
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Anderson (1978) found that the probability function P{Is<i|Io.R) could be

approximated by a Gaussian distribution as a function of logR, and found

parameters y{I .I3). and oCI^j.Ig) . the mean and standard deviation, for those

combinations of I^ and I5 where there is enough data.

There are two problems with the actual implementation of Anderson's

approach. First, at best the isoseismals only approximately provide the data

needed. The actual dispersion is much larger, as one often sees isolated

points of I5 one to two units different than the majority of the surrounding

data. This in part accounts for the much lower value for (0.3) found by

Anderson than say by Veneziano who found - 1.1. Secondly, as noted by

Anderson there is not enough data for most combinations of Iq and I5.

Anderson suggested the use of values of ^(1^, I5) - log ^q'^^'^'") ^^^^^ satisfy

the equation

I5- Iq + 3.2 - 2.7 ( Y log^oe + loQioR) (4.1.7)

where y - 0.1/deg for the EUS and y- 0.6/deg for the WUS to describe the

differences in attenuation rate between these two regions. If one follows

this approach then one obtains the usual intensity based GM models discussed

in our first GM questionnaire.

Implementation of the model implied by (4.1.6) requires the extrapolation of

data to fill in the gaps in Anderson's (1978) Table 4. It is also necessary

to judge if the results at the high intensity levels based on only a few

points are reliable and, if not, what values for y (Iq, Ij) and (Iq, Ig)

should be used?

4.1.3 Spectral Models

Veneziano did not develop models for the relative velocity response spectrum

S . He did develop models for Sy at 0.1 and 1.0 sec. periods for both his
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direct and intensity based approaches. One can form Sy models for use In our

analysis based on Veneziano's work by use of the Newmark-Hall spectral model,

the ATC spectral model or the RG 1.6 spectral model. See Bernreuter et al.,

pp C-43-54 for a discussion. Also, in Section 4.4 we make some comparisons

between the Newmark-Hall spectral model and other models.

A number of intensity based spectral models can be formed if one uses the

approach of combining some intensity attenuation relations (4.1.3) with some

spectral relations (4.1.5). At least four relations exist. Trifunac and

Anderson (1977) developed a model of the form (4.1.5a) and as part of an

earlier project (Bernreuter 1981) we developed two models: one of the form

(4.1.5b), and one of the form (4.1.5c). More recently Trifunac and Lee (1985)

updated the 1977 Trifunac and Anderson model.

a
«'

I

The Trifunac-Anderson and Trifunac-Lee models are a slight departure from the

usual form in that they assume a Rayleigh distribution rather then a lognormal

distribution. At our workshop Trifunac argued that a Rayleigh distribution

fits the residuals much better than a lognormal distribution. The Trifunac-

Anderson model was obtained by fitting a relation of the form

log(Sa(f)) - Ci(f) + C2(f)Is + C3(f) S (4.1.8)

where f - frequency

Sa - acceleration spectrum

S - 2 (Rock), 1( intermediate rock), 0(deep soil)

to the Cal. Tech. data set.

Some care should be taken if S- 1 or 2 is used in (4.1.8) because most

equations for I^ are only valid on deeper soil. See Appendix 1, 2 and Section

5.

Trifunac and Lee (1985) added a number of more recent earthquakes to the Cal.
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Tech. set. For a number of these more recent earthquakes, no site Intensity

data is available. For these cases Trifunac and Lee estimate I^ based on th(

Ml and R using a relation they developed (Lee and Trifunac (1985)).

Both of the models which we label SEP-1 and SEP-2. and described in Bernreuter

(1981), were fit to a modified Cal. Tech. data set. The modification

consisted in changing the I5 values associated with given records based on a

number of additional factors. Also, the distance from the record to the

earthquake was modified to closest approach. This second modification would

not, of course, have any impact on relations of the form (4.1.8). The model

SEP-1 has the form

Ln(Sa(f)) - Ci(f) + C2(f) Ij + C3(f) LnR (4.1.9)

The coefficients C^(f) are given in Bernreuter (1981) Table (5-4) of Appendix

A. The Model SEP-2 has the form

Ln(Sa(f)) - Ci(f) + C2(f)Is + C3(f) Ml (4.1.10)

and the coefficents C^(f) are given in Bernreuter (1981), Table 5-3, Appendix

C.

In order to illustrate the differences between (4.1.8) (4.1.9) and (4.1.10) we

combined each of them with the modified Gupta-Nuttli attenuation of intensity

relation. For Eq (4.1.10) we used Ml - % based on Hermann and Nuttli

(1982). When combining relation (4.1.9) with the Gupta-Nuttli it was assumed

that the primary attenuation, as modeled by the coefficent C3, is due to

geometric spreading (most of the Sa-Ig data was recorded at distances less

than 100km) which is the same in ENA as in WUS. In Fig. 4.1.2a we compare the

Trifunac-Anderson model to the Trifunac-Lee model for niLg's of 5, 6 and 7 at

an epicentral distance of 10 km and in Fig. 4.1.2b at a epicentral distance of

100 km. In Fig. 4.1.3a we compare the SEP-1 and SEP-2 models at an epicentral

distance of 15 km and in Fig. 4.1.3b at a distance of 100 km. Finally, in
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Fig. 4.1.4 we compare the Trifunac-Anderson model to the SEP-2 model at an

epicentral distance of 10 km.
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Figure 4.1.1 Comparison between Veneziano's direct regression PGA model and

his combined intensity based model for mLg -5,6 and 7 for

rock sites.
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Figure 4.1.2a Comparison between Trifunac and Anderson (1977) 5% damped
relative velocity spectral model for mi- - 5, 6 and 7 at an
epicentral distance of 10 km and the Trifunac and Lee (1985)
relative velocity spectral model for the same distance and
magnitudes for soil sites.
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Figure 4.1.2b Same comparison as in Fig. 4.1.2a except at an epicentral

distance of 100 km.
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Figure 4.1.3d Comparison between the SEP-1 5% damped relative velocity
spectral model and the SEP-2 5% damped relative velocity
spectral model for m.- - 5, 6 and 7 at an epicentral distance
of 10 km for soil sites.

QlO-26



10

o
LJ
in

o
o
-J
UJ
>

10

10

10

-1
10

^"^^^^^T

CM
I O

SEP-1
SEP-2

fS K) ^ lOtOI^COJ)

PERIOD (SEC) o

Figure 4.1.3b Same comparison as in Fig. 4.1.3a except at an epicentral
distance of 100 km.
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Figure 4.1.4 Comparison between the Trifunac and Anderson (1977) model shown
in Fig. 4.1.2a and the SEP-2 model shown in Fig. 4.1.3a for
m^g - 5, 6 and 7 at an epicentral distance of 10 km for soil
sues.
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4.2 SENI-ENPIRICAL/THEORETICAL NODELS

4.2.1 General Review of Models

These models rely on empirical data with the somewhat ad hoc interjection of

theoretical considerations to complete the model. Models of this type were

discussed in our first GM questionnaire [see Bernreuter et al. 1985 pp C-32 to

C-42] and cover Campbell's and Nuttli's models. Note that both Campbell and

Nuttli have several models. One of Campbell's models is based on the

epicentral distance metric and the other is based on the closet approach

metric. Nuttli's models are evolutionary, i.e., they are modified in time as

his understanding of how best to model the GM of ENA earthquake evolved.

The major conceptual difference between Campbell's and Nuttli's models is that

Campbell assumes that GM in ENA scale with magnitude the same as in the WUS

such that the only difference in the observed GM between the two regions is

due to differences in anelastic attenuation and local site conditions. Nuttli

argues that the GM scales differently with magnitude in ENA than in WUS and

sets the scaling based on simple theoretical arguments. Nuttli also accepts

that there is a difference in anelastic attenuation. Conceptually, the

distance metric in Nuttli's models is the hypocentral distance. Nuttli used

the available ENA data at the time he developed his models (1979-1983) to

determine the free coefficient of his model. Because, as noted in Section

4.1, the strong motion data set is limited to data for few earthquakes around

magnitude 5 it is not possible to check Nuttli's magnitude scaling model. In

Campbell's model, no "free" parameters are available as the anelastic

attenuation parameter is based on regional empirical data. Campbell also

compared his model to the data and Nuttli's model. Both models and the data

are in reasonable agreement. At the workshop Campbell suggested that his

model with the distance metric of closest approach is probably not

appropriate, given the metric of our computer program discussed in Section

2. Campbell is not completely happy with his epicentral model, as it is based

on older values and models for regional attenuation and he thinks that better

models are currently available. See his letter Appendix 4.
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Recently Nuttli has revised his model somewhat. Nuttli's reasoning is given

in Appendix 3 in a letter to J. Savy. Nuttli now uses a slightly different

value for Q in his new model. In addition, he suggests that the scaling of 6M

with magnitude is somewhat different than for his previous models.

Specifically, he had previously based his scaling on the assumption that the

corner frequency (f^) - seismic moment (Mq) curve has a slope of 4. As he

discusses in Appendix 3, his current intuitive feeling is that the f^-

Mq curve will have a slope between 3 and 4 with a most likely value of 3.7 to

3.8. Nuttli provides two bounding models, one for a slope of 4 and one for a

slope of 3.5. These two models are compared in Fig. 4.2.1 for mi^ values of

5, 6 and 7. These models were scaled so that they give the same estimate for

the PGA at m
Lg 5.

It should be noted that Nuttli's (1983) model (see pp C-99-105) of Bernreuter

et al.) is only slightly different than the model given in Appendix 3 for a

fj.-Mo slope of 4, as is shown in Fig. 4.2.2 where the two models are

compared. The difference between the two models lies in the depth term. In

the 1983 model the depth term varied as magnitude and in the 1986 model it was

fixed at 10km.

4.2.2 Spectral Models,

Neither Campbell nor Nuttli developed spectral models. In fact Campbell only

developed models for PGA. Nuttli provided models for both PGA and velocity.

Campbell's and Nuttli's models can be used as the basis for S models by use

of either the Newmark-Hall model, ATC model or the RG 1.60 model.
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Figure 4.2.1 Comparison between Nuttli's new (Appendix 3) semi-empirical PGA
models for m^Q - 5, 6 and 7.
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Figure 4.2.2 Comparison between Nuttli's new (Appendix 3) PGA model based on

the case with fr-% slope » 4 and the model he suggested in

1983 for m|_g - 5, b and 7.
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4.3 SIMPLE THEORETICAL MODELS

4.3.1 Review of Models

At our meeting two different but closely related types of simple theoretical

models were discussed. The first type is the stochastic simulations (SS)

method developed by Boore (1983). The second type employs some results from

random vibration (RV) analyses to make estimates of peak ground motion and

spectral velocity. Both types start with the same seismological model which

defines the Fourier amplitude spectrum as a function of seismic moment, M and

corner frequency, f^.. In the SS approach a random phase is introduced along

with a normalized shaping window to obtain a simulated time series.

Sufficient trials are used to generate statistics on the expected response

spectral values for various dampings and peak acceleration and velocity

values. In the RY approach, concepts from RV analyses are introduced which

allow the peak ground motion and response spectral values to be estimated

based on only the Fourier amplitude spectrum of the motion and duration.

Boore (1983) showed that the two approaches lead to essentially the same

results so that much of the effort in development has been applied to the RV

approach.

At our workshop two relatively similar RV models were discussed, namely the

Boore and Atkinson (B-A) model and the model developed by Toro and McGuire (T-

M) for EPRI. The two models are based on the same basic physical model and

only the details are different.

Both the B-A and T-M models start with the far-field Fourier amplitude

spectrum form of Brune's (1970) model to relate the spectral shape and level

to Mq and f^. The high frequency end Is truncated with a filter at f^.

Parseval's theorem is used to relate the RMS value to M., f. and f_. In orderU Iw ill

to make the RV model a single parameter model both B-A and T-M assume that M -

f^ are related such that
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fj-^M^ - constant (4.3.1)

i.e., the fj.-Mo curve has a slope of 3 on a log-log scale. This is a key

assumption generally made for WUS earthquakes. On the other hand, as

discussed in Section 4.2 and Appendix 3, Nuttli argues that the data are

better fit by a slope closer to 4 than 3. Following Brune's model Eq. (4.3.1)

implies a constant static stress drop. The model proposed by Nuttli,
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constant (4.3.2)

would have the stress drop increasing with M^. Both B-A and T-M assume the

same constant for (4.3.1). Up to this point no RV concepts have been

introduced. However, to go from the first moment of the spectrum (RMS value)

to the peak value of the GM requires the introduction of RV results.

Specifically both B-A and T-M use the RV relation

[peak] - [RMS] [ P^] (4.3.3)

After this point the B-A model differs from the T-M model. In the T-M model

the approximate relations

Pf - [2Ln(N)]^/2 + o.577/[2Ln(N)]l/2

N - max [2fj)T, 1.33]

where

(4.3.4)

(4.3.5)

T - duration parameter

fjj - predominant frequency

are used. For large N, B-A also use 4.3.4 but for smaller values of N, B-A

use the exact relation- Eq. (21) in Boore (1983). Equation 4.3.4 is an

approximation of Boore's Eq. (21) for large N. The use of (4.3.4) appears to
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lead to slightly lower estimates of the peak as compared to the more exact

formulation. When N is sufficiently small so that B-A use Boore's Eq. (21) to
compute P^, then B-A also use a different relation to estimate fp than T-M.

When B-A use (4.3.4) to compute P^ then B-A use the same equation as T-M to

compute fjj.

More importantly T-M use a different relation to estimate the duration T than
B-A. Specifically B-A used

1
* 0.05R (4.3.6)

whereas T-M used

-f- R <100
c

-J-
+ 0.1 (R-lOO) 100<R <200 (4.3.7)

c

1
+ 0.05R R >200

The difference in the choice of T is important with the B-A choice leading to
lower values for the peak, with the difference increasing with R.

In Eq. (4.3.3) the RMS is a function of M^. For use in a hazard analysis a

relation between M^ and mLg is needed. Rather than use some empirical

relation both B-A and T-M used their RV models to compute the peak amplitude
and characteristic frequency of the seismic motion for given types of seismic
instruments. Then the equivalent magnitudes were computed from standard
formulas. However, B-A and T-M chose different formulas. B-A used Nuttli's

(1973) definition and T-M used the relation developed by Herrmann and Kijko
(1983). Because the RV approach only models the horizontal component of 6M
and the equations for m^g are for the vertical component both B-A and T-M used
a 0.7 factor to convert the horizontal to vertical. This conversion factor is

significantly different from the value given in Table 4.1 found by
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Yeneziano. However, Veneziano had relatively few stations with both

horizontal and vertical components. Given the large variability of the H/Z

ratio for different stations the two sets of numbers are not necessarily in

conflict.

Both- B-A and T-M used the same model for Q. However, the model used

Q - 500 f^

a - 0.65

(4.3.8)
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is different than the model assumed in the development of the equations used

to compute the magnitude. This introduces a problem in the development of the

M - m^j relation. T-M chose to compute mLg at 200 km whereas B-A chose 800

km. In addition, B-A computed mLg for a given Mq for several instrument types

and averaged. T-M only used the WWSSN instrument. The difference in

instrument type, formula, and distance used introduces a significant

uncertainty into the Mq - m|_g relation which is not incorporated in either the

T-M or B-A models. As a net result of the differences between the RV models

and equations used to compute the magnitude from the amplitude of the computed

GM, B-A and T-M arrive at different M^ - mLg relations which are plotted on

Fig. 4.3.1. In the hazard analysis one has mLg and needs to convert it to Mq

for use in the RY model. Thus it is seen from Fig. 4.3.1 that for a given mLg

the corresponding Mq used in the T-M model is generally smaller than the B-A

M . However for both large and small earthquakes the differences between the

relations is smaller. The largest differences between the two relations

occurs around m
Lg

6 where the difference in Log Mq between the T-M and B-A

models is almost 0.5 units.

The difference between the B-A Mq - mLg relation and the T-M Mq - mLg relation

is due primarily to the different procedure used to compute an mLg from the

amplitude of GM rather than differences between the RY models. This

uncertainty in the computed magnitude using the RY model is even larger if the
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uncertainty in the appropriate value for conversion of the average horizontal

component of GM to the vertical is accounted for. Street and Turcotte (1977)

suggested that the H/Z ratio should be 3 i.e., similar to the value found by

Veneziano, whereas both T-M and B-A used 1.4.

Hanks and McGuire (1981) showed that

Log (PGA) 1/5 log M„.

Thus the maximum difference in the estimate of the PGA between the B-A and T-M

RV models due only to the difference in the relation between m.^ and M used

is aboujt 25X. It should be noted that there are a number of other differences

between the B-A and T-M models hence the net effect of all of these factors is

different than any single factor.

Two additional differences between the T-M and B-A models are in the choice of

the constants giving the average radiation pattern, free surface effects and

the partition of a vector into horizontal components and (2) the appropriate

value for the density. T-M use 2.5 g/cc and B-A use 2.7 g/cc. This factor

alone makes the T-M estimate 1.08 times larger than the B-A estimate. The

difference in constants makes the T-M estimate 1.04 times larger than the B-A

estimate. Potentially, the choice of the shear wave velocity is even more

significant as the GM scales inversely as the cube of the shear wave

velocity. Both B-A and T-M used 3.8 km/s for the shear wave velocity.

Clearly, the choice of both the appropriate density and shear wave velocity is

some what arbitrary.

In summary, the assumptions that must be introduced into both the SS and RV

models are the choices for density, shear wave velocity, duration, the

relation between M^ and f^. and finally the relation between M^ and mLg.
Figure 4.3.2 gives a comparison between the B-A and T-M models. Their models
are in reasonable agreement, however, it must be kept in mind that the two

models use very different relations for converting m^g to M^ as shown in Fig.
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4.3.1. If both T-M and B-A used the same equation to relate %-\n then their

two models would differ more significantly.

The two most controversial assumptions are the choices for the relation

between Mq and m^^ and for the relation between M^ and f^..

No matter what M^-fj. relation is used, one needs a relation between M^ and mLg

to use the RV model. As discussed above, this relation is the source of

significant uncertainty. It is also possible to question the validity of B-

A's and T-M's approach to compute the MQ-m. relation using the RV model. One

possible objection is that at the regional distances at which m|_g is computed

the RV spectra used in the computation may not be applicable. Based on the

results given in Haar et al. (1986), it would appear-that the regionally

recorded Lg spectra (generally used in the CUS to compute mj_g) are

significantly different from the "local" body wave spectra which are the

spectra modeled by the RV model. In particular, as illustrated by Fig. 4.3.3

adapted from Haar et al. (1986) by Atkinson, the corner frequencies are

different and it appears that the spectral level at IHz are lower for the

regionally recorded ground motion (after correction for attenuation) than for

locally recorded spectra. Because many instruments, in particular the WWSSN

typically used to compute m|_Q, are peaked around 1-2 Hz the RV model should

result in a larger estimate of m|_g for a given Mq than one might obtain using

the regionally recorded Lg spectra. This could account for some of the

differences between either the B-A or T-M m^g-MQ relations and Nuttli's

empirical m|_g-MQ relation which is also plotted in Fig. 4.3.1. It is seen

from Fig. 4.3.1 that for a given seismic moment, Nuttli's empirical relation

gives a lower m|_g value than either the B-A or T-M relations. Figure 4.3.4

illustrates the significance of the M^-mLg relation. Figure 4.3.4 shows the

PGA for the B-A RV model for the case when the B-A M^-mLg relation is used and

the case when the Nuttli M^-mLg relation is used.

It is of some interest to examine what happens to the prediction of 6M when

various choices are made for the parameters a and c in the relation
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As previously noted, both T-M and B-A chose a - 3.0 and c to correspond to a

stress drop of 100 bars. Figure 4.3.3 shows B-A and T-M's M^-f^. relation

relative to the data. Also shown is Nuttli's (1983) relation

Mo^c 15.9 X 1021 (4.3.11)

Equation (4.3.11) is based on f^. determined using L^ spectral data which

Nuttli agrees is too low (Appendix 3). It is evident from Fig. 4.3.3 that the

data do not constrain the parameters a and c in (4.3.10) )/ery well. One could

also infer that the 100 bar stress drop model does not fit the data very well

either. It should be noted that for the WUS data Boore (1986) has modified
his RV model to Include site amplification which then leads to a stress drop
of 50 bars and would move the M^-f^ relation over in the data. There is so

little ENA data that it is difficult to use then to constrain the parameters
of the model because, as noted, what little data that exist have often been

recorded at sites where one might expect significant site amplification.

To provide you with some information on the sensitivity of the estimated GM
due to the changes in the parameters, a and c of Eq. (4.3.10). the following
three somewhat arbitrary choices were made:

(1) Choose c to keep the f^-H^ relation the same as for the constant stress
drop model with to - 100 bars at approximately m^ - 5 (where the bulk

of the ENA data exist) and take Nuttli's preferred value of 3.75. The
resultant relation is also shown in Fig. 4.3.3 as model 1.

(2) Keep a - 3.75 but choose the constant c so that the M^-f^ curve fits the
bulk of the M^ - f^ data. This relation is also shown in Fig. 4.3.3 as

model 2.
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(3) In order to show the sensitivity to the parameter a, the parameter c was

given the same value as for model (2) but a - 3.5 was used. This

relation is also plotted in Fig. 4.3.3 as model 3.

As discussed earlier there are a number of ways to obtain a M^-mLg relation so

that comparisons between models can be made relative to the m|_g scale.

Because of the variation in the computed mLg value due to the choice of

equations and distances that could be used to evaluate m|_g and of the possible

variations between regional Lg spectra and the RY model spectra, we opted to

use Nuttli's empirical relation

Log Mq - 2 mij + 13.2 (4.3J2)

and assume that mLg - m^j on the average.

Figure 4.3.5 gives a comparison between models (1), (2) and (3) for mj_g - 5

and 7. It is observed from Fig. 4.3.5 that changing the power of f^ (the

parameter a in (4.3.10)). changes the GM scaling with magnitude (or Mq).

Figure 4.3.5 also shows that changing the constant c shifts the relative

location of the curves for GM for a constant magnitude.

It is of some interest to note that taking a - 3.75 leads to Ln (PGA) scaling

as approximately 1.7 mi_g and a - 3.5 leads to scaling as approximately 1.5 mLg

for the RY model. This scaling is larger than the scaling found by Nuttli in

his semi-empirical model, e.g., for a - 3.5. Nuttli suggested that Ln (PGA)

should scale between 0.86 mLg and 1.15 mLg. Veneziano found (Table 4.1.1)

that Ln (PGA) scales as approximately 1.2 mLg. If some other MQ-niLg relation

is used then the scaling of PGA with magnitude changes depending upon the

choice of the relation. For example, in what we label model 4, a Mo-^Lg

relation was computed using the same approach as used by T-M (the use of R -

200 km and the same formula to compute mLg) for an RY model with parameter a -

3.5 and constant c chosen so that the fc-M^ values are the same at mLg

approximately 5, as for model 1 shown in Fig. 4.3.3. For model 4 we find that
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Ln (PGA) scales as approximately 1.28 m|_g. The MQ-rriLg relation is shown in

Fig. 4.3.1 as the curve labeled model 4.

By properly choosing the constant c in (4.3.10) one can match the available

strong 6M data from ENA earthquakes. However, as noted earlier, all of the

data are from earthquakes of approximately the same magnitude. Thus the

choice of parameters for (4.3.10) and the M^-mLg relation has to be based on

judgment. For example, in Fig. 4.3.6 we compare the RV form of the B-A model

to model 4 described above for m|_g values of 5, 6, and 7. Clearly, we could

not reject either model on the basis of the existing ENA strong motion data

set.

4.3.2 Spectral Models

Because the RV-models start with a Fourier amplitude spectrum it is a

relatively simple task to develop a model for the 5 percent damped relative

velocity spectrum. B-A correct for duration effects when the estimated

duration is shorter than the period of the oscillation slightly differently

than T-M. The differences in correction between B-A and T-M are relatively

unimportant when compared to the more important differences in how duration is

estimated, Eq. (4.3.6) as compared to Eq (4.3.7), and how the MQ-m|_g relation

is computed. However, the difference in how the correction is made for the

duration effect shows up at the longer spectral periods as shown in Fig.

4.3.7a where the 5 percent damped S^ spectra obtained from the T-M model for

m|_-- 5,6 and 7 at an epicentral distance of 10 km are compared to the Sy

spectra obtained from the B-A model for the same magnitude range and

distance. In Fig. 4.3.7b the same comparison is made at 100 km. At 10 km the

two models are in good agreement. At 100 km the differences between the

models are more significant, however, the differences most likely would only

have a minor impact on the estimated hazard at a site.

In Fig. 4.3.8 we compare Sy for m^^' 5,6 and 7 for models 2 and 3 discussed

above. For model 2 the parameter a in Eq. 4.3.10 is equal to 3.75 and for
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model 3 a - 3.5. For both models the constant c is the same. The NuttH Mq-

mLg relation was used. The major difference between the two models is in the

way Sy scales with mLg. In Fig. 4.3.9 we compare the S^ for model 3 to the S^

for the B-A model at 10 km for m
Lg 5 and 7. At ni|_g-5 one can also observe

the impact of the relation between M^, mLg and f^. on the spectral shape. At

m^g - 7 we do not observe this effect in large part because the plotted range

of 0.04 to 2.0 sec. does not include the corner period.

Q10-42



'V. R e t B K B iC B K 6 IS

R. B R R S K R
to6*SlSlIc'>10n&IT

Figure 4.3.1 Comparisons between Nuttli's empirical m|_Q-Log (M^) relation
and the relations used by T-M and B-A.
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Figure 4.3.4 Comparison between the B-A PGA model and a RV model similar to
the B-A model except the empirical Nuttli M^-mLQ relation was
used in place of the B-A M^-mLg relation shown in Fig. 4.3.1.
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Figure 4.3.5 Comparison between RV Models #1, #2, and #3 described in the

text for m.Q - 5, 6 and 7. Models #1 and #2 have a f^-M^ slope

of 3.75 and^Model #3 has a f^-M slope of 3.5
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Figure 4.3.7a Comparison between the T-M and B-A 5% damped relative velocity
spectral models for mi ^ - 5, 6 and 7 at an epicentral distance
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Figure 4.3.7b Same comparison as in Fig. 4.3.7a except at an epicentral
distance of 100 km.
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Figure 4.3.8 Comparison between the 5% damped relative velocity spectral

models #2 and #3 for mn, - 5, 6 and 7 at an epicentral distance

of 10 km. RV Model #2 Is based on a f.-M^ slope of 3.75 and RV

Model #3 is based on a f^-^ slope of 3.5.
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Figure 4.3.9 Comparison between the B-A 5% damped relative velocity spectral
model and RV Model #3 for m.Q - 5, 6 and 7 at an epicentral
distance of 10 km.
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4.4 Comparisons Between Models

In examining the comparisons made in this section, you should keep in mind how

uncertainty is being modeled in our analysis. The GM models and associated

weights that you select represent your modeling uncertainty, i.e., your

uncertainty in the median estimates for the GM for any M-R value, the value

assigned to the random vibration models the variation in the GM due to source

and travel path effects.

Because there are a large number of candidate models that all differ to some

degree, the question naturally arises as to which differences are

significant? What is significant depends upon a number of factors which vary_

from site to site and from S-Expert to S-Expert. Overall, we generally found

that differences between GM models in the to 50 km range were more

significant than for larger distances. We found that smaller earthquakes,

e.g., in the range of 3.75 to 5, generally contribute from 25 to 50 percent of

the hazard. We also found that typically a change of a factor of 2 in the

probability of exceedance only corresponds to approximately a 30 percent

increase in the PGA. Or conversely a factor of 2 in PGA leads to a factor of

8 in probability of exceedance. Thus two GM curves only slightly different can

lead to hazard curves which are noticeably different.

In selecting models one often asks - how well does the model fit the data?

Unfortunately, given the dispersion of the data there can be considerable

differences between models that "fit" the data. This is illustrated in Fig.

4.4.1 where we compare Veneziano's direct model to the B-A and T-M models at

miig 5. All three of the models "fitted" the data, yet as can be seen from

Fig. 4.4.1, there are significant differences between these models.

As indicated in Section 4.1, a large number of intensity based models can be

developed. Comparisons between a number of such models are given in

Bernreuter et al. Here it is of some interest to compare Veneziano's new

combined intensity based model to the intensity based model most heavily
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weighted by the 6M Panel at the end of our first feedback In 1984. In

particular the model consists of the modified Gupta-Nuttli intensity

attenuation model combined with the Trifunac (1976) relation between PGA and

site intensity. The original Gupta-Nuttli intensity attenuation was modified
by reducing the leading constant by 0.5 to correct for the fact that the

Gupta-Nuttli relation was based ^n isoseismals rather than individual

intensity reports and, for the reasons discussed in Section 5, 0.5 units to

approximately correct the relation to give I (RJ^) for rock sites. The

comparison between the two models is shown in Fig. 4.4.2. Given the very

different origins of the two models they are in reasonable agreement except at

small and large epicentral distances.

In Fig. 4.4.3. Yeneziano's direct model is compared to Nuttli's (1986) semi-

empirical model for the case of f^-Mj, slope of 4. These two models are in

relative agreement, however, the attenuation with distance is somewhat

different between the two models.

There is a significant difference between Veneziano's models and the constant

stress drop model, e.g., the B-A version, as shown in Fig. 4.4.4.

As indicated in Section 4.3, one can obtain a wide range for the estimate of

GM from the RV model by selecting the parameters for Eq. 4.3.10 and the

approach used to obtain the M^-mLg relation. For example, in Fig. 4.4.5 we

give a comparison between Veneziano's direct model and model 3 introducted in

Section 4.3 which incorporates a M^-fj. slope of 3.5 and Nuttli's empirical Mq-

mLg relation. Clearly, by adjustment of the constant c in Eq. 4.3.10, one

could put the two models in "better" agreement. Certainly, it would be hard

to reject either model on the basis of the existing ENA strong GM data.

However, as pointed out in Section 4.3, model 3 appears to result in a model

which has unreal istically strong scaling of the GM with magnitude. On the

other hand, the constant stress drop model (fc-M^ slope of 3) may result in a

model which scales too weakly with magnitude.
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The RV model leads to a spectral shape significantly different from the

spectral shape of the intensity based models. This is illustrated in Fig.

4.4.6 where a rock version of the Trifunac-Lee spectral model (Trifunac and

Lee's relation between I5. S^, and site type, and the Gupta-Nuttli attenuation

of I with R modified was discussed earlier in this section) is compared to

the B-A RV model for m^g - 5, 6 and 7 at an epicentral distance of 10 km. As

one might expect, relative to the RV model the intensity based model has more

long period energy and less short period energy. We would expect the Trifunac

-Lee model to have more long period energy than a "direct" model because a

site can experience the same intensity I^ at larger distances from a large

magnitude earthquake than from a smaller magnitude earthquake. The Trifunac-

Lee model does not include terms in the relation between I^ and Sy to account

for the fact that we would expect more long period motion from larger more

distant events than smaller nearby events. Both the SEP-1 and SEP-2 models

include terms to account for the correlation and, as can be seen by comparing

Figs. 4.1.2 to 4.1.3 and 4.1.4. that the longer period energy content is

reduced in these models relative to the Trifunac-Lee or the Trifunac-Anderson

model. However, it is still evident that both the SEP-1 and SEP-2 models have

more long period energy than the RV model. It should be noted that the

spectral models in Figs. 4.1.2, 3 and 4 are soil models and the RV model is a

rock model. However, even if a correction for site conditions is applied, the

same basic conclusion holds.

Also shown in Fig. 4.4.6 are the estimates for S^ at 0.1 and 1.0 sec. from

Veneziano's direct model for the same magnitudes. Although Veneziano's model

leads to significantly higher values for Sy than either B-A's or T-M's models,

the shape seems to agree with the RV model. This naturally leads to the

question: Is the spectral content of ENA earthquakes different than WUS

earthquakes? Certainly, the little existing data might lead one to this

conclusion as is illustrated by Figs. 4.4.7a and b. In Fig. 4.4.7a we compare

a typical WUS spectral shape (obtained from the recording in Golden Gate Park

from the Daly City earthquake) to the spectral shape of the record for the New

Brunswick earthquake recorded at Mitchell Lake Road. In Fig. 4.4.7b we
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compare the Golden Gate spectral shape to that obtained from the record at the

downstream station at Franklin Falls Dam from the New Hampshire earthquake.

We see—relatively speaking—that the spectral content of the ENA records is

similar to the spectral content of the RY model while the spectral content of

the WUS record is similar to the intensity based model. Limited comparisons

are questionable given the variability between earthquakes. For example, the

one other near-field recording of an ENA earthquake looks more like a typical

WUS earthquake as is shown in Fig. 4.4.8.

It is of some interest to compare the RV spectral model to empirical predic-

tions. In Fig. 4.4.9, we compare a constant stress drop RV model

(Ao - 100 b&rsl with f^^^^ - 15 hz to the median spectral estimate at rock

sites computed using the WUS empirical model developed by Joyner and Boore

(1982) for moment magnitudes of 5, 6 and 7 at an epicentral distance of 15

km. A depth of 10 km was used for the RV model. The comparison is reasonably

good; however, the RV model does not have enough energy in the 2-10 hz

range. Also, the f^^^ filter does not match the data too well. The main

change in the B-A or the T-M model for ENA is changing f^^^^ from about 15 hz

to 40 to 50 hz and the introducting of a scaling between Mq and mLg. The

scaling between MQ-m^g is an important consideration as is illustrated in Fig.

4.4.10 where we compare the WUS Joyner-Boore model for magnitudes of 5, 6 and

7 to the predictions of the B-A ENA model for mLg - 5, 6 and 7. In the WUS,

it is generally assumed that M|_ and moment magnitude (below saturation of the

M|_ scale) are the same. Herrmann and Nuttli have argued that at least around

magnitude 5, mLg - Ml. If this is the case, then we see from Fig. 4.4.10 that

scaling between M^-mLg used by B-A may result in a model which underestimates

the spectral intensity for a given magnitude earthquake. Also shown in Fig.

4.4.10 are the estimated values for Sy - 0.1 and 1.0 sec. based on Veneziano's

direct model. Unfortunately, Veneziano's model does not shed much light on

any difference in the relative frequency content in the 2 to 10 hz range

between WUS and ENA earthquakes.
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In Fig. 4.4.11 we compare, at an epicenter distance of 10 km for m^„ 5, 6 and

7, the B-A model to an RV model with a Mp-f^. slope of 3.5 with the constant c

in Eq. 4.3.10 adjusted so that the model would give approximately the same Sy

The Nuttli empirical relation between Mqvalues as the B-A model at m^g - 5.

and mLg was used to convert mLg to M^.

estimates from Veneziano's direct model.

Also shown in Fig. 4.4.11 are the
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Figure 4.4.1 Comparison between Veneziano's direct PGA model, the B-A PGA
model, and the T-M PGA model for mj_g - 5.

Q10-58



10 "^•^^^^T

1 - Veneziano
2 - 1984 Model

^•^»"^

10

u
Ul

!
Ul 4

o '

O 10<

10 « K) " mtot-taxi

DISTANCE-KM

Figure 4.4.2 Comparison between Veneziano's combined intensity based PGA

model and the intensity based model most heavily weighted at

the end of our feedback in 1984 for mi « - 5, 6 and 7 at rock

sites. The 1984 model has been modified as described in the

text to account for site conditions.
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Figure 4.4.6 Comparison between the B-A 5% damped relative velocity spectral
model and the intensity based spectral model based on Trifunac
and Lee's relation between site intensity and Sy for m^g - 5, 6

and 7 at an epicentral distance of 10 km. Also shown are the
spectral estimates from Veneziano 's direct model.
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Figure 4.4.7b Comparison of the 5% damped relative velocity spectra for both

at thrHowncr°"'"^/°^ ^^' ^'"^ "^^P^hi^^ earthquake recordedat the downstream station at Franklin Falls Dam and theDaly City earthquake recorded at Golden Gate Park.
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Figure 4.4.9 Comparison between the empirical Joyner-Boore (1982) WUS 5%
damped relative velocity spectral model and a WUS version of
the B-A RV model for moment magnitudes of 5, 6 and 7 at an
epicentral distance of 15 km.
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Figure 4.4.10 Comparison between the empirical Joyner-Bcore (1982) 5% damped

relative velocity spectral model and the B-A model at an

epicentral distance of 15 km for m|_Q - 5, 6 and 7. It was

assumed that Mi - m, - to relate the^J-B model to the B-A

model. Also pTotted^are the estimates from Veneziano 's direct

model.
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estimates from Yeneziano's direct model.
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5 MODELING SITE EFFECTS

5.1 Approach

At our two day workshop we only briefly touched on local site effects.

However, at our June 23, 1986 meeting we reviewed in some detail our approach

and the basis for our approach. Our overall approach has not changed from

that discussed in our first feedback questionnaire to you (see Bernreuter et

al. (1985) pp E5-1 to E5-55).

Basically, in our approach each site is placed in one of the following eight

categories:

Sand-like

Rock

Till-like

S-1

S-2

S-3

T-1

T-2

T-3

Deep Soil

Each GM model is assumed to be developed for either a rock or generic soil

case. This is a slight departure from the development given in Bernreuter et

al. (1985) where the base case was assumed to be deep soil sites. In actual

fact it is generally a mixture of deep soil sites along with data from a few

shallow soil and rock sites. Thus, as discussed at the June meeting, we have

defined a new generic case (base case) which does not fit any site category

and use the deep soil as a category with correction factors different from

one.

Q10-70



Based on the analysis of several -typical" data sets, we assume that the
generic soil base case Is made up of the following:

rock-like sites - 17%

relatively shallow soil - 22%

deep soil - 61%

We explain later how our assumed makeup of the base core soil Is used In our
analysis.

As explained at the workshop, we use a Monte Carlo approach to perform the
uncertainty analysis. For each trial we draw randomly (relative to the weights
provided) one of the GM models, then draw (relative to the weights provided)
one of three possible correction approaches to correct the selected 6M model
from its base case to the category that the site falls into. The three
correction approaches Incorporated in our methodology are:

1. No correction applied

^* ^PP^> ^ simple correction , either the site is soil or rock.

3. Apply our categorical correction approach

The no correction approach requires no discussion. The simple correction
approach is a bit more complex. Any specific GM model is assumed to be either
a rock or a soil model. If the site's category is the same as the base case
of the GM model then no correction is applied. If not, then a simple constant
correction factor is applied. Figure 5.1 shows several typical "simple"
corection factors.
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The case is more complicated when the categorical correction approach is

used. As discussed at the June meeting and in Bernreuter et al. (1985) on E5-

1 to E-55 a set of correction factors were developed in the following

manner. Figures 5.2 and 5.3 illustrate our procedure. To get a set of time

histories to use in the analysis, we selected a set of 20 time histories

recorded at rock sites with various magnitudes and distances to incorporate

the uncertainty from the source and travel path effects in the analysis. The

site response was calculated by assuming one-dimensional vertically

propagating SH waves. Sites were modeled as a system of horizontal layers of

infinite extent. Viscoelastic material properties for each layer were assumed

for the shear modulus, density, Poisson's ratio, and material damping. The

input was one of 20 rock outcrop time histories. The site response for each

of the SI, S2, S3, Tl, T2, T3 and deep soil categories was computed using the

SHAKE Program.

To account for uncertainties in material properties and earthquake

characteristics, we performed repeated deterministic analyses, each analysis

simulating an earthquake occurrence. By performing many such analyses and by

varying the values of the input parameters, a mean response and it's

coefficient of variation was obtained. Variability in the seismic input is

included by sampling from the twenty time histories to obtain a different

earthquake time history for each simulation. Variability in the dynamic

modeling was introduced by sampling sets of input parameters (mainly shear

wave velocities of soil and rock, damping ratio of soil and the depth of soil

deposit) from assumed probability distributions for each simulation. A

lognormal distribution for each input parameter was assumed for this study.

Using the above data we developed two median correction factors as a function

of spectral frequency (to correct the 6M model from rock to the site's

category or from generic soil to the site's category) and the uncertainty in

our estimate of the median in the following manner. For the rock base case,

we simply computed the correction factor by taking the ratio of the computed

spectrum at the top of each soil column to the input rock spectrum. For each
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category this resulted in a set of twenty correction factors. It was assumed

that a lognormal distribution could be used to model the uncertainty in the

estimated correction factor. Figure 5.4a shows the resultant median corection

factors for the sand-like categories relative to rock, and Fig. 5.4b shows

them for the till-like sites relative to rock.

It is more difficult to obtain the correction factors to correct 6M models

whose base case is considered to be a generic soil. In this case for any

given site category, eight correction factors were generated for each time

history by dividing the computed spectrum at the top of the soil column for

the category of interest by each of the other computed spectra (including

itself). Once again a lognormal model was assumed to model the uncertainty in

the correction factors for each site category. The median correction factor

was then generated by a weighted average where the weights were taken to model

the assumed makeup of site types making up the generic soil case. Figure 5.5a

shows the resultant median correction factors for sand-like categories

relative to generic soil and Fig. 5.5b shows them for till-like categories

relative to generic soil.

In the Monte Carlo uncertainty analysis when the categorical correction

approach is selected the correction factor is simulated based on the assumed

lognormal distribution for the particular category, with the median and the

standard deviation derived for that distribution.

5.2 Base Cases for Various GM Models

It would seem that it should not be a difficult task to determine what the

base case is for each GM model, as each model is developed using a given data

set and/or some theoretical model which should establish the base case. In

actual application, it is not quite so simple. For example, it is generally

argued that the RV models represent rock sites. This is primarily because the

value chosen for f^ is consistent with rock. In addition, a smoothed spectral

shape is used which should be more consistent with hardrock than soil. These
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conjectures have not been verified. In fact, it is almost impossible to

verify these conjectures given the large variability between earthquakes and

because we have little data recorded at hard rock sites.

Both Nuttli's and Campbell's models, discussed in Section 4.2, should be

classified as generic soil models as they are based primarily on data recorded

at soil sites, however, data recorded at rock and shallower soil sites were

also included.

The intensity based models present a problem. It seems a reasonable to argue

that most of the data making up the intensity reports were at soil sites, thus

the relations giving the attenuation of I5 should be consider primarily a soil

relation... but it includes rock and shallow soil sites also.

It is our opinion that the process of developing an intensity based model with

rock as the base case by combining a relation of the form

Ic - Fdn. R) (5.1)

with

6M - 6(1,, I„. R. S)s» '0' (5.2)

where S « site type variable

should not be employed because the relation (5.1) is primarily for soil

sites. It is generally agreed (based on small amounts of data) that at a

given epicentral distance the intensity at rock sites is lower than at soil

sites. For example, Lee and Trifunac (1985), using the WUS strong motion data

set, found that at the same distance I5 at rock sites is on the average about

1/2 units lower than at soil sites. On the other hand investigators, e.g.,

Trifunac and Brady (1975) and Murphy and O'Brien (1977) found that relations
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of the form of eq. (5.2) Indicated that the PGA at rock sites is about a

factor of 1.5 to 2 higher than at soil sites for the same Ij. When relations

of the form (5.1) are substituted into (5.2) to obtain a GM model including

regional attenuation, i.e.

GM - Gido.R.S) (5.3)

one obtains a result that the PGA is significantly larger at rock sites than

at soil sites for the same Iq and R. This is in disagreement with more direct

regression analysis results. The problem arises because in (5.1) one does not

have the correction for site type. This is the point made in Appendix 2.

There are at least two possible approaches to overcome this problem. One

approach is to take the ad hoc approach we used in Section 4.4 and estimate

the correction needed to correct Eq. (5.1) for rock sites. In Section 4.4 we

somewhat arbitrarily assumed that

(IsVock (^s)generic " 0-5 (5.4)

based on Lee and Trifunac's results. Another approach is the approach used by

Veneziano in Appendix 2.
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Figure 5.1 Simple correction factors relative to rock,
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Figure 5.2 Schedmatic Representation of our Computation Procedures to Model
the Site Correction Factors.
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Figure 5.3 The physical parameters used in the 1-D model are drawn from
probability distributions.
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Figure 5.4a Median site correction factors relative to rock for sand-like
categories.
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6. QUESTIONNAIRE

6.1 Ground Motion Models

We have Identified four regions in the EUS, shown in Fig. 6.1, for which it

may be appropriate to change the values of some of the model coefficients,

e.g., Y in the semi -empirical models. Also, a particular ground motion model

may be appropriate for one region but not applicable in another. Thus, we

will be asking you to select appropriate models for each of the four

regions. We recognize that the actual physical situation is much more complex

and the boundaries cannot be simply drawn, however, at this stage of the

analysis we will limit the complexity of our model by partitioning the EUS

into the four identified regions.

We have limited our analysis to the use of two "magnitude" scales, intensity

(MMI) and body wave magnitude (m^). It should be noted that (as discussed in

Section 2) we are assuming m|j|_g and m^j to be essentially equivalent. For

simplicity we use the term m^j even though most of the magnitudes in the

catalogs are in fact %iq.

\

In characterizing the seismicity within a zone, the seismicity experts

expressed the earthquakes size in either magnitude or epicentral intensity.

To estimate the hazard at a site it is necessary to assess the hazard based on

each of the ground motion models you select. Since some ground motion models

are expressed in terms of epicentral intensity and others in magnitude, a

conversion of magnitude scales is required at some level. After consideration

of the alternatives, we have chosen to make this conversion at the ground

motion level. Thus, it is necessary to express each ground motion model in

terms of both epicentral intensity and magnitude. To accomplish this

conversion, we asked each member of our EUS Seismicity Panel to provide the

proper conversions between scales. Since you may not feel that a ground

motion model expressed in epicentral intensity to be as appropriate when

converted to a model involving magnitude or vice versa, we will be asking you

to select a separate set of models for intensity and magnitude.
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In Question 6.1 you are requested to indicate your choices of models from

those listed in Tables M6.1, M6.2, and M6.3 (note: write-in models are also

acceptable) to be used in the analysis, by completing Tables Q6.1, Q6.2, and

Q6.3. These tables Q6.1, 6.2 and 6.3 contain eight vertical columns to

distinguish between the four regions and the two scales (mj^Lg. MMI). In each

of the eight columns please select:

A best estimate model

Up to six possible alternative models with associated levels of

confidence

The best estimate model, the model to which you associate highest confidence,

should represent that model which you believe best represents the average

ground motion at site. Even if you believe there is no one best model but

there are several comparable models, it is still necessary for you to select

one model which can be used in the "best estimate" hazard analyses. Since

many models have been developed based on a variety of criteria, e.g.,

different data sets, different parameters, you may believe that more than one

model can provide useful estimates of the ground motion. Thus, you are

requested to select a subset of the models from the list of models in Tables

M6.1, M6.2 and M6.3. These models represent your uncertainty in estimating

the expected value of ground motion at a site given the magnitude of the

source and the source to site distance. You are requested to associate a

"level of confidence" to each model. Your level of confidence should be based

on your opinion of the data and methods used to develop the model, the ability

of the model to accurately reflect the attenuation and ground motion within a

region, and any other information you deem appropriate to judge the models.

When selecting the models please keep in mind their application in the hazard

analysis for this project. Specifically, it should be recognized that: (1)

Earthquakes are assumed to be point sources and distance is treated as

epicentral distance. Thus, if you want to account for the depth of the
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earthquake a depth factor should be entered into the appropriate row so that

the distance metric becomes (R^ Depth ^)^^'^.
(2) Although the seismicity

panel members have revised their inputs so that the highest upper magnitude

cutoff is not higher than the saturation value on the magnitude scale

(approximately 7.5 m^j^g), the ground motion models will be assumed to be

applicable over the entire range of magnitudes, 3.75-7.5 %\_q. (3) Depending

upon your recommendations (see Q6-5) the ground motion models will be adjusted

for local site effects as follows:

The listing of models in Tables M6.1 - M6.3 indicates what we

consider to be the base case for the model (either rock or generic

soil). If you disagree with our classification for any mo^el that

you have selected, please indicate what you consider to be the base

case in the appropriate place in Tables Q6.1 - Q6.3.

The appropriate local site effect correction (depending on your

choice of methods of correction, see Q-6.5) will be applied for sites

with soil conditions other than the base case as outlined in Section

5.

Question 6.1

For the three ground motion parameters, acceleration, velocity and spectra,

please select 8 (4 regions and 2 earthquake size measures) sets of models from

the models in Tables M6.1, M6.2 and M6.3 respectively by:

Selecting a best estimate model and entering the model code, e.g. RV-

5A, in the appropriate location.

Selecting at most 6 (5 for spectra) additional models and assigning a

level of confidence (weight) to each of the models (including the

best estimate model) for each of the 8 columns; enter the level in

the appropriate boxes in each of the columns. The sum the levels of

confidence within a column must add to 1.
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Assigning an average depth for hypocentral distance models and a

depth for any other model if deemed appropriate.

Assigning a value for y if needed for the model.

Correcting the definition of the base case for the model if needed.

If you add a model (s) (not in the tables) please provide the model and some ID

for it and enter the ID, etc. in the appropriate Table.

Note, you do not have to use different GM models or weights for the cases when

the Seismicity Expert provides a recurrence model in intensity, nor do you

have to have different models for the four regions. If the same, just

indicate "the same" in Tables Q6.1-Q6.3.
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TABLE M6.1

LIST OF PGA MODELS

1. RV MODELS -

Base case for all of the RV models is assumed to be rock.

RV-IA The Boore-Atkinson Model as described at the workshop and in Section

4.3.

RV-2A The Torro-McGuire model as described at the workshop and in Section

4.3.

RV-3A

RV-4A

RV-5A

Similar to RV-IA except that Nuttli's empirical mLg-M^ relation is

used in place of the computed relation used by B-A.

Similar to RV-2A except that Nuttli's empirical mLg-Mo relation is

used in place of the computed relation used by T-M.

Construct your own RV-model. We need the values for (4.3.10) i.e.

the relationship between M^-f^.. We also need the relation (or how to

obtain the relation) between MQ-m^g. Also, we need values for the

shear wave velocity and density.

2. Direct Regression Model

DR-IA Veneziano's direct regression model as discribed at the workshop and

in Section 4.1. Coefficents are given in Table 4.1.1. Two base

cases-rock and soil.

3. Veneziano's Combined Model (Intensity based)

Comb-IA This is the model given in Appendix 2.
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In a - 2 +1.14 M^g - 1.03 In R^ -.003 R^- 0.14S

R^- (r2 + 100)1/2

S - rock, 1 soil

4. Semi-empirical Models

SE-IA. Nuttli's (1986) model given in Appendix 3 for a f^'^o slope of 4

log (a) - 0.6 + .5 mt, - 0.83 log (R2+h2)l/2..ooi2R

SE-2A. Nuttli's (1986) model given in Appendix 3 for a fQ-M^ slope of 3

log (a) - 1.22 + 0.375 m^, - 0.831og (R2+h2)l/2 _ QQ^gR

Both models SE-1 and SE-2 are considered generic soil models.

The following models were discussed in our first questionnaire. Both the

model number and equation number are taken from our first questionnaire- see

Appendix C of Bernreuter et al. (1985). We consider all of the following

models to be generic soil models.

Subcategory II- I. y Variable

Dll. Campbell (1981b)

ln(a) - 2.64 + 0.79M - (0.023 - 0.0048M + 0.00028 H^)R (Eq. 4-41)

-0.862 In [R + 0.0286 exp (0.778M)]

where R - closest distance to fault rupture
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D12. Campbell (1981b)

ln(a) - 4.39 + 0.922M - 0.023R + 0.0048RM - 0.00028Rm2 (Eq. 4-42)

-1.27 In (R +25.7)

where R is epicentral distance, and for both Dll and D12

1.02 m|j + 0.30 (mjj < 5.59)

M -

1.64 mjj - 3.16 (mjj >^ 5.59

D13. Campbell (1982) (Eq. 4-48)

In (a) - -4.29 + 0.777M - 0.797 In [R + 0.012 exp (0.898M)] - yR

where R - closest distance to fault rupture and

Y - frequency-dependent absorption coefficient (e.g. Singh

and Herrman, 1983)

D14. Nuttli (1979)

ln(a) - 1.481 1.15 m^ - (0.0136 - 0.00172 m^)R

- 0.833 In R

(Eq. 4-34)

D15. SSMRP

ln(a) 3.99 + 0.59 mjj - 0.003 (R^ + 28. 09)^^^

- 0.833 In (r2 + 28.09)^/2

where R - closet distance to surface projection

of fault rupture.

(Eq. 4-37)

Subcategory II-2 . -^^^6 m^ Variable
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D21. Nuttn (1983)

ln{a) - 3.892 + 0.576 m^ -0.834 In [r2 + exp(-4.371 + 1.308 m^)]^^^

-0.00281 (r-1) mt i 4.4

ln(a) - 1.313 + 1.15 m^ - 0.833 In [R^ + exp(-7.968 + 2.100 m^^-^^^^

- 0.00281 (r-1) 4.4 < m^, i 7.4

Intensity Based Models

Except for the models in Subcategory 1-5, a ground motion model is a

combination of (a) an intensity-attenuation model and (b) a ground motion
parameter-site intensity model.

Intensity Attenuation Models

Al.

A2.

A3.

Bollinger (Charleston, South Carolina earthquake)

I.

L

2.87 + Iq - 0.00052R - 1.25 In R

I.
s - *o

Bollinger (Giles County, Virginia earthquake)

Ij - 0.35 + Iq - 0.0038R - 0.34 In R

Modified Gupta-Nuttli (Central U.S.)

^s " ^-2 + Iq - O.OOllR - 1.17 In R

A4. LLNL (Southern Illinois earthquake)

R >^ 10

R < 10

R > 15

R < 15

h ' 0-^5 + lo 0-0046R - 0.31 In R

A5. Weston Geophysical Corporation (Ossippee earthquake)

Is - 0.441 + Iq - 0.004R - 0.67 In R

A6. Yeneziano's fit to 4 earthquakes

Is - 2.41 + Iq - 1.137 In R - 0.0009R

where R - hyocentral distance assuming a depth of 10 km

A7. Other - e.g. one could form models using the data from individual

earthquakes given in Table 4-6 by Veneziano in Risk Eng. (1986).
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Relations Between PGA and Intensity

Here we follow the breakdown used in our first questionnaire and define four

subcategories. The equation numbers refer to the equation numbers given in

our first questionnaire - see Appendix C of Bernreuter, et al.

Subcateogry I-l . No Weighting

611. LLNL (1983) - Soil

ln(a) - -1.69 + 0.86 I^

(Eq. 4-8)

612. LLNL (1983) -Soil

ln(a) - -2.32 + 0.96 Ig

(Eq. 4-9)

613. Mc6uire (1977)

ln(a) - 0.83 + 0.85 I^ (medium sites)

ln(a) - 0.27 + 0.6 Ig (soft sites)

(Eqs. 4-3 and 4-7)

614. Trifunac and Brady (1975) - Soil

ln(a) - 0.032 + 0.69 Ij

(Eq. 4-5)

615. Murphy and O'Brien (1977) -Soil

ln(a) - 0.58 + 0.58 I^

(Eq. 4-6)

616. Trifunac (1976)

ln(a) - -0.19 + 0.67 I^ + 0.33S

S - (alluvium)

S - 1 (intermediate rock sites)

S - 2 (basement rock sites)

(Eq. 4-4)

Subcategory 1-2. Distance Weighting

621. Bernreuter (1981a) - Soil

ln(a) - 1.79 + 0.57 I^ - 0.323 In R

(Eq. 4-13)
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622. McGuire (1977)

ln(a) - 1.45 + 0.68 I^ - 0.359 In R

(Eqs. 4-11 and 4-12)

(medium sites)

ln(a) - 2.01 + 0.51 I. - 0.313 In R (soft sites)

Subcategory 1-3 . Magnitude Weighting

G31. Bernreuter (1981a) - Soil

ln(a) - 0.96 + 0.63 I^ - 0.13 M^

(Eq. 4-15)

Subcategory 1-4 . Magnitude and Distance Weighting

G41. Murphy and O'Brien (1978) - Soil (Eq. 4-16)

ln(a) - 1.38 + 0.32 I5+O.55 Ml - 0.68 In R

G42. Veneziano - based on EPRI data set. At the workshop Veneziano

indicated he preferred G41 because it was based on a larger data set.

However, Murphy and O'Brien did not have velocity data or spectral data

to extend their model to these parameters. Hence, the Veneziano model

based on the EPRI data set might be of interest.

ln(a) - 3.81 + 0.66 m^ - 1.11 In R - 0.0024R + 0.05 I^ + 0.18 b

bs - Soil; bj - 1 Rock

Subcategory 1-5 . Semi -Empirical Intensity Models

G51. Battis (1981) - Soil

ln(a) - 3.16 + 1.24 m^ - 1.24 In (R + 25)

(Eq. 4-29)

G52. Nuttli and Herrmann (1978) - Soil (Eq. 4-23)

ln(a) - 1.47 + 1.2 m^^^ - 1.02 In R; R> 15 km

G53. Weston Geophysical Corp. - Soil (Eq. 4-31)

ln(a) - 1.47 + 1.1 m^ - 0.0017R - 0.88 In R
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TABLE N6.2

LIST OF VELOCITY MODELS

1-RV Models (all rock models)

RY-IY. The B-A model as described at the workshop and in Section 4.3.

RV-2V. The T-M model as described at the workshop and in Section 4.3.

RV-3V. Similar to RV-IV except that Nuttli's empirical MQ-mLg relation is

used in place of the relation computed by B-A.

RV-4V.

RV-5V.

Similar to RV-2V except that Nuttli's empirical M^-mLg relation is

used in place of the relation computed by T-M.

Construct your own model. Should be consistent with your choice of

parameters for RV-5a.

2-Direct Regression Model

No models developed.

3-Veneziano's Combined Model

No velocity model developed.

4-Semi-empirical Models (all soil models)

SE-IV. Nuttli's (1986) model given in Appendix 3 for a f^. - M^ slope of 4.

log (v) - -3.59 + 1.0 n^ - 0.83 log (R^ + h^)^/^ -0.00052R

SE-2V. Nuttli's (1986) model given in Appendix 3 for a f^-H^ slope of 3.5

log (V) - -2.34 + 0.75 m^, - 0.83 log (R2+h2)l/2 _ 0.00052R
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The following models are taken directly from our first questionnaire and have

the same ID as in the first questionnaire.

Subcategory II-l .

DYll. Nutli (1979)

This model only appears in the form of a set of curves of velocity versus

distance and magnitude. The reader is referred to the publication (Nuttli,

1979).

DVll. SSMRP(a)

_ln(v) - -7.86 + 2.3 m^ - C^R - .835 In R

where C^ - .0076^ - .00099 m|j

DV13. SSMRP(b)

ln(v) - - .963 + 1.15 mjj - C^R - .833 In R

Subcategory I 1-2.

DV21. Nuttli (App. C-A)

- -3.11 + l.lSmj, - 0.833 In [R^.* exp(-4.371 1.308 m^)]^^^

- 0.00122(R-1) mjj <_ 4.4

ln(v)

- -8.29 + 2.3 m^ - 0.833 In [R^ + exp(-7.968 + 2.100 m^)}^^^

- 0.00122(R-1) 4.4 < n^ < 7.4 •

5-Intensity Based Models

Attenuation of Intensity

Same as the models given in Table M6.1 Section 5.

Relation Between PGV and Intensity
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Subcategory I-l. No Weighting

6Vn. McGuIre (1977)

-4.02 + 0.952 Ij (medium sites)

ln(v) -

-1.51 0.543 Ij (soft sites)

6V12. Trifunac (1976)

ln(v) - -2.25 + 0.67 I5 + 0.032 S

S - (alluvium)

S - 1 (Intermediate rock sites)

S - 2 (basement rock sites)

GY13. Trifunac and Brady (1975) - Soil

In (V) - -1.45 + 0.58 I^

Subcategory 1-2 . Distance Weighting

6V21. Bernreuter (1981a) - soil

In (V) - -2.94 + 0.76 I5 + 0.06 In R

6V22. McGuire (1977)

- 3.61 + 0.923 I5 - 0.064 In R (medium sites)

ln(v) -

-1.11 + 0.521 Is - 0.072 In R (soft sites)

Subcategory 1-3 . Magnitude Weighting

GV31. Bernreuter (1981a) - soil

ln(v) - -2.62 0.51 Ij + 0.17 Ml

Subcategory 1-4 . Magnitude and Distance Weighting

(No models)

Subcategory 1-5 . Semi -Empirical Intensity Based Models

GY51. Nuttli - Hermann (1978) - Soil

ln(v) - -6.72 + 2.3 m|3 - In R
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6Y52. Western Geophysical Corporation - Soil

ln{v) - -0.924 .95 mjj - .0023R - .765 In R
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TABLE M6.3

LIST OF RESPONSE SPECTRA HODELS

1. RV - Models (all rock models)

RV-IRS The B-A model as described at the workshop and in Section 4.3.

RV-2RS The T-M model as described at the workshop and in Section 4.3.

RV-3RS Similar to RV-lRS except that Nuttli's empirical Mo-m|_g relation is

used in place of the computed selection used by B-A.

RY-4RS Similar to RV-2RS except that Nuttli's empirical MQ-^Lg "^^^ation is

used in place of the computed relation used by T-m.

RV-5RS Construct your own model. See Model RV-5A in Table M6.K

Semi-empirical Models

RG-RSl Modified NRC Reg. Guide 1.60 Shape (median rather than 1-sigma)

anchored to PGA - you need to specify the PGA model to be used.

ATC-RS2 ATC spectral shape anchored to PGA. You need to specify the PGA

model to be used.

NH-RA3 Newmark-Hall median spectral shape anchored to PGA and PGV. You

need to specify the PGA and PGV model to be used.

Intensity Based Models

As discussed in Section 4.1, a number of intensity based models can be formed

by combining one of the attenuation of intensity relations A.l - A. 7 given in

Table M6.1 with one of the following site intensity - GM relations listed

below.

TA-RS Trifunac and Anderson (1977). Assumes a Rayleigh distribution.

Model is of the form

In(Sa) - Cj + C2ls + C3S

If you select this model based on the discussion given in Section 4, please

indicate if you want us to use S-0 and take generic soil as the base case or
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If you want a rock base indicate how we should (or if we should) correct the

empirical attenuation of intensity relation.

TL-RS Trifunac and Lee (1985). Assumes a Rayleigh distribution. Updated

version of the model TA-RS. See Section 4.1.

SEP-1. Bernreuter (1981). See Section 4.1. Model of the form

In(Sa) - Cj + C2ls + C3lnR

Base Case is generic soil.

SEP-2 Bernreuter (1981). See Section 4.1. Model of the form

In(Sa) - Cj + C2ls + C3M|_

Base case is generic soil. Unless you specify otherwise we will

take M|_ - mjj.
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Limit of this
analysis

Figure 6.1 Identification of four regions of the Eastern U.S. based on a

compilation of the seismic zonation experts maps developed in this
study and a map of Q^-contours from Singh & Herrmann (1983)
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TABLE Q6.1

PEAK GROUND ACCELERATION MODELS

S-Expe

Region
1

rfs Re

is in M

Region
2

currenc
agnitud

Region
3

e Model
e

Region
4

S-Expe

Region
1

rt's Recurrence Model
is in Intensity

Region Region Region
2 3 4

Best Estimate
Model - ID

Weight

Average Depth
if Needed

- -If Needed
Base Case if

Different
Alternative - 1

Model - ID

Weight

Depth
if Needed

- if Needed
Base Case if

Different
Alternative - Z
Model - ID

WeiQht
Depth
if Needed

- if Needed
Base Case if

Different
Alternative - 3
Model - ID

WeiQht
Depth
if Needed

- if Needed
Base Case if

Different
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TABLE 06.1 (Cont.)

PEAK GROUND ACCELERATION MODELS

S-Exper
i

Region
1

t's Rec

s in Ma

Region
2

urrence
gnitude

Region
3

Model

Region
4

S-Exper
i

Region
1

t's Rec

s in In

Region
2

urrence
tensity

Region
3

Model

Region
4

Alternative - 4
Model - ID

Weight

Average Depth

if Needed

- if Needed

Base Case if

Different
Alternative - 5

Model - ID

Weight

Depth
if Needed

- if Needed
Base Case if

Different
Alternative - 6
Model - ID

Weight
Depth
if Needed

- if Needed
Base Case if

Different

Sum of Weights

NOTES: If you select intensity based models, be sure and include both the ID

for the attenuation relationship and the ID for the Ij-GM, relation.
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TABLE Q6.2

PEAK GROUND VELOCITY MODELS

S-Expe

Region
1

rt's Re
is in M

Region
2

currenc
agnitud

Region
3

e Model
e

Region
4

S-Expert's Recurrence Model
is in Intensity

Region Region Region Region
1 2 3 4

Best Estinate
Model - ID

Weight

Average Depth
if Needed

- if Needed
Base Case if

Different
Alternative - 1

Model - ID

Weight

Depth
if Needed

- if Needed
Base Case if
Different

Auerndtive - z
Model - ID

Weight
Depth
if Needed

- if Needed
Base Case it

Different

Aittmmve - 3
Model - ID

Weight
Depth
if Needed

- if Needed
Base Case it

Different
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1

S-Exper
i

Region
1

TAB

PEAK GRI

t's Rec

s in Ma

Region
2

LE Q6.2 (Cent.)

)UND VELOCin M(

urrence Model

gnitude

Region Region

3 4

3DELS

S-Expert*s Recurrence Model

is in Intensity

Region Region Region Region12 3 4

Alternative - 4

Model - ID

Weight
Average Depth

if Needed

- if Needed
Base Case if

Different
Alternative - 5

Model - ID
•

Weight
•

Depth
if Needed

- if Needed
Base Case if

Different
Alternative - 6
Model - ID

Weight
Depth
if Needed

- if Needed
Base Case if

Different

Sum of Weights

NOTES: If you select intensity based models, be sure and include both the ID

for the attenuation relationship and the ID for the Ij-GM relation.
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1

1

S-Expe

Region
1

TABLE

SPECTRA

rt's Recurrenci

is in Magnitud(

Region Region
2 3

Q6.3

HODELS

B Model

Region
4

S-Expert's Recurrent
is in Intensit

Region Region Region
1 2 3

e Model

Region
4

Best Estimate
Model - ID

Wei^^ht

Average Depth
if Needed

<
n.
•2

- if Needed . ^_

1
i

R
J

Base Case if

Different

E

Alternative - 1

Model - ID
S

« Weight

Depth
if Needed

a - if Needed

i

Base Case if

Different
S
w

i

AUtrnative > z
Model - ID

1

Weight
Depth
if Needed

- if Needed
Base Case it

Different

AUtrnuive - 3
Model - ID

Weight
Depth
if Needed

- if Needed
Base Case n
Different
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TABLE Q6.3 (Cont.)

SPECTRA MODELS

S-Expe»

Region
1

•t's Re(

is in M(

Region
2

:urrenc<

ngnitudc

Region
3

J Model

Region
4

S-Expe»

Region
1

't's Rec

is in Ir

Region
2

:urrenc(

itensitj

Region
3

i Model

f

Region
4

Alternative - 4
Model - ID

Weight

Average Depth
if Needed

- if Needed-

Base Case if

Different
Alternative - 5

Model - ID

Weight

Depth
if Needed

- if Needed
Base Case if

Different

Sum of Weights

NOTES: If you select intensity based models, be sure and Include both the ID

for the attenuation relationship and the ID for the Ij-GM relation.
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6.2 Ground Motion Saturation

For this project, the hazard analysis has been based on modeling the ground
motion parameter, given magnitude (and/or Intensity) and distance, as having a

lognormal distribution. I.e. as having an unbounded range. The only exception
to this are the TA-RS and TL-RS spectra models where the distribution Is

modeled by a Rayleigh distribution. At an earlier feedback meeting some of
you Indicated that a more appropriate model would be one which restricted the

ground motion parameter (6MP) to a finite range. To accornrodate this view we
propose to Include a model for your consideration, a model for the GMP that

has a truncated lognormal distribution. To do this it is necessary to specify
an upper limit to the range of the GMP's.

Any upper limit on the range of the GMP's should be based on some

interpretation of ground motion saturation. Three Interpretations of

saturation are proposed (Note: the discussion is given in terms of

acceleration although a similar discussion holds for velocity and spectra)

Type I: There is an absolute maximum acceleration, independent of

magnitude and distance, which will not be exceeded.

Type II: The maximum acceleration is a function of magnitude and

distance; this will be modeled by assuming the maximum

acceleration is a fixed number of standard deviations from the

mean in the lognormal distribution of the GMP's.

Type III: For any magnitude and distarice 1the maximum acceleration is the

minimum of an absolut e maximum and a fixed number of standard

deviations from the mean; this is an envelope of Type I and :[I

saturation.

The 3 types of limits. drawn as a function of c11 stance R for a fixed magn*itude

m. are depi cted in Figure 6.2:
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Type I: an absolute maximum acceleration, a^, results in the horizontal

curve C
1

Type II: the maximum acceleration if a fixed number, n, of standard

deviations from the mean, thus the limit curve is C2 which,

parallels" the mean curve, a(m, R)

Type III: the envelope of Type I and II, results in the curve C3.

We would like you to consider the potential physical saturation of ground

motion parameters and, if the ground motion parameters do saturate, the most

appropriate way to model physical saturation. Please recognize that we will

continue to assume that, given magnitude and distance, the 6MP basically has a

lognormal distribution. If the GMP does saturate, bounding the range implies

that the distribution of the GMP will be modeled as a truncated lognormal

distribution, truncated at the upper limit. The 3 types of saturations are

different methods for modeling the upper limit.
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6MP

(Log scale)

— C, (Type 2)

^Cp (Type 3 )

C3 (Type 4 )

Distance

Figure 6.2 Description of the three types of models considered for the
physical saturation of the ground motion. The random variation
of the logarithm of the 6MP is modeled by a normal distribution
with mean a(m,R) and standard deviation o~.
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Question 6.2

Using Table 6.4 please indicate the method you consider most appropriate for

modeling the range of values for each of the ground motion parameters,

acceleration, velocity and spectra. Indicate your choice by writing a check

mark {y/) by the appropriate method for each ground motion parameter.

Table 6.4

Ground Motion Parameter

Method for Describing Range of 6MP "Acceleration Velocity Spectra

1. 6MP is not bounded; range is

(0« >) —
2. GMP saturates; maximum is best

described by a Type I limit

3. GMP saturates; maximum is best

described by a type II limit

4. GMP saturates; maximum is best

described by a Type III limit

If you have checked method 1, no bound, in Question 6.2 for all three

GMP's, please skip Question 6.3 and go to Question 6.4.

If you selected method 2,3 or 4 it is necessary to specify the parameters,

i.e-. aj or n, which characterize the upper limit. We would like you to

specify a best estimate value for the appropriate parameter.
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Question 6.3

In Table 6.5 please give your best estimate for the parameter(s) which

characterize the method you choose for describing the upper limit of the range

of each of the GMP's.

Table 6.5

Absolute Maximum, a^

(Needed for method 2 & 4)

(cm/s/s, cm/s, cm/s)

Number of Standard

Deviations, n

(needed for method 3 & 4,

n, not necessarily an integer)

Ground Motion Parameter

Acceleration Velocity Spectra
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6.3 Random Variation

The hazard analysis used to construct seismic hazard curves or uniform hazard

spectra at a site is based on assuming that, given a source magnitude (and/or

Intensity) and source to site distance, the 6MP is a random variable. As

indicated earlier, for this project, random variation in the GMP will

generally be modeled by the lognormal (or truncated lognormal) distribution.

It is recognized, per the discussion at the feedback meeting, that the

unbounded lognormal distribution may not be the optimal model for describing

the variation in the GMP given magnitude and distance. However, given that

there is only limited information in the literature regarding alternative

distributions we consider it appropriate to continue to use the lognormal

distribution in the hazard analyses for this project except for the models TA-

RS and TL-RS. In addition, allowing truncated lognormal distributions as

alternative models introduces some flexibility which, we believe, will provide

models which are more concentrated about the central value of the

distribution—the characteristic observed in some plots of GM data.

An important characteristic of the lognormal distribution, in addition to the

description of the mean (of the log GMP) given by the ground motion model, is

the measure of the random variation in the GMP. This is usually described by o

the standard deviation of the log GMP.

Although we previously asked you to provide best estimates and uncertainty

bounds, we believe it is appropriate to have you reconsider your estimates of

the random variation you provided in light of what you have learned about the

way LLNL uses the ground motion models in the hazard analysis, the possibility

(if you indicate it is appropriate) of making local site effect corrections,

or any new developments in the field of ground motion.

When assessing the value of o there are several points which we believe you

should consider:

Many of the ground motion models are based on fitting models to

empirical data. An estimate of the "standard deviation of the error"
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is a common output of the fitting process. One might consider this

to be a reasonable estimate of o. However, it should be recognized

that the standard deviation of the error potentially consists of 2

components of variance — the random variation in the 6MP about its

expected or average value (as estimated by the ground motion model)

and the adequacy of the specific model in describing the true

expected or average value of the 6MP. It is important in doing the

hazard analysis that only the random variation component be

considered in making the probability calculations.

What, if any, effect will correcting for local site conditions have

on the level of random variation? It should be recognized that

adjustments will be made, at your discretion, in the ground motion

models for different types of conditions at the site. If making such

adjustments will have an effect on the level of random variation,

this should be recognized in assessing your estimates of o .

The hazard analysis assumes that the 6MP random variation is

independent of magnitude and distance as well as the site, although

regional variation in o is considered, and some implicit dependence

on the distance may be introduced if you choose Type II or Type III

saturation as an answer to Question 6.2.

Overall, given an earthquake of a fixed magnitude and distance from

the site, the GMP at the site will be affected by many factors

including (1) the frequency content and other characteristics unique

to each earthquake, (2) the specific travel path of the ground motion

and (3) the unique soil conditions of the specific site, even if a

local site correction is made ~ the correction will only be made for

a soil class, not for each specific site.
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Question 6.4

Using Table 6.6 for each GMP and each of the 4 regions, provide your

best estimate of o

estimate of the interval which you believe, with a high degree of

confidence, represents the possible range of o

Table 6.6

(Please be aware that o is the standard deviation of the (natural) logarithm

of the'GMP)

Region

Ground Motion Parameter

North South

Northeast Southeast Central Central

PGA Best Estimate:

Uncertainty Bounds;

PGV Best Estimate:

Uncertainty Bounds:

Spectra Best Estimate:

Uncertainty Bounds:
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6.4 Correction for Local Site Effects

At the feedback meeting and In Section 5 of this Questionnaire, three methods

of adjusting (correcting) the ground motion models for different types of site

conditions were discussed. One method, referred to as a "simple correction",

involves making a deterministic adjustment. The second method, referred to as

a "categorical correction", is based on more sophisticated analyses of the

GMP's for a sample of earthquake time histories and sites.

Question 6.5

When filling in Table 6.7, you may choose one of the three methods exclusively

by assigning a level of confidence of 1.0 to only one of them, or you may

recommend using more than one method by assigning levels of confidence lower

than 1.0, but adding to unity. In the latter case, the best estimate will be

based on using the method with the highest level of confidence whereas the

uncertainty analysis will be based on randomizing between the selected

methods. And to avoid any ambiguity by possibly having several equal highest

levels of confidence, please fill the bottom box to Indicate your best

estimate. For the simple correction approach please indicate which correction

curve you want to use based on the choice given in Fig. 6.3. If you want some

other correction factors please provide a plot similar to Fig 6.3.
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Table 6.7

Methods of Adjustment

Index Type

Ground Motion Parameter

Acceleration Velocity Spectra

No correction

Simple correction

Categorical correction

Your Best estimate method

(Please indicate 1, 2 or 3

ID for set of simple correction

factors to use from Fig. 6.3
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6.5 Self-Rating

In our hazard analysis it will be necessary to combine the hazard at a site

based on the different ground motion models chosen by a panel member as well

as combining over the opinions provided by all panel members. Combining the

hazard estimated using the different models suggested by an individual member

will be based on the confidence levels you provide. To combine over all the

panel members we propose to use a weighted average procedure. Of course, this

requires an appropriate set of weights.

Although there are several weighting schemes (e.g., equal weights, LLNL

derived weights), the set of weights we propose to use is based on your

appraisal, i.e., self-rating, or your expertise about the utility of ground

motion models, method of site correction, etc.

We recognize some of the weaknesses and difficulties in eliciting and using

self-rating, however, most alternative weighting schemes are also subjective

and involve some of the same problems as self-rating. Overall, we believe

self-rating to be a viable means of developing weights for combining the

results derived from your opinions about the ground motion models. Thus, we

would like you to indicate your level of expertise with regard to assessing

the utility of the ground motion models.

In appraising your level of expertise, we ask that you use a 0-10 scale where

low values indicate a low level of expertise and high values a high level of

expertise. An integer value is not necessary.

Question 6

Please indicate your level of expertise, relative to the scientific community

at large, with regard to the several issues for which your opinions have been

elicited. Please use a scale of to 10, with 10 indicating a "high" level of

expertise.

Level of expertise:
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Lawrenca Uvermcre ^JaticnaI Labcratcry

NUCLEAR SYSTEMS SAFETY PROGRAM

December 3, 1986
EG-86-197

Dr. Daniele Veneziano
Department of Civil Engineering
BuQding 1-380

MIT
Cambridge, MA 02139

Dear Daniele:

I want to thank you for participating in our Ground Motion Workshop. Your contribution
was most helpful. As I understand your presentation, you prefer your post- EPRI model
(E+) over the EPRI model (E). However, it is not clear from your handouts which (E+)

?>.
%' nn^^'^l' c^°m°' \ ^^ ^°^' y°" ^^^ ^ ^^^^' ^°' ^° yo" recommend using

the Sy (10) and S^ (1) models you developed for EPRI along with your preferred (E+)
model to compute the spectra? If not, what do you recommend, keeping in mind that
spectra are very important to our effort?

I also have a question. Namely, it seems to me that in developing your EUS indirect
models, both (E) and (E+), you have violated the point you made that when u«:incr the
indirect path it is necessary that the same independent variables be included in'both
regression moaels. Specifically, in the regression for L you only have R and I or M as
independent variables and not the parameters V and S. However in the regressfon model
for say acceleration you have I3, R, M, V and S. The component parameter, V, is
probably not important thus one could argue that its coefficent is zero and hence one can
constrain b^= m the regression model for I5 as you did. Such is definitelv not the case
for site soil effects. The soil type is important. Thus it is not possible to argue that it is
reasonable to set the coefficent of S, b^, to zero as you did in the regression model for
Ig. The net result of your substitution seems to lead to an erroneous result For
example, the relation

Y = fj (Ig, M,R,S,V)
(1)

found by Murphy and O'Brien seems OK, in that for the same M,R and L, rock sites have
a higher acceleration than soil sites. However when

Ig = f2 (M, R)

is substituted into (1) to get the relation

Y = f3(M,R,S,V)

(2)

(3)
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EG-86-197
-2- December 3, 1986

e^. the model you label indirect (E+)

In a = 1.4 + 1.18M -.003R -1.04 InR -0.4S (4)

a oroblem appears to arise. The problem with this model (4) is that at the same M and R

the acceleration at soil sites is 1.5 times smaller than at rock sites. This is m
disagreement with most results which have the acceleration either the same or sUghtly

smaller at rock sites than at soil sites. This contradiction arises because most of the

sites with intensity data used to establish the coefficents of Eq. (2) are soil sites. Thus

Eq (2) essentially has "soil" as the base case. It is generally agreed, that at the same M

and R L for rock sites is 1/2 to 1 units smaller than for soU sites. Thus If these

corrections were made then the site correction factor in Eq. (2) would "cancel" the

correction in Eq. (1) when the two equations are combined such that the resulting

acceleration at soil and rock sites would almost be the same. My question is, do you

agree with the above analysis or is there some other reason for the apparenUy

contradictory result obtained by Eq. (4) as compared to other models?

I hope I have made my questions clear. If not, please give me or Jean a call. I am

looking forward to hearing from you in the near future.

Sincerely,

^%^\^

Don L. Bernreuter, Leader

Engineering Geosciences Group

DLB:sc
cc: J. Savy, LLNL
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DEPARTMENT OF CIVIL ENGINEERING
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Cambridge Massachusetts 02139

Room 1-380

December 24, 1986

Dr. Don L. Bernreuter, Leader

Engineering Geosciences Group

Lawrence Livermore National Laboratory

P.O. Box 808

Livermore, California 94550

Dear Don:

Thank you for your letter of December 3 on the ground motion model we

developed for ENA. Your points are well taken; in response to them, we have

made a few additional runs and obtained slighly different results for PGA.

The coefficient of V in the attenuation of Ig is theoretically zero, but

the coefficient of S is not. The value of the latter coefficient ,say bg, was

set to zero on the basis of a detailed study of a large data set from

Northeastern Italy, where we have found that the coefficients of site-geology

indicators (rock, alluvium of different thickness) are not significantly

different from zero. This may however be a peculiarity of that region and

should not be taken as a general conclusion.

In rerunning our program, we have considered bg to be uncertain, with

mean zero and standard deviation either 1.0 or 2.0. The method then estimates

bg together with the other coefficients. The results of the two runs and of

the run of our previous analysis with Obs'' *^® given in Table 1. These runs

are for the case for "Full Covariance" matrix of the Murphy-O'Brien coeffi-

cients, which in the case we prefer.

Each output includes an echo-print of the input relationships (mean

values of the parameters prior to conbining direct and indirect information)

and the corresponding output relationships (mean values after combination).

The final attenuation model in PGA (M,R,V,S) is indicated by an arrow. It is

interesting that, when 05 is set to 1.0 or to 2.0, the coefficient bg is

estimated by the method to be positive (respectively 1.00 and 1.91), with

consequent reduction of the coefficient of S in the attenuation of PGA. This

is as you suggested it should be. We concur and propose to use the results

for Ob = 1.0 as best estimates. Therefore our model becomes

in PGA (cm/sec2) = 2.00 + 1.14 mLg - 1.03 in Rh - 0.003 R^ - 1 . 1 2V - 0.14S

(o = 0.65)

where R^ is hypocentral distance in kilometers, and V and S are indicator

variables for vertical component and soil, respectively. Plots that compare

the direct, indirect, and combined PGA models for roch and soil sites are

Q10-123



To Don L. Bemreuter
December 24, 1986
Page Two

shown in Figure 1. The coefficients of njLg '^^^ ^h *^« similar in all three
models. With respect to the coefficent of in R^, the combined model is
closer to the indirect model, whereas for the coefficient of V and the overall
"location", the combined model is most similar to the direct model. The
coefficient of S is intermediate between the direct and indirect estimates.
The covariance matrix of the regression coefficients and residual variance is
given in Table 2. This matrix may be used to express vincertainty on the
attenuation function, e.g. by using Monte Carlo simulation from a multivariate
normal distributions.

For Sy^ and Sy^Q* reliable indirect estimates cannot be obtained.
Therefore, we suggest that the direct regressions and associated covariance
matrices be used. The mean relationships are:

An Sy^ (cm/sec) - -8.51 + 2.22 mLg - 0.843 in R^ - 0.003 R^ - 1.01 V
+ 0.91S (a^O.98)

In Sv^^Ccm/sec) - -2.85 + 1.27 mLg- 0.886 in R^ - 0.003 R^ - 1.12V
+ 0.20S (0=0.46)

and the covariance matrices of the regression coefficients and residual
variance are given in Table 3.

We appreciate this opportunity to refine our analysis and thank you again
for your constructive criticism.

Sincerely,

<^t\Ji^-^

Daniele Veneziano
Professor of Civil Engineering

DV;ccc
End.
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( IS/ 10
INPUT:

OUTPUT:
( 10/ M
INPUT: •

OUTPUT: '

(PGA/ M
INPUT:

OUTPUT:
(PGA/ M
INPUT:

OUTPUT:

R LnR
2.4070
2.4090
LnR R
3.6150
-3.6086
R LnR
1.9786
2.0771
R LnR
1.7840
2.4266

% --"

COM S

1.9710
1.9710
COM S

2500
1657

S COM M ) WEIGHT- 1.000
1 0000 -0.0009 -1.1370 0.0000 0.0000 0.0000 1

1.0000 -0.0009 -1.1340 0.0000 0.0000 0.0001 1

) WEIGHT- LOCK)
0.0000 0.0000 0.0000 0.0000 0.6000

0.0000 0.0000 0.0000 0.0000 0.6001

) WEIGHT- 1.000
1 2371 -0.0030 -1.1766 -1.1691 0.1308 0.3200

l'.1227 -0.0031 -1.0210 -1.1232 -0.3120 0.4189

COM S IS ) WEIGHT- 1.000
5500 0.0000 -0.6800 0.0000 -0.4000 0.3200 0.4800

0*5485 -0.0028 -0.6906 -1.1232 -0.3120 0.2913 0.2690

( IS/ 10
INPUT:

OUTPUT:
( 10/ M
INPUT:

OUTPUT:
(PGA/ M
INPUT:

OUTPUT:
(PGA/ M
INPUT:

OUTPUT:

R LnR
2.4070
2.3675
LnR R
3.6150
3.6103

b.
r i.O

S COM M ) WEIGHT- 1.000
1.0000 -0.0009 -1.1370 0.0000 0.0000

.0009 -1.1261 1.0008 0.0000
WEIGHT- 1.000

.0000 0.0000 0.0000 0.0000

.0000 0.0000 0.0000 0.0000
WEIGHT- 1.000

.0030 -1.1766 -1.1691 0.1308

.0032 -1.0269 -1.1272 -0.1453
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0.0000
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0.6000
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INPUT:

OUTPUT:
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INPUT:

OUTPUT:
(PGA/ M
INPUT:

OUTPUT:
(PGA/ M
INPUT:

OUTPUT:

R LnR S COM M ) WEIGHT- 1.000
2.4070 1.0000 -0.0009 -1.1370 0.0000 0.0000
2.3330 1.0000 -0.0010 -1.1197 1.90JSB 0.0000
LnR R COM S ) WEIGHT- 1.000
3.6150 1.9710 0.0000 0.0000 0.0000 0.0000
3.6120 1.9710 0.0000 0.0000 0.0000 0.0000
R LnR COM S ) WEIGHT- 1.000
1.9786 1.2371 -0.0030 -1.1766 -1.1691 0.1308
1.9538 1.1416 -0.0032 -1.0268 -1.1191 0.0042
R LnR COM S IS ) WEIGHT- 1.000
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2.3366 0.5517 -0.0030 -0.6917 -1.1191 -0.5661
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0.6000
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3200
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0.3200
0.2993

1.2500
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— // r/xju f^^o^lp^ /^ '^^^
^ A^^^U^ O^^

\ ji^{ uu'A/v cr. r d.
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0.200E+01
0.114E+01

-0.319E-02
-0.103E+01
-0.112E+01
-0.144E+00
0.424E-(-00

0.368E+00
0.694E-01
0.900E-03
0.515E-01
0.269E+00
0.267E+00
0.652E-01

ccxru Vo fiJc/^. AAJ^OLfAJk'Kf/KJiu

1.00 -0.76 -0.08 -0.04 -0.04 -0.33 -0.19
•0.76 1.00 0.04 -0.40 0.02 0.10 0.31
0.08 0.04 1.00 -0.13 -0.09 -0.02 0.03
0.04 -0.40 -0.13 1.00 -0.05 -0.13 -0.24
0.04 0.02 -0.09 -0.05 1.00 0.07 0.01
0.33 0.10 -0.02 -0.13 0.07 1.00 0.05
0.19 0.31 0.03 -0.24 0.01 0.05 1.00

lc^i(, ti'^a.J' -^Moofff f^
rcA
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MODEL 4: InSy(lO) (BLgrR/V,S)

in 'inR kV

MODEL 5: InSy (1 ) (0^3 /KfV,S)

n
i^ 'inR 'V

STD: 1.695 0.339 0.001
CORRELATION MATRIX

1.000 -0.897 0.085
-0.897 1.000 0.011
0.085 0.011 1-000

-0.281 -0.121 -0.303
0.015 0.000 -0.006

-0.047 0.037 0.022
0.000' 0.000 0.000

STD: 1.024 0.192 0.001 0.174 0.288 0.401 0.096

CORRELATION MATRIX
1.000 -0.842 0.107 -0.362 0.028

-0.842 1.000 0.004 -0.137 0.018
0.107 0.004 1.000 -0.304 -0.025

-0.362 -0.137 -0.304 1.000 -0.131
0.028 0.018 -0.025 -0.131 1.000

-0.103 0.134 0.037 -0.309 0.094
0.000 0.000 0.000 0.000 p. 000

-0.103 0.000
0.134 0.000
0.037 0.000

-0.309 0.000
0.094 0.000
1.000 0.000
0.000 1.000

0.221 0.295 0.331 0.302

-0.281 0.015 -0.047 0.000
-0.121 0.000 0.037 0.000
-0.303 -0.006 0.022 0.000
1.000 -0.062 -0.122 0.000

-0.062 1.000 0.023 0.000
-0.122 0.023 1.000 0.000
0.000 0.000 0.000 1.000

Tai^ 3-

2

loJ^M'u'tM h
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APPENDIX 3

Letter from 0. Nuttli to J. Savy
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4^
SAINT LOUIS UNIVERSITY

DEPARTMENT OF EARTH AND ATMOSPHERIC SCIENCES

3507 LACLEDE AVENUE
SAINT LOUIS. MISSOURI 63103

September 19, 1986

MAILING ADDRESS:
O. BOX 8099- LACLEDE STATION
SAI.NT LOUIS, MISSOURI 63156

Dr. Jean Savy, I96
Lawrence Livermore National Laboratory
P.O. Box 808
Livermore, CA 9^550

Dear Jean,

Encleased is the material on spectral scaling and strong ground motion
relations that I promised to send to you. It represents a revision of my
earlier work.

Two things caused me to make the changes. One, the measurements of spectral
corner frequencies from strong-motion data by the USGS people at Menlo Park
indicated that, for a given moment, my old relations predicted too low a corner
frequency for the smaller earthquakes. Two, attenuation studies by Hasegawa, by
Gupta and his Teledyne Geotech colleagues, and by Chun of the University of Toronto
caused me to make a slight change in average Q for eastern North America, namely
Q(f) = 1000 fO*3. Previously I used values of I5OO and 0.^.

Enclosed is a copy of a figure from Haar et al (BSSA, Feb. I986) showing
seismic moment versus corner frequency. On it I plotted three lines, of slope
3.0, 3' 5 and 4.0. All curves are anchored at the 1 Hz, 10^3 dyne-cm value, which
I believe is fairly reliable. It is difficiilt to choose between the curves, but
I lean towards those of slope 3*5 to '^-.O.

Also enclosed is a figure of m, versus M , using data from a recent report
by Johnston and Metzger for EPRI for global continental mid-plate earthquakes.
In this figure I definitely favor the curves corresponding to an fc-Ko slope of
4.0 or 3.5. Some of the points that plot to the left of the figure (the 3.0
curve) are from earthquakes in transition regions (neither mid-plate or plate-margin).
A similar figure, from my I983 mid-plate scaling paper, shows my new fits to the
data. There is a problem, likely in the Mq values, for the small earthquakes of m^
less than 4.

The last two figures are my new spectra for mid-plate earthquakes, one for
an fc-Mo slope of 3*5 and the other for a slope of 4.0.

Probably of most interest to you and Don are the strong-ground-motion equations.
Assioming that Q(f) = 1000 f°'3, and that peak acceleration (particularly at distances
of 100 km and greater) has an average frequency of 5 Hz, peak velocity an average
frequency of I.5 Hz, and peak displacement an average frequency of O.5 Hz, the
relations are:
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cm,

cm,

2xi
./sec^) = 0.60 + 0.50 m^ - O.83 log (R + h^)^ - 0.00120 R for a slope of 4.0

2xt

cm,

./sec'^) = 1.22 + 0.375 m^ - O.83 log (R + h y - 0.00120 R for a slope of 3-5

/sec) = -3.59 + 1.00 m^j - 0.83 log (R^ + h^y - 0.00052 R for a slope of 4.0

cm/sec) = -2.34 + 0.75 m^ - O.83 log (R^ + h^)^ - O.OOO52 R for a s^ope of 3-5

cm) = -6.81 + 1.50 m^ - O.83 log (R^ + h^)^ - 0.00024 R for a slope of 4.0

cm) = -4.43 + 1.025 m, - 0.83 Log (R^ + h^Y - 0.00024 R for a slope of 3-5

where h is focal depth, in km, and R is epicentral distance, in km. The ciorves are

anchored by the empirical data for an m^ = 5'0 eaxthq^uake, as given in the 1984 ASCE

paper "by Bob Herrmann and myself.

The eqiiations for a slope of 4.0 axe the more conservative, and are close to

those in the 1984 ASCE paper. Chael, of Sandia Laboratories, at the 1986 Charleston

SSA meeting, siiggested a slope between 3 and 4. He submitted the manuscript to the

BSSA, but I don't know its status. My intuitive feeling is that eventually a slope
of 3.7 to 3.8 will prove the best fitting for all the mid-plate earthquake data.

I look forward to seeing you in St. Louis.

Sincerely,

otto W. Nuttli

Enclosures

Ic. L^- C c/i. ./:-^—^;
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(1984) finds that iLj Arkansas and MiraiHic... ear*' k^ spectra from

10
26

10
25

10

10

I
10"

z

10

10

10

10
17

24 _

23 .

20

19

16

'I' f 'r'l " T" "T —^

O

« - CUS LG

A - EUS LG

B - MIRAMICMI LG

• - ARKANSAS LG

D - MIRAMICHI. STN C7

O - ARKANSAS

* - OROVILLE

- MONTICELLO

O - MAMMOTH LAKES

<? - ANZA

O - MIRAMICHI SMA

^{ . \

o

^^^ o

'v> ° -k

0.1 1 10

CORNER FREQUENCY (Hz)

imic moment versus source radius for Arkansas local recordings (Haar et al, 1984),

Street, 1984), Miramichi, New Burnswick local recordings (all but the largest event;

!ranswick, 1985, largest event; Boatwright, personal communication), Miramichi, New
Street, 1984) Northeastern United States Lg (Street and Turcotte, 1977), Central United

•et et ai, 1976), Monticello, South Carolina, local recordings (Fletcher, 1982; Fletcher et

lammoth Lakes, California local recordings (Archuleta et ai, 1982). Oroville, California,

; (Fletcher, 1980; Fletcher ct al., 1983 a, b), and Anza, California, local recordings (Fletcher

ation).
QlO-132





For the proposed relation, a V"iw vr.'ie o» i ' ct n os; ,, 't to nn wa oi •«•«. nearly
identical to the nib - 4.4 value proposed by o^reet ^ > ^977) for north-

eastern United States earthquakes. Hasegawa (1983), in u cudy of Lg spectra of

eastern Canadian earthquakes, observed a change in the relation of Afo to T02,

Fig. 2. nib versus logm Mo for mid-plate earthquakes. The straight-line segments are obtained from
the spectral scaling relation given in Figure 5.

corresponding to rrib values of about 4.5. The data of Figure 4 confomns to the curve

derived from the spectral scaling relations for Mo > 10^^ dyne-cm. For smaller

earthquakes, the corner periods, T02, determined by Street et al. (1975) and Street

and Turcotte (1977) from the spectra of L^ waves, show that the former agree with

this study but that the latter are in general greater than predicted by the spectral

scfding relation. An exception is the point for Mo = 1.5 x 10 ^^ dyne-cm, corresponding

to the very shallow Rhode Island earthquake of 11 March 1976. The data taken

from Fletcher (1982) are for very shallow-induced earthquakes at the Monticello
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APPENDIX 4

Letter from K. Campbell to D.L. Bernreuter
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IN KH'I \ Rl IIK lo

United States Department of the Interior

c;koloc;k;ai srR\ FY
BOX 25016 M.S. 9^^

DKNVF.R FKDF.RAI. CFM KR
DFNVER. COLORADO 8022.5

Branch of Geologic Risk Assessment

December 8, 1986

Mr. Don Bernreuter
Lawrence Livermore Laboratory

P.O. Box 808, MS-195
Livermore, California 94550

Dear Don:

I reviewed my paper entitled "A Ground Motion Model for the Central United

States Based on Near-Source Acceleration Data" that was published in the

proceedings of the 1981 Knoxville,

Tennessee conference on Earthquakes and Earthquake Engineering: The Eastern

U.S. My conclusion is that I would not recommend that it be used for

estimating ground motion in the eastern U.S. The problem is that the

anelastic attenuation coefficients used to develop the attenuation

relationships are no longer thought to be valid.

I have not included any copies of my slides, since the slides by themselves

are not meaningful. They require some descriptive text to be useful. Besides

they came directly from my published papers on the subject.

Sincerely,

*^r^
Kenneth W. Campbell
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