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ABSTRACT

The EUS Seismic Hazard Characterization Project (SHC) is the outgrowth of
an earlier study performed as part of the U.S. Nuclear Regulatory Commission's
(NRC) Systematic Evaluation , Program (SEP). The objectives of the SHC are: 1)
to develop a seismic hazard characterization methodology for the region east
of the Rocky Mountains; and 2) the application of the methodology to ten sites
to assist the NRC staff in their assessment of the implications in the
clarification of the U.S. Geological Survey (USGS) position on the Charleston
earthquake.,

As in the SEP, the fundamental characteristic of the methodology used in
SHC consists in using expert opinions for all the input data. The most
important improvement over the methodology used in the SEP leads to an
estimate of the distribution of the hazard rather than just point estimates.

,i
An important aspect of eliciting expert opinion consists in holding feedback
meetings in order to fine tune the methodology and the input data. At this
point, the feedback process has not been completed. Our methodology and

| preliminary input from the expert panels is presented. Estimates of the
hazard (PGA and spectral velocity) at ten representative sites are discussed

i including a sensitivity analysis and a comparison with the SEP results at four
sites.
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SECTION 1: INTRODUCTION

The impetus for this study came from.two unrelated needs of the NRC. One
stimulus arose out of the need of the NRC funded SSMRP's task of simplified i

methods to have available the data and analysis software necessary to compute I

the seismic hazard at any site located in the eastern United States (EUS) in a
form suitable for use in probabilistic risk assessment (PRA) analysis. The
second stimulus was the result of the NFC'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 grounds 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 this project along with the Office of Nuclear Regulatory
Research. The objectives of this program are (1) to develop a seismic
hazard characterization methodology for the entire region of the United . States
east of the Rocky Mountains; and (2) the application of 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 of
recent eastern U.S. (EUS) earthquakes in New Brunswick and New Hampshire.

This project has its roots in the SEP study (Bernreuter and Minichino,1983),
however, a new study was required for several reasons:

.

Although the entire EUS was zoned at the time of the SEP study,o

attention was focused on the areas around toe SEP sites--mainly in
the 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 othero

reviewers identified some areas of possible 'mprovements in our
methodology.

:

| o Since the SEP zonations were provided by our EUS Seismicity Panel in
I~ early 1979, a number of important studies have been completed and
! several significant EUS earthquakes have occurred which could impact
| upon the Panel members' understanding of the seismotectonics of the
| EUS.
|

|
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In common with the SEP study, extensive use is made of expert judgment to
obtain the imput seismicity data required to perform a seismic hazard analysis
at any site in the EUS. We have incorporated a number of important
improvements into the SEP methodology suggested by the SEP Peer Review Panel
and other reviewers (Bernreuter, 1981a). The most important of these
improvements are:

The Seismicity Panel was expanded to ensure that there were regionalo
experts from all regions of the EUS on the panel.

o Uncertainty in zonation of each expert is accounted for by
considering up to 30 different combinations of zones per expert
(see Section 2.4).

Each expert provided all of the seisacity parameters needed for theo
hazard analysis.

o The members of the EUS Ground Motion Modeling Panel provided a
ranking of the various EUS ground motion models.

Our hazard analysis sof tware was extensively rewritten so that ao
complete uncertainty analysis could be performed for each seismicity
expert / ground motion expert.

As in the SEP, the analysis was performed for each seismicity expert ,

independently of the other seismicity experts and only combined at the final
step using the regional self weights supplied by our panel members.

The results in this report are preliminary in nature because we have not
completed our elicitation process by feeding back the results of t:ie analysis
to our panel and at this date (Dec. 8,1983), we have not yet received the
response of one of the ground motior. experts. This feedback is a necessary
step since it allows the experts to " fine tune" their input. It gives them
the opportunity to have a better understanding of our methodology thus making
a final assessment of the impact of their input on the analysis, in the
absolute sense and also relative to their peers. This report has two
objectives. The first objective is to provide our panel with a written
discussion of LLNL's role in the process, i.e., the assumptions we made during
the analysis and the way the expert's inputs was translated into input data
for the hazard analysis program. The second objective, is to provide the NRC
staff an early preliminary look at our results which may assist them in som
of the assessment they have to make. In addition, after review of the
results, the NRC staff can better direct our work so that the final product
will be of more value to them.
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| SECTION 2: METHODOLOGY

l
2.1 Overviev
Our methodology differs from other studies in several ways. One of the major
differences is the formal approach we use to elicit expert judgment and
-incorporate it'into the analysis. This element is similar to the SEPt

L methodology and discussed in Section 2.2. Another major difference between
.

this study and most other studies is in the consideration of randon 'as well as,

' model uncertainty to include the uncertaitty in the zonation maps and in the
ground motion models. A third difference is in the way the computer programs
have been structured to efficiently perform the uncertainty analysis which
includes aidistribution of maps from each expert, uncertainty in each of the
seismicity parameters and a distribution of ground motion models for (at this
time) four ground motion experts.

To understand h'ow our hazard analysis programs have been structured, it may be
helpful to first examine a simplistic description of the analysis process. A
key step in the evaluation ci the seismic hazard at a site is to determine the

annual probability that the PGA exceeds a at the site, i.e., P(A > a) for a
given set of zones (one possible map), a set of seismicity parameters for each
zone, and a given ground action model. We can compute P(A > a) for source
zone S, for each expert, given that an earthquake has occurred in source zone
S, using

P,( A > a) = f, f P(A > a I a,r) f (") Ir S Sg R

where P(A > a I a,r) is the probability that the acceleration A at the
site is greater than a, given that an earthquake of magnitude a has occurred
at a distance r from the site in zone S. P(A > a i a,r) is a function of.

h the ground motion model, and fg (a) is the probability density function giving

the distribution of the magnitudes (or epicentral intensities)'of earthquakes
in source zone S. This distribution is based on ~ inputs provided by panel
membera. There is a separate distribution for each zone for each expert.
fg (r) is the density function for the distribution of distances from the site

in source zone 3 and is a' function only of the source zone's shape and
distance from the site. This distribution is~ derived from the geometry of the
source zones provided by each expert.' The integral is evaluated over the
range Mo i s i Msg and the entire range of distances (r), from the site
to the source S.

Evaluation of Eq. -(2-1) for each source zone gives the total probability, that
a PCA of amplitude a will be exceeded, ~given an earthquake in source zone S.
We assume that earthquake occurrence within 's zone is a Poisson process. Thus

' to compute the expected number of exceedences, the' probability for each source
zone is multiplied by the mean activity rate for each source zone. 'The total
expected number. of exceedences is calculated as the sua of expected numbers of
exceedences fron~each source zone. Under the Poisson assumption

0
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P( A > a) = 1 - exp [-(total number of exceedences of amplitude a)). (2-2)

To compute the uncertainty, these equations must be evaluated many times as
different ground motion models or different choices of seismicity parameters
are used. Typically, the distribution fg (r) would be recomputed for each

change in parameters. This is costly- particularly, as in our case, where a
Monte Carlo uncertainty analysis is being performed. To avoid this we have
computed the distribution f (r) separately and formulated all possible maps,

i .e. , sets of fg (r) for the zones involved for each map. As discussed in 2.3

and 2.4, this data is part of the input into the actual hazard computation.
The hazard analysis is discussed in 2.5 and the combination of the seismicity
experts is discussed in 2.6.

i
2.2 Elicitation of Expert Judgment
A variety of ways in whi::h expert opinion may be elicited were reviewed by
Mensing (1981). Our approach, inspired by Mensing, combines several different
methods. It is characterized by the following key features:

*

o Two proels of experts were formed.

Detailed questionnaires, which required several days to complete,o
were distributed to panel members.

o Panel members were generally paid.

Follow-up discussions and a planned feedback meeting we e held.o

o The responses of each panel member were used in a separate hazard
anaysis and combined at the last step with other experts.

o A review panel is planned.

Our procedure is based on the experience gained during the SEP study and
incorporates suggestions made by both the SEP Peer Review Panel aad the SSHRP
Panel on Subjective Inputs as well as other reviewers' comments. Two panels
have been assembled as part of this project. Fourteen well known
geoscientists knowledgeable about the seismicity and tectonics of the Eastern
and Central U.S. form the first panel called the EUS Seismicity Panel (see
Table 2.1). Drs. Stevens and Wentworth subsequently resigned from the panel
after providing us with their zonation maps. Dr. Basham resigned af ter
providing his seismicity parameter, limited to Canada thus making his data
incomplete for use in our analysis. However he participated in the zonation
seismicity feedback meeting thus providing a useful input by generating
discussions on the seismicity of Canada and the north east of the US with the
other panel members. These experts provided input to develop the overall
earthquake occurrence model. The second paici or ground motion modeling
included six members (see Table 2.2). Dr. Veneziano resigned from the panel

v.

'
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TABLE 2-1

i

, EUS SEISMICITY PAFPL MEMBERS

.i

i
:

'

Pr. Peter W. Basham

; Professor Gfibert A. Bollinger

Mr. Richard J. Folt( )

| Professor Arch C. Johnston
,

! Dr. Alan L. Kafka
j' Professor James E. Lawson

,

4

j Professor L. Tim long ^s

| Professor Otto W. Nuttli f )'( )

| Dr. Paul W. PomeroyII)
1

| Dr. J. Carl Stepp
I)j- Pr. Anne E. Stevens

Professor Ronald L. Street ( }
'

f Professor M. Nafi ToksHz(1)&(4)
! Dr. Carl M. Wentworth' ),

I
:

}

i
j Notes (1) Also participated in the SFP Penels ;

j (2) Only provided zones and seismicity parameters for Canade
(3) Only provided zonation- no seismicity parameters

} (4) Also member of the Ground Motion Panel (Table,2 2)
. t

?

i
i

i

t

.

!

'
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TABLE 2-2

EUS GROUND MOTION MODEL PANEL MEMBERS
/

David M. Boore( }
Kenneth Campbell

Professor Otto W. Nutt11( )'(
I)Professor Nafi Toks6z

I)Professor Mihailo Trffunac
Professor Daniele Veneziano

r

Notes: (1) Participated as a member of the SEP EUS Crourd Motion Panel. |

(2) Also member of the Seismicity Panel (See Table 2-1)

.

|

? *

!
'

.

!

1

I

i
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and Dr. TaksBz provided his answers to the questionnaire on ground motion (Q4),

'

af ter the first calculation appearing in this report was performed. His
response will be incorporated in the final analysis which accounts for the
changes in response to the feedback questionnaire 05 and Q6 on
zonation / seismicity and ground motion.4

Our goal in eliciting-subjective judgment -f s twofold. First, it gives an
accurate representation of the experts' views about parameters that affect
seismic hazard. Second, it enables us to retain the diversity of opinion

i which exists in the scientific community. Five Questionnaires were designed
and sent to the experts in order to collect all the necessary data for the

i analysis. They are the following:

Questionnaire 1 - Zonation Questionnaire (Q1)
Questionnaire 2 - Seismicity Questionnaire (Q2)
Questionnaire 3 - Regional Self Weights (Q3)

j Questionnaire 4 - Ground Motion Models Questionnaire (Q4)
Questionnaf re 5 - Feedback on Zonation / Seismicity (QS)

,

Q1, Q2, and Q3 pertain to the panel of experts on zonation and seismicity
described in Table 2-1, and Q4 pertain to the Ground Motion Model Experts i

Panel. Q1, Q2 and Q3 are described in Appendix A and Q4 is described in
Appendfx C. 05 is based on the experience gained in the feedback meeting on - |

-

' zonation and seismicity. It was designed to improve the input data and update
the methodology in the light of the discussions which took place at that
meeting. This questionnaire and the responses of the experts to it appear in,

'

a subsequent report. In the following we briefly describe the intent and
highlights of Q1 and Q2. In each case we seek not only an expert's opinf on
regarding the "most probable value" of a parameter but also, whenever

i possible, a measure of his uncertainty in determining the value of the
i parameter. Judgmental probability distributions were arrived. at through a r

| multistep procedure. .For example, for the EUS seismicity panel the first . step
| was a questionnaire sent to each expert to obtain a graphic zonation of the
| EUS. Major inconsistencies and other problems arising f rom the responses were
i then resolved through personal communications. The experts' zonations were

,

! used to sort the historical earthquake data file to obtain a listing of
| earthquakes occurring in each zone. This data was sent along with a second
| questionnaire to each expert requesting seismicity parameters and their

uncertainty for each' zone. In the penultimate step, a formal meeting will be
held to review and discuss the assumptions we made to arrive at our results,

j and in the encoding. Finally, a final-round questionnaf re will be sent out to
'

allow panel members to review and, if they choose, to modify their initial
responses .

The experts were instructed to avoid cognitive biases insofar as possible.
For the EUS seismicity panel, for example, four points were emphasized t

Answers were to be based on experience, geologic and tectonico
*

considerations, and all other available data.
.

-7-
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The level of confidence each expert placed in his answers would beo
explicitly considered. Therefore, since his/her input would undergo
filtering and weighting when combined with the opinion of other
experts, the expert was asked not to feel reluctant to express
nonclassical viewpoints.'

The questionnaire was designed to contain redundancy, which waso
necessary for cross-checking and for establishing the consistency of
the results. The experts were asked not to try to produce answers
consistent with earlier answers, since it would defeat the purpose of j

redundancy. |

The experts were urged to attempt answering all questions.o

The application of thfs methodology to obtafn the necessary input for the <

'

has:ard analysis programs is discussed in Section 3.

2.3 Distribution of the Distance from the Points in a Seismic Zone to the Site
The diff f culty of associating the location of most h1storic earthquakes which
have occurred in the EUS, with some known geotectonie formations has led to

i several basic simplifying assumptions common to most hazard analyses. First,
it was assumed that, given a zone provided by a zonation expert, earthquakes
could occur uniformly at random within this zone. Second, all earthquakes
were assumed to be point sources, thus neglecting the fact that earthquakea ;

.,
are created by the rupture of tectonic f aults of finite length. Thus, as

'

j discussed in 2.1, the geometry input necessary for the hazard calculations
only needs to be the density function f (r) of of the distance from the site'

'R
to any point pertaining to the seismic source zone.
This distribution is the proportion of a given zone located within specific

;I ranges of distances to the site. In the following, this distribution of
distances will be referred to as the Probability of Distances and will be

) abbreviated by PRD. The program module which was specifically developed for
the purpose of calculating the PRDs was appropriately named PRD.

The calculation of PRD for a zone given a site is straightforward, as it is
illustrated in Fig. 2.1. The proportion ng i of the ' zone i to be bounded

,

by distances Rj_1 and Rj from the site is given by Eq. 2.3

3 ( )"fj " (total area of zone 1) *

where Aj is the portion of the points of zone i at a distance r such that
Rj_1 < r i Rj.
In the process of developing the program PPD, several practical aspects led to
decisions of some importance for the calculated hazard at the site. These are
related to the followings

i . .

4
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(a) The format of the input zonation maps

(b) The discrete nature of the calculations and the necessity of keeping
the computer time for the overall analysis within reasonable bounds

(a) The seismic zones provided by the experts had highly irregular shapes and
a wide spectrum of sizes. Furthermore, most experts provided some
alternatives to their best estimate zonations and in some cases there vas
no overall zone to model the remaining part of the EUS not specifically
zoned.

The former aspect precluded the use of an analytical solution for
performing Eq. 2.3 and led to a discrete solution where a zone was
discretized into small quadrangles. The latter two points were resolved
by creating an ad hoc zone indexing system, allowing an easy treatment of
zones within zones, and an overall complementary zone (C.Z) shown in Fig.
2.2 was created when not provided by the expert. This complementary zone
was meant to include all parts of the EUS not specifically zoned by the
ex pe rt . Strictly speaking, if an expert thought that he/she had included
all potential seismic areas into specific zones, then the seismicity of
the complementary zone should be zero. Ilowever, it was clear in our
individual feedback discussions with the experts that a lack of specific
zonation in some areas of the EUS might reficct more a lack of knowledge
rather than the conviction that these areas were aseismic. Therefore, in
some cases the complementary zone may have a non zero seismicity. This is
a very important point in the light of the fact that some sites are
located within the complementary zone for some scismicity expert's
zonations. For these sites the hazard is primarily governed by the
seismicity of the C.Z.

(b) In order to get a good resolution, the size of the quadrangles mentioned
above must be as small as possible, especially when computing the PRD for
the portions of zone close to the site or at the location of the site. On
the other hand, it is necessary to keep the dimensions of these
quadrangles as large as possible to avoid prohibitive computer time uses.

Thus it was assumed that there exists a distance, from the site, beyond
which the effects of earthquake occurrences is negligible at the site.
This distance we enlled the radius of the circle of influence.
Furthermore, it was assumed that the resolution in the calculations of the
PRD could bs a function of the distance from the site. There fo re , the
size of the quadrangle was made equal to a 1 km square close to the site,
up to a distance of 24 km from the site and 3 km square from 24 km to 900
km, and 20 km square f rom 900 km to 1250 km. The zones being entirely
beyond 1250 km were not considered. These valuen were obtained af ter
careful examination of sensitivity analyses where the minimum quadrangle
size was as low as .1 km for the close-in zones and as large as 100 km in
the remote zones. The close-in switch distance of 24 km was chosen af ter
varying it f rom 5 km to 50 km.

The output of the program module PRD consists in a set of arrays of PRD's,
one array per each seismic zone, for each alternative zone, and for the

-11-
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complementary zone if necessary. The content of each array is the set of
proportions of the zone within each of the interval of distances f rom the
site. For reason of cost, the number of these intervals was also kept to
the minimum possible. The intervals start small and increase in a roughly

exponential fashion. Af ter considering several sets of intervals, the
following intervals were retained for the final calculations (in km):

' 5,5,5,10,10,15,25,25,25,25,50,50,50,100,100,200,200,350

Thus the values of the Rj of Fig. 2.1 are:

5,10,15,25,35,50,75,100,125,150,200,250,300,400,500,700,900,1250

2.4 Set of Alternative Maps
Each expert was given the opportunity to provide a best estimate map (BEM) and
a set of alternatives to express his/her uncertainty associated with the
zonation. (For a more detailed discussion on the process of clicitation of
responses f rom the experts and the data they provided, see 3.2 and Appendix A.)

The uncertainty associated with a given zonation of the experts was expressed
by

Their level of confidence in the existence of each zone of the BEM.a.

b. The replacement zone that the area in question becomes if it does not
exist. This replacement zone is named the " host" zone.

Their level of confidence in the shape of each zone or cluster ofc.

zones of the BEM.

d. The shape of the replacement zone to the zone in (c) above. This
replacement zone is named the " alternate" zone.

For purposes of the analysis, all levels of confidence were normalized and
treated as probability values (see Appendix D).

In order to integrate the experts' uncertainty into the hazard analysis, a
.

simulation process was developed where each simulation draws a realization of
each of the random variables f rom their respective distribution (this processI

is developed in detafi in Appendix D). For the uncertainty analysis the
,

zonations were thewfore treated as random and for the purpose of the!

|
simulations, a set of all possibic esps with associated probabilities were

! developed, based on the above information given by the experts. Thus, for
each expert a discrete probability distribution of the zonation maps were

,

! developed. This was practically accomplished by the program module named
COMAP. The fundamental iden used in COMAP consists in starting wi'.h the best
estimate map, as a set of zones, and perform all of the following operations
to generate all possible maps .

Remove each zone and every possible combination of zones witha.

non-zero probability of non-existence (probability of existence non
equal to 1.0) from the BEM and replace them by their respective host

At the same time compute the probability associated with eachzone.
arrangement of the zones which constitutes these maps.
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b. Remove from the BEM each zone and every possible combination of zones
! with non-zero probability of having an alternate shape (probability
!~ of the shape in the BEM not equal to 10) from the BEM and replace

them by their respective alternative shape. At the same time,
compute the probability associated with each of these possible cases.i

c. Take each of the possible maps defined in (a) above and perform the
operation (b) on the remaining zones initially in the BLM, using the
convention that when a zone did not exist (i.e., was removed from the
BEM), it could not be replaced by an alternate zone. Tur*hermore,
when a cluster of zones had to be replaced by another cluscer of
zones, this could be performed only if all of the zones of the
cluster of zones to be replaced actually existed. At the same time
compute the probability associated with each of these possible cases.

In actuality, most experts had so many zones with non-zero probability of
non-existence and non-zero probability of alternative shapes that in some
cases the number of possible maps was very large. However, the probabfif ty
associated with a map decreases very fast as the number of combinations
increases.

Several assumptions were made to finally end up with 'a manageable number of a

possible maps, the effect of which was tested to determine their validity.

a. The maps (arrangement of zones as described in (a), (b), (c) above)
with probability less than 1% of the BEM probability were rejected.

b. The total number of maps was set to a maximum of 30.

Since the geometry of some of the host zones changed as a result of the
combinations (eliminating a zone or replacing a zone by its alternate), it was
necessary to update their PRD (see Sec. 2.3). This operation was performed on
the final set of 30 or less selected maps. This information and the weights
(probabilities) associated with each of these maps was then used as the basic
geometric input to the program module ALEAS which computes the hazard at the
site. ALEAS treats this set of 30 (or less maps) and their associated
probabilities as a probability function f rom which it draws for the simulation
process.

2.5 Calculation of the Distribution of the Hazard

2.5.1 Ceneral considerations -

*

Many of the methods of evaluation of the seismic hazard at a site acknowledge
the uncertain nature of the earthquake occurrences and of the ground motion
attenuation data. In particular, the SEP study, which preceeded the present
one, focussed on the integration of the above type of uncertainty which we
will call the Randon Uncertainty into the final hazard. There is, however,
another type of uncertainty which is more 11Fely to introduce systematic bian
into the results. This we will call the systematic or model uncertainty. For
example, it is associated with the choice of a zonation map and the choice of
a particular ground motion attenuation equation. In the present study
considerable effort went into developing a methodology which would also

-13-
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incorporate the systematic uncertainty into the results. The complexity of
the problem made it dif ficult to express the systematic uncertainty by a
straightforward analytical method and a simulation methodology was adopted
instead. All of the formal technical detafis of this methodology are

i

described in Appendfx D. This section is only meant to give the reader a
'

general understanding of the method. The overall steps, practical assumption
'and some of the important technical points adopted in the program module ALEAS

which calculates the hazard are briefly described here.

2.5.2 Random and Systematic or Model Uncertainty
Consider a simple hypothetical ground model attenuation equation of the
following form,

Log PGA = bM - c Log R + E (2.4)

In this equation b and c are constants, M is the magnitude of an earthquake, R
is the distance from the source of the earthquake to the site. E is a random
variable'with zero mean and standard deviation e.

With this model, for a given magnitude H and distance R, the PGA can be
predicted, but only in terms of a conditional probability statement of the
f orm:

P (PCA > a i H,R] (2.5)
,

Given M and R, this probability depends on the distribution of the random
variable E.

In this example, the constants b, e and e are fixed and characterize the model
of attenuation. The distributfor of the random variable E is a model of the
random uncertainty in PCA. -

Similarly, given that an earthquake has occurred, there is uncertainty about
the magnitude of this earthquake. The random uncertainty in M is represented
by the magnitude recurrence relationship, for example, the Cutenberg-Michter
equation.

Theoretically, the knowledge of the above models with the additional knowledge
of the zonation and seismicity is sufficient to calculate the hazard at a
site. It is associated with the models of attenuation and recurrence chosen
for ti.e analysis. However, Eqn. (2.4) is not the only ground motion
attentuation model which can be used. Thus in the present study, the
uncertainty in the ground motion prediction and in the magnitude (or
intensity) distribution are recognized as random uncertainties. Systematic,
or modeling uncertainties are recognized in the following items

o Many possible choices of ground motion attenuation models. This
includes choices of b, e and e in tte example of Eq. 2.4 above.

o Many possible zonation maps for a given zonation expert.
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o Hany possible dif ferent conceptual monations coming f rom the
dif ferent ronation experts.

Cf ven a seismic zone specified by an expert, many possible models ofo
earthquake recurrence. This is expressed by a range of values in the
parameters of the recurrence equation.

o Given a seismic zone specified by an expert, many possibic models of
upper limit of magnitude /or intensity. 'Ihis is expressed by a range
of values in Hg or Ig.

2.5.3 The Method of Stmulation
In this method, the hazard at the site is calculated many times, as many as
necessary to describe the uncertainty in the hazard due to the uncertaintf es, '

as described above in the inputs. In each of the calculations a set of the
models la chosen, and used to calculate the bazard, which for a ground motion
parameter A is in the forms

p [A > a)

! then for cach new simulation, a set of new models is chosen.
!
'

!. cts amoume that N, ef mulations are performed for each acimmicity expert .
i For each new simulation a zonation map is drawn from the distribution of mapa

described in Section 2.4, i.e., if Wmle Wm2. **** Wm *WmM arethe probabilitics assoelated with maps 1, 2, ..., j,j'. .' *H, tbc proportion of
'

. .

the times that the jth map is used, is equal to N,W,j. For each
simulation, a ground motion model is nelected in the name manner as the maps.
The distribution of ground motion models is derived f rom the input of the
ground motion panel experts. All of the remaining rodel parameters are
defined by continuous analytical f unctions and f or each simulation they are
drawn from their respective distribution in the usual f ashion used in Monte
Carlo simulations. These parameters include the carthquake upper magnitnde
for each zone, the coef ficients of the model of earthquake occurrence and the
standard deviation of the random variation associated with each ground motion
model. The probability distributions are determined f rom the input from the
neismicity and f rom th.i ground motion experts, (see Section 3 and Appendix;

D). Basically, each parameter is described by a best estimate, a lower bound
and an upper bound. f or each of the parameters a legnormal distribution

| function is chosen to mod?1 the systematic uncertainty, the coef ficients of
which are computed by equating the best estimate to the mode of the

'
distribution and by equating the lower and upper bounds (given by ther

experts), to the 2.5 and 97.5 percentfles of the distribution an shown on Fig.
| 2.3. In the cane of the upper magnitude cutoff, the bounds are considered as

absolute bounds and the distribution in t riangular.'

2.5.4 Weighted liarard

The Monte-Carlo nimuintion described above provides a act of nample points.
Each point is computed for a given ronation/nciamicity expert and for a given
ground motion expert. Since cach ground motion model is associated with a
weight specified by the ground motion expert, it is necessnry to select a

-

-13

._ _ _ _ _ - _ _ . . _ _ _ . _ _ _ _ _ _ _ _ _ _ _



f(b) ji
g

y Modo

i
l

1

|

|

|
e

1

i
i
1

i
l
1

1

1"
l

!

b [3 b bt g

P ( ( < 0 < b l " '9$u

Figure 2.3 Estimation of the patomotor of the probobility utstribution of 0

The best estimato be provicou by the esport it, (quateu to tbn
moco, t in taken as the 2.hth porcentilo ano bo (44 the
97.Sth p(ercentile of the distribution, whern be nno by nro the
lower and upper bound proviced by the cepert.

- t ri .



. - - _ _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - _ _ _ _ - _ - - _ _ _ _- _ _ _

.

!

I
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i

method of combining the resulta. This is also true of the combination of
,

results for the nef seletty emperts. Only the seneral concept of the method :
used in thf e analysis is presented bere. the details appear in Appeedlx D. |
Two types of weights are considered.

a. Each ground motion eurert has annectated degreen of belief or levels
of confidence to each of the seven classes of models preneeted in the
questionnaire. !

I

b. Each expert f rom the neleetetty panet and f rom the ground motion
'

panel have provided a self weight, whfeb reflects how be/she
perceiven his/her level of entertine about the eetamicity and ground'

sotton modolfra respectively.

The weights of (a) are interpreted as probabilf tfen. They are used to define
,

the discrete probahflity distributton of ground motion models for each ground I.

notion emport. The weights associated with each ponalble emp of the ,

celeafelty experts (see 2.4) are of the snee nature. They defice the discrete i

probability distribution of maps for a given empert.

The welahte defined in (b) are of a dif ferent nature and constitute a
! different issue. The relative emportine of the ground motion eurerte is

,

annused to to with regard to the applicability of the ground motion |,

! attenuation models presented in the ground motion quantionnaire and do not
depend on the region of the EUS. In the case of the solomlef ty emperta, four3

reAfons have been identifiedi as shown in Fig. 2 4 These four regional
Northeast, Southeast, North Central and South Central are in some ways related,

to attenuation characteriettee of the EUS in the way they were defined. Their.

ch0|ce WAS haged en an overall diatributinn of the malhel(Ily, the large Scale,

' domleant tectonic sedele and considerations of attenuation characterf atles, ,

citer a study by 5fesh and Merrmann.1941

fach nottnicity empert was anbod to provide self wef abte for each of the four i
i regloon. These reglocal self wef abte are used to compute a afnete setemlef ty

cupert weight in a way which emphaef ree the wefght of the empert relatively'

most 6powledaeable about the rene which contributen the meat to the barard at
,

the alte. The probles then becoeen one of coableles the resulta over
. celeefelty emperte and ground pof fen opperts when the weight ammocf ated with
!

cach one of thee la known. Two casca have to be canaldered.
,

$

,

1

|

|
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Case (a) "Best Estimate" Hazard

The term."best estimate" is actually a misnomer. In the present context,
it refers to the hazard computed with all the parameters of the analysis

~

set equal to the value defined as the best estimate by the experts. In

that case the calculation is performed with the best estimate maps of the
zonation expert, the best estimate upper magnitude cutoff, best estimate
parameters in the definition of the earthquake occurrence and finally the
best estimate model of ground motion attenuation as defined .by the ground
motior. experts. P (AT > a) is the combination of the results over all
the experts. It is simply obtained by a weighted average, as shown in Eq.

th2.6, where wAu is the weight for the u ground motion attenuation
thexpert and w is the weight for the s seismicity expert.s

U U. .

> a) = w P (g > a) [wP,( Au
u= u=1

(2.6)
S S. .

P( > a) = { w, P, ( > a) [ w,
s=1 s=1

In this equation S is the total number of seismicity experts, U is the
total number of ground motion attenuation experts and Psu(AT > a) is
the "best estimate" hazard for a choice of seismicity and ground motion
experts.

Case (b) Probability Distribution of the Hazard, Derivation of Percentiles

For each pair of seismicity and ground motion attenuation experts for
which the simulation calculation of the hazard is performed, let the
hazard be denoted as pa = P (AT > a) (for a given s, and a given u).

The probability distribution of pa due to the uncertainties in the
expert opinions is computed as the weighted average of the individual
distributions, Psu{pa < p} for each pair of experts (s.u). This
is expressed in Eq. 2.7 where the meaning of the remaining variables is
the same as in Eq. 2.6.

S U S U

P {p, i p} = [ [ w, w P,,,{p,1p} [ [ w, w (. *Au Au-s=1 u=1 s=1 u=1

The different percentile levels for P(AT > a) are assessed from this
distribution of the hazard for each a.

.

The above applies, in particular to the single variables PGA an'd,PCV'. In
the case of the determination of the Uniform Hazard Response SpecEra , ther
same operation is repeated for each f requency.

,
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.To produce corresponding 15th and 85th curves, which reflect the potential
: variation in the hazard curve at a site, the points p.15(at), i=1,...I,
are combined to form the 15th percentile curve and, correspondingly, the
points p.85(at) are combined to form the 85th percentile curve.

One must be careful in interpreting the bounds as hazard curves which
correspond to a specific set of input parameters. The bounds are analogous to
the bounds which are used to define Uniform Hazard Spectra (URS). The UHS is
the locus of points each corresponding to the same probability of exceedence
and does not represent a distinct spectrum since the inherent physical
correlation between the values at different frequencies has been lost in the
calculations. However, it can be interpreted as an envelope of all possible
spectra. Similarly the 85th and 15th percentile hazard curves do not
represent the hazard curve corresponding to a specific set of input
parameters. Rather they are the locus of probabilities such that the
" Probability" (due to the uncertainty of the expert's in their inputs) in the ;

probability P(A > a) being greater than .15 (85) respectively for each a. I

It can be interpreted as an envelope of all possible hazard curves. It is not
correct to interpret the 85th percentile curve as a hazard curve which will ,

not be exceeded by 85 percent of the hazard curves produced by the uncertain |
'parameters. It is true, however, that for a fixed value a the value

'

P.85(A > a), taken from the 85th percentile curve at a, is an estimate of
the value of P(A > a) which has " degree of belief" or " confidence" 0.85 that
it will not be exceeded, where the " confidence" is a weighted average of the
level of confidence of the individual experts.

.
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SECTION 3: DEVELOPMENT OF INPUT DATA j

3.1 Background-
As indicated in Section 2, most of the data used to develop the input
parameters necessary for our hazard analysis was derived by use of several
questionnaires. We sent three questionnaires to our EUS Seismicity Panel and
one questionnaire to our EUS Ground Motion Panel. As these questionnaires,
. supporting documents, and responses are rather long and involved, they are

|

| summarized in Appendix A (Seismicity Data) and Appendix C (Cround Motion
[- Models) for ready reference. To avoid getting overwhelmed by too many details

in this section, we only discuss what we consider to be the most significant

|
features of the questionnaires and only give examples of the responses.

'
3.2 Zonation
The first step in a seismic hazard analysis is the definition of the areas
where future earthquakes might occur. Our first questionnaire elicited this
information from our EUS Seismicity Panel.

In the first section of this questionnaire the approach was outlined prinarily
for those panel members that did not participate in the SEP. We also provided
them with an overview of the SEP (Bernreuter and Minichino,1983). In the

second part of the questionnaire we addressed source zone configuration.

We defined a source zone as a region which has homogeneous seismic
characteristics in terms of rate of activity, magnitude distribution and upper
magnitude. We also noted that the intent of the questionnaire was 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 considered is the Eastern United States and Southeastern
Canada extending west to the Rocky Mountain front or roughly 1040W. We
provided the panel members with black and white copies of the appropriate
section of P. King's (1969) Tectonic Map of North America (King 1969a, and
1969b). Among several possible maps, King's map was selected since it was the
least likely to introduce biases in the choices of tectonic models.

'

The experts' uncertainty in the seismic zonation was expressed by the
following considerations:

o the existence /non-existence of an individual zone or cluster lof
"

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.

To assist the panel members in understanding.our questions regarding these
items, we provided an example response illustrating the information we were
seeking.

We first asked our panel members, using the maps we supplied, to draw their
base map of potential source zones configurations, for the eastern United
States. We then asked them to indicate in a table those regions in which 'they

-21-



were not certain that they should be identified as a zone. For these zones
they were asked to provide their level of confidenc about their existence and
indicate what region they become part of if they do not exist. Finally, we>

asked them to isolate the zones for which they wanted to provide alternate
shapes, and to provide as many alternative boundaries as they felt necessary;
and, in a table to list the alternatives and give an expression of their
confidence (relative to the other alternative shapes for that zone or cluster
of zones) in each alternative boundary shape.

|

The maps returned by our expert panel were digitized so that we would have a
digital version of these maps for use in the computer program PRD discussed
in Section 2.3 which computes fg (r) using Fq. (2.3). In addition, the two4

tables (responses to the 2nd and 3rd questions) were encoded for use in the
computer program COMAP discussed in Section 2.4, which generates all possible
maps for each expert. As discussed.in Section 2.4, for some experts very |

large numbers of maps were possible so we limited the number of maps generated
to a maximum of 30 per expert per site as discussed in Section 2.4.

Figures 3-1 and Tables 3-1 and 3-2 are an example of typical response from our
panel members.

3.3 Seismicity Data
The seismicity data needed for our hazard analysis program, discussed in
Section 2.5, was obtained from the members of the EUS Seismicity Panel in
response to our second questionnaire. In this questionnaire we asked the
experts to supply for each of his/her zones identified as responses to our
first questionnaire the best estimates for:

,

the largest earthquake in a zone (upper magnitude cut off)o

the expected frequency or rate of earthquakeso
,

o the magnitude (or intensity) recurrence relation

as well as an interval of values for each parameter to which they would
associate a high degree of confidence that it contained the true value.

We indicated that unless otherwise specified by the panel members, we would
treat the bounds of the interval as the 2.5th and 97.5th percentiles except
for the interval bounding the largest earthquake in each zone which we said we

; would treat as the 100 percent bound, i.e., no larger earthquake could occur.

I The experts were invited to use their own catalogue of earthquakes to derive
the seismicity parameters of their zones. However for those 'who requested it ,
we provided them with a catalogue developed by LLNL. The details of this
catalogue are given in Appendix B. Thus in order to assist those panel
members who chose to use the LLNL catalogue in answering the questions in this
questionnaire we supplied them with a list of the earthquakes which occurred
in each of their zones sorted both by size and by date. We also supplied them
plots of the cumulative number of events in each of their zones using the LLNL

-22-
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TABLE 3.1
.

SEISMICITY DATA FOR EXPERT 3 No OF ZONES: 24 SELF WEIGHTS FOR REGIONS 1cassassssssssssssssssenessssssssssssssssssss.sssssssssssssssssssssssseseesssssssssssssssss,2 ,3 &4 ARE 7.0 10.0 5.0 7.0
ssssssssssssssssssssssssas

ZONE NUM3ER 1 LOC 1N REG NO 4 MAP INDEX NO 1 PROB. OF EXISTENCE 1.OOCCURREllCE MODEL IN MAGHITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 6.25
PARAMETER DEST ESTIHATE LOWER LIMIT UPPER LIMITUP MAG CO G.5 6.0 7.3EST. OF N 2.750 2.000 4.000A 1. 5 49 3.949 5.149B -1.100 -1ogs s a s s a s s a s s a s s a s u s s s a m m a s s a m m a s s a s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s. 400 .800

ssssssssssssssssssssssssssssssssssssses
ZONE NUMBER 2 LOC IN REG NO 1 MAP INDEX NO 2 PROB. OF EXISTENCES .9OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 6.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.8 6.3 7.3EST. OF N .200 .133 .333A 1.603 1.393 1.8138 .590 .630 .550

sesessssssssssssssssssssssssssssmussesussssssssssssssssssssssssssss.sssssssssssssssssssssssssssssssssssssssssssssssa
1

M ZONE NUMBER 3 LOC IN REG NO 1 MAP INDEX NO 3 PROB. OF EXISTENCES .75y OCCURRENCE MODEL IN MAGNITUDC LINEAR RANGE OF (A-BsM) MODEL IS 4.00 6.00
PARAMETER DCOT CSTlHATE LOWER LIMIT UPPER LIMITUP MAG CO 7.a 6.8 7.8EST. OF N .2G7 .133 .400A 1.223 .983 1.4638 .000 .570 .470.osssssssssssssssssssssssssssssssssssssssesssssaxasusssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 4 LOC IN REG NO I MAP INDEX NO 4 PROB. OF EXISTENCES .9OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.6 6.0 7.3EST. OF N .769 .385 1.538A 3.586 3.016 4.156B -1.000 -1.130 .870

oossssssssa SEISMICITY DATA FOR EXPERT 3

_ _ _ _ _ -
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TABLE 3 .1

ecessssssssssssssssssssssssssssssssmussesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssumas
ZONE NUMBER 5 LOC IN REG NO 1 MAP INDEX NO 5 PROB. OF EXISTENCES .7
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.00
PARAMETER BEST ESTIMATE- LOWER LIMIT UPPER LIMITUP NAG CO 6.6 6.0 7.3EST. OF N .769 .385 1.538A 3.506 3.016 4.156B -1.000 -1.130 .870

.sss s s s s s s s s s s s s s s s s s s s s = = = s u s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s ss s s a

ZONE NUMBER 6 LOC IN REG NO 1 MAP INDEX NO 6 PROB. OF EXISTENCE: .8
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MOOEL IS 4.00 6.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.5 5.8 7.3EST. OF N 1.091 727 1.818

A 4.061 3.561 4.561B -1.100 -1.200 -1sossessmasassasnassessssssssssssssssssssesmasssessassassssssssssssssssssssssssssssssssssssssssssssssssssss.000sssssssas

ZONE NUMBER 7 LOC IN REO NO I MAP INDEX NO 7 PROB. OF EXISTENCE: .7
: OCCURRENCE MOOEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00- 6.00

ha
m PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITI UP MAG CO 6.5 5.8 7.3EST. OF N 1.091 .727 1.818A 4.061 3.561 4.561B -1.100 -1.200 -1

as s e s s s s s s s s s s s s s s a m a s s e s s e s s a s s a s s u m s s s s s s s s s s a s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s. 000sssssssas

20NE NUMBER 8 LOC IN REG NO 2 MAP INDEX NO 8 PROB. OF EXISTENCES .9
OCCURRENCE MODEL I N MAGril TUDE LINEAR RANGE OF (A-B*M) MODEL IS 4.00 5.50
PARAMETER BEST ESTIMATE LOWER L|MIT UPPER LIMITUP MAG CO 6.6 5.8 7.3EST. OF N .800 .533 1.333

A 3.824 3.124 4.524
B -1.040 -1.190 .890

.

maassssassa SEISMICITY DATA FOR EXPERT 3

e
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TABLE , 3.1

cos s s s sssss s sss s s ss sss s s s s s s s s ss s s s s s s s s s s s s s s s s s s s s s sss ss s s s s ss s s s s s s ss ss sss s s s s ss s ss ssss ss s s s s sss s sssssss s ssssses

ZONE NUMBER 9 LOC IN REG NO 2 MAP INDEX NO 8 ALT 'PRoa. OF EXISTENCES ALT BDY
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.6 5.8 7.3
EST. OF N .400 .267 .667

A 2.974 2.524 3.424
B 900 -1.000 .800

o=sesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas
2ONE NUMBER 10 LOC IN REG NO 2 MAP INDEX NO 9 PROB. OF EXISTENCEm .9
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.4 7.0
EST. OF N ,167 .083 .500

A 2.855 1.925 3.785
B .980 -1.190 .770

asssssssssssssssssssssssssssssssamassassommassasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa

2ONE NUMBER 11 LOC IN REG NO 2 MAP INDEX NO 10 PROB. OF EXISTENCES .9
CCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 6.00,

U PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
I UP MAG CO 6.8 6.0 7.5

EST. OF N 615 .308 1.923
A 3.113 2.516 3.716
B . 0<i0 -1.070 .810

onessssssssssssssssssssssssamerwer ,wwssasam=nsamesessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas

ZONE NUMBER 12 LOC I F 1:EG 410 2 MAP INDEX NO 10 ALT PROB. OF EXISTENCES ALT BDY
OCCUhRENCE MODEL IN MtWNITUDE LINEAR IANGE OF (A-BsM) MODEL IS 4.00 6.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 7.0 6.0 7.5
EST. OF N .769 .385 2.308

A 3.236 2.586 3.886
B .950 -1.090 .810

sossessassa SEISMICITY DATA FOR EXPERT 3

.

0
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. TABLE 3.1

GCGa us sss sss ss sss s s s sm u s u s s s s s s s s a na ss u e s s e s * s u s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s ss s ss s s ss s s s s s ss s ss s s s s ss s ss s s s s s a

ZONE NUMBER 13 LOC IN flEG NO 2 MAP |NDEX NO 11 PROB. OF EXISTENCES .85
OCCURRENCE MODEL IN MAGHITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00- 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 6.0 7.3
EST. OF N .389 .194 1.000

A 2.875 2,285 3,465
B .930 -1.060 .800

osassassssssssammassessmanusasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 14 LOC IN REG NO 2 MAP INDEX NO 11 ALT PROB. OF EXISTENCES ALT BDY
OCCURRENCE MODEL'IN MAGNITUDC LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.3 5.8 7.3
EST. OF N .309 .194 1.000

A 3.395 2.655 4.135
B -1.010 -1.170 .850

opassssssssssssssssssssssssssssses===sasaussssssss=====us===usssssssssssssssssssssssssssssssssssssssssssssssssssssa

ZONE NUMBER 15 LOC IN REG NO 2 MAP INDEX NO 12 PROB. OF EXISTENCES .4
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.00g

N
ca PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
I UP MAG CO G.O 5.0 6.8

EST. OF N .300 .200 1.000
A 2.000 1.730 2.270
B 670 .740 .600

asssssssssssssssssssssssssssssusmuassssssssssssssssssmusss==sesessassessssssssssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 86 LOC IN REG NO 2 MAP INDEX NO 13 PROB. OF EXISTENCES .4
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.0 6.8
EST. OF N .300 .200 1.000

A 2.000 1.730 2.270
B .670 .740 .600

osasssssssa SEISMICITY DATA FOR EXPERT 3

%
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TABLE 3.1

ceasesssssssssssssssssssssssssssssssssemassssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas
20NE NUMBER 17 LOC IN REG NO 3 MAP INDEX NO 14 PROB. OF EXISTENCE: .5
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL l'S 4.00 5.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.0 5.0 6.8EST. OF N .300 .200 1.000 .A 2.000 1.730 2.270B .670 .740 -

se a s s s s s s s s s s s s s s s s s s s s s s s s e u m s s s s s s s s s s s s s s s s s e u m s s s s e n s e s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s. 600sssssasas

20NE NUMBER 18 LOC IN REG NO 3 MAP INDEX NO 21 PROB. OF EXISTENCES .25
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.0 5.0 6.8EST, OF N .300 .200 1.000A 2.000 1.730 2.2708 .670 -7.400 -

ca s s s a s s e s s m a m m a a s s a m a s a s s a m a s u s e s s a s s s a m m a s s a s s a s s a s s a s s a m a s s e s s e s s s s s s s s s s s s s s s s s s s s s s s s s s s s s a m a s s s s s s s s. 600ssssssssa
ZONE NUMBER 19 LOC IN REG NO 4 MAP INOEX NO 15 PROB. OF EXISTENCES .95OCCURRENCE MODEL IN MAGNITUDE LINEAll RANGE OF (A-BsM) MODEL IS 3.75 6.00,

$ PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 7.4 6.8 7.8EST. OF N 1.000 .667 3.000A 3.324 2.904 3.744B .910 -1.000 -

s e s s s s s s s s s s s a m m a s s u m m e s s a s s u m u s s a s s a n s s s s s a m m e s s e n e s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s a n s s s s s s s s s s s s s s s s s s s s s. 820ssssssssa

ZONE NUMSER 20 LOC IN REG N0 4 MAP INDEX NO 16 PROB. OF EXISTENCES .75
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75. 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 7.0 6.3 7.4
EST. OF N .357 .179 1.071

A 2.554 2.054 3.054
B .810 .910 .710

ses==aeaaa= SEISrtlCITY DATA FC:: U(PEI T 3
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TABLE 31

oces ss s s s s s s s ss ss s s s s s s s s s s s s s s u e s s s s a u e s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s ss s s s s s s s s s s s s s ss s s ssssss s ss ss s s sas

20NE NUMBER 21 LOC IN REG NO 4 MAP INDEX NO 17 PROB. OF EXISTENCES .75
OCCURRENCE MODEL IN. MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 7.0 6.3 7.4
EST. OF N .357 .179 1.071

A 2.554 2.054 3.054
8 .810 .910 .710*

usssss ssssssss sss s ss s sss s s s s s==a m as s s e m a s s es s s s s s s s s s sss s ss s s ss am u s s s ssss s ss s s s s s s ss sss sssssss s s s s s sss sss ss s ssssssa

ZONE NUMBER 22 LOC I N REG tic 4 MAP lilOCX N '1 18 PROB. OF EXISTENCES .5
OCCURRENCE MODEL IN M/Lil'tODE Lil!EAll RANGE OF (A-BsM) MODEL IS 3.75 5.00

PARAMETER ITEST l' STIMATE LOWER LIMIT UPPER LIMIT
UP MAG UO G.O 5.5 6.2
EST. OF N 1.000 .500 2.000

A 4.000 4.250 5.550
B -1.300 -1.450 .115

posses s ss s s s s s s a = a s a n s s a a s e us are s = = wa s s m a s s a s s a s a s s a s s a s s a m a s s a s u s s s s s s s a m u s a s sa s s a s s s s s s s == s s s s s s s s s s s s s s s ss s s s s s a

ZONE NUMBER 23 LOC IN REG NO 3 MAP INDEX NO 19 PROB. OF EXISTENCES . 2 5'
CCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.00,

$ PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
e UP MAG CO 6.0 5.5 6.2

EST. OF N 1.000 .500 2.000
A 4.900 4.250 5.550
B -1.300 -1.450 -1.150

assessssssssssssssssssssssssssssasusassmaamssammassassssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa

2ONE NUMBER 24 LOC IN REG No 3 MAP INDEX NO 20 PROB. OF EXISTENCES .25
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BmM) MODEL IS 3.75 5.00

PARAMETER BEST ESTIMATE LodER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.2
EST. OF N 1.000 .500 2.000

A 4.900 4.250 5.550
B -1.300 -1.450 -1.150

.
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EXPEPT-3

I

;

Table 3.2

*

If Zones 2, 4, 6, 8, 10, 11, 12, 13, 14, 15, 16, 18 to 21

do not exist they become part of Zone 1.
f'

Zone 3 becomes part of 2.

Zone 7 becomes part of 6.

Zone 9 becomes part of 8.

t

Zone 11 becomes part of 10.
.

!

)
' Zone 17 becomes part of 16.

i

ALTERNATE BOUNDARIES
I
f

Zone Index Level of Confidence in Boundary Shape

8 0.5
8 ALT 05

10 0.75
10 ALT -0.25

11 0.75 ;

11 ALT 0.25

' MU was not limited by -saturation for Expert 3.

.
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catalogue. We also offered to supply the same data using their data base
(provided it was un computer tape). Since no panel members supplied us with a
tape, all panel members received a listing based on our earthquake history
data tape. We emphasized that we had not applied any correction for
incompleteness or possible af tershock and that they (the panel members) should
correct the plots we provided them for incompleteness and af tershocks as they
saw fit.'

i The second questionnaire, like the first questionnaire, had an introductory
section explaining the type of data we were seeking. It included several
groups of questions. Each group had a section defining terms and some

- discussion clarifying the questions and how we intended using the responses in
the analyses. For example, the concept of upper magnitude cutoff, M , whichU
we defined as the upper limit for the distribution of carthquake magnitude
within a zone given the current tectonic and seismic conditions was discussed
extensively. We also reminded the panel that some magnitude scales (most,

notably the mb scale) appear to saturate. Thus, the upper limit magnitude
would be limited by this saturation value. To avoid the problems of changing
magnitude scales we suggested that they might want to extrapolate beyond the
saturation value. For cost zones this was not a problem; however, there were
a few zones for which this was a problem. Generally, the panel members chose
to extrapolate a little beyond the generally accepted saturation value of the

ab scale. The few departures are noted in the tables summarizing the
responses given in Appendix A.

A third questionnaire was sent to the experts of the seismicity panel in order
to obtain their input on their self weights for each of the four regions
identified (Northeast, Southeast, North Central, South Central).

;

3.4 Cround Motion Models
In this analysis the ground motion model uncertainty is accounted for by
considering, as much as possible, all the available models potentially

; applicable to the E.U.S. Thus, a straightforward method was adopted in the
development of the Ground Motion Questionnaire (Questionnaire Number 4) the'

details of which appear in Appendix C. In this section only the highlights of
the questionnaire are described and the input from the experts are presented.,

Seven individuals were to participate in the evaluation of the ground motion
models, two of them subsequently declined to be members of the "Cround Motion
Pa n el . " Among the five remaining experts, four have returned their responses
to the questionnaire at this date. Table 3.4.1 is a list of the five experts

I which constitutes the Ground Motion Panel.
l
| In the first part of the questionnaire it is explained how the ground motion

| models are used in the analysis. It is stated that the study is only
| concerned with the horizontal components of ground motion and that the measure

of distance is the epicentral distance. There is some controversy as to what
,
'

distance should be used in the analysis. This point was emphasized at the
time of the meeting on ground motion modeling with the ground motion panel at
the beginning of this project and was the object of comments from Dr. Trifunac
and responses to the comments by Dr. Campbell (see Appendices C-B and C-C).

.
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i

Table 3.4.1 List of Experts of the "Cround Motion Panel"

i

David M. Boore (USGS)

Kenneth W. Campbell (Tera Corp., LLNL)

Professor Otto W. Nuttli* (St. Louis Univ.),

Professor Nafi Toksoz* (MIT)
,

Professor Mihailo D. Trifunac (USC)

i
J *Also a member of the Zonation Panel
d

|

<

i

i

h

t

;

.

,

r

i
I

!

|

| .,

|
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1

,

i

1

- Our choice' of the epicentral distance was based on the fact that the.EUS, in;
general, does not exhibit any active fault traces thus making impossible the'

use of shortest distance or any metric based on fault length and direction.
The experts were made aware of this fact in the questionnaire QS and were;

| requested. to consider it in their answers to the questionnaire. Then a
catalog of models is presented where the different models are classified
according to.the way they were developed. There appears to be three generel
ways by which models are- derived when the ground motf on parameter is either,

Peak Ground Acceleration or -Peak Ground Velocity.i

s

1. (I) Using site intensity as an intermediate variable and relating site
; intensity to the ground motion parameter by using one of the following
'

.

five approaches:
i

j o No weighting i

; o Distance weighting

| o Magnitude weighting
! o Magnitude and distance weighting

o Semi empirical

2. (D) Using the ground motions measurements directly.

f 3. (T) Using theoretical considerations for modeling the ground motion.

i

| Thus the overall number of classes for modeling the PGA and the PGV is seven.

} Very few models are available in the case when the ground motion parameter is
;- a spectral.value (i.e. the Pseudo spectral velocity (SV), or the absolute

acceleration.(SA)). Thus a set of spectral shapes were chosen, which combined
with a choice of PCA, PGV or PGA and PGV models, provide a larger set of;.
spectral models to chose from.

! The spectral models available were the two models developed in SEP. These
I models are basically intensity based, one being derived with magnitude
i weighting and the other with distance weighting. A third model which'is also

| intensity based but with no weighting is the model developed by Trifunac and

|' Anderson (1977). The three shapes of spectra (which, combined with a PGA, a ,

j PGV or both models provide the additional spectral models) are the following:

: REG. Guide 1.60 : Combined with a PCA model
| NBS, 1978 - ATC : Combined with a PCA model

Newmark-Hall : Combined with a PGA and a PCV model

In order to assist the eFperts in their evaluation of each of the models, 'the
' main part of. the questionnaire is allocated to describing all of the available
modelsL to be considered and to comparing them to one another and to the little
amount of strong ground motion data available in the E.U.S. Finally, the

questionnaire itself is organf red as follows: '

For _each of the ground motion parame'ters (PGA, PGV or ' Spectra), the
expert is asked to respond to the following questions, for each of the

; four regions of the EUS identified (Northeast, Southeast, North Central

! and South Central) and'considering two possible measures of earthquake
size (ab and MMI).

-34-
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|

1. Among all the ground motion models available which one is the most
appropriate model f.e., the best estimate model? |

l
2. For each class of models identified (7 classes for PCA and PCV, 3 classes |

of spectral shapes and 2 SEP models for spectra), which is the most I

appropriate model?

3. What is the confidence level that can be associated with each class. This
confidence level is a number between 0 and 1 such that the sum over all
classes is 1.

.

4. What other models should be considered?

5. Assuming hat the random uncertainty has a lognormal distribution, what is
the best estimate of the standard deviation on the logarithm (c) or the
coefficient of variation (cov) on the ground motion parameter? What is
the interval which the expert believes, with a high degree of confidence,
represents the possible range of a or cov?

Finally in order to combine the results for several experts by the method
presented in Section 2.6, the experts are asked to indicate their level of
expertise with regard to assessing the worth of ground motion models.

The responses obtained for Questionnaire 4 were quite diverse. As can be seen
in Table 3.4.2 " Summary of Responses", some experts chose to respond only for
magnitude scale ab and assumed all regions to be the same. One expert
responded in terms of mb and MMI and gave different models for each region.

Yet other experts (Expert Number 3 and 5) decided to select only one model for
their best estimate out of one class of models and assigned a zero confidence
level to all other classes. For the case of the spectra, Expert 5 did not
select any of the models catalogued in the questionnaire and chose the model
developed by Trifunac and Anderson (1977).

Similarly, the opinion of the experts as to the range of values to assign to
a or cov was somewhat diverse. As can be seen in the responses, the best
estimate a varied f rom .50 to .60 and the intervals went from [.35 .65] to
[ .50 .80] for PCA; from .55 to .76 for the best estimate of a for PCV and

f rom .60 to .90 for the best estimate o for the spectral velocity models.

Figure 3.2 compares the best estimate (BE) PCA models for magnitudes of 5 and
7. Model numbers 7 and 25 are the same for both rock and soil; however, model
number 27 is different for rock and sofi. Both the rock (27R) and sofi (27S)

! are shown on Fig. 3.2. It is seen from Fig. 3 2 that models numbers 7 and 25
are in reasonable agreement, however, model number 27 has a much lower
attenuation than models numbers 7 and 25 and the scaling with magnitude is
also significantly.different. For very large earthquakes, model number 27
leads to much higher hazard curves than the other BE models. This point is
discussed in Section 4.3.

1
1
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Table 3.4.2 Summary of Responses to Questionnaire 4 as Input to the
Analysis (1).

1. Self Weights: Expert number | 1 3 4 5

Weights | .8 .7 .8 .75

2. Ground motion parameter = PGA
l

'

- 1

A. Best estimate models
|

Expert ID | 1 3 4 5

Best Estimate Model | 7 25 7 27

Note: Same models for all regions and MMI/mp scales.

:.

.

!
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{ Table 3.'4.2 Sumn.ary of Responses to Questionnaire 4 as Ir:put to the

| Analysis (1) continued

1

B. Models selected

|
,

{ Classes of Models
i EQK 1 2 3 4 5 6 7 :
! Quant. Empert- '

M -MMI Region 10 f W # W f' W $ W # W f W f- W|
- .

o

1 "1 .05 2 .05 3 .15 0. 5 .15 6 .25 7 .35
4 3 0. O. O. O. O. 25 .70 7 .30
4 1 4 - 20 .03 21 - .10 22 .07 23 .13 5 .15 26 .22 7 .30

5 27 1. O. D. O. O. O. O.,

Mag.g 2 4(2)- 8 .04 9 .11 10 .08 11 .14 5 .15 26 .20 7 .28
3 4(2) 12 .02 13 .08 14 .05 15 .10 24 .15 26 .25 7 .35#

4 4(2) 16 .03 17 .10 18 .07 19 .13 24 .15 26 72 7 .30,

1
4

1 1 605 2 '.05 3 .10 0. 5 .10 6 .30 7 '.40
1 3 0. O. D. O. O. 25 .70 7 .301

1 4 20 - .03 21 .10 ' 22 07 23 .13 5 .15 26 .22 7 .30INT. 5 27- 1. D. O. .0. O. O. O.

4((3)
MMI 2 8 .04 9 .11 10 .08- 11 .14 . 5 .15 26 .20 7 .284 3) 12 .02 13 .08 14 .05 15 .10 24 .15 26 - .25 - 7 .35

1 3
. 4 4(3) 16 .0) 17 .10 18 .07 19 .13 24 .15 26 .22 7 .30
,

4

1

;

)
i

f

4

.

| !
i

I

I'.

-
.

%
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Table 3.4.2 Strrary of Respenses to Questlemaire 4 as Input to the
Analysis (1) continued

B. Selected models

1Classes of Models '

1 2 3 4 5 6 7

Mag./ Expert
Intensity Regiori 10 # W f W f W f W f n i W f W

,

!

|
.

1 28 .05 29 .05 30 .15 O. 31 .15 O. 32 .60 i

3 C. O. O. O. O. 46 .30 32 70 <

1 4 42 .03 43 .11 44 .08 0. 37 .18 0. 32 .60

Mag. 5 Not ceveloped

g 2 4(2) 33 .04 34 .11 35 .08 0. 31 17 C. 32 .60

3 4(2) 36 .02 37 .08 38 .06 0. 45 18 0. 32 .66
4 4(2) 39 .03 40 .11 41 .08 0. 45 .18 0. 32 .60

1 28 .05 29 .05 30 .10 C. 31 .10 0. 32 .70

1 3 0. O. O. O. O. 46 .30 32 .70
4 42 .03 43 .11 44 .08 0. 31 .18 0. 32 .60

Intens. 5

4((3) :3 .04 34 .11 35 .08 0. 31 17 0. 32 .602
4 3) 36 .02 37 .08 38 .06 0. 46 18 0. 32 .66MH1 3

4 4(3) 39 .03 40 .11 41 .08 0, 46 18 0. 32 .60

.

.
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Table 3.4.2 Susunary of Responses to Questionnaire 4 as Input to the
;. Analysis (1) continued

.

C. Random variation

Region Expert ID Best Estimate Lower Bound Upper Bound
a a a,

i 1 1 .50 .35 .65
3 .60 .48 .72
4 .60 .50 .80
5 .60 .60 .(0 .

;

2(5)

3 4(4) .55 .50 .70
| -

4(5)

i
:

3. Ground motion parameter = PCV.

A. Best estimate models

Expert ID | 1 3 4 5

Best Estimate Model | 32 32 32 N/A

Note: Same models for all regions and MMI/a scales.
b

, ,

4

|

1
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Table 3.4.2 Summary of Responses to Questionnaire 4 as Input to the
Analysis (1) continued

'C. Random variation
.

4

Region Expert ID Best Estimate Lower Bound Upper Bound |
0 0 0

1 1 .55 .40 .70'

3 .76 .64 .88
4 .60 .50 .80'

I 5 .60 .60 .60

! 2(5)
4

3(4) 4 .55 .50 .70

-

4(5)*

|

4. Ground motion parameter = Pseudo relative velocity (spectra)

A. Best estimate models.

Expert number | 1 3 4 5
Model index | 101 110 101 119

!

i

h

.

|

|
i
i

1

I
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Table 3.4.2 Summary of Responses to Cuestionnaire 4 as Input to the
Analysis (1) continued

B. Selected models.

Classes of Models

EarthGuake 1 (RSI) 2 (R$2) 3 (RS3) 4 (RSA) 5 (RSS) 6 (RS6)
Cuant. Expert
M hNI Region 10 i # W # W # W f W f W

"
o

1 65 .40 83 .15 101 .50 47 .05 56 15 119 05
3 74 .05 92 .05 110 .90 0. D. O.

1 4 65 .12 83 .13 101 .30 47 .25 56 20 0.
5 O. O. O. O. O. 119 1.

2(2)na
3 4(2) 65 .10 83 .10 101 .35 47 .25 56 20 0.
4 4(2) 65 .10 83 .10 101 .35 47 .25 56 20 0.

3(2)
HMI 2(2)

3 4(2) 65 .10 83 .10 101 .35 47 .25 56 20 0.
4 4(2) 65 .10 83 .10 101 .35 47 .25 56 20 0.

C. Random variation

Expert 10 Best Estimate o Lower Bound o Upper Bound a

1 .60 .45 .75
3 .65 .53 .77 Same for all
4 .90 .70 1.40 regions
5 .60 .60 .60

|

1
1
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Table 3.4.2 Summary of Responses to Questionnaire 4 as Input to the
Analysis (1) ' continued

Key: #= Ground motion index number. See Table 3.4.3 for correspondence
with model index and equation number as they are described in
Appendix C.

W= Confidence level assigned to the class of models.
.

Notes:
'

(1) Expert 2 was developed.by LLNL for testing and comparisons. Not used
in analysis.

(2) Except for Expert 4 all other model indeces and confidence levels
same as for Region 1, ab'

;

(3) Except for Expert 4 all other model indeces and confidence levels
same as for Region 1, MMI.'

(4) Except for Expert 4 all other model indeces and confidence levelsi .-

same as for Region 1.'

4

(5) All experts the same as for Region 1.

:

;

-

4

i

.
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[' Table 3.4.3 Correspondence of Model Indeces in Table 3.4.2 with Models
i Described in Appendix C.

"

i,

'
,

|
,

Ground Motion Index in Ta'ble'

t' Parameter 3.4.2 Index of Model in Appendix C
!

:

1 A3-CJ5,

j 2 A3-G21

.; 3 A3-C31

5 G53

6 D12
'

7 D21
,

8 Al-C16<

)
j 9 Al-C21

| 10 Al-G31

11 Al-G41
j 12 A3-G1,6
; PGA 13 A3-G21

; 14 A3-G31

15 A3-C41'

.16 A4-016
| 17 A4-021
1

18 cA4-031

| 19 A4-041

20 AS-C16

21 AS-C2]
'

22 A5-031

| 23 A5-C41

24 C52

25 D13

26- D14
2

27 Trifunac-Anderson (1977)

-43-

_



. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ - _ _ _ _ _-__ _ _ _ _ _ _

28 A3-CV12

29 A3-GV21

PGV 30 A3-CV31

31 CV52

32 DV21

33 Al-GV12

34 Al-GV22 ,

35 Al-CV31

36 A3-CV12

37 A3-GV22

38 A3-GV31

39 A4-CV12

40 A4-CV22

41 A4-GV31

42 A5-CV12

43 A5-CV22

44 A5-CV31

45 G*151

46 DV12

47 RS4, SEP Distance weighted model

56 RSS, SEP Magnitude weighted model

Spectra 65 RS1, REC. Cufde 1.60, anchored to

PGA model D21

74 RS1, REG. Guide 1.60, anchored to

PCA model D13

(SV) 83 RS2, ATC, anchored to PGA model D21

92 RS2, ATC, anchored to PCA model D13

101 RS3, Newmark-Hall anchored to PCA model .-

D21 and PCV model DV21

110 RS3, Newmark-Hall anchored to PCA model .

D13 and PCV model DV21

119 RS6, Trifunac-Anderson (1977) model
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,

Figure 3.3 shows an overlay of all soil PGA models used in the analysis for
,

magnitudes 5 and 7. An overlay of all rock models is very similar and is not
p resent ed . As can be seen f rom Fig. 3.3, there is considerable diversity
between the different ground motion models.

Figure 3.4 shows a comparison of the BE spectra models for rock for magnitudes
i of 5 and 7 at a distance of 10 km. Figure 3.5 shows the same comparison as
| Fig. 3.4 except the BE spectra models are for soil. Figure 3 6 shows the BE

spectra for rock at 200 km for magnitudes 5 and 7. Figure 3.7 shows an
overlay of all rock spectra at 10 km for magnitudes 5 and 7 and Fig. 3 8 shows
the same comparison as Fig. 3.7 except the distance is 700 km. It is seen

| f rom these figures that the spectral shape changes af snificantly with distance
and magnitude. These changes are responsible for the uncommon shapes in our'

best estimate uniform hazard spectra presented in Section 4.3.

3.5 Selection of Sites
The ten sites used for analysis were selected by the staff of NRC's'

Ceosciences Branch. The criteria that was used was

1. Provide regional coverage of all areas that are being examined in the
barard program. This should include regions such as the northeast
and upper midwest which have teen studied in the past and regions
such as the southeast and gulf coast where little hazard information

3

is currently available. Sites should also be chosen to provide ;

i initial (if p>ssible) assessment of the potential impact of the USGS '

Charleston earthquake clarificaton letter.

2. Provide cross representation of plant vintage. The range of plant
ages will allow an initial assessment to be made whether older plants
may be more impacted by the hazard analysis than newer plants.

3. Provide for comparison with hazard estimates undertaken as part of
Systematic Fvaluation Program phase II. This will allow a direct
assessment of hazard program improvements, particularly .regarding how

,

uncertainty is propagated.
,

4 Provide a cross representation of site ennditions at test sites.

This will allow an initial assessment to be made regarding the impact
i

of sice conditions on the final hazard results. ',

1

The ten sites they selected are

1. River Bend - deep sof t site; location - Culf Coastal Plain; important
issues include a region ubich has If ttle or no hazard estimates.

2. Wolf Creek - rock site; partial (4 experts) hazard estimate have been -

completed from original program; location-west central United States;
important issues include Central Stable Region and Nemaha Uplif t.
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3. Braidwood - treated as a rock site, review barard estimates have been made
for nearby sites including SEP Phase 11 at Dresden and the Zton PRA; both
rock and shallow soft conditionst location-central United Statest
important inaues include northern extent of New Madrid and seismic zones
in Illinois.

4. Lacrosse - operating plant; hazard estimate made for SEP phase 11: deep,

soil altet location-north central United Statcal important f esues include ,

i Central Stable Region and area of Icw seismicity. Partial horard ;

estimates have been completed by consultant to licensee. |
:

5. Watts Bar - hazard estimates made by TVA in 1978 both rock and shallow
soil condittenal location-Appalachten regions important issues include

,

possible castern Tennessee seismic zone.

6. Voglf w|- no hazard estimates have been madel deep soil site;
location-Southeast United Statest important issues include a region which'

has little or no harard estimates and the site is within close proximity>

to charleston, South Carolinn.

7. Shearon Harris - no harard estimates have been uadet both rock and shallow
soll eindition; locatien-North Carolina; important issues include
southeast' location although comewhat removed from Charleston.

8. Limerick - no barard f. sticata a have been made; rock site; i
*

location-southeastern Pennsylvania; important issues include effect of

! Charleston on eistern seaboard plants located away f rom Charleston.
!

9. Millstone - harard enrimates made for SEP phase 111 both rock und shallow;

! soft site; location-constal Connecticut.

I
'

'

10. Maine Yankee - rock sitet location-Mairet important issue is that this is
I the closest nuelcar power plant to the 1982 New Brunswick earthquake.

The locations of these sites are shown on Fig. 3 9.

i
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SECTION 4: RESULTS

4.1 Introduction
The results of the analysis for the ten sites described in Section 3.5 are
presented in Section 4.3. These results must be considered as preliminary for >
the following reasons:

The feedback cycle has not been completed with the EUS Seismicityo
Panel.

o One member of our Ground Motion Panel has not yet returned his
'

answers to Questionnaire 4.
o No feedback discussions with the Ground Motion Panel have been held'

yet.

It is expected that, as a result of feedback, there will be some changes in
' our results and this will lead to significant changes for some experts.
However, the median hazard curve combined over all experts is a robust
estimator and we would not expect to see this hazard curve change
significantly as a result of feedback and the inclusion of the final set of
ground motion models.

The results of a limited sensitivity analysis are presented in Section 4.2.
The primary purpose of this section is to assist in understanding the results
presented in Section 4.3. However, some of the results and conclusions are
generic.

The "best estimate" hazard curves (BEHC) are presented in Sections 4.2 and
4.3. As discussed in Appendix D, what is termed BEHC for a particular expert4

is a hazard curve based on selecting the expert's BE map and setting all of
the seismicity parameters to the BE value provided by the expert and selecting
one of BE ground motion models (See Section 2.5.4 and Appendix D for more
details). Thus the BEHC is not necessarily the "best estimator" to use, but
is simply one possible estimator of the seismic hazard at a site. The first
level of combination is to combine the BEHC resulting from using all the BE
ground motions and self-weights provided by the Ground Motion Panel members.

| These curves for each seismicity expert are provided in Section 4.3 and
j referred to as BEHC for a given seismicity expert. We also combine over all

seismicity experts to obtain the combined BEHC for a site using the
self-weights provided by the experts. It is.important to keep in mind that
this combination is arithmetical so that outliers are important. We also
present the constant percentage hazard curves CPHC which result f rom our
simulation proceedure for individual experts as well as combined over all |

seismicity experts and ground motion experts.

In Section 4.3 we also present best estimate uniform hazard spectra
(BEHUS) and constant percentile uniform hazard spectra (CPUHS). By definition
the uniform hazard spectrum is a spectrum developed using probabilistic
methods in such a way that each spectral amplitude has the same probability of
being exceeded. In the development of the spectrum, each frequency is
considered independently and correlation between the spectral amplitudes is
not explicitly taken into acount. Predictions are made for one frequency at a

-55-

- , _ . -



. _ _ ._ _ _ _ . . _ . _ _ . _ . . . _ _ _ _ _ . .

:
1

ji

time. All potential earthquakes, small and large, contributing to the
seismicity at the site are-considered, using appropriate seismicity,,

attenuation and exposure models. The cumulative contribution to the loading;

at _ the given frequency is computed as a , cumulative distribution function of
i -the loading.

! The pseudo-spectral velocity vs. period is-then plotted and the loading
; . corresponding ' to the return perod of interest is usqd as the appropriate
; spectral amplitude for design at the given period. The procedure is repeated

for other period within the period range of interest and the spectrum is built
point by point.

,

Since each f requency is treated independently, the aspect of a specific4

i spectral shape corresponding to a particular earthquake is lost in the
, process. Thus, the uniform hazard spectrum is not representative of any
j single event. For example, if the structure is subjected to a nearby small
| earthquake, the ground motion will be most likely rich in high frequency !,
''

'energy; the low frequency content of its spectrum will most probably be
small. Conversely, if the event is distant, its spectrum will most probably ;

have little energy _ in the high frequency range.
' An important consideration in understanding the effect-of the various

parameters on the hazard at a given site is the relative role that the,

different zones play for each expert. In an attempt to display the role of
the zones, Table 4.1 presents the contribution of the zones which dominate in
the hazard, for each of the ten sites described in Section 3 5. The

i contribution factor was calculated as described in Appendix D Section DS.2.-
; Since some zones play a different _ role at low hazard values than at high
? hazard values (or equivalently at high PGA or low PGA), the contribution
i factor in Table 4.1 is given for both " Low" PGA and "High" PCA. It has to be
j noted that this calculation is performed only once, for the best estimate

Therfore the results of Table -4.1 have to be interpreted with cautionj case.
, since they are only representative of the B.E. In particular f t appif es only
1 to the BE maps therefore lacking information on alternative zones or-

alternative boundaries. However, since in most cases the BE maps is the.

; dominant case, the results of Table 41 can be used to interpret the hazard
i results, and keeping its limitations in mind. (Note: the zone numbers
'

referred to in Table 4.1 are the experts' zone numbers, as they appear on the
maps displayed in Appendix A).<

|

j. 4.2 ~ Sensitivity A'nalysis
In this section we examine the sensitivity of the hazard curve to changes in

'
various input parameters as an afd to understanding the results ' presented in,

Section 4.3.
!

We are interested in not only how changes in the best estimate
-(BE) values of. parameters affect the hazard curve but also how 'the uncertainty '

about the BE values influence'one's assessment of the seismic hazard at 's .-

|_ site. In particular, we examine the influence of:
;,

L
i 1. the ~ uncertainty individual experts have about their' zonations; *

J
,

: 2. changes in both the BE values of:the a and b parameters of the
}: 1 magnitude recurrence relation and reduction of the' uncertainty in
| <these parameters;
l
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Table 4.1 Proportion of the Contribution of Zones to the "Best Estimate * Hazard at Sl_tes
,

Key to Table: 1st Colusui: " Low" = zone number / portion of contribution at low PGA level. [
2nd Column: "High" = zone number / portion of contribution at high PGA levels. ' *

Example: 7/.79 in the " Low" column for Erpert 11 at Shearon Harris indicates that the
ed' : expert's zone number 5 contributed 79% to the final PGA hazard in the "best

estimate" case, at low levels of PGA. For this same expert at "high" level _t
PGA, the contribution of Zone 7 was 69%.

|
.

51TE -

I ,

I
I I I

SHEARCII HARRIS | BRAIDWOOO | RIVER 8END | MILLSTOIE *

Soil Conditioni Rock | Rock | Soil | Rock
Location .I SE | 10C | SC | NE

I Low High Low .High | Low | High - L Low -| High ;
~ Seismicity 113/.86.1/.06 3/.97 19/.63,11/.21 19/.92 1/.54,9/.12 1/.95 Z2/.54,ZU/.001 22/.91

'

Empert i 2/.06 1/.03 I 9/.08.10/.06 9/.04,11/.04 10/.02,4/.02 9/.02 1/.05,21/.03.1 1/.03 i

-Inden | I -|- | 4/.02 |
'

| Ihumber . Z JU/.IU,0Z/.lJI CZ/.73 | 21/.30,15/.Z5 i Z1/.65,15/.ZZ CZ/.59 CZ/.52 31/.90.JZ/.07 J1/.95'

27/.09,29/.07 30/.26 20/.10,CZ/.08 CZ/.10 1 18/.41 18/.18 28/.03 32/.02
g 3 CZ/.57.1U/.ZT CZ/.95 14/.69,0Z/.ZU CZ/.91.14/ 061 CZ/.59,1b/ U9 CZ/1. //.IT,D/.19 it.9Z,D/.US, ;

u 11/.10,8/.07 10/.04 16/.05,17/.04 ! 16/.02,15/.011 16/.01 1/.03,3/.02, 1/.03y 15/.03 2/.01
*

4 IU/.SZ,II/.J9 11/ 51,10/.19 D/.14,4/.15 D/.59,4/.U9 4/.55,Z3/.41 Zb/./J,4/.24 ZJ/./D,15/.II . ZJ/.WW.I5/.UI
9/.04,26/.03.1 . 3/.02,CZ/.01' I CZ/.03 16/.05.19/.02 ,

I 8/.02 - 1 I i 1 20/.02 !

5 ii 10/.65,9/.Z9 | 10/.79,9/.20 I CZ/.67.15/.151 CZ/ 76.15/.24 ; 11/.41.CZ/.391 CZ.15,15/.ZJ | 1/.92,D/.Ub I I/l.

I 8/.04.11/.01 | .I 13/.10,14/.04 I i 15/.19,17/.011 11/.02 | 8/.01,3.01 |
'

I I I 12/.03 -| | | |
6 | 10/.33.CZ/.321 CZ/.75,10/.171 17/.64,23/.30 17/.49,23/30 | CZ/.55 11 CZ/.16,17/.241 4/.93,J/.Ub I 4/.95,Ji/.ul

i 8/.23.17/.06 | 3/.07 i CZ/.05 l CZ/.21 1 17/.45 |7/.01.5/.01 | i

~l 9/.05 l I | || 1 I |
7l' CZ/.49,5/.20 i CZ/.97,10/.031 CZ/.53,5/.UU l CZ/.95.6/.05 L CZ/ Ib,I/.14 i CZ/.99,D/.UI I 24/.32 Ib/.J91 Z9/.90,lD/.UJ, t

| 9/.16,7/.10. I 6/.07,7/.01 1 6/.08,5/.03 1 | 26/.04,CZ/ 031 CZ/.01r

10/.06 I i i 13/.03 I
. 10 4/.77,25/.10 I 4/.99 26/.57,0Z/.35 26/ 13,0Z/.Z7 CZ/.95,12/ U4i CZ/l. 2/.bt,4/.Zl, I Z/.03,4/.41*

,

! 15/.06, | 12/.05.13/.03 ; 22/.06,CZ/.05 CZ/.13
28A/.06, I | 23/.04,6/.01 .

CZ/.01 1 :I l }
II , 7/.19,5/.13 | //.D9,5/.JI IU/.9I,0Z.UZ j 10/1. n 14/.50,11/.12 14/.92,0Z/.05 1/.71 5/.12

! 6/.03,5/.01 '| 11/.01 i i 15/.02,CZ/.02 11/ 03 . CZ/0I.3/.06 CZ/.UI
.0b1/.93 5/ !

I- | l | 8/.02,10/.01 ;I I 4/.02,1/.01 |
'

12 1 3/.55,15/.10 1 3/.99,14/.01 I 10/.62,1/.27 | 10/.55,1/.14 I 6/.87,12/.08 I 6/.86,12/.14 1 3/ 81,17/.13 1 3/.99'

| 14/.06,5/.01 | 11/.09,12/.02 | 12/.01 | 2/.04 | | 18/ 05,16/.01] .

13 I CZ/.49.9/.41 , CZ/.91,9/.09 CZ/.81,5/.09 CZ/.99 i CZ/.88.5/.11 | CZ/1. I 10/.9Z,0Z/.04 IU/.9e,0Z/.UZ .

',

'I 8/.09 -| | 6/.08,7/.01 I i | | 12/.03,11/.01)

!

>
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Table 4.1 (Continued)
Proportion of the Contribution of Zones to the "Best Estimate" Hazard at Sites

|'
i

i
1 5ITE

!
.

| I
LIMERICK I LA CROSSE | WOLF CREEK WAITS BAR

Soil Conditioni Rock
Locatl an i SE.NE.hC

. Soll | Rock Rock
NC | SC |

tow Hi gh Low Hi gh Low Hi gh Low.
SC-5E

I Hi gh
Seismici ty I 4/.95,20/ 02 4/.99,l/.01 CZ/.16,9/.12 C2/.90.9/.06, CZ/.61.14/.14 CZ/.75,9/20 4/.88,9/.D6 4/.55,9/.15,

E spert 1/.01 11/.06,10/.04 11/.01 9/.10,10/.08 10/.03,14/.01 10/.02i

|
Inden 2 25/.94.32/.02 25/.99 CZ/.74,18/.25 CZ/.95.18/.05 15/.61,18/.21 15/.18,18/.21 21/.74,18/.19 27/.81,18/.18

| humber | 31/.02.30/.021 I I | CZ/.05,5/.04 i CZ/.01 1 30/.05,20/.02
| 3 | 6/.19,l/.08 | 6/.93.2/.0/ | C2/.12,14/.24| CZ/1. I CZ/.84,15/.011 CZ/.99 | 8/.82 CZ/.01 b/.91.02/.08
| | CZ/.07 | | 15/.02,17/.011 .I 17/.06,16/.028 | 15/.04,16/.021
| | t | | | | | 11/.02

4 | 18/.61,12/.218 11/.99,12/.02| 6/.51,4/.I5 | 6/.56,0Z/.43 | 1/.13,4/.19 | CZ/.62.1/.20 | 5/.53.4/.35 8/.51,13/.23,
| 16/.06.19/.011 | CZ/.04 i C2/.05 H 4/.17 h CZ/.30,9/.04 4/.20i

l 8 | | | | 10/.03
[$ 5 1 1/.8J,6/.14 I I/l. I CZ/./4,IJ/.25, CZ/.54,15/.lbl' CZ/.65,II/.49 CZ/./b.15/.24 11/.86,15/.09 11/.84,15/.16
e 15/.04 15/.06 | 9/.03.14/.01

6 I/.86.4/.10 1/.96,4/.03 CZ/.58,Il/.35 CZ/.IB,ll/.22 II/.48,0Z/.2/| CZ/.14,II/.26 9/.I9,l//.19 9/.UU,l//.Zu
3/.01 23/.07 1 25/.21,22/.03) 10/.02

I, IJ/.65,04/.19, CZ/.55,IJ/.lli 3/.I4 LZ/.ll . 3/.b5,CI/.29 | CZ/.58,5/.06 | 0Z/.97,6/.03 //.92,6/.02 1/.98,6/.02
l 23/.04,7/.04 I i 6/.11,4/.03 |6/.03 1 6/.05 1 5/.02,8/.02,
I | | I | | CZ/.01

to | 5/.59,4/.J5 1 4/.5I,5/. J9 | CZ/.75,32/.Oll CZ/I. I CZ/.94,12/.05 , CZ/.99 1 28/.78,26/.12 28/.96,26/.03
i CZ/.04,6/.01 | C7/.04 | 1 | 13/.01 | | 12/.06,C7/.02L

11 l 5/.93,02/.03 i C2/.99 i C2/.91,10/.091 C2/l. I C2/.73,11/.151 02/.99.11/.016 6/.90,CZ/.03 1 6/ l.
I 1 | 1 | 15/.04.10/.04| | 10/.02.11/.02
| | t | | 11/.04 I I 8/.01

12 1 3/.65.4/.24 1 3/.99 i C2/.93,10/.034 02/.99 | 02/.69,9/.26 i CZ/.62,9/.17 | 2/.84,CZ/.08 |2/.9/,0Z/.UJ
| 17/.09 | - | 20/.02.11/.011 | 11/.04.12/.021 12/.01 1 11/.04,3/.02 |
| | | | | 12/.01 |

IJ | CZ/.50,IO/.13| CZ/.99 i CZ/.95.5/.05 | CZ/1. CZ/.86,5/.12 | CZ/3. 8/.9U,5/.U4 I bl.YV.LZ/.Un
| 12/.02 | | | || 1/.nl i H 9/.03,CZ/.02 |
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3. changes in the BE values and reduction of uncertainty in the estimate
of the upper magnitude cutof f Mg,i

4. the model uncertainty in the ground motion models; on the computed,

hazard at a site.

It must be kept in mind that as shown in Bernreuter (1881a) the results are
very site and expert dependent. Hence, there are certainly many eFCeptf ons to,

i any conclusions reached and they should only be used as a guide for
: interpreting the results. Keeping this in mind, we selected four rites to
t explore the influence of the four items listed above to help us reach
; " general" conclusions. In selecting these four sites, we attempted to span

the range of factors that influence the results. Thus one site, River Bend,
j is located in a region of low seismic!ty and generally simple zonation. One
| site (H111 stone) was located in an area of complex zonation and two sites ,

(Braidwood in the midwest and Shearon Harris in the southeast) in regfons of,

moderate zonation complexity. i

!
#

| For these sites we made a number of sensitivity runs. The sensitivity
i analysis was performed in a non standard manner. Instead of defining the base
) case as the case where all variables were deterministic (i.e., withoue

uncertainty), we defined the base case as the one where all the variables take i
2

the value and uncertainty given by the experts. Next, tn analyze the '

influence of a given parameter, we reduce its range of variation. Thus we L

calculated the hazard using reduced confidence intervals for a, b and Ng. t,

For each parameter, P, we reduced the range using the relation
[

1 !
' i

f I

; P =PBE [1-R] + P R (a) '

- max max

(4.1),

P =P F1-R) + P R (b)min BE min
Ii

where R = reduction factor for the total interval P,gn, l multip1f ed by P orPeax. Then the
| new interval of values considered is the initial interva j

e ,

| (P ,,, - P ,3,) = R (P,,, - P,j ,) .
1

For instance, we analyzed the impact of reducing the uncertainty in the "a":

parameters, to a fif th of it s original value. In this case, the value of R in
i equation 4.1 is 0.2 and the parameter P is identified as the parameter "a".

In this example, if the best estimate for a given zone, was 2 = 2 and the
lower and upper bounds were 1.5 and 2 5, respectively, then, the new bounds,
given by Eq. 4.1 are

4

i 'new a ,x = 2(1.2) + 2.5 x .2 = 2.1
5

new a in = 2[1.2) + 1 5 x .2 = 1.9m

i

|
|
!
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These runs were all made using only one ground motion model - namely model
No. 7 (Table 3.4.3) . This model was the BE model chosen by two of our Ground
Motion Pavel Experts. This (#7) ground motion model. as can be seen from
Fig. 3.2, is very close to the BE models #25. Each run for each seismicity
expert is based on 100 simulations.

4.2.1 Maps
Each expert was asked to express his/her uncertainty about both the existence
of individual zones and the shape of the zone's boundary. As can be seen from
a review of the tables in Appendix A, many zones shown on the maps have
probabilities less than 1.0 of existence. For the uncertainty expressed by
our expert about either the existence of zones or their shape to have any
influence on the computed seismic hazard the site must be either within the
zone or near zones that might not exist or whose boundary shape could change
significantly relative to the site in question. Thus for sites If ke River
Bend or La Crosse, which are located away f rom zones that might not exist, the
uncertainty about the existence / nonexistence of a given zone for a given
expert does not affect the answer. For sites like Millstone or Shenron
llarris, which are located in regions with a number of nearby zones, then tbc
uncertainty a given expert has about the exf atence or nonexistence of a F venf
zone can have considerable impact on the computed barard. To examine this, we
fixed all the parameters at their BE values except for the maps and performed
100 simulations for each expert. Thus for each expert 100 hazard curves were
computed where the only element that was changing was the maps. If all the,

zones around the site had probabfifty 1.0 of existence and there was no
alternative boundary shapes to influence the results, then the simulation
would yield 100 f dentical hazard curves. If the expert was uncerta f n about

the existence of renes, then the 100 simulations would yield several sets of
bazard curves. As would be expected, map uncertainty was much more important
at Shearon llarris and Millstone than River Bend and Braidwood, and more at
Braidwood than at River Bend. Figures 4.1 a. F, and c are typical examples of
the magnitude of the uncertainty introduced by a given expert's uncertainty
about his zonation. Note that the three curves of the 15, 50 and 85th
percentfice of Fig. 4.1 are degenerated to two curves. This is due to the
fact that two curves are superimposed as a result of the flat distribution of
the maps. It means that of the 100 simulations, more than 50 of them gave the
same or almost the same results, either at the low end or at the high end.
Thus the 15 and 50th (or the 50 and 85th) percentiles are equal. Not shown
are the cases where no or only very little uncertainty la introduced. At
Hillstone it is interesting to note that for Expert I the BE hazard curve the
loading comes primarfly f rom rene 22. Zone 22 has a probability of existence
of 1.0 but its shape (and seinef eity parameters) are equally likely to be
replaced by zones 38 and 30 What this means is that all maps have either
zons 22 or zones 38 and 39. For Expert 13 the load is coming primarily f rom
zone 10 which has a probability of existence of 0.6. For Expert 10 the lond
is enming primarily from zones 7 and 4 whfeb bave a probabf11ty of existence
of 0.8. Ff gure 4.1d shows an ertreme case of the uncerraf nty introduced by a
given experts uncertainty in renation for Braidwood. Zone 6 is the major
contrf hutor to the hazard but has n probability of existence of only 0.75 for
Expert 4.
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I

.

|- . It is evident from these figures that a given expert's uncertainty about his
renation (either existence or nonexistence or bounderv shapen) can he4

,
important.

I.
I 4.2.2 Seisaicity Parameters
; .7n' this section we examine the influence of changes in both the BE values of

the a and b parameters of the magnitude recurrence and the uncerta!nty in the
estimate of the a and b values. The influence of changes in the BE value of

L the "a" parameter are easily inferred ' 9m Eq. 2.2 as the a parameter f s
df rectly related to be mean rate of occurrence of earthquakes larger than i

M. Generally, only one zone is the major contributor to the hazard at ao
| site. If this is the case, then Eq. (2.2) can be written (for small number of
1 expected events) as
i

! P[A > a) = AP (4.2)
i

j where A = rate of occurrence of earthquake larger than M .o
L

; P = value of Eq. 2.1 for the zone t

i

{ Thus it is seen that changing the rate of activity moves the hazard curve "up"
: (high rate) or down (lower rate) If nearly with changes in the rate.
! Naturally, if more than one zone contributes significantly to the loading and *

the rates change f n 'a complex vay then the effect on the hazard curve ia less
,

predictable.!
;

Changes in the BE value of the h parameter are more difficult to assess. This
difficulty comes fror two sources. First, when the b parameter is changed at'

: what M value is the curve rotated about? Two typical choices are shown on I

i Fig. 4.2. Curv? I represents the original model. Curve 2 represents the case

; where the a parameter stays the same and only the b parameter was changed.
Curve 3 represents the case where the conter of events greater than Mo f a.

j Fept fixed but the total number of events are changed. t

i.
' Secondly, it is not as easy to get a handle on how changes in the b parameter
! affect the hazard curve as it was for determining how changes in the a

*

parameter affect the hazard curve' because 'the b parameter enters Eq. 21 in a
more complex manner and no simple result such as Eq. 4.2 can he easily-

i d erived . The b parameter enters the calculation'through the term f (a) in

! Eq. 2.1, all other functions involved'in the integral (21) remain e same. !.

'

| For the same number of events larger than M , different b values simplya
j change the ntsaber of events in any discrete magnitude interval Asj. If

the absolute value of.b is sea 11er then there are relatively more large events
' than for the case when the absolute value of b is larger. Thus the importance*

f of changes in the BE value of the b parameter are a function of both how much
,

b is changed 'and 'how large My is. This 1s illustrated on Fig.-4.3 where we.
i computed the hazard curves resultf og f rom using h values 'of 0 7 and 1 1 and
'

My values of 5.8 and 6.8 for a single zone which includes the site. The
|' seismicity values are typfcal for the EUS.

!,1
1

|
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;

Examination of the seismicity tables given in Appendix A indicates that the
uncertaintf es expressed by the experts about their BE values of the a, b and
Mg parameters for any particular zone are "large." Considering the
important effect that changes in the value for their parameters have on the
hazard curve, we investigated what impact reducing uncertainty would have on
the CPHC for individual experts and on the combined CPHC for each site. One
would speculate that for the reduced uncertainty case, the 15th percentile
CPHC would be higher because Pain > Pafn and the 85th percentile curve
would be lower because Pgax < Pmax. One might hope that there would be
little change in the 50th percentile curve. This is generally the case as is
illustrated by Fig. 4.4 where we compare the base case (R=1.0) with the CPHC
for the case with R = 0.5 in Eq. 4.1 and applied to both the a and b
uncertainty ranges. This result is reasonably typical.

The problem is more complex as in some cases the uncertainty in a particular
expert 's renation, e.g. , Expert 4 for Braidwood, enters the picture. The 15th
percentile CPHC may be controlled by a lower probabfifty zone and the
seismicity parameters for that zone in the range between PBE to P Inmax *
this case, the reduced u9 certainty case would have the 15th percentile curve
lower than the base case. This is illustrated on Fig. 4 5.

It is of some interest to examine what ef fect reducing the uncertainty about
the earthquake recurrence model has on the combined CPHC. This is shown on
Fige. 4.6a and b which compare the combined CPHC obtained using R = 0.2 to the

'

base case (R = 1.0) for River Bend and Braidwood. The comparf acns between the
base case and the reduced uncertainty case for Millstone and Shearon Harris
are very similar to Braidwood. It should be noted that the use of R = 0 2
significantly reduced the uncertainty bounds; however, as can be seen from
Figs. 4.6a and b it had little ef fect on the 50th perdentile CPHC. There was
a larger effect on the 15th and 85th percentfic curves. Generally the maximum
effect is on the 85th percentile curves. These results suggest that the
combined 50th percentile CPHC is a robust estimator of the seismic hazard at a
site.

4.2.3 Upper Magnitude cutoff

It is seen f rom Fig. 4.3 that changing the largest event, Mg,h decreasingcan have
considerable effect on the results. The effect increases wit
levels of exceedence (larger return periods). Changing My from 5 8 to 6.8
chows (in the range of probabilities of interest) a much greater effect than
changing Mg from 6.8 to 7.8.

4.2.4 Cround Motion Models
The systematic or model uncertainty on the ground motion introduces
considerable uncertainty into the estimate of the seismic hazard at a site.

For any particular seismicity expert the uncertainty introduced by the ground
cotton models varies. Canerally, it is less than the uncertainty introduced
by the other parameters but in effect it is more important since f t is
cystematically applied to all seismicity experts' models.

There are two aspects of uncertainty associated with the ground motion
models. The first is the systematic uncertainty about the model itself. This
is accounted for by the use of 27 different models, as shown on Fig. 3 3. It
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can be seen that this uncertainty is large. The second aspect in the random
uncertainty measured by the standard deviation of logarithm of the ground
motion parameter (see Section 2.5.7) which is also af gnificant (see Tahic
3.4.2). Both have a algof ficant ef fcet on the barard. Thin in 111ontrated on
Fign. 4.8. Ffgures 4.8a, b show the four PTHrs (onc for cach ground motion
expert) for reismicf ty experts 6 and 17 it tbc.Pialdvood site for ground
motion experts 1, 3, 4 and 5. For melsmicity expert 6 (Fig. 4.8a) there le a
significant dif ference between the BCHC computed using ground mot f on expert 's
5 BE model (#27) and those using the other BT ground motion models. On the
other hand, for sef saf ef ty expert 17, the Belle are in reasonahic agreement .
Both are typical, that is, for many seismicity espet ts BE ground motion model
#27 leads to much higher harard at a site than the other BE ground motion
models and for other celsmicity experts ground motien model #27 (sec Section .

3.4 and Table 3.4.3) leads to similar or lower harard at a site than for the
other BE ground motion models. It is of some interest to compare the BEllC for
ground motfon experts 1 and 4. The dif ferenec betvern t hene BEllC in due
solely to the value of random uncertainty assigned to th( model. Ground

4 estimatedmotion expert 1 estimated a = 0.5 and ground motion expert
o = 0.6. This uncertainty - while not un large as some - is significant,

;

and becauce it systematically af fects each barard curve in the name way, it
,

! shows up in the final combined act of CPHU. This is 11lustrated on
Figs. 4.9a, b. c, d where a comparinor in made between the CP1'C obtained using
the full simulation (all seismicity experts and ground ertion experts) and the

|.
CPHC obtained using all seismicity experts but only the SE ground model #7
(see Section 3. and Table 3.4.3) with a = 0.5 for the four nennitivity

i sites. As expected, the use of all ground motion models greatly increases the
uncertainty in the estimate of the seismic harard at a site. It in

! interesting to note that the 50th percentile hazard curve is more ataele than
I the 15th and 85th percentiles hazard curves. The difference would even be

smaller if the random uncertainty for ground motion expert 4 model had been
taken as 0.5.

4.3 Results
In this section we present and discuss the results of the preliminary netsmici

harard analyses performed for the ten site, the location of which in shown on
,

| Fig. 3.9. We examine the results for the four sites used for the sensitivity
analysis discussed in Section 4.2 in greater detail than for the other sites
to illustrat# the acnaltivity of the hazard curve to changes in varfous
parameters and provide insights as to which f actors contribute most to the

i uncertainty in the estimate of the seismic harard at an7 particular site.

Table 4.1 presents a summary of the zones which cantribute mont to the seismic
hazard at each site for each seismicity expert and approxim9 rely the percent
of the contribution of a given zone for the BEHC. Because AbJ contribution of
a given zone of ten changes as the PCA increases, we have a column for low PCA
porportion and one for the high PCA porportion. The zone numbers are keyed to
the maps and seismicity data files for each expert given .in Appendix A.

The PCA hazard curves and the UHS for various return periode presented in this
section are based on 200 simulations per seismicity expers (50 per ground
motion expert) per sitt for PGA and 80 per seismicity export (20 per ground
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BEST ESTIMATES FOR SEISMIC EXPERT 6

HAZARD CURVES BY ATTENUATION EXPERT
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BEST ESTIMATES FOR SEISMIC EXPERT 12
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PERCENTILES = 15.0.50.0 AND 85.O

HAZARD CURVE USING ALL EXPERTS
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4.3.1 Braidwood (BR)

4.3.1.1 General
The Braidwood site is located in the north central region of the EUS. It is
classified as a rock site. As can be seen from the zonation maps in Appendix
A most experts put a zone within the central stable region which contains the
site. Table 4.2 summarizes the seismicity parameters for these zones. It is
only in the case of experts 5, 7, and 13 (D) that the site is located in the
CZ. Fot these experts the upper magnitude cutoff in the CZ is not low by
comparison with the other zones. As.a result, the contribution of the CZ for
experts 5, 7 and 13 is dominant in the BEHC at low and high PGA, as shown in
Table 4.1. For the other experts, the effect of the sparse zonation in the NC;

region makes it similar to the above in the sense that the zone to which the
site belongs remains dominant at low and high PGA, (see Table 4.1) with the
exception of expert 3. In this latter case, the site is located inside zone
14, thus this zone is dominant at low PCA. However, zone 14 has a lower4

magnitude cutoff than the CZ (6.0 versus 6.5 respectively), and since zone 14
4 is small in area, the CZ 1argely dominates at high PGA, with some not quite
j negligible effect from the New Madrid area.

I 4.3.1.2 PGA Hazard Curves
The BEHC combined over all experts is shown on Fig. BR-1. Figure BR-2.

; privides the BEHC per individual seismicity expert but combined over all
ground motion experts.

It is interesting to examine why different experts' curves plot where they
{ do. For example, if we compare the BEHC for experts 1 and 11 we see that

expert's 11 BEHC is about a factor of 5 higher than expert's 1 BEHC. We see*

from Table 4.2 that the main dif ference between expert's 11 and expert's 1
models is the rate of seismicity in the zone which contains the Braidwood site

' and that the activity rate is about a factor of 5 higher for expert 11 as
compared to expert 1. As noted in Section 4.2.2, this would lead to the<

difference in BEHC observed on Fig. BR-2.

i The problem is more complex when significantly different b. values are
involved. For example we see from Table 4.2, that a comparison of the*

1 normalized a values between expert 13 and expert 11 would only suggest about a
factor of 5 difference between their respective BEHC. Hhowever, as can be seen

d

from Fig. BR-2 there is about a factor of 10 difference at low PGA value and
about a factor of 80 at high PGA. For different b values we need to compare

j the number of earthquakes greater than or equal to the magnitude range
contributing to the loading at any given level. At PGA values of

2approximately 100 cm/s this is for magnitudes 3.75 and greater.- The ratio
! of the number of events greater than mbLg = 3.75 is about 25, i.e.,
'

earthquakes greater than abLg = 3.75 in the zone that contains the Braidwood
site are 25 times more frequent in expert's 11 zone No. 10 than in expert's 13
CZ. This would suggest that the BEHC for expert 13 is."high" compared to
expert's 11 BEHC. However, from Table 4.1 we see that for expert's-13 model,

! there is significant contribution from several other zones where as for expert
| 11 c1most all of the loading is contributed by one zone. At'the high PGA
.

values only the expert's 13 CZ contributes most significantly to the hazard at
| high PGA values. The ratio of the number of earthquakes greater or equal to 6

.

i
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Table 4.2

Zones in Central Stable Region Containing the Braidwood Site
i

|

Expert Zone Prob of Agea
MUB aN bNo No Exist (10 km ) M MLB BE.

1 19 0.7 2.4 6.1 6.5 7 2.6 .93

2 21 0.5 0.5 5.5 6 6.5 2.8 .92

3 14 ( 0.5 0.5 5 6 6.8 3.7- .67

4 6 (2) 0.75 0.6 6.3 6.5 6.7 2.8 .9

6 23 0.7 1.1 5.5 6 6.5 3.1 1.0

7 3( 1. 13.6 5 5.5 6 1.8 .9

10 26 0.9 2.5 5.8 6 6.5 2.8 .94

-11 10 0.9 2.3 6 6.5 6.8 3.3. .9

12 10 0.65 0.5 5 6 6.3 2.9 .95
4

5 CZ 1.0 65.0 7* 8* 9* 2.4 .92

13 CZ 1.0 93.1 6 6.3 6.5 2.6 1.09

* Intensity (MMI)

(1) Site is in expert's 3 control zone, zone 14 is about 25 km away.
(2) . Site is at edge of boundary of zone 6 for expert 4.

(3) Site is in expert's 6 control zone, but within 5 km of zone 23.

(4) Site is in expert's 7 control zone, zone 3 is about 125 km away.

M = Upper Magnitude Cutoff

BE = Best. Estimate, LB = Lower Bound, UB = Upper Bound

5 2
a =.Best estimate normalized to _ areas of 10 km ,p
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between experts 11 and 13 is about 70. This might suggest that expert's 13
BEHC is low (at the high PGA end), compared to expert's 11 BEHC; however, |
Table 4.2 shows that expert 11 has a larger upper magnitude cutoff then expert
13. Other zones contribute some loading as well.

The BEHC for experts 3 and 6 are interesting because they cross other BEHCs. ,

'

The reason for this is that at low PGA expert's 3 zone 20 contributes most of
the loading, however at high PGA most of the loading comes from the CZ which'

contains the Braidwood site. The rate of activity in expert's 3 CZ is much
less than in the expert's zone 14 but the upper magnitude cutof f is larger in
the CZ. There is also the effect of attenuation as expert's 3 zone 14 is
about 25 km away from the site. It can be seen from Table 4.1 that a number
of zones contribute to expert's 6 BEHC. Expert's 6 zone 17, which has a very
large upper magnitude cutoff (8.0) and high seismicity, is the most important
zone. As noted in Section 4.2.4, expert's 6 BEHC shown on Fig. BR-2 is
strongly influenced by the choice of ground motion expert's 5 BE model.

The shape of the BEHC at high PGA levels is controlled to a large extent by
the upper magnitude cutof f. Thus as the PGA increases, the BEHC for experts
1, 5, 6, 7, 13 tend to be " flatter" than for the other experts with smaller
upper magnitude cutef fs.

The sparcity of the zonation mentioned above makes the analysis very sensitive
to the choice of ground motion models. As a result, the dispersion in the
BEHC for a single seismicity expert is-great. In particular, the BE ground
motion model of ground motion expert 5 is always a high outlier. This
instability in the results appears clearly in Fig. BR-2 where the spread,
although uniform, encompasses a f actor of 10 to 13 at low PGA and as high as
approximately 8 in the hazard at high PGA, with expert's 13 results
representing the lowest values and the results for experts 6 and 11 being the
highest. The BEHC combined over all seismicity experts in Fig. BR-1 is higher
than the middle of the cluster of curves in Fig. BR-2 and is approximately
equal to the BEHC for expert 1. It is no surprise to note that the .

uncertainty analysis leads to a large dispersion in the hazard, as shown in
Fig. BR-3 (a factor of 25 to 30 at low PGA to 150 to 200 on the hazard at high
PGA between the 15th and the 85th percentile curves). It is also interesting
to note that the BEHC lies significantly above the 50th percentile (a factor
of 3 at low PGA and close to 10 at high PGA) to come roughly in the vicinity
of the 65th to 75th percentile curve from a visual-inspection of Fig. BR-3.

4.3.1.3 Uniform Hazard Spectra
The BEUHS curves of Fig. BR-5 combined over the four ground motion experts
show a moderate to large spread in the results per seismicity experts. The
range of the pseudo velocity results is a factor of 6 at low periods (25 Hz)
to 10 at higher periods -( .5 Hz) . The BEUHS for experts 2, 4 and 6 tend to
turn upward at periods above .3 seconds approximately. . This pehonemon occurs
also, to a much smaller extend, for experts 5 and 7. It is caused by the
interplay of the New Madrid zone (see Table 4.1) with a high magnitude or
-intensity cutof f with the other dominant zones _ when the ground motion model of
ground-motion expert 5 is used. Although this ground motion model carries
only one fourth weight, (approximately) due to the combination method it leads

,
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to such high estimates at high magnitudes for high perids, that af ter
combination'over all ground motion experts some zonation models will present
-these turns upward at high periods. When combined over all experts, the BEUHS'

- still have a . slight turn upward as shown in Fig. BR-4.~
to the final BEUHS

The BEUHS curve of
seismicity experts 1 and 4 from Fig. BR-6 are the closest
of Fig. BR-4.- In spite of-the apparent diversity of opinions among seismicity
es:7erts for the zonation around the Braidwood site, the uncertainty in the UHS

4

is|only slightly greater than the average for the other sites, and the
outliers have been removed by plotting only.the 15th, 50th and 85th
percentiles in Fig. BR-7, BR-8 and BR-9.
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HAZARD CURVE USING ALL EXPERTS
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FOR THE SEISMICITY EXPERTS
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Figure BR-2 Best Estimate Hazard Curves (BEHC) per Seismicity Expert
Combined Over All Ground Motion Experts.
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PERCENTILES = 15.0,50.0,85.0
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500., 1000 , 2000., 5000., 10000. YEARS RETURN PERIOD
1
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BEST ESTIMATE SPECTRA BY SEISMIC EXPERT FOR
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BEST ESTIMATE SPECTRA BY SEISMIC EXPERT FOR
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PERCENTILES = 15.0,50.0 AND 85.0
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PERCENTILES = 15.0,50.0 AND 85.0
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Figure BR-8 Constant Percentile Uniform Hazard Spectra (CPUHS) for the 1000
Year Return Period
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PERCENTILES = 15.0,50.0 AND 85.0

10G00. YEARS RETURN PERIOD

3
10 ..,

2 -

10 -

1

/ l

1
_b jo _

?
-

8
d
>-

0
-

10 -

s

c

'

-1 |
'O n ,e a wd -- n Z~h ed n ,e ciTG@u a

1 u

IS YS PERIOD (SEC) S o

BRAIDWOOD

Figure BR-9 Constant Percentile Uniform Hazard Spectra (CPUHS) for the

10,000 Year Return Period

-94-



|

|

4.3.2 Shearon Harris (SH)

4.3.2.1 General
The Shearon Harris site .is located in the south east region of the EUS. It is
classified as a rock site. For experts 2, 3, 6, 7 and 13, the site falls into
the CZ and for the other experts it belongw to another specified zone. Since
the upper magnitude cutoff for the CZ is relatively hign for _the 5 experts
mentioned above, in the same range of values as for the zones in which the
site falls for the other experts, it is expected that the hazard curves at
high PGA values behave similarly for all experts.

4.3.2.2 PGA Hazard Curves
Indeed, the BEHC per individual seismicity expert, presented in Fig. SH-2,
behav.e in a similar fashion with the exception, perhaps, of the BEHC for
experts 3 and 7. Expert's 3 BEHC is more concave than the others, leading to
a hazard lower that the other BEHCs especially in the midrange values of PGA
(between .2 to .6g). Experts 3 and 13 have very similar CZ in terms of
seismicity and upper magnitude cutoff, thus their hazard curves converge at
high PGA but the second dominant zone of expert 13 (zone 9) has more activity
than the second dominant zone of expert 3 (zone 10), thus the midrange values
for expert 13 are higher than for expert 3. At lower PGA values expert's 5
model tends to a higher hazard than expert's 7 model. However, the upper
magnitude cutoff is much larger for expert's 7 models than for expert's 5
model. Thus at high PGA values the BEHC cross and expert's 7 model leads to a,

higher hazard at the Shearon Harris site. The spread between the BEHCs of
Fig. SH-2 (in the order of a factor of 15 from the lower curve to the higher
curve) is on the average larger than the typical spread obtained at other
sites. Since this spread appears on a set of best estimate curves, it is due,
in part to the diversity of expert opinions in the estimate of the BE
pa rame te rs .

However, since the site is located relatively close to zones of high
seismicity (BE) and high magnitude cutoff s (BE), there is a complex ef fect of
contribution from those zones and the combined ground motion models. For,

i example, the relative location of expert's 2 BEHC is controlled by ground
motion expert's 5 BE model. When only ground motion model #7 was used,
expert's 2 BEHC was the lowest (at high PGA) hazard curve for the Shearon '

Haris site. With the inclusion of BE ground motion model #27, expert's 2 BEHC
is the highest. This effect is also apparent in Table 4.1 from the changing
dominance-from one zone to another between low and high PGA indicating also
that the dominance is also due to a change in ground motion model.

The BEHC over all experts, shown in Fig. SH-1 falls reasonably close to the
middle of the cluster of curves of Fig. SH-2 to refute the existence of
outliers.

The CPHC is shown in Fig. SH-3 for all seismicity and ground motion experts
combined together and for the 15th, 50th and 85th percentiles. The first
comment is, again, relative to the spread between the 15th and the 85th
percentile curves. A factor of approximately 24 separate these two curves at
low PGA levels to become a factor of approximately 110 at high PGA levels.
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Although this spread is not as high as some obtained for some sites, it is
still considered as high, thus showing a wide spectrum of opinions of the
experts in he zonation, seismicity and ground motion modeling for analvafe of
sites located in the south east of the United States. Furthermore, a large
discrepancy between the BEHC of ~ Fig. SH-1 and the 50th percentile HC,

emphasizes the fact that the distributions of most of the parameters dominant

in the uncertainty are highly skewed. It also underlines the difference
between arithmetic averaging of the curves (as performed for the BE cases) and
the geometric averaging performed in the interpolation process designed to
determine the CPHC (see Appendix D for details on the methods of combination).

4.3.2.3 Uniform Hazard Spectra
The BEUHS curves shown on Fig. SH-4, combined over all experts for the five
return periods selected exhibit a shape close to the Newmark Hall spectrum
shape. However, the 5 curves tend to diverge slightly as the period
increases. An examination of Fig. SH-5 and SH-6 show that the divergence is
essentially due to 3 outlying curves. The BEUHS for expert 2 is on the high
side and the BEUHS for experts 3 and 12 are on the low side of the velocity,
with respect to the cluster of curves for all the other experts. It is
interesting to note that the dispersion in the BEUHS of Figs. SH-5 and SH-6 is
very small once the outliers have been removed. Expert's 2 appears to provide
the highest hazard for both the PGA bazard curve, in terms of BEHC as well as
for the spectral velocity in terms of BEUHS. In the low end however, expert 3
which leads to the lowest HC in Fig. SH-2 is the lowest on Fig. SH-5 and SH-6
only at low periods. The resulting BEUHS for expert 12 (c) appears to be
lower than that 'of expert 3 for higher periods. This is a consequence of the'

role that dif ferent zones play, in association with the BE ground motions and
various levels of upper magnitude cutoffs and distances.

The CPUHS for the 500,1,000 and 10,000 year return periods, combined over all
experts, are presented in Figs. SH-7, SH-8 and SH-9 for the 15th, 50th and
85th percentiles. In a manner similar to the CPHC, these curves apptar to be
evenly spread between the 15th and the 50th percentiles, and between th. 50th

; and the 85th percentiles over the entire range of periods considered. In this
case, the 15th to 50th percentile curves are distant by a factor of
approximately 2 on the pseudo relative velocity scale. This is a somewhat
moderate to low dispersion by comparison with the results obtained for other

j sites in this section.
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4.3.3 River Bend (RB)
7

4.3.3.1 Ceneral*

: The River Bend site is located approximately at the boundary between the two

.
regions defined as south east and south central. It is cJassified as a soil

| site, however, since for all seismicity experts the New Madrid area appears to
i be the dominant area after the CZ, it was decided to consider this site as

located in the South Central (SC) region. In actuality, the CZ is the'

dominant zone in the BE calculations shown in Table 4.1, for all experts but

. for experts 1, 4,11 and 12. For these four experts however, the dominant
zones are also large zones similar to a CZ..

| 4.3.3.2 PGA Hazard Curves
The BEHC per seismicity expert, shown in Fig. RB-2 present all the same shape
except for expert 4. For this expert, the relatively low upper magnitude

i cutoff--(5.5) of the large zone containing the cite location (zone 25) governs
the shape of the curve at'high PGA. The low PGA part of the curve is governed4

by zone 4 which is the New Madrid area and for which there is more agreement
in the seismicity expert's opinions.

4

To the exception of expert 4 which appears to be an outlier at high PGA,
experts 1 and 12 (c) are the upper and lower bound on the hazard,

i

; respectively. The spread between experts' 1 and 12 BEHC is a moderate factor
I of 10 over all. If one included expert 4, the interval of values would be

from 8 to low PGA to a f actor of 25 to 30 at high PGA.

The combined BEHC over all experts shows the relatively low hazard associated
; with this site. The BEHC for expert 6 in Fig. RB-2 appears to be the closest

to the~BEHC of Fig. RB-1 for all experts combined. The uncertainty in the
hazard curves,.shown by the CPHC in Fig. RB-3, is typical of the moderate
uncertainty found at most sites. The 50th percentile curve, close to the BEHC
at the low PGA values, diverges toward upper values at high PGA to reach a*

factor of 2.5 times higher hazard at 1 g lavel.

4.3.3.3 Uniform Hazard Spectrum
'

Fig. Rb-5 and RB-6 show the effect of ground motion expert's 5 model in
association with the zonations and seismicity experts 2, 4, and 6. This leads,

! to an untypical shape for the BEUHS shown in Fig. RB-4. However, the relative

agreement of the experts lead to a narrow band of BEUNS at low periods (a ,

f actor of 2 to 3, versus a factor of 10 at high periods). Because the j
simulations for experts 2, 4, and 6 include many other models leading to more
typical spectral shapes,.the effect seen on the BEUHS over all experts does,

not appear in the uncertainty analysis. In this case, the simulated samples
'which created the effect mentioned above were removed since they appeared to;

!. be outside of the 15th to 85th percentile interval. The CPUHS shown in Fig.
; RB-7, RB-8 and RB-9 for the 500,1000, and 10,000 year return period,

therefore posesses a more response spectrum-like shape. The uncertainty in
! the UHS is moderate for this site; a factor of 2 at low periods and 6 at high

j' periods between 'the 15th percentile curve and the 85th percentile curve.
!~
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4.3.4 Millstone (MI)

4.3.4.1 Ceneral
The Millstone site is located in the southeast portion of the north east

,

|region. It is classified as a rock site. This site is not located in the CZ
for any of the experts' best estimate zonations. Because the scale of
zonation is smaller for the northeast than for other regions in the experts'

best estimate maps, we expect to have a wide distribution of zonation maps. i

On the other hand, the seismicity of this region is well constrained, in part
because earthquake catalogues for New England have longer periods of complete |
recordings than for other regions, the uncertainty in the analysis for this
site is not expected to be much larger than for other sites.

4.3.4.2 PCA liarard Curves
The BEllCs per seismicity expert in Fig. HI-2 display a Icvel of diversity in
the seismicity experts' opinions which is typical at low PCA and slightly
higher at high PGA (a factor of 5 and a factor of 25, on the hazard,
respectively). In the best estimate curves of Fig. MI-2, there appear to be
two clusters of curves dif ferent from each other by a factor of approximately
3 to 5 on the hazard values. The BEllC for all experts fall in the middle of
the two clusters.

The uncertainty analysis shows a moderate uncertainty in the hazard as the
CPilC curves show in Fig. M1-3. Ilowever, the uncertainty at low PCA appears to
be higher than typtent (a factor of 20 hetween the 15th and the 85th
percentfle curves) and mostly lower than for other sites, at high pCA (a
factor of 100 on the hazard between the 15th and the 85th percentlica).

4.3.4.3 Unf form flazard Spectra
The narrow band of BEUlis, displayed in Fig. MI-4 and MI-5, shows a good
agreement in the zonations and spectral ground motion models for the ranges of
magnitudes considered. This is manifested by the uniform shape of BEUllS for
all seismicity experts. The ratio between the highest curves (experts 6 and I

7) and the lowest curven (experts 4 and 5) is approximately equal to 2, with
the BEUllS combined over all experts f alling roughly in the middle. In Fig.
M1-7, Mi-8 and Mi-9, the CPUllS curves for the 50th and 85th percentiles as
well as the BEUlls over all experts have similar shapes. The 15th percentile
curves have a slightly dif ferent shape resulting in a lower pseudo velocity in
the mid period range of .2 to .6 seconds. Except in that period range, the
uncertainty is moderate and comparable with results obtained for other sites.
The ratio between the 15th and 85th percentile curves is approximately 4 at
0.4 second period, 5.5 at 4 second period and 4 at 2 second period for the 500
year return period curves.

The BEUllS is practically equal to the 50th percentlic curves at low periods
and lower by a factor of 1.2 at high periods, for the 500 and 1,000 return
period curves of Fig. MI-7 and M!-8. The situation is reversed for the 10,000
year return period curves of Fig. Mi-0 In this case, the BEUHS is equal to
the 50th percentile curve in the high period ranges and lower by 25% in the
low pcriod range.
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4.3.5 Limerfek (LI)

4.3.5.1 General
The Limerick site ia located in the northern part of the southeast region of
the EUS at the boundary with the northeast and northeentral regions. It is
classified as a rock site. Only in the case of seismicity Expert 13 does the
site fall into the CZ for which the best estimate upper magnitude cutof f is
relatively low (6.3) as well as the a value (4.6) (relative to its size).

4.3.5.2 PCA Harnrd Curves
The BEHC is presented in Fig. LIl for the combination overall experts. Fig.
LI2 shows the BEHC's for individual seismicity experts. The diversity of!

opinions among experts appears to be on the high side. However, the BEHC for
Expert 13 (D on Fig. LI2) c1carly lies outside of the cluster of results for
the other experts. This is due to the fact that, as mentioned above, the CZ,
which has relatively low seismicity for Expert 13, is the dominant zone. The

; general shape of the BEllC is very similar for all experts except for Experts 3
and 5 whf ch are more convex than the average. Tbf a is due to the relatively

; high magnitude cutoff, combined with average to low a values for the dominant
! rones for these experts (Zone 6 for Expert 3 and Zone 1 for Expert 5). In the

case of Expert 5 It is interesting to note that Zone 7 is not a dominant
; contributor to the hazard since its probability of existence is .3. As a
j result, it does not appear on the most highly weighted maps.
i
i The CrilC is presented in Fig. LI3 for all seismicity experts combined
; together. The dominant part of the dispersion appears to be contributed by

the large dispersion in the zonation anps for this part of the EUS. The 15th
to 50th and 50th to 85th percentile curves vary by approximately one order of <

2magnitude at 500 cm/sec , slightly less at low acceleration levels and
slightly more around 1 g. It is interesting to note that the 50th percentfie
llc in Fig. LI3 is af snificantly lower (approximately half an order of
magnitude in the value of the probability) than the BEllC of. Fig. LII. This is
a manifestation of the skewness of the probability distributions of the
parameters in the predominant zones, including the distribution of maps and of
ground motion models. It is also duc, in part, to the fact that the

.I combination over all experts is an arf tlectic averaging process and by
opposition, the constant percentile curves are obtained by interpointions on a
distribution on a logarithmic scale.

4.3.5.3 Uniform ifarard spectra
The BEUHS is presented in Fig. LI4 combined over all scismicity experts for
the five return periods selected. The general shape of the spectra is close
to the Newmark-Hall model with some effect of the Trifunac-Anderson model.

; The dispersion among seismicity experts appears to be low (typically less than
one order of magnitude of velocity), as shown on Fig. LI5 and LI6 for 500
years and 1,000 years return periods. For the same reasons as explained for
the PCA liarard curves, the spectrum-hazard associated with Expert 13 is
afsnifienntly lower than the rest of the experts. Expert 6 input lends also
to the highest results in both cases of PCA and spectra. The three CPUllS for
500 years return period Fig. LI7, have the same general shape as the BEUlls
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and the 15th-85th range is very close to the range of variation in the BEUHS
for all the experts of Fig. LIS. The 50th percentile UHS appears to be only
slightly higher than the BEUHS for the higher periods of .3 to 2 sec. and
slightly lower in the lower period range. Figures-LI8 and LI9 represent the
1000 year and 10,000 year return period CPURS, for which the same comments as

; for the 500 year case apply.
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4.3.6 La Crosse (LC)

4.3.6.1 General
The La . Crosse site is located in the middle of the north central region of the
EUS. It is classified as a soil site. Only for seismicity experts 4 and 7
does the site fall in a zone other than the CZ. Therefore, the hazard at this
site depends primarily on the seismicity parameters of the CZ, as shown in
Table 4.1.

4.3. 6. 2 PGA Hazard Curves
The BEHC is presented in Fig. LCl for the combination over all experts.
Figure LC2 is for the BEHC by individual seismicity expert. In spite of the
f act that the hazard at this site is strongly dominated by the CZ, the best
estimate results are well constrained within a rather small band, as shown in
Fig. LC2. The CPHC, as shown in Fig. LC3, is not as well constrained and
exhibit a rather large spread. This large dispersion comes in part from the
large uncertainty in the parameters of the CZ. It is also, in part,
contributed by the large spread of the distribution of the zonation maps.
Since the site is located in most cases in a large dominant zone, any
alternate map generates results which are significantly different from the
best estimate. Although the BEHC of Fig. LC1 lies slightly higher than the
50th percentile of Fig. LC3, it does not appear to be as skewed as in the
Limerick case. Also, note that the BEHC of Fig. LC1 lies approximately in the
middle of the cluster of curves of Fig. LC2, thus showing that r.o particular
seismicity expert dominates the results. -

4.3.6.3 Uniform Hazard Spectra
The BEUHS is presented in Fig. LC4, combined over all experts for the 'five
return periods selected. The final combined spectrum appears to be a
combination of several spectral shapes significantly different from one
another, as shown in Fig. LC5 for the BEURS per seismicity experts. Expert's
5, 2 and 6 BEUHS, shown in Fig. LC5, do not present a plateau of velocity at
high periods (Iow frequencies) when, by opposition, all the other expert's
BEUHS present this plateau at periods above .3 to 1 sec. This phenomenon is
due to the relatively high upper magnitude cutoff used by experts 5, 2 and 6
for the CZ (expert's 2 magnitude cutoff is 7.3,, expert's 5 is 6.0 and
expert's 6 is 6.5). It is remarkable, however, that the spread in results
f rom all the seismicity experts (shown on Fig. LCS) is very small, especially
at low periods. As in the case of the PGA, the bounds on the UHS shown in
Figs. LC7, LC8 and LC9 do not appear as constrained as the low dispersion on
the best estimate results between seismicity experts would have led us to
anticipate. It is believed that the same arguments as for the PGA apply here
too.
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PERCENTILES = 15.0,50.0,85.0
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4.3.7 Wolf Creek (WC)

4~.3.7.1 General
The Wolf Creek site is located in the south central . region of the EUS. It is
classified as a rock site. For eight out of the eleven seismicity experts,
the site falls'into the CZ. The diversity of the zonations in that part of
. the EUS is also an important factor, thus the distribution of the zonation

maps is rather spread. Furthermore, the combination of zonations and ground
motion models shif ts the dominance from one zone to another between Jow level
PGA (i.e. high hazard) to high levels of PGA (i.e. Iow hazard). This
phenomenon is particularly apparent in the case of seismicity expert 4 (Table
4.1) for which the dominant zone is zone 1 at low levels and it is the CZ at
high levels. This is also true, to a lesser extent, for seismicity expert 6.

| 4.3.7.2 PGA Hazard Curves
The BEHC is presented in Fig. WC1 for the combination over all experts. This
curve falls in the middle of the cluster of BEHC- for the 11 experts in Fig.
WC2. The spread of these curves appears to be higher than the typical case.
In particular, the BEHC for experts 2 and 6 and to a lesser degree expert 7
lie well above the tightly packed cluster of curves for the rest of the
experts. In the case of expert 6, the high participation of zone 17 is due to
its very high sefamicity parameters, coupled with a very high upper magnitude
cutoff of 8 (for the best estimate). As discussed in Section 4.3.1, because
of the large upper magnitude cutoffs in the New Madrid zone, ground motion
Expert's 4 BE ground motion model (#27) typically lead to much higher hazard

! at the Wolf Creek than the other ground motion models. It follows that the
i dispersion in the hazard results is large, as shown in Fig. WC3 where, going
|- from the 15th to the 50th or from the 50th to the 85th percentile is typically
i one order of magnitude in the hazard.
;

i In this case, the discrepancy between the BEHC and the 50th percentile is a
factor of 4 to 5 at high acceleration values and 2 to 3 at low values. A

i large element of this difference comes from high hazard resulting from the
'

Expert's 4 BE ground motion model and the fact that the combined BEHC is based
on an arithmatical average. This shows the skewness of the probability

| ' distributions of the parameters in the dominant zones as well as the skewness
; in the distribution of the zonations.
i

| 4.3.7.3. Uniform Hazard Spectra

) The BEUHS is presented in Fig. WC4 for all experts combined _together. The
i

epread between the 500 year and the 10,000 year return period URS is typically -
, . less than one order of magnitude in pseudo velocity.' The relatively high

.,[ 1evel of the high period (above 1.sec.) part of these URS is 'due to the high
.

estimate of experts 2 and 6, as shown in Fig. WC5. This latter figure also
} shows 'the rather small dispersion of the seismicity experts opinion.
|. particularly for low periods. .The UHS for experts 3, 12 and 13 cluster lower
j than' the rest of the other URS curves (on the average of 30 to 40%. lower).
! Figure WC6, for 1000 year return period, presents the same characteristes as
{ Fig. WC5. The CPUHS in Figs. WC7, WC8 and WC9, on the other hand, have a
| shape much closer to a Newmark-Hall type spectrum, without the higher
'
t

f'
.

4
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amplification at high periods, and the dispersion between the 15th and the
85th percentile is typically a factor of 5 to 6, for the 500, 1000, and 10,000
year return period CPUES. At lower periods the. BEUHS is approximately 20%
higher than the 50th percentile CPUES. At higher periods the two become
practically equal; however, contrary to the BEUHS the CPUHS does not exhibit a
higher amplification at periods greater than 1 sec.
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PERCENTILES = 15.0,50.0,85.0
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500., 1000., 2000 , 5000., 10000. YEARS RETURN PERIOD
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PERCENTILES = 15.0,50.0 AND 85.0
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4.3.8 Watts Bar (WB).

4.3.8.1 Ceneral
Watts Bar is located in the western part of the southeast region near the
south central region. It is classified as a rock site. For all seismicity
experts, this site falls into a specified zone other than the CZ.

I 4.3.8.2 PGA Hazard Curves
In most cases, the dominant zone is the zone where the site is located and,
for some experts, the New Madrid zone contributes a little at low PGA values

'
and becomes much more important, but never dominant, at high PGA value (see
Table 4.1). As a result, the diversity of dominant zones is not as. Iow as one
could expect and the spread in results per experts, as shown in Fig. WB2, is
moderate (typically a factor of 5 to 8 on the hazard) rather than small.
Figure WB2 shows two distinct clusters of curves at higher PCA. One is
composed of _the results for experts 2, 6 and 7 on the higher side of the
hazard and the other cluster is made of all the other experts, typically a
factor of 3 to 5 lower than the higher cluster. Since most experts had
similar views for the zonation in the region of the EUS, the dif ferences here
come rather from the diverse opinions on the seismicity values. (The upper
magnitude or intensity cutoff were also all within a small interval for all

experts, for the dominant zone.) The BEHC is up to a factor of 2 higher than
the 50th percentile of Fig. WB3, showing that some of the distributions of the
seismicity and upper magnitude bounds of the dominant zones are highly skewed.4

4.3.8.3 Uniform Hazard Spectra
Figure WB4 presents the BEUHS combined over all experts for the five return
periods selected. Figures WB5 and WB6 present the BEUHS per seismicity expert
for the 500 year and 1,000 year return periods. From these latter two
figures, it appears that the results are well constrained within a narrow band
of a factor of 2 approximately at low periods, to become within a factor of 6
to 8 at periods higher than 1 sec. A careful examination, however, shows that
the dispersion is primarily due to expert 12 which falls slightly lower than
the custer of results, and experts 2 and 6 which lf c significantly higher at
periods over 1 sec. As a consequence of the arithmetic averaging technique
used to combine experts' results, the UHS of Fig. WB4 present this same
over-amplification at periods above I sec. On the contrary, this'does not
happen in the CPUHS of Figs. WB7, WB8 and WB9 in part due to the geometric
averaging used in that case. The results are smooth spectra looking curves
with a narrow dispersion, typically a factor of 3 to 4 in the range between
the 15th and the 85th percentile.
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BEST ESTIMATE SPECTRA BY SEISMIC EXPERT FOR
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4.3.9 Vogtle (VO)

4.3.9.1 Ceneral
The Vogtle site is located in the southeast region of the EUS. It is

classified as a soil site. For none of the ref smicity experts does the site
fall into the CZ, but it always falls into a zone associated with the
Charleston area.

4.9.9.2 PGA Hazard Curve
Table 4.1 shows that for most of the seismicity experts the dominant zone is a
large area surrounding a ilmited Charleston zone. For Experts 1 and 2 at low
PGA levels the small zone with higher magnitude / intensity cutoff dominates;
and at higher PGA levels the larger zone, with also a high magnitude / intensity
cutoff takes over. For experts 3, 4, 5, 6, 7, 10, 11 and 12, the site is
located within a zone of high magntude/ intensity cutoff which dominates the
hazard at both low and high PGA 1cvels. In the case of expert 13, the small
Charleston zone dominates at low PGA levels by contributing 97% of the
hazard. For this expert, high PGA levels the CZ becomes the dominant zone.
The CZ has a magnitude cutoff only slightly lower than zone 9 (6.3 versus 6.8
for zone 9) which has a surface area several orders of magnitude greater than
zone 9. Figure V01 presents the HC for all experts combined. The spread
exhibited by the seismicity experts is rather large (a factor of 12 to 15 at
low PGA and 50 to 70 at high PGA between the lowest and the highest BEHC of
experts 2 and 12). The BEHC of experts 2 and 12 are the two extremes,

'

although only expert's 12 data leads to an outifer, significantly lower than
the other experts, as shown on Ff g. V02. This is due in part to the
relatively low seismicity and low magnitude cutoffs attributed to the zones at
the site and surrounding the site. The dispersion in the hazard estimates
represented by the 15th, 50th and 85th percentile curves in Fig. V03 is
similar to the dispersion observed for other sites. Note, however, that the
BEHC is higher than the 50th percentile (by a factor of 2 to 3).

4.3.9.3 Uniform Hazard Spectra
The BEUHS presented in Fig. V04 for the 5 selected RP's appears to be smooth,
without departure at any period. This is due to the very stable shape of the
curves obtained for each of the experts, shown in Fig. V05. Figure V05 shows
that aside from experts 2 and 12 which appear to be clear outliers for this
site, the remaining experts are constrained within a very narrow band of
values; typically less than a factor of 3 between the lowest curve in the
cluster and the highest curve in the cluster. The same comments apply to Fig.
V06. As a result, the uncertainty anclysis leads to 15th-50th and 50th-85th
intervals in the same range as the ones obtained for the typical sites (f.e.
moderate values) instead of much smaller values which could be obtained by
removing the outliers or updating the input data of the out11ers. The same
comments apply for the 1,000 year and 10,000 year PP curves of Fig. V08 and
V09. It is also remarkable that for these three cases the BEUHS Ifes
practically on top of t!.e CPUHS.
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4.3.10 Maine Yankee (MY)

4.3.10.1 General
Maine Yankee is located in the afddle of the northeast region of the EUS. It

is classiffed as a rock afte. For none of the seismicity experts does it fall
within the CZ and thus is within a specified zone on each best estimate
zonation.

4.3.10.2 PGA Hazard Curves
The BEHC is presented on Fig. MY1 for results combined over all experts, and
in Fig. MY2 for results per seismicity expert. Figure MY2 does not show any
outlier, but one curve in particular (HC for expert 12) exhibits a
significantly different shape. At low PCA, this curve is among the highest
estimates and at high PGA levels it is one of the two lowest curves. This is
due to the combination of relatively high seismicity in the dominant zone 3
and low magnitude cutoff of 5.7. The experts' spread appears to be average
with an interval of a factor of 3 to 4 at low PGA to 20 to 30 at high PGA.

The results of the CPHC are consistent with the above with an increase in
dispersion at low PGA, as shcwn in Fig. MY3. The BEHC f alls a factor of 3 to
4 higher than the 50th percentile curve.

4.3.10.3 Uniform Hazard Spectra

The BEUHS presented in Fig. MY4 combined over all experts fer the five
selected RP's are smooth spectra-looking curves. The dispersisn in the
experts' opinions shown on Fig. MYS is smaller than average, vrpically a
factor of 3 to 4 from the lowest to the highest BEUHS, and tt-re is no clear
oulier in this case. The same applies to the 1,000 year RP case, with even
some reduction in dispersion, of Fig. MY6. As a result of this uniformity of
opinion and also as a result of the sytacery of the distribution of the
parameters, the CPUHS is shown in Fig. M17, NYF and MY9 show a lower than
average dispersion in the spectral hazard estimates. Typftelly, the ratio
between the 15th and 50th percentile curve or between the 50.l. and 85th
percentile curves is a factor of 2 or less, and the 50th percentile curve is
practically the same as the BEUHS.

.
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SECTION 5: COMPARISON TO SEP RESULTS

5.1 Background _
In Section 1 we noted that this project, The Seismic Hazard'

Characterization of the Eastern United States identified hereafter as simplyr

the SHC, had its roots in an earlier study (Bernreuter and Minichino (1983))
performed as part of NRC's SEP. Six out of eleven seismicity Experts
participating in'this study also participated in the SEP study (see Table 5-
1). This provides an excellent opportunity to examine two important
questions:

1. How stable is the process of using expert judgment?

2. How dif f erent would the results be if different experts were |
involved?

The members of the SEP Panel provided their responses to our SEP Questionnaire
i J. ' between January and March, 1979 and updated their input in June-July, 1980.

; Although only a relatively short time has elapsed since the SEP Experts
provided their input, there has been considerable activity which could have'

had an impact-on the thinking of various panel members: |

Several major studies have been completed, e.g, the joint NRC/USGSo

Charleston study, the New Madrid study and the New England study.
o Several earthquakes have occurred most notable were the 1982 New

Brunswick series and the 1982 New Hampshire earthquakes..

There are a number' of major differences between the SHC and the SEP
; studies that must be accounted for in attempting to assess the stability of

results and/or the-impact of additional panel members. As discussed in ,

Section 1 of this report, we have perf ormed a complete uncertainty analysis -
whereas in the-SEP study the uncertainty analysis was much more limited. Even
considering the differences between the two studies it is possible to make

; some useful comparison. uAs only two-sites are common between the two studies,

j - Millstone and Lacrosse - it was necessary to expand the basis for reaching
conclusions by obtaining limited results at the Braidwood and Limerick sites

- using the seismicity models provided by the SEP panel members. As neither of
these two sites were part of the SEP the-results have only limited validity
because the ~ SEP Experts were asked to focus on the nine sites under study.

- However, as both Braidwood and Limerick are near sites that were part of the,

; - SEP,;the seismic-hazard results computed for Braidwood and Limerick using the
: SEP models should be a reasonable extrapolation of the SEP results. .

i

- 5.2 Couparisons Using Only Experts Participating in Both Studies
In this section we examine.the implication of the differences between the

seismicity inf ormation supplied by the Experts who participated on both the
SEP Panel and as members of the SHC Seismicity Panel. ~As different zones are
involved between the two studies -it is necessary to make comparisons at the -
hazard curve level. It is difficult to evaluate differences in zonation that-
cccur between the SHC and the SEP because . in ' the SEP the Experts were asked to
provide seismicity information for two pre-zoned-maps, as well as, allowed to
provide their own' zonation.. A number of the Panel Members' only used the zones

i cn-the two pre-zoned maps.,

(. t
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TABLE 5-1

Experts Who Participated in Both the SHC and the SEP

Professor G. A. Bollinger
Mr. R. J. Holt

Professor 0. W. Nutt11
Dr. P. W. Pomeroy,

Professor R. L. Street
Professor M. N. Toksoz

Experts Who Only Participated Experts Who Only Participated
in the SEP in the SHC

Professor E. Chiburis Professor A. Johnston
Dr. M. Chinnery Professor A. L. Kafka
Professor R. B. Hermann Professor J. E. Lawson

, Professor M. L. Sbar Professor L. T. Long
Dr. J. C. Stepp

i

|

|
*

I

!-

i.
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Table 5-2
List of the' Experts Who Participated in Both-

!

the SEP and the SHC

Expert Number.

'

1.

3
4
5
7

10(A)

Note: The letters enclosed in () are the plotting symbols used for all:the
,

j. figures in this section.-
-

o

't

t

!

4

i

"
k

i

e

,4

|~ . |

i.
- -

-

;.
~

''
, -
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All the hazard curves shown in this section are based on the ground motion
; model used -in our sensitivity studies in Section 4.2 (model No. 7, Table
j 3.4.3). Recall that this ground motion model was chosen as the best estimate

| model by two of our EUS Ground Motion Experts. It is also important to
~

remember that these are pre-feedback results.'

!

5.2.1 Millstone
Figure 5.la shows, for the Experts participating in both the SHC and thei

! SEP, the BEHC per Seismicity Expert for this study f or the Millstone site and
'. Fig. 5.lb shows BEHC per SEP Seismicity Expert f rom the SEP study. Figure

5.lc over plots the two sets of hazard curves. The SEP curves are denoted by*

: the large symbols and the curves for the SHC are . identified by the small
l symbols. For simplicity, the SEP Expert numbers are changed to agree with the

Expert numbering f or the SHC on the plots. Table 5-2 lists the number
. assigned to the Experts that participated in both studies. It is seen f rom
'

Fig.- 5.lc that there is general agreement between'the two studies - however,
there appears to be a major shift in the hazard curve for Expert 10. We also

,( see that for the other Experts their SEP hazard curves show less dispersion
than in the SHC. There are two reasons for this. First, as we have already;

' noted our pre-zoned maps may have biased the Experts somewhat towards the same
zonation. Secondly, many of the Experts in the SEP study did not provide the'

rate of earthquake occurrence for any of the zones. The activity rate for
these zones was developed for those Experts in a uniform manner, Bernreuter
(1981). In this study each Expert developed _his own zonation and developed
his own estimates of the rate of occurrence of earthquakes for the various
zones. Thus, it is not surprising that this study shows larger differenc'es
between Experts than the SEP study.

Expert 10 was one of the few SEP Experts to provide his own rate
parameters. Table 5-3 gives a comparison between the SEP response and for the,

SHC for Expert 10 for the zone that contributes 1most to the loading at the,
'

Millstone site. This is a case where the b value plays an important role.
For example, the b value dif ference between the SEP study and the SHC leads to.

over'a factor of 5.5 higher rate of earthquakes larger than ab = 4.5 for this
leadsproject than for the SEP study. This, coupled with the difference in MU

.

to the higher hazard estimate for the Millstone site'for this study for Expert
10 as compared to the SEP results.

The hazard at the Millstone site for Expert 3 also shows a considerable
increase between the SEP and the SHC. One of the main reasons f or this is

|_ that for the SEP Expert 3 gave the best estimate of M''as MMVII for the zoneg
- that contributes most to the hazard wh'ereas f or the SRC Mg was given as ab "

6.5. Thus, Expert 3's Mg is significantly larger for the SHC. than for the
SEP. Expert 3 did not provide independent. estimates for the-rate of

j

i earthquake' activity for the New England zones for the SEP study. There is
| - also a'significant dif f erence between Expert 3's zones -in the SEP study and'-
| the SHC study indicating that there has been some. change _in the opinion of

Expert 3 about the zonation of New. England.-
r

Table '5-4 summarizes the significant diff erences between the two sets of -
input (for~each Expert that lead to diff erer.ces in .the hazard curves between =
-this study and the SEP study. ' Overall, there is " reasonable 1 agreement between
the two' sets of curves'shown on Fig. 5.lc.-

r
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Table 5-3'

Seismicity Parameters for the Zone that Contributes Most
,

to the Loading at.the Millstone Site for Expert 10
~

SEP SHC

a 2.56 2.45
b- -1.11 -0.92
M 5.0 5.5U

;
,

9

The area of the two zones is the same.
t

t

1

4

7
'

i

i

.

i
s

1

2

s

|

!

'l
1
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Table 5-4
Summary of Differences in the Seismic Hazard Curves

Between SEP and The SHC for the Millstone Site

SHC SHC Change From Differences in Seismicity Parameter as Compared'

Number SEP to the SEP

3 Higher M increased f rom MMIVII to mb = 6.5. Alsog
a zonation difference

10(A)* Much' Higher Higher Mg and much higher seismicity.

1 A Little Higher Increase in M f rom BE of 5.75 to approximately
6.44 (MMI9.5)g.

5 Lower Lower MZone 8.U and larger absolute value for b inIn the SEP zone equivalent to Zone 8
contributed significantly to the hazard.

4 Lower Change in zonation leading to a lower rate of
seismicity for this study.

7 About Same

r

' Plot Symbol

'

1

1

I
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,

5.2.2 Lacrosse- *

Figure 5.2a shows for the Experts participating in both the SHC and the
,GEP.the BEHC'per Seismicity Expert based on the zonation and seismicity
parameters given in Appendix.A for the Lacrosse site. Figure 5.2b shows the

.,. - PEFC per Seismicity Expert based on the zonations and seismicity parameters'

~ d'eveloped f or the SEP and Fig. 5.2c is an over plot of Figs. 5.2a and b.
Tab 3e 5-5. summarizes the significant differences between the two sets of input
for each-Expert that lead to differences in the hazard curve between the SHC

i and the SEP.

As can be seen f rom Fig. 5.2c the level of the hazard at the Lacrosse site
has overall somewhat decreased for the s,ame set of Experts in spite of one

~

outlier. However, because only two of the Experts participating in both
studies provided rate of earthquake occurrence estimates for the SEP it is not,

j possible~to draw a strong conclusion from this observation. There is
reasonable agreement between the two sets of hazard curves shown on Fig. 5.2c.+

I- 5.2.3 Braidwood .

Although the Braidwood site was not included in the SEP, is it located
very near the'Dresden site which was included,in the SEP. Thus it is

; reasonable to use the SEP models to compute the seismic hazard at the
Braidwood site.- Figure 5.3a shows for the Experts participating in both the
SHC and the SEP and the BEHC per. Seismicity Expert based on their input for-
this study for the Braidwood site. Figure 5.3b shows the BEHC per Seismicity
Expert based on the zonations-and seismicity parameters developed for the SEP
and Fig. 5.3c is an over plot of Figs. 5.2a and b. Table 5-6 summarizes the
significant. diff erences between the two sets of input for each Expert that
lead to diff erences in the hazard curves between the SHC and the' SEP.

i

- As can be seen f rom Fig. 5.'3c, the level of the seismic hazard at the
'

Braidwood site is, overall, in good agreement between the two studies,
although slightly higher f or the same set of Experts using the zonation and
seismicity parameters they provided for the SHC as compared to the ones they

i provided for the SEP study. . One' reason for this is, as noted in Section
4.3.1, that' f or the. SHC many Experts put a zone in Region of the Central
Stable Region where the Braidwood site.is located. In the SEP.only one of the'
Experts who participated in both studies had such a zone. One other SEP

*

Expert also put a zone in'the Central Stable Region which included the
Braidwood site. Generally, the net effect of this zone was to increase:the

'

rate of' seismicity near the Braidwood site while generally decreasing the rate
of seismicity in the CZ (larger Central Stable Region). Also, the M for the'

g
i added zone was usually higher than for the CZ.

. 5.2.4 ' Limerick-
'

The Limerick site is somewhat out of the . region' zoned with care by the SEP
t Experts. Thus specific conclusions cannot be; drawn. However,_the comparison-
! 'is stillsof some interest. Figures.5.4a, b and c shows the results for-the--

;- , Limerick site.- ~The two sets- of results are in general' agreement,'.however, .
| there is'a larger. spread.of results-for the SHC-than for the SEP. This comes

in part, as discussed above, = because many SEP Experts - did 'not supply the. rate
of' activity for the various zones. .Thus the earthquake-occurrenceirates-for

l' many of the-SEP; Experts'were established in-a very uniform, manner as
~

-contrasted to the SHC.-
!. >

.
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Table 5-5
Summary of Dif f erences in the Seismic Hazard Curves

Between SEP and The SHC for the La Crosse Site

SHC SHC Change From
Number SEP Differences in Input

f r this study.but lower rate of3 Lower Higher MU
activity in the CZ for this Study than for the
SEP.

by 0.3 units and increased10(A)* Much Higher Expert increased MU
the rate of activity in the CZ.

1 None One of the few Experts to provide earthquake
rates for the SEP.

5 Much Lower Lower Mg and a different b value results in
a lower number of larger events.

4 Lower Site is located in CZ of Expert 4 for both
studies. However, Expert 4's new Zonation for
the CUS has most earthquakes located in
various zones so that the rate of seismicity
in the CZ is lower compared to SEP.

7 N/A Did not provide seismicity parameters for CUS
for SEP.

* Plot Symbol

Notes: '(1) The Lacrosse site is located in the CZ of most Experts.

(2) Only Experts 10 and 1 provided rate of earthquakes occurrence for
the CUS for the SEP.

I

I

|

|

,
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; Table 5-6
Summary of Differences in the Seismic Hazard Curves

Between SEP and The SHC for the Braidwood Site
.

; SHC SHC Change From
Number SEP Differences in Input,

3 Higher at Zone 14 influences hazard in lower range of
Lower Range of PGA values. Higher rate than for the SEP.

| of PGA Levels
1 .

10 Much Higher Change in zonation with much higher MU and;

rate of activity. No zone in SEP.

1 About the Zonation slightly different. Differences in'
i Same SHC accentuated by differenceJ in computer

programs used.
z

) 5 Lower Lower MU and a different b value which results
; in a lower number of larger events.

{ 4 Higher Added Zone 6 with higher rate and Larger M .n

7 N/A Did not provide seismicity parameters for CUS
for SEP.*

I

:

:
!

i

'
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i
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|

|
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. No detailed comparisons are made between the SEP study and the SHC f or the i

i Limerick site because of the lack of detail with which the Region around |

' Limerick was modeled for the SEP. However, it is interesting that the results'

between the two studies agree as well as they do f or the Limerick site.

5.3 Comparisons Including All Panel Members
In Section 5.2 we examined the stability of the estimated seismic hazardL

at four sites using the six Experts common to both studies. We saw some
'

changes in individual Expert's hazard curves (some higher and some lower) but
overall the net estimate of ' the seismic hazard at the four sites was

|' relatively stable. Table 5.1 shows that there were nine Experts (4 SEP and 5 ,

this study) that only participated'in one of the studies. It is of somei

; interest to examine if inclusion of these additional Experts would have a
significant impact.on the perception of the estimate of the seismic hazard at i

'

the four sites examined in Section 5.2.

Figures 5.5-5.8 show a comparison between the PGA hazard curves obtained
j using the zonations and seismicity parameters developed as part of the SEP
j (curves marked by large symbols) and the hazard curves obtained using the
j zonations and seismicity parameters developed as part of the SHC (curves
; - marked by small symbols). All hazard curves were developed using PGA ground
i motion model No. 7. The Experts who only participated in the SEP are
; identified by the large symbols B, C, D, E on the Figures. For the SHC

Experts 11,12 and 13, are identified by the small symbols B, C, D.
!

! Figure 5.5 shows the comparison for the Millstone site. The addition of 4 [
j SEP Experts and 5 SHC Experts does not change the character of the results.
; The overall dispersion of the SEP Experts' curves is somewhat larger than for
' the SHC. But overall the results are in good agreement showing reasonable
{ stability for a complex Region. r
1

i Figure 5.6 shows the comparison between SEP and the SHC f or the Lacrosse
'

site. There is very little change with the inclusion of 9 additional hazard,

j curves. There' is reasonable agreement between the two studies. The Lacrosse
i site is located in a Region of relative geologic simplicity - as contrasted to
! New England where Millstone is located. Thus at the Lacrosse site one would

expect a certain stability in the results.

Figure 5.7 shows the comparison between the SEP and the SHC for the4

i Braidwood site. Comparison of Fig. 5.7 with Fig. 5.3c shows that the hazard
i curve f or Expert ll(B) is much higher than the rest of the Experts' curves. |The reasons for this was discussed in Section 4.3.1 and is primarily due to r
I the zonation introduced by Expert 11 for'the Region around Braidwood. In i
* general, there is good ' agreement between the two studies with the SHC curves '

lying a little higher than for the SEP. This occurs because, as noted :
' ' earlier, a number of Experts in the SHC included a zone that is either near or

.
i

; includes the Braidwood site. However, this increase in complexity in the
| sonation of this portion of the Central Stable Region has not greatly

increased the seismic hazard at the Braidwood site, and the estimate of the
seismic hazard at the Braidwood site seems reasonably stable.

Figure 5.8 shows a comparison between SEP and the SHC for the Limerick
! site. ~ It is seen by comparing Figs. 5.4c to 5.8 that the' inclusion of 9
! additional Experts increases the dispersion of the results. In addition, a
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number of Experts (both sets) tend to " clump" around the hazard curve for
Expert 1. Overall the results of the two studies are in reasonable agreement*

with the results from the SHC being somewhat lower than for the SEP. However,
en noted earlier, the Limerick site is on the f ringe of the Region zoned with

,
. Considering the complexity of the zonation south ofcare by the SEP Panel.

i the Limerick site supplied by the Panel Members for this study, it is not
curprising that there are some dif f erences between the two studies. The fact
that they are in reasonable agreement indicates that there is a reasonable
stability to the approach.

,
_

j - 5.4 Assessment of SEP Recommendations
In the previous sections we saw that f or the same ground motion model and

bsst estimate choices for the other parameters there was relatively little
dif ference between the results obtained in the SHC as compared to the SEP.
However, as noted in Section 1, one of the main differences between this study
and the SEP is the manner in which the' uncertainty is incivded in thei

|.
analysis.

In the SEP, uncertainty in zonation and in the seismicity parameters was'

' treated in simple Ad Hoc manner, see Bernreuter (1981). Also, in the SEP only
a few ground motion models were used as sensitivity studies and no combination

,

? was attempted. The final SEP recommendations (Reiter and Jackson 1983)
attempted to account for different ground motion models and each Expert's
uncertainty in zonation in a somewhat Ad Hoc manner based on judgment. Reiter
and Jackson (1983) recommended the use of the 1000 year UHS for use in the4

SEP. They also recommended a minimum level based on real records which was-
2 somewhat higher than the 1000 year UHS at the Lacrosse site. They also argued

that the spectra that they recommended for use in the SEP were more-'

. conservative than for the 1000 year spectra and represented a reasonably
'

unif orm level of hazard at all sites studied.

In the SHC the uncertainty in the ground motion model, in each Expert's
zonation and in each Expert's seismicity parameters have been systematically

} . accounted for. In addition, the Ground Motion Panel for this study did not
'

give high weights to the ground motion models used to develop the UHS for the
SEP study. It is of some interest to see what impact these differences have
relative to the recommendations made in Reiter and Jackson (1983). That is,,

if the recommended spectra have a-return period of about 1000 years and if the
; relative level of the hazard is about the same at different sites as compared

'to the 1000 year return period CPUHS based on.a complete uncertainty analysis
presented in Section 4 of this-report. These~ comparisons can only be made at
two sites (Millstone and Lacrosse).

' Figure 5.9 shows a comparison of the recommended UHS for the Millstone
,

cite f rom Reiter and Jackson (1983) to the CPUHS for. the 1000 year return
. , period. At the low frequency end of the spectrum (periods longer than 0.2
L c2c) there is a good agreement between UHS from the SEP study and the 50th
J ' percentile CPUHS. At the' higher frequency end (periods shorter.than 0.2 see)

the UHS f rom the SEP : study f alls: slightly below the 50th percentile CPURS
.' indicating that its. return period would be somewhat less than the 1000 year

r3 turn period.' Overall, there is good agreement between the two curves.

| This dif ference 'aris'es because most of the loading at the Millstone site
| 10 from'the.zonO which contains the site. The SEP spectra were based on the

'

-213-

L
_ _ _ _ _ _ _



. . . _ __. . _ - _ _

>q - - yy,

i
,

h '

,

; .-

,
,

t

' '

"Ossippee" model, Re. iter, and Jackson, (1983), Bernreuter (1981). Bernreuter
(1981) compares the Ossippee model to other ground motion models. Generally,.
for distances less than 50 km the Ossippee model gives lower ground r > tion
estimates thacjthe models most heavily ireighted by our Ground Motion Panel

| Members. It is 'this difference thad most likely leads to the differences in
the 1000 year return peripd spectra between the SHC and the SEP.

.

'

t . c = j ~~ v
,'

Figure 5.10 compares the recommended UHS for the Lacrosse site f rom Reiter'

and Jackson (1983) to the 1000 year return period CPUHS developed for the'
_SHC. It is seen that the SEP spe:.':rvia lies above - the 50th percentile. CPUES *

f or the Lacrosse, site indii:ating that' its return period is greater than '1,000
years. The SEP results are more conservative at low f requencies because thdy
are based only(on #one ground motion ,model-(the Gupta-Nuttli model) which'(see
Appendix C or lernreut,er,1981) has, jlow attenuation.- Therefore, long periods
motion is influenced by. distant source zones such as the New Madrid Zone. !

j r.
s s .. . -

,

Consideries the major dif ferences hatween the way the CPUHS were developed
~

and the way the recommended UHS $ere developed, indicates that there is a , ''
.

reasonab7p stability to probabilistic huard analysis using expert judgm6nt.
,

It should be noted that ~ the reasons Reiter and Jcckson (1983) cited f or .s

the SEP UHS beingjconservative: *#
,

d'
,

'/
~

. / .f \s ->

1. Strong motion data sets are in many ways biased toward high value's( , . *'

Non-triggered instruments orilow-level records receive little ~. '

attention.< ,This is also true at great distances and for longer t *

3periods where noise may be contributing significantly to observed. gmotion'. [.~' |} ,)oe . * L,
, 2. The asct sip, tion that earthquakes -occur randomly within a given- seiamic |p.

source zone.is.conservativj for large zones of low to moderate level
seismicity such as those.around most SEP sites. While the 89urces'6f'~

central and eastern U.S. earthquakes-remain hidden, most'
seismolo' gists conclude thatidamaging earthquakes will eventually be

\ associated with specific f aults. ',.

- -

:, . , 3 . .- The unif ora; spectra represent composite risk f rom different source**
.

s
4 zones which may effect different f requency ranges. Under.certain ''

.j
situatione, exceeding the spectra at different frequencies implies D'the simultaneous occurrence of>egrthquake in more than'one source ' fe s

~

zone.
.

)<
$

apply equally wS11.,.to the results presented in this report as to the '
-

recoamendations made by Reiter.and' Jackson. - r, ',
''

/ .,- ?' ,b,

We consid'er-chat.these comparisons provide /added verification of<the main "N-|,

conclusions rescJed by Reiter and Jackson. A! ,'C
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Appendix A

Questionnaires to the EUS Seismicity Panel and a Summary of Their Responses

-
>

A.1 Introduction

This appendix contains the complete text of the first three questionnaires
sent to the EUS Seismicity Panel members and a detailed summary of their
responses is given in Section A.2. The-first questionnaire.(Q1) elicited the
individual panel member's judgement about the zonation of the EUS. The second
questionnaire (Q2), given in Section A.3, elicited the individual panel
member's judgement about best estimates and the uncertainty in the following
parameters:

o The largest earthquake in each of the zones identified by the panel
member in his answer to the first questionnaire.

o The expected frequency or rate of earthquakes in each zone.

; o The magnitude (or intensity) recurrence relation for each zone.

In the third questionnaire (Q3), given in A.4, the experts were asked to
provide a self weight which reflects how he/she perceives his/her level of
expertise about his/her answers to Q1 and Q2.

The answers to the three questionnairs are summarized in A.S.

!

.

|

'A-1
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A.2 First Questionnaire-Zonation (Q1)

1. INTRODUCTION;

I
1.0 Background

The purpose of this project, intiated by the U.S. Nuclear Regulatory
Commission (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 zonation.
o Rate of earthquake occurrence.
o Distribution of earthquakes magnitudes.

Largest earthquake, i .e. upper magnitude cutof f.o

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. Chinnery

Mr. Richard J. Holt

Professor Arch C. Johnston

Dr. Alan L. Kafka-

-Professor James E. Lawson

Professor L. Tim Long

Professor Otto W. Nuttli
4

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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|

'
1

i
' Some of you are familiar with the approach that we are t'aking 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 s generalization of the earlier study in that: (1) the approach is
codified 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 i,

elicitation process and analyses planned. The elicitation process will be in:

. three stages. The first stage will be the elicitation of the seismo-tectonic

| zonation. This is the object of this questionnaire. You will be asked to
j . 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 zonation
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

j 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

learthquakes 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,

i regarding the earthquake occurrence rate, upper magnitude cut-off and
nagnitude distribution.

:

j Your responses will then be combined and cross-checked to assure consistency
in the results. Also, the results will be used to compute the seimic hazard

1 at various locaions in the EUS. These hazard assessments will be made
available to you in the third stage of the elicitation process so that you may

j sssess the physical reasona'bleness of the seimic parameters elicited in the.
| first two stages of our process.
|

t 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 f rom the other panel-members. In order to-
ensure anonymity, each panel member's;results will'be identified by some code.

i 7which only that panel member will know. In addition, at the' meeting we will

| discuss

1. We use the term magnitude as a general tera referring to size, not= as si
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 Beismic Hazard Analysis

Given source zone configurations and seismicity 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

10-4

10-5
1

:
a

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 seismicity. 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 ysome pre-specified
minimum, M,. Following the standard hazard analysis practice, we assume
that- the occurrence of earthquakes can be _ approximated by a Poisson process.

A-4'
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You' will be asked, in the second questionnaire, to estimate the space-time
rate of occurrence, which is assumed constant within a zone, but which may3

* - vary from zone to zone. Given an earthquake, it is then necessary to model

i 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 ''

I cagnitudes 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 t

specify an upper magnitude cutoff, M , the range of the magnitudeu
-distribution will be restricted to the interval [M ,M ). Your magnitude-n u
recurrence model and your upper magnitude cutoff value will be combined to

f model the distribution of magnitudes for each zone.

Another essential ingredient in seismic hazard analyses is the attenuation4

model which relates peak ground acceleration at a site to ecrthquake 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.-

1

i The seismicity information for each expert le combined with the attenuation
' nodel to develop a "best estimate" harard curve for each expert. Variations
, in the. source zone configurations and uncertainty in the seismicity parameters
j 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;

J' 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.

i information when characterizing seismic hazards in the EUS. Methods exist for
~

' inalytically combining data with opinions, however, in this project we are
.

relying on your abilities to assimilate' the data with your knowledge in-

j ' 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
^cenfidence to your responses. We will interpret your level'of confidence to

i 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 panel 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 . a eliciting i

such self-weights as a separate part of the elicitation process. To l

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. [1f 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
seismicity 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 seismicity 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.

|
|

|
t

I
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2. SOURCE ZONE CONFIGURATIDN

2.1 ' Introduction

In this part of the clicitation process we are concerned with the
specification of various seismic source zones. A zone is a region which has
homogeneous seismic characterictistics in terms of rate of activity, magnitude
disdtribution and upper magnitude cut-of f. 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 consideted 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 roughly
104 W.

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

o Identify all potential seismioc zource zones

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

It is recognized that you may have alternative views about the zonation 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 f rom 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 digitired and therefore need to be all the
same. If you need more maps, please do not besitate to request them from us.

|
'

To assist you in interpreting and answering the questions for this part of the
elicitation, 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

A-7
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zones are aras, except Zone 2 which is a line source. Table Al illustrates
- the response to Question 1-2 on uncertainty in the existence of one or m reo
zones identified on the base map. The zones identified in Table 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 A1:

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

if the zone is considered non existent, the region must become parto
of another zone; this zone must be identified.

In the illustration, Zones 2, 3, 4, 5, 12, and 14 were considered potentially
non-existent. The respondent's confidence in Zone 2 existing is 0.40 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
t riangular boundary was 0.4 These are entered in Table A2. Also, in the

i 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 relo,cating them on your4

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 A1, 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'rone that region will be part_of if the zone does
not exist.

A-8
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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 tFat 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 seismicity
in the second stage of the elicitation process.

1-4 Do you desire to have us provide you a description of historical seismic
activity in the EUS?

Yes No

i

1

1

I

i

i

;

I
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) Table A1. Existence of Selected Zones

Level of Confidence Non-Existent Zone Becomes

) Zone Index In Existence Part of Zone Number
:

3 0.85 1

4 and 5 0.98 1 ,

i 12 0.70 11

: 14 0.80 15
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Table A2. Confidence for Alternative Boundaries

|

Level of Confidence i

Zone Index In Boundary Shape
_

|
3 06

16 0.4 )
l

4, 5 0.7

17, 18 0.15

25 0.15

11, 12, 13, 14, 15 0.7

19, 20, 21, 22, 23, 24 0.3

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

over alternative boundary shapes should be 1.0. 1;

4

0

I

l

; i

A-14

__



- . - . . . . .. . . . . - _ _ _ - - _

l

,

A.3 Second Questionnaire: Seismicity Parameters (Q2)
i

1. EASTERN UNITED STATES SEISMICITY
'I

1.0 Introduction
,

i

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

EUS, this questionnaire is designed to elicit your opinions about the
seismicity of the source zones you identified in Questionnaire 1. For each of
the z'onestII 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
i Questionnaire 1 as well as historical seismic data, if you requested this

information.
,
'

In responding to questions about seismicity we expect that you will use one or
more catalogues of historical events, either those of your own choosing or the
catalogue we have supplied at your request. When using the catalogues to
assess the future seismicity 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 tu 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, af tershocks are a potential source of uncertainty when using
historical data. Since our analysis is based on assuming earthquakes occur as

'

e Poisson process, Lone might question the inclusion of af tershocks when using
1 the data to assess seismicity. How to treat af tershocks 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 seismicity of the EUS should be based on your judgements of the data.i

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 seismicity.of the EUS. Thus, your responses to questions about seismicity
|, chould reflect your assimilation of the data with your knowledge and

cxperiences relevant to the seismicity of the EUS and your evaluation of the
historical record of seismicity Lin' the various zones.

(1) In using the generic tern 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 seismicity within a zone,
e.g., the expected f requency 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 conditions 1 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 seismicity in the region. We do not ask you

to associate a specific level of confidence with the interval because of the j
dif ficulty 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
pa rame te r. 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 seismicity
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 f rom 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 ir def f ned 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 10~3 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 a) depends on the distribution of peak acceleration
conditional on magnitude and source-to-site distance, as well 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 f requency of magnitudes between the specified minimum level M '

o
! and the upper magnitude cutof f M . Our hazard analysis methodology, similar ;

U
; to that used in the previous study, uses your inputs about the seismicity !

within a zone to estimate the expected frequency of earthquakes for a finite
set of magnitude intervals spanning the range between Mo and Mg. Assumingi

4 - a Poisson model for the occurrence of earthquakes in each sone, we can
j' integrate over the relevant zones to assess the seismic hasard 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 4, 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 hasard curve which represent your uncertainties in the seismicity of '

the EUS. Details about the appropriate probability distributions and about t

. 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

,

i propagating the uncertainties through the analysis are too complex to present ;
'

in this introduction. Detafis for the complete seismic hasard analysis,
! including the procedures for propagating uncertainty through the analysis,
) will be presented for your review at the general meeting of the panel during i

the third stage of the e11 citation process.

;
4
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2. UPPER FnCNITUDE CUTOFF
b

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

This part of the questionnaire is concerned with eliciting yourzone.
opinions about this limiting magnitude value for each zone identified in your
seismic zonation 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 oericds. 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 f or the largest event in 150 years to be dif ferent 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 , is a random variabic. Thus, valuesT ''
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 J

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 . However, the probability that the largest earthquake has a p_U
magnitude close to MU decreases as the time period T decreases. This common
upper limit is the parameter of interest in this section of the _.

questionnaice.

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 j

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 subduction 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 i

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 z

parameter as the upper magnitude cutoff.

-
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Definition:,

'Upper Magnitude Cutoff, Mg - 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
i the magnitudes of all earthquakes were recorded for a long time, the

collection of magnitudes would form a distribution of magnitudes, the upper4

| Ilmit of which is the parameter Mg. The parameter Mg should be
distinguished from the random variable MT discussed above.4

:

! An important consideration in the assessment of the upper magnitude cutoff is
the saturation properties of the measurement scales presently used to describe,

i the magnitude of an earthquake. For example, the Modified Mercali Intensity
j (MMI) scale has an upper value of XII. Thus, no matter what the total energy
j (or moment) associated with an earthquake, its magnitude, when measured in :

MMI, can never exceed XII. Similarly, the energy (or moment) - magnitude'

l
relationship, when magnitude is measured in MbLg 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 M,). Alternatively, to avoid problems

of changing magnitude scales (e.g., from M, to Mbtg) and the uncertainty
of the relation between scales, you may want to continue the linear portion ofi

| 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 cutof f, you should feel free
] to consider or not consider the saturation of the measurement scale in your
j responses. We do ask you, however, in Question 2-2 to indicate if you are
j limited by a saturation value.

I

j In Question 2-4 we ask you to specify an interval for the upper magnitude
| cutoff My 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 M . In this description we will treat your best estimate as the |U
; most likely value (mode) and the endpoints of the interval as the limits of a !
j triangular distribution similar to that shown in Figure 2.3. If you feel the.
j triangular distribution does not adequately describe your uncertainty in the
|. value of the upper magnitude cutoff, you should indicate an appropriate
j 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 2.4a, or in terms of a cumulative
distribution function, e.g., the uniform distribution function in Figure 2 4b.

i

!

a

t
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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, MbLg, 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
Mg for the distribution of magnitudes for the zone.

2-4 Give a lower bound %t and an upper bound Muu for the value of the
upper magnitude cutoff such that the range (Mgt, HUU) is a reflection
of your confidence in estimating L' e upper magnitude cutoff. Asr

indicated in Fig. 2.2, the interval (Mut, HUU) will be treated as a
100% confidence interval for M *U

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 minimum magnitude M and the uppero
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 M = IV and, in MbLg units, is M = 3.75. To elicit your opinions weo o
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.o

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 too
estimate the expected frequency of earthquakes wi % magnitude equal to or
greater than M . However, since the magnitude-recurrence model is usuallyo
derived from historical data, data which might be incomplete for magnitudes
close to M , one might believe that the magnitude-recurrence model does noto
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 3.4.

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. 'Ihus, 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. I

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 seismicity 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
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; form your' opinions. If you are using the catalogue that we provided at your j<,

Y request, it .should-be recognized that no corrections for completeness have,
,.

.
~

JIbeen performed on it nor have'af tersh2cks been culled from the data. The ,

analysis of the completeness of the catalogue and the use of aftershocks has
been 1ef t to your discretion. You'r judsments of the data may be based-on '

Cgeologic and tectonic considerations, similarities with other regions,.

>

I'theoretical considerations, resulfs of vour own studies or other studies +

available to#you, or any other information/which you feel influences the' '[
'' '

[ ' seismicity in the EUS. ,?
,

4
/ We will ask you to provide your best' estimate of the seismicity parameters and
-i to express yourfuncertainty about each parameter by specifying an interval for

the value of, thy parameter to which you associate a high degree of,

confidence. Wneimodeling your uncertainty about the parameters in this
section, tNe confidence interval is interpreted to be the cet of values'for'

which you'r$rsonal confidence is 0.95~ (i.e. , a 95 percent level of / .

confidence) that the true' value lies wittiin chat range. As discussed eari'ier, 1
'

[ the level of confidence reflects the ;degreeNo _which you judge the data, 'm

tectonic and geologic conditions, etc., support a given response. j)
| 1 %

'
< ,

In the seismic hazani a:aelysis, rathe'r than imposing a parameteric model on e
I the magnitude distrihution, we take a nonparametric approach and base our

analysis 'on Che occurrence rate for each subinterva), in a finite partition of
7 the magnitude range (M ,M ). Your best estimates and confidence bounds i

o U, for the sdomic parameters are transformed into */best estimate and confidence-

bounds for the mainitude-recurrence relation usf$g the functional form (e.g.,
-

linear) of the relation you supply. The besti 'es'timate and confidence bounds4

for the ' magnitude-recurrence relation will be used to specify the means,
variances cod covariances of the occurrence rates for the subintervals. These
will, in' th8, be used to, determine the parameters of the joint distribution
of the occurrence rates', wnich is modeled as a multivariate gamma distribution.

1 ~;. st- a
<

3.2 Magnitho)e Sc3 )
.
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| Whenanalysi,ngyourrejpensesto>quegtionsaboutearthquakeoccurrencesitis
important that tie magnitude scale you use in making your responses ^be clearly'

identified. ' You are free. to use whatever. scale you feel permito you to best
express y'odr opin.icns ab'out skismicity'within a zone. The same scale need not

,

: . be used-for all zones. In Question 3-1 we ask you to identify the magnitr.de-~
scales you will use in your responsea, shout- earthquake occurrences.

, ,g,

] The, seismic hazard analysis will be based on magnitudes in either the MMI'or j
scales. Thus, if you use.'any other magnitude scale it will be (# ~
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I necessary to trqnsfrem the rasbouses-in your chosen scale-to statements on #
|(- either the MMI or}M h . scale. h'@make this transforustica we will nee [ tor #b

-kn q'her MMI or Mithe relationship between the magnitude. scales you'will be using-and
'

,

eit bLg. ' To ensure'the: integrity of your answers, we ask you to j
|

| describe _this relation.
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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
,

j been performed on it nor have af tershocks been culled from the data. The
analysis of the completeness of the catalogue and the use of af tershocks 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 '

Iavailable to you, or any other information which you feel influences the4

seismicity in the EUS.

We will ask you to provide your best estimate of the seismicity 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,1

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 nonparametric approach and base our
analysis on the occurrence rate .for each subinterval in a finite partition of.

the magnitude range (M ,M ). Your best estimates and confidence bounds'

o U
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 covariances 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
1 identified. You are free to use whatever scale you feel permits you-to best
f express your opinions about seismicity.within a zone. The same scale'need not

be used for all zones.' In Question 3-1 we ask you to identify t S agnitude
scales.you will use in your responses about earthquake occurren e

; . .

p The seismic-hazard analysis will be based on magnitudes in either the MMI or
scales. Thus, if you use any other magnitude scale it will be| MbLg

-necessary to transform the. responses in your chosen scale to statentents on
scale. To make this transformation we will need toeither the NMI or MbLg

| know the relationship between the magnitude scales you will be using and
| either MMI or MbLg. To ensure ~ the integrity cf your answers, we ask you to

~

I- ' describe this relation. i
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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 epicentral intensity (MMI)E expressed
in the MMI scale and M scale. To do this we propose to use the relationbLg

(MMI)E = 2MbLg - 3.5

If you do not feel that this is the best model for relating (MMI)E and
Mptg 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 earthquakes with magnitudes above a minimum level. For
purposes of this project, the minimum magnitude, M , is either (MMI)E " IVo

bL = 3.75. In this analysis it is assumed, from a structural
.

.

or M
standp! int, 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 seismicity in other than the -

'

MMI or MbLg 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 Mbtg identified in Question 3-1,
please

3-2 Describe the relationship between that scale and either the MMI or MbLg
scale.

3-3 Indicate the minimum magnitude, M , below which the effect of theo
eartnquake will be insignificant.

When transforming between (MMI)E and MbLg scale in our analysis we propose
to use the relation

(MMI)E = 2MbLg - 3.5

3-4 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 analysic is based on considering the effect of earthquakes having
magnitudes or epicentral intensities greater than some minimum level, we are
only interested in the occurrence of earthquakes with magnitude at the minimum

:
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I
level or greater. The questions l'n this part of the questionnaire are
designed to elicit information about the expected f requency of earthquakes
within a zone with magnitudes at or above the min um level.

For purposes of this project the minimum magnitude, M , is either (MMI)E "'

o
IV or MbLg = 3.75. If you are responding to questions about magnitude in
any other scale, e.g., in M, units, there is a corresponding minimum level

,

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
j 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,i

e.g., 47 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.

f

Questions

For each of the seismic source zones identified on your maps of the zonation
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 M ?o

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 Mo 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.

f

3.4 Magnitude Distribution

| Conditional on an earthquake of magnitude M or greater occurring within ao
zone, the magnitude of the earthquake can be any value between M and M ,o g
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.

A-27
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Several methods can be used to describe the magr.itude 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 of ten used is based on the magnitude-
recurrence relation. This is a model for the relationship between the
log 10 N,(T) and m for magnitudes between M and M , where N (T) isU mo
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, piecewise 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, Mg, is finite, it will be necessary to truncate the
probability distribution at MU 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 nagnitude 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 questione
3-8 through 3-16 and go directly to Question 3-17.

3 -8 What scale of measurement (e.g., MMI, MbLg) 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?

!

|
l

l

i

h
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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 Mo and your maximal upper magnitude cutoff MUU. We ask you to
identify the range of magnitudes, denoted MLB, MUB, in Question 3-14.
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 maguitudes between
M and M g and between MUB and MUU. Thus, it is necessary tota
extrapolate the magnitude-recurrence model beyond the range (MLBe MUB)*
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 MLB and MUB by a method based on assuring a
continuous derivative at MLB and MUB, a zero derivative at Mg and a
value at M , on the N, scale, equal to the expected frequency of |o
earthquakes with magnitude equal to or greater than M , the minimumo !

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 N rather than loginN,(T) and loginN,(T) in Figure 3.2(b). Form
each of the seismic source zo..as identified on your maps of the zonation of
the EUS '

3-10 Indicate the magnitude-recurrence model (e.g., linear, a + bm;
2quadratic, 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., Mi in Figure
3.lc.

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,
i represents the possible values for each parameter identified in your'

response to Question 3-11.

i 3-14 Specify the range of magnitude values, denoted (Mtg, MUB), for which
the magnitude-recurrence relation identified in Questions 3-10 and 3-11

I is applicable.
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Figure 3.2(a) Extrapolation of the Magnitude-Recurrence Relation in the
Number of Event versus Magnitude Space.' _
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If the range (MLBe MUB) does not coincide with the interval (M , MUU)o
for some zones, it is necessary to extrapolate the magnitude-recurrence curve
beyond (MLBs MUB) so that the frequency of earthquakes can be assessed for
all magnitudes from the minimum magnitude M to the maximal upper magnitudeo

Extrapolation of this curve in either direction is a matter ofcutoff MUU.
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 be
recognized. Specifically, the value of N at m = M , the minimumm o
cagnitude, should equal the expected frequency of earthquakes with magnitudes
equal to or greater than M and the value of N at M , the' uppero m U
magnitude cutoff, should be zero. To indicate your method of extrapolation,
please respond to Questions 3-15 and 3-16.

.

If the range (MLBs MUB) does not coincide with the interval (M , MUU)o
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 (M , MLB)*o

3-16 Indicate how the magnitude-recurrence curve should be extended to
magnitudes in the interval (MUB, MUU)*

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, MbLg) for 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

i

! 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

4.1 Introduction

As discussed in Section 2.1, the magnitude MT f the largest earthquake in T
years is a random variable. the probability distribution of this random i
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 T 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 (i) 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 bther
relevant information to develop your opinions about the probability
distribution of M -T

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 T depends on the seismic
I parameters identified in Sections 2 and 3. A critical parameter is the

largest magnitude possible, i.e., the upper magnitude cutoff M . In Section "

U ;

2 we elicited your best estimate as well as an interval (MUL' MUU) f r the
upper magnitude cutoff. Since it would be impossible for you to respond to ,

the questions in this section for all values of MU in the range (MULE
MUU), we ask you to respond conditional on your best estimate, denoted M

Uin the questions. Also, since your responses are conditional on MUs 70"should respond to the questions in this section in the same scale of
measurement as M *U

i

;

,

-

_

.e

a
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4.2 Questions

Please respond to Questions 4-1 or 4-2 or both, and 4-3.

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

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

4-1 Give an estimate of the ' probability that the magnitude MT 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(V'T2*
A

.U
A

+bofor (a) m = - 1, (b) m = and (c) m = M, + 12 ,

4-2 Give an estimate of the median M (.5) for the magnitude of the largestT
earthquake in T years, conditional on M . That is, estimate the valueU
M (.5) such thatT

T < M (.5) | MT > M (.5) | MP M =P M = 0.5
U T U

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.4

4-3 Give an estimate of the expected value of the number of earthquakes of
magnitude m or greater in T years, N (T), conditional on your bestm

estimate M , forU

+bo(a) m = E - 1, (b) m = , and (c) m,= M + 1.U 2

|

.
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5. DEPTH OF EARTHQUAKES

l
.5.1 Introduction

i

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 zonation
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

within a " continuous" range of depths.- c.

5-2 Cive your best estimate of either

a. the single depth value,

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

the range of depths and a probability distribution describing thec.

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

,

i describes the relation between depth D and magnitude M (e.g., linear, D =
ba + bM; power function, D = aM )7

t

,

.
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A.4 Third Questionnaire: Weights (Q3)
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{ Lawrence Livermore National Laboratory
NUCLEAR SYSTEMS SAFETY PROGRAM

.

m_ d

July 20, 1983
EG-83-62/1034u

Professor Gilbert A. Bollinger
604 Newman Lane
Blacksburg, Virginia 24060

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

Dear Gil:

Enclosed please find tFe subject "Self Rating" questionnaire
and answer sheet (three pages in all). It is important to the
success of the project tnet 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, 1983.

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

Sincerely yours,

_

Oae 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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bec: D. L. Bernreuter
R. T. Langland

~P. D. Smith

a

NRC

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

; Same letter sent to:

Dr.' Alan L. Kafka
j Weston Observatory

Mr. Richard Holt
Weston Geophysical Research, Inc. *

Professor Arch Johnston.

Tennessee Earthquake Information Center
,

Professor Tim Longt.

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*

L* Dept. of Energy,; Mines, and Resources
i Ottawa 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 sof tware to translate your opinions regarding
the zonation and seismicity 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 elicitation process, we have asked you to give us your (a) best
estimate of the seismic parameters (e.g., zonation, 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.

f Although there are several weighting schemes (e.g., equal weights, LLNL
derived weights), one set of weights, consistent with what was done on the
previous (SEP) elicitation, 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 weigating
techniques. .However, most weighting techniques are subjective and thus
involve some of the same problems as self rating. byerall, 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.

i
' In contrast to the previous elicitation 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 zonation and seismicity. However, we do [ecognize
i

that you may feel your level of expe'rtise is not the same for the entire EUS. i

', Thus, we have partitioned the EUS into four regions.
.

o Northeast
+ o Northeentral )

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.

.,

4

REGION SELF RATING

"

I. Northeast

II. Northcentral

III. ' Southeast

I

;

IV. Southcentral
i

.

4

i

|

|

.
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A.5 Summary of the Experts' Responses

This section contains in a summary form the following seismicity experts'
input:

Digitized versions of.the map (s) provided by the expert with eacho

zone numbered with the expert's index system.

Tsble A2 for each expert gives the response to Question 3 of theo

first questionnaire about alternative zones and any additional
comments required for the second questionnaire.

Table A3 for each expert keyed to the map zones gives the responseso

to the third questionnaire (self weights), the responses to Question
2 of the first questionnaire giving the probability of existence of
the primary source zones and the responses to the second

.

questionnaire.

Although the layout of Table A3 for each expert is reasonably
.self-explanatory, some explanation is helpful. The first line gives the
expert number and his self weights for the four regions shown in Figure 2.4.
Then follows the data for each zone. Two zone numbers are given for each
zone, the number keyed to the map is the map index number (i.e., the zone
index provided by the expert). For each zone the probability of existence is
given (response to Question 2 of the first questionnaire). In some cases the
probability of existence is listed as "ALTBDY." This indicates that this zone
is an alternative shape for some primary zone. Reference must be made to
Table A2 to determine which zones replace and which zones are replaced as well
as the level of confidence in the alternative set of boundaries.

All experts chose to work in either abLg or MM1 and all but Expert 6 chose
the recurrence model as

log n = a - b (M or I ) (A-1)o

Expert 6 chose a bi-linear model for some zones.

The second line of the data for each zone indicates whether the expert is
using magnitude or intensity for his measure of earthquake energy for the zone
in question. The range of validity of Eq. (A-1) is also given (Question
3-14). As discussed in the second questionnaire and in Appendix D, it is
necessary to extrapolate beyond this range for some zones. The next line
gives the best estimate of 'the upper magnitude cutoff M and its intervaluMUL and MUU. In most cases the experts expressed MU in either the
abLC or MMI scales. The few exceptions are given in the second table as
well as the equation used to convert to either the MMI or "bla scales. The
next line gives the response to questions 3-6 and 3-7 of the Recond
questionnaire. N is the number of events per year greater than abLg = 3.75
or MMI = 4, depending upon the magnitude scale used for the zone in question.
The last two lines provide the response to questions 3-11 and 3-13 (a and b
values and range) on a per year basis.

A-43,
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It should be noted that the experts felt that modeling the distribution for
M as s' triangular distribution (Question 2-5) was acceptable. Table A.1u

' - summarizes either the responses or where each response to the first three
questionnaires can be found.-
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Table A.1

- Summary of Responses or Where Response to Each Question can be Found;

First Questionnaire-Zonation
,

(Q 1-1) See digitized maps for each expert in Fig. 'Al to 'A20.

(Q 1-2) The probability of existence of each primary zone is given in the-

Table A3 for each expert. The zone (s) that a zone with probability
; less than one becomes part of (the host zone) of is given in the

Table A2 for each expert.;

(Q 1-3) Alternative boundaries are also given in the second table for eacht

' *expert.

i

Second Questionnaire--Seismicity Parameters

(Q 2-1) Experts generally used ablg or MMI except where noted in Table A2,

j for each expert.

(Q 2-2) Generally not a problem or experts extrapolated the abLs scale
beyond saturation. Any exceptions'are noted in the second table
for each expert.

t
! (Q 2-3

and 4) Given in Table A3 for each expert.
1

(Q 2-5) Triangular distribution acceptable to all experts.
4

*

(Q 3-1) All experts used either abLg or MMI.

(Q 3-2) Where applicable given in Table A2 for each expert.;

(Q 3-3) Panel members generally agreed with the choice of M .
o

; (Q 3-4) Only two panel members (Nos. 1 & 10) provided their own
relationship between epicentral intensity and magnitude. These
relations are given in the Table A2 for experts 1 & 10. -

I

(Q 3-5) The experts gave their estimate-of N in the same scale they used
for the magnitude-recurrence relationship. This is given in the
Table A3'for each expert for each zone. Note that some experts
used different scales for different zones.

M |
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,

(Table A.5-1 - continued)

(Q 3-6
and 7) These values are given in Table A3 for each expert and have been

normalized to per year basis using the period T given by the expert.

(Q 3-8) Same as (Q 3-5)

(Q 3-9) Saturation of magnitude scale not generally a problem s.): cept where
noted in Table A2 for each expert.

(Q 3-10) Only Expert 6 departed from the linear magnitude-recurrence model
(Eq. A,5-1) and chose a bilinear model.

(Q 3-11
and 13) These values are given in Table A3 for each expert. The "a" values

have been normalized to events per year basis.

(Q 3-14) The range MLB* HUB for which the model given by Eq.(A.5-1) is*

given in Table A3 for each expert.

(Q 3-15
and 16) Experts agreed with our proposed approach for extrapolation of the

magnitude-recurrence relation.
i

The questions in Section 4 of the seismicity question have not yet been
encoded. These will be provided in our final report.

.

I
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EXPERT 1

Table A-2 1

.

If Zones 6, 8, 13, 16, 18, 19 do not exist they become part of Zone 15.
Zone 2 becomes part of Zone 1.
Zone 21 becomes part of Zone 22.

ALTERNATIVE BOUNDARIES

Zone Index Level of Confidence in Boundary Shape

1,2,6,7,8, 0.65,

23, 26, 28 0.35

3 0.65
26, 27 0 35

4, 5 0.6
25 0.4

10, 11, 12 0.7
30, 31 03

14 0.6
29 0.4

15, 16,-17, 18, 19 0.65
32, 33, 34, 35 0.35

20 0.5
37 0.5

21 0.6
36 0.4 ,

f
- 22 0.5

38, 39 0.5

i

= 2.16 abLg." 4*4j' Expert 1 provided the relation Io
|

|

|
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(Table A-2 Expert 1 - continued)
:

i
!
is.

Zones for Which M Of M was Limited by Saturation Valueu uu
!- of Magnitude Scale-

!
1
1 Map Zone'No. Saturation Value
!
+

j 35 12'

1

I 36 12

9- 7.5
i
i
I.

i #
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4
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i
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;
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EXPERT 2

Table 2

If Zones 4, 6, 11, 12, 13, 14, 15, 16, 17, 20 to 33
do not exist they become part of Zone 34.

Zones 5, 8, 9, 10 become part of 12.

Zone 7 becomes part of 4.

No alternative boundaries were given by Expert 2.

M was not limited by saturation for Expert 2.u

t

]

|

.

.

.

:
r

:

I
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EXPERT 3
'

Table 2 !

If Zones 2, 4, 6, 8, 10, 11, 12, 13, 14, 15, 16, 18 to 21
do not exist they become part of Zone 1.

,

1 Zone 3 becomes part of 2.

Zone 7 becomes part of 6.
;

'
-Zone 9 becomes part of 8.

Zone 11 becomes part of 10.

Zone 17 becomes part of 16.
.

i

. ALTERNATE BOUNDARIES
i

| Zone Index Level of Confidence in Boundary Shape
i

8 0.5
| 8 ALT 0.5

| 10 0.75
10 ALT 0.25,

11 0.75
11 ALT 0.25

Expert 3 did not limit Mg because'of saturation.

1

:

|

-

,

#

,

,

<
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EXPERT 4

Table 2

If Zones 1, 2, 6, and 7 do not exist, they become part of Zone 13.

Zone 26 becomes part of 8.

No alternative sets of boundaries given.

M was not limited by saturation by Expert 4.u

.

A-71
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EXPERT 5

Table 2

If Zones 7, 8, and 10 do not exist, they become part of Zone 1.

Zone 3 becomes part of 4. '

Zone 6 becomes part of 5.'

'

Zone 9 becomes part of 8. '

; Zone 13 becomes part of - 20 (C.Z. ) .

' ALTERNATIVE BOUNDARIES

Zone Index Level of Confidence in Boundary Shape

3, 4, 5, 6, 12, 14, 15 0.95

19, 20 0.05

{ Note

Zone 2 not used. Our zone No. 20 Map Index C.Z. was used in place of Zone
2 which covered the same area.

Zones 15 and 19 were limited by the saturation of the MMI scale at XII.
| The other zones were not.
1

;

L

.

9

.

.h
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EXPERT 6
.

Table 2

,

If Zones 11, 13, 18, 19, 20, 21, 22, 23, 24,_25, 27, 28, 29, 30
do not exist, they become part of Zone 1.

.

Zone 7 becomes part of 4.
,

Zone 8 and 12 become part of 9.

Zone 14 and 15 become part of 16.

ALTERNATIVE BOUNDARIES

Zone Index Level of Confidence in Boundary Shape
4

! 2 0.7
31 0.3'

1

3 0.6
32 0.4

'

4 O.8;

33, 34, 35 0.2
1

5 0.8
35, 37, 38 0.2

6 06
; 39 0.4
!

8 0.6
40 0.4

; 9 0.7
' 43, 44, 45 0.3

10 0.6,

41, 42 0.4

| '17 0.8
46, 47, 48 0.2; .

'Note:
,

l

| Expert 6 used a bilinear model for the magnitude recurrence relation in -

|- some zones.
i'

M was not limited by satstration for Expert 6.u

:
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EXPERT 7
.

Table 2

If Zones 1, 5, 7, 8, 11, 12, 13, 15, 28, 29 do not exist they become

Part of Zone 2 (C.Z.)
!

Zone 4 becomes part of 3 |

Zone 9 becomes part of 7
Zone 10 becomes part of 8
Zones 16, 19, 22, 23 become part of 24,

Zone 18 becomes part of 17
Zone 22 becomes part of 19

No alternative boundaries were given.

Notes

|
In the first questionnaire Zones 21 & 22 were identified. In the second
questionnaire Expert 7 stated that Zone 21 should be incorporated in Zone
19 and 22 into Zone 24. Because the digitization was already completed,
it was simpler to leave Zones 19 and 22 in the model and adjust the
seismicity parameters accordingly.

Nu was not limited by saturation for Expert 7.

|

)

'

l

.

.
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EXPERT 10

Table 2

If Zones 1, 2, 3, 4, 5, 6, 7, 10, 12A, 13, 16, 18, 26, 27, 28 do not
exist they become part of Zone 19 (C.Z.).

Zone 20 becomes part of 1
Zone 15 becomes part of 4
Zone 9 becomes part of 10
Zone 17 becomes part of 18 '

Zone 21, 22, 25 becomes part of 23
Zone 23 becomes part of 1
Zone 28A becomes part of 28

ALTERNATIVE BOUNDARIES

Zone Index Level of Confidence in Boundary Shape

12A, 13 0.6
12B, 30, 31 0.4

17, 18 0.5
29, 32 0.5

9, 10, 26, 27
26A, 26B

20, 1, 21, 22, 23, 25 0.6
24 0.4

N,1ty s,

Expert 10 gave a saturation value for MU of 7 5. This limited Mg in
Zones 8, 12A, 125, 17, 18.

Expert 10 provided the relation ab = 0 44 + 0.67 I which was for allo
zones.

!

:

|

(

|

'
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EXPERT 11

Table 2

If Zones 1, 4, 8, 9, 10, 11, 12, 13, 14, 15, 17, 18 do not exist they
become part of Zone 19 (C.Z.).

Zone 2 becomes part of 3
Zone 3 becomes part of 5
Zone 5 becomes part of 6
Zone 16 becomes part of 5,

No alternative boundaries given.

'
Notes

Expert 11 indicated a saturation for MU of 7.0 but provided larger
values for Zones 3 and 9. These larger values were used in the analysis.

i
1

.

!

.:
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EXPERT 12

Table 2

i

If Zones 3, 7, 8, 9, 10, 11, 12, 13, 19 do not exist they become part
of Zone 1 (C.Z.).

Zones 2, 16, 4, 5, 15A become part of 3
Zones 14, 15B become part of 5
Zone 17 becomes part of 20

No alternative boundaries given.
!

Notes,

Expert 12 gave a saturation value of 7-1/4 for Mg for Zone 12 but gave
larger values for the range of M 'U

i

I

J

L

a

4

0

4

1

J

!

i

!

(
,

I
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EYPERT 13
'

'

Table 2

: If Zones 1, 2, 3, 6, 7, 8, 9, 10, 11, 12 do not exist they become

part of 15 (C.Z.)i

Zone'4 becomes part of 5
.

ALTERNATIVE BOUNDARIESi

j Zone Index Level of Confidence in Boundary Shape

,

'

1, 8, 9, 10 O.75-

13 s. 0.25

v ,

4 ^ 0. 8 -+
'

,

14' 0.2'

,

! - s

.

4 e.

Notes' s
a s.

Expert 3 used the M, scale when responding to Q 2-2, 2-3 and 2-4 for
: Zone 5 and gave the relation x

3

M,=2ab 5 65> -

which we used to compute the values given in Table 1 for Zone 5.
.

I

1 %; '| r

,
. o

'

.%
,

* T,

j 'k)
! i 1-.,

. ,

f

i
'

|
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TABLE A3

SEISMICITY DATA FOR EXPERT 1 - NO OF ZONES = 39 SELF WEIGHTS FOR REGIONS'1sssssssssssssassassasusssssssssssssssssssssss,2 .3 54 ARE 6.0 8.0 9.0 9.0escousamsessssssssssssssssssssssssssssssssss. sssssssssssssssssssssssssa
ZONE NUMBER 1 LOC IN REG NO 2 MAP INDEX NO 1 PROS. OF EXISTENCEa 1.OOCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF - (A-BsI) MODEL IS 4.00 9.45 .

PARAMETER BEST ESTIMATE - LOWER LIMIT UPPER LIMITUP MAG CO 9.5 - 9.3 9.5EST. OF M 1.900 -1.700 2.200A 2.680 2.600 -2.9408 - .640 -

coaccessssssssssssssssssssssssssssssssssssssss.600ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.590ssssssssa
2ONE NUMBER 2 LOC IN REG MO 2 MAP INDEX NO ^2 PROB. OF EXISTENCES .6OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF ( A-B,m I ) MODEL IS 4.00 10.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 10.0 9.5 10.5EST. OF M .230 .200 .290A .970 .900 .980B - .420 -

ococesssssssssssssssssssssssssssssssssssssssss.390ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.380
.

sssssssas' c
20NE NUMBER 3 LOC IN REG NO 2 MAP INDEX NO 3 PROB. OF EXISTENCE: 1.0> OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-BsI) MODEL IS 4.00 8.80s

* PARAP'.ETE n BEST ESTIMATE LOWER LIMIT UPPER LIMIT* UP MA3 CO 8.8 8.5 9.0EST. S F. M - 1.200 1.000 1.433J 2.604 2.374 3.144
A ", '''B .630 -

ouesc a s s e n s s e e s s s e s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s = u. 750 .590
ssssssssssssssssssssssssssssssssssssssa

_W NUPSER 4 LOC IN REG NO 2 MAP INDEX NO 4 PR3B. OF EXISTENCEa 1.OOCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-BoI) MODEL IS 4.00 9.10
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 9.1 8.9 9.5EST. OF M 7.333 4.667 20.000A 3.874 3.244 4.7848 .750 .870 .640

occoassesse SEISMICITY DATA FOR EXPERT.1
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TABLE AS- .- y

'.
~

' cos a s s s e s,s e s s a s s s a s ia s s a m a s s a m a s s a m m a s s s s s s s m u s s a r a s m e s s a m m e = = = = s u s s s s s s s s s a s s a s u s s s s s s s s s s s s s e = s s u m e s s s s s s s s s s s s s a .

k ^

ZONE NUMBER 5 LOC fN REG MO 4 P'AP INDEX NO 5 PROB. OF EX1STENCE 1.O -

OCCURRENCE MODEL IN INTENSITY- LINEAR RANGE OF .(A-BsI) MODEL IS 4.00 S.80 %. ,.g
,. .%

PARAMETER
'

BEST ESTIMATE * LOWER LIMIT UPPER LIMIT..

UP MAG CO - 9.8 b 9.1 10. 'i

EST. OF N 1.500 '.\ 1.200 3.200 -

A 2.350 % 2.070 3.250-

8 .540 % % .690 .500
cecenasssemassassassassammassamassasssssssssssssssssssssssssssssssssssssssassesssssssssssseimassamassessesssssssssse

% \ ZONE NUMBER 6 LOC IN REG NO 4 MAP INDEX NO 6 PROB. OF EXISTENCES .7
7 OCCURRENCE MODEL IN MAGNITUDE ' LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.40 .

'

'P ARAMETER - BEST ESTIMATE LOWER LIMIT UPPER LIMIT * *
N UP MAG CO 5.4 1 5.7 5.3

' "

403 .469'y EST. OF N .462- '

'A 4.840 4.070 5.180
'

'

B .-1.480 -1.570 -1.270
assasssoassessassssssssssssssssssssssasusssssssssssssssss**sssssssssssssssssssssssssssssssssssssssssssssssssssssssa g

n
- 7 LOC IN REG NO 4 MAP INDEX NO, /' PROB. OF EXISIENCiin 1.0

- Q[c.'20NE NUMBEROCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 .5.40 s . ,
__, 3

on ' ' PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMli.,g

-O UP MAG CO- 5.4 5.7 5.3
120 .139 _. '~'

EST. OF H .137 *

% 4.310 3.540-
.

4. COO
-i.27013' . -1.400 -1.570 . . - , . --

esosassassasrssssssssegassassassummassuessemassmussammassessessassssssssssssssssssssssssssssssssssssssssssssyssasse%
2ONE NumCR ' 81 LOC'IN REG NO 4 MAP INDEX NO 8 PROB. OF EX1STENCEs .5
OCCURRENCE MODEL IN M/.GNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.40 -

PARAMETER BEST ESTIMATE LOWER LIMIT U?PER LIMIT *l
UP MAG CO 5.4 5.7 5.3
EST. OF N .100 .087 .102 ~

A 4.180 3.410 4.520~ < k. *

B, -1.480 -1.570 -1.270 g-
- a

,

esoea=saes -' SEISMICITY DATA FOR EXPERT 1 -
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TABLE A3
i

*

.s4 ssassaamsmesssssssssssssssssssssssssssssssssssssssssssssamasssassessssssssssssssssssssssassesssssssssssssssssses

ZONE NUMDER 9 trC IN RTG NC 4 MAP INDEX NO 9 PROB. OF EXISTENCES 1.04

JCCUR[NCF MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsMi MODEL IS 3.$O 7.50

PARAMfTER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 7.4 7.2 7.5
EST. OF N .850 .825 .875

A 2.559 2.419 2.779
8 . .750 .810 .72G

susassamassesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssmanusssssssssssssssssssssssssssssssssssssa

ZONE NUMBER 10 LOC IN REG NO 4 MAP INDEX NO 10 PROB. OF EXISTENCE = 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 7.10

'

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 7.1 6.9 7.2
EST. OF N .850 .830 .880

A 2.790 2.740 2.960
8 .a2O .870 .810

asagessssssssssasussssssssssssssssssssssssssssssssssssssssssssssssssssumssssasussasusssssssssssssssssssssssssssenes

ZONE NUMBER 11 LOC IN REG NU 4 MAP INDEX NO 11 PROB. OF EXISTENCES 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 6.70

>
a PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT

00 UP MAG CO 6.7 6.5 6.8H EST. OF N .267 .267 .667
A 2.374 2.124 3.114
B .790 .940 .770

ssssssssssssessussssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssassesssssssssssssssssssssammasassumes

ZONE NUMBER 12 LOC IN REG NO 4 MAP INDEX NO 12 PROB. OF EXISTENCE = 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.70

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 5.7 5.5 5.9
EST. OF N .790 400 1.800

A 4.510 3.390 5.960
B -1,320 -1.630 -1.080

asssssssssa SEISMICITY DATA FOR EXPERT 1
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TABLE A3

mensssssssssssssssssssssssssssssssssssssssssssssamassessssssasssssss===ssusssssssssssssssssssssossassesses==sseassa
ZONE NUMBER 13 LOC IN REG NO 4 MAP INDEX NO 13 PROB. OF EXISTENCE .6

OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 6.00

PARAMETER BEST ESTIMATE LOWER LIMIT LPPER LIMIT

UP MAG CO 6.0 5.6 6.2

EST. OF N 1.300 .950 1.950

A ' 4.460 3.630 5.880

S -1.240 -1.590 -1.100

asssssssssssssssssssssssssssssssssssssssssssssssssssssssssemss===amassasssssssssssssssssssssssssssssssssssss==ssnes
ZONE NUMSER 14 LOC IN REG NO 4 MAP INDEX NO 14 PROB. GF EXISTENCE 1.0

OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.70

' PARAMETER BEST ESTIMATE LOWER LIMIT LPPER LIMIT
UP MAG CO 5.7 5.5 6.0

EST. OF N .613 .460 .733

A 4.234 3.434 4.904

B -1.270 -1.4/O -1.080
m sesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse.sssssssssssssssssssssssssssssssa
[..

ZONE NUMBER 15 LOC IN REG NO 3 MAP INDEX NO 15 PROB. OF EXISTENCES 1.0

> OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM3 MODEL IS 3.50 5.80

W PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITs

: N UP MAG CO 5.8 5.7 6.0

EST. OF N 2.067 1.867 3.267

A 5.614 4.954 6.254

B -1.480 -1.640 -1.340
= sessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
:

ZONE NUMBER 16 LOC IN REG NO 3 MAP INDEX NO 16 PROB. OF EXISTENCE = .7

OCCURRENCE MODEL IN NAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.60

' '

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
.

UP MAG CO 5.6 5.4 6.1

EST. OF N 1.267 .733 2.000

' . A 5.184 3.734 6.454

B -1.450 -1.760 -1.110
p

saaaasaa a= SEISMICITY DATA FOR EXPERT 1
.
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TABLE A3

seussssssssssssssssssssssssssssssssssssssssssssssssssssssssssssemesasssessussssssssssssssssassessssssssssssssssssse
2ONE NUMBER-17 LOC IN REG NO 3 MAP INDEX NO 17 PetOB . OF EXISTENCES .5OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.20
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 5.2 5.1 5.3EST. OF N .638 .511 .798A 5.630 4.650 5.841B -1.670 -1ssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.700 -1.410

ssssssssssssssssssssssssssssssssamasses
ZONE NUMBER 18 LOC IN REG NO 3 MAP INDEX NO 18 PROB. OF EXISTENCE: 7OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE QF (A-BsM) MODEL IS 3.50 5.20
PARAMETER' BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 5.2 5.1 5.3EST. OF N .162 .129 .202A 5.041 4.061 5.250B -1.670 -1aussssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.700 -1.410

ssssssssssesumsmassessssssssssssssssss:
ZONE NUMBER 19 LOC IN REG NO 3 MAP INDEX NO 19 PROB. OF EXISTENCES .7
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 6.50>

I PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT$. UP MAG CO 6.5 6.1 7.0EST. OF N .500 400 .667A 2.954 2.274 3.714B .930 -1.110 -

assssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssamassesssssssssssssssssssssssssss.760ssssssses

ZONE NUMBER 20 LOC IN REG NO 1 MAP INDEX NO 20 PROB. OF EXISTENCE = 1.O
OCOURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bal) MODEL IS 4.00 10.10
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 10.1 9.8 10.4
EST. OF N 1.067 1.033 1.267

A 2.014 1.900 2.234B .500 .530 .470

\
'

essssssss** SEISMICITY DATA FOR EXPERT 1 -
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TABLE A3

messsssssssssss**ssssssssssssssssssssssses==sssssssssssssssssssssssssssssssssssssssssssssssssssssssssammassassasssa
ZONE NUMBER 21 LOC IN REG NO 1 MAP INDEX NO 21 PROB. OF EXISTENCES .9
OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-BsI) MODEL IS 4.00 11.10

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 11.1 10.7 11.6

' EST. OF N .500 .313 700
A 1.218 .828 1.548
8 .380 .420 .330

esssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses
2ONE NUMBER 22 LOC IN REG NO 1 MAP INDEX NO 22 PROB. OF EXISTENCES 1.0
OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bu!) MODEL IS 4.00 9.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 9.5 9.1 10.1
EST. OF N 2.450 1.000 4.000

A 2.829 1.999 3.429
8 .610 .710 .500

agss s s s s s s s s s s s s s s ss s s a s u s u s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s a

ZONE NUMBER 23 LOC IN REG NO 4 MAP INDEX NO 23 PROB. OF EXISTENCES ALT BRY
OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bs!) MODEL IS 4.00 8.70

p

$ PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
S- UP MAG CO 8.7 8.5 8.9

EST. OF N 1.700 1.400 2.000
A 3.000 2.710 3.260
B .690 .740 .640

a s s a s s u n s s e n e s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s'a s s a n s s s m u s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s a

ZONE NUMBER 24 LOC IN REG NO 4 MAP INDEX NC 24 PROB. OF EXISTENCES ALT BRY
OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bs!) MODEL IS 4.00 10.00

PARAMETER BEST ESTIMATE LOdER LIMIT UPPER LIMIT
UP MAG CO 4.3 3.8 4.5
EST. OF N .010 0.000 .010

A -5.000 -6.000 -5.000
B .500 -5.000 .500

assessmanus SEISMICITY DATA FOR EXPERT 1
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TABLE A3

.

seassss=sussssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 25 LOC IN REG NC 4 MAP INDEX NO 25 PROB. OF EXISTENCES ALT BRYOCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-BsI) MODEL IS 4.00 9.90
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 9.9 9.7 10.3EST. OF N 12.000 10.000 21.000A 3.830

B -
3.540 4.370

seasssssssssssssssssssssssssssssssssssssssssss.690 .760 .630ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 26 LOC IN REG NC 2 MAP INDEX NO 26 PROB. OF EXISTENCES 1.06CCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-BsI) MODEL IS 4.00 10.20
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 10.2 9.8 10.6EST. OF N .700 .650 850A 1.690 1.520 1.940B .460 - .430sessssssssssssssssssssssssssssssssssssssssssamasssssssssssssssssssssssssssss.500sssssssssssssssssssssssssssssssssssesus
ZONE NUMBER 27 LOC IN REG NO 2 MAP INDEX NO 27 PROB. OF EXISTENCES ALT BRYOCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-BsI) MODEL IS 4.00 8.70>

8 PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT$ UP MAG CO 8.7 8.4 8.8EST. OF N 1.200 1.000 1.800A 2.720 '2.480 3.240B .660 .750 .620
.ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssamassussssssssssssssssssssssssssssssssamassassammannesses

ZONE NUMBER 28 LOC IN REG NO 2 MAP INDEX NO 28 PROB. OF EXISTENCES ALT BRYOCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-BsI) MODEL IS 4.00 9.30
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT'IUP MAG CO * 9.3 9.0 9.7EST. OF N .550 .450 .650A 1.800 1.500 2.050B .510 .560 .460

asssssssses SEISMICITY DATA FOR EXPERT 1

,
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TABLE A3

cassssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssseumsssssssssssssssssssssssesus
ZONE NUMBER 29 LOC IN REG NO 3 MAP INDEX NO 29 PROB. OF EXISTENCES ALT BRY
OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bu!) MODEL IS 4.00 8.90

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 8.9 8.3 9.8
EST. OF N .580 .390 1.000

A 1.990 1.360 2.780
B .560 .700 .440

-

ossesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssmusses

ZONE NUMBER 30 . LOC IN REG NO 4 MAP INDEX NO 30 PROB. OF EXISTENCES ALT BRY
OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-BsI) MODEL IS 4.00 9.90

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 9.9 9.5 10.7
EST. OF N .620 .410 .630

A 1.670 1.180 1.840
B .470 .510- .390

assesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssumssssssssssssssssssssssam

INDEX NC 3J(A-BsM)
PROB. OF EXISTENCES ALT BRYZONE NUMBER 31 LOC IN REG NO 4 MAP

MODEL IS 3.50 7.20OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF
>
s PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT

. 00 UP MAG CO 7.2 7.0 7.4* EST. OF N 1.200 1.100 1.600
A

'

2.990 2.790 3.500
. . B .830 .940 .790

esesssmamass.sssssssssssssssssssssamassessumassmaassssssssssssmaassasussssssssssssesessassessassssssssssssmamasassa
ZONE NUMBER 32 LOC IN REG NO 4 MAP INDEX NO 32 PROB. OF EXISTENCES ALT BRY
OCCURRENCE MODEL"IN INTENSITY LINEAR RANGE OF (A-Bal) MODEL IS 4.00 10.20

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 10.2 9.6 11.2
EST. OF N 5.940 4.752 7.920

A 2.920 2.720 3.700
B .610 .700 .510

osassassssa SEISMICITY DATA FOR EXPERT 1

.
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TABLE A3

caossssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas
ZONE NUMBER 33 . LOC IN REG NC 3 MAP INDEX NC 33 PROB, OF EXISTENCES ALT BRY
OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bel) MODEL IS 4.00 10.20

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 10.2 9.6 11.2
EST. OF N .060 .048 .080

A .920 .720 1.700
8 .610 .700 .510

ossesassssssssssssssssacusassssssssssssssssssssssssssssssssssssamsuesssssssssayssesssssssssssssssssssssssssssssssse

ZONE NUMBER 34 LOC IN REG NO 3 MAP INDEX NC 34 PROB. OF EXISTENCEu ALT BRY
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 7.20

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 7.2 7.0 7.4
EST. OF N .170 .130 .200

A 1.340 0.000 1.620
B .600 .660 .540

seasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa

2ONE NUMBER 35 LOC IN REG NO 3 MAP INDEX NO 35 PROB. OF EXISTENCES ALT BRY
OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bal) MODEL IS 4.00 11.20

>
t PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT

00 UP MAG CO 11.2 9.7 12.0
'8 EST. OF N .220 .180 .260

A .471 .181 .901
B .280 .370 .2?C

seses ss es**s sa ssa ssa mamma ssa s sas s as s e ss sss sss sss ss sss ss s s ss s ssssssss ssss s ss s s s sssamma ss sassammasassass sess e s ,ses s e s

ZONE NUMBER 36 LOC !N REG NO 1 MAP INDEX NO 36 PROB. OF EXISTENCES ALT BRY
OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-BsI) MODEL IS 4.00 11.40

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 11.4 11.0

~

12.0.

EST. OF N .325 .225 .363
A. .858 478 1.008
B .C40 .360 .280

sesassss s* SEISMICITY DATA FOR EXPERT 1

.

. . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



- _ _ _ _ _ _ _ _ - _ _ _ . _ _ _ _ _ . .. _ . , . .

. . ,

1

TABLE A3

esassassassassamassassassassasssusssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 37 LOC IN REG NO 1 MAP INDEX NC 37 PROB. OF EXISTENCES ALT BRY
OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bal) MODEL IS 4.00 10.80

PARAMETER- BEST ESTIMATE LOWER LIMIT UPPER LIMIT.

UP MAG CO 10.8 10.3 11.2
EST. OF N 1.100 .900 1.200 L

A 1.820 1.590 2.030,

:B .440 .490 .410
assassessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssssssssssssssssssssssssses

ZONE NUMBER 38 LOC IN REG NO' 1 MAP INDEX NO 38 PROB. OF EXISTENCES ALT BRY
OCCURRENCE.MODEL IN INTENSITY LINEAR RANGE OF (A-Ba!) MODEL IS 4.00 10.00

' PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 10.0 9.5 10.3
EST. OF N 1.600 1.500 2.000

A 2.330 2.180 2.740
-B .610 .630 .500-

' socessssssssssssssssssssssssssssssssssssssssssssamasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa

: ZONE NUMBER 39' LOC IN REG NO 1 MAP INDEX NO 39 - PROB. OF EXISTENCES ALT BRY
OCCURRENCE MODEL IN INTENSITY LINEAR. RANGE OF (A-Bel)- MODEL IS 4.00 9.40y

$ PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
oo UP MAG CO 9.4 9.1 9.8

EST. OF N 1.050 .800 1.250
A 2.260' 1.890 2.J40
B .560 .610 .500

.
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TABLE A3

SEISMICITY DATA FOR EXPERT 2 No. OF ZONESs 34 SELF WEIGHTS FOR REGIONS 1,2 ,3 S4 ARE 1.0 4.0 6.0 9.0
esasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssmus

2ONE NUMBER 1 LOC IN REG NC 4 MAP INDEX NO 1 PROB. OF EXISTENCES 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 2.00 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 7.0 6.0 7.5
EST. OF N .300 .273 1.000

A 2.584 2.474 2.994
B .995 -1.240 .884

ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas.sssssssssssssssssssssssssesus

OCCURRENCE MODEL IN MAGNI 1UDE
' 4 MAP INDEX NO 2 PROB. OF EXISTENCE 1.OZONE NUMBER 2 LOC IN REG NO

LINEAR RANGE OF (A-BsM) MODEL IS 2.00 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 5.5 7.0
EST. OF N .300 .273 .750

A 2.474 2.194 6.534
B .977 -3.270 .789

ossenessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
> ZONE NUMBER 3 LOC IN REG NC 4 MAP INDEX NO 3 PROB. OF EXISTENCES 1.0
g OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 2.00 5.00

* PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 7.0
.EST. OF N .150 .100 .300

A 1.49? 1.482 2.622
B .819 -1.370 .527

ass u sz us uss ss sssss ssss s s ssm uss ss s s ss am a s s as s s s ss ss s ss s s s s s s s s s s s s s s s s s s s s s s s s ss s ss s s ss s s s s ss ssss s s s ss s ss s s ss ss s s se s

ZONE NUMBER 4 LOC 1N REG NO 4 MAP 1NDEX NO- 4 PROB. OF EX1STENCE= 0.9
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL iS 1.70 4.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 5.5 6.8
EST. OF N .300 .273 1.000

A 2.434 2.344 2.584
8- .906- -1.170 .906

assassasssa SEISMICITY DATA FOR EXPERT 2
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TABLE A3

messssssssssssssssssssssssssssssssssssssssssssssssssssssssumassassessessssssssssssssssssssssssssssssssssssssssssssa

ZONE NUMBER 5 LOC IN REG NO 4 MAP INDEX NO 5 PROB. OF EXISTENCES O.6
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 2.10 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.3
EST. OF N .300 .273 .750

A 2.382 2.312 4.702
B .553 -1.640 .494

seas s s ss sssssssss ssssss s s sesam s ma ss a s s a s sss ss s s ss sss sss s ss s ss ss s ss s s ssssssssssss s ssss s s ssss sas se ssess asse ssma s a s s a s

ZONE NUMBER 6 LOC IN REG No 4 MAP INDEX NO 6 PROB. OF EXISTENCE O.6,

OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 1.70 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 5.8 5.5 6.0
EST. OF N .250 .227 .833

A 2.294 2.144 2.314
8' .883 .899 .841

sessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss
ZONE NUMBER 7 LOC IN REG NO 4 MAP INDEX NO 7 PROB. OF EXISTENCES 0.6
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 1.50 4.00

Y PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
e UP MAG CO 6.5 5.5 7.0
O EST. OF N .300 .240 1.200

A- 2.612 2.612 2.902
B -1.030 -1.200 .965

cesssssssssssssssssssssssssssssssssssssssssssssssssssssssammassassssssssssssssssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 8 LOC IN REG NO 4 MAP INDEX NC 8 PROB. OF EXISTENCES O.5
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 4.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 5.5 5.0 5.8
EST. OF N .100 .050 .200

A 2.922 2.822 3.052
B -1.940 -1.950 -1.900

sossassassa SEISMICITY DATA FOR EXPERT 2

-
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TABLE A3

.

consesssssssssssssssssssssssssssasusssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 9 LOC 1N REG NO 4 MAP INDEX NO 9 PROB. OF EXISTENCE O.3
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 2.00 4.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 5.3 5.0 5.5
EST. OF N .100 .050 .200

A 5.272 4.812 6.112
B -2.500 -2.860 -2.370

assesassssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses.sssssssssssssssssssssssssssssssssssssssssas

ZONE NUMBER to LOC IN REG NO 4 MAP INDEX NO 10 PROB. OF EXISTENCE 0.4
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 6.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 5.5 6.8
EST. OF N .050 .033 .100

A 3.500 3.000 4.000
B -1.000 -1.200 .800

smessassssammassammassassamassssassesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas

ZONE NUMBER 11 LOC IN REG NO 4 MAP INDEX NO 11 PROB. OF EXISTENCES O.4
p. OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS' 3.50 5.00

b PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
M* UP MAG CO 6.0 5.0 6.3

EST. OF N .100 .067 .200
A 2.011 1.171 3.171
B . .874 -1.210 .625

os a s s a s s s s a m a s s s s s s s s s s s s s s s s s s s s s s s s s s s s s ss s s s s s s s s s s s m a u s s s s s s s s s s s s s s s a m m a s s s s a s s u m a s s s s s s s s s s s s s s s s s s s s s s s s s s s a

OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF
' 12 PROB. OF EXISTENCE 0.5ZONE NUMBER 12 LCC IN REG NO 4 MAP INDEX NO

(A-BsM) MODEL IS 3.50 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.5
EST. OF N .200 .100 400

A 4.899 1.249 4.899
B -1.330 -1.500 .577

sassssssssa SEISMICITY DATA FOR EXPERT 2

.
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TABLE A3

.cossesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 13 LOC IN REG NC 3 MAP INDEX NO 13 FROB, OF EXISTENCE: 0.8
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.50
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.0 5.5 6.3 .EST. OF N .500 .333 .667

A 3.317 2.971 4.171
B -1.020 -1.200 .800

GCasssssssssssssssssssssssssssssssssssssuussssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa

2ONE NUMBER 14 LOC IN REG NG 4 . MAP INDEX NO 14 PROB. OF EXISTENCES 0.5
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 5.5 4.5 5.8
EST. OF N .100 .050 .111

A 2.301 1.301 3.101
B -1.000 -1.200 .800casssssssssssssssssssssssssssssssssssssssssssssssssssssssssssomssassesasssssssssssssssssssssssssssssssssssssssssssa

ZONE NUMBER 15 LOC IN REG NO 4 MAP INDEX NO 15 PROB. OF EXISTENCE: 0.5
> OCCURRENCE MODEL EN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.50
8

@ PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITN UP MAG CO 6.0 5.5 6.5
EST. OF N .iOO .075 .120

A 2.959 .959 3.459
B -1.000 -1.Pe- .800

assessssssssssssssssssssssssssssssssssssssssamoussssssssssssssssssses***sassi messssmasassasssussamassessmussessu

ZONE NUMBER 16 LOC IN REG NO 4 MAP INDEX NO 16 PROB. OF tEXI STENCE: 0.3
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.80 5.00

PARAMETER BEST ESTiNATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.0 6.3
EST. OF N .200 .125 .286

A 2.790 2.570 3.170
B .944 -1.200 .800

sessasseses SEISMICITY DATA FOR EXPERT 2
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TABLE A3

cessassassnesassassamassanasss=======ssasssumasassessmaassessassass===susssssssssssssssssemusssssssssssssssssamamos

ZONE NUMBER 17 LOC IN REG NC 4 MAP INDEX NO 17 PROB. OF EXISTENCE 0.3
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 5.5 6.8
EST. OF N .133 .100 .200

A 2.576 2.076 3.076
8 -1.000 -1.200 .340

eseaeaaseaeasaseaessaasaaaaaaa==seseaaa==sasaaaaaeaaaass:aessaaeaaseusaasususassuasseasaaasuaseaeasasssuseaasususas

ZONE NUMBER 18 LOC IN REG NC 4 MAP INDEX NO 18 PROS. OF EXISTENCE 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF 'A-BsM) MODEL IS 4.50 7.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 7.8 7.5 8.0
EST. OF N 1.000 .857 1.500

A 2.246 1.890 2.770
B .621 -1.000 .522

sesssssssssssssssssssssssssssssssssamasusssssssssmassasssssssssssssssssssammassssssssssssssssssssssssmanusssssasses
ZONE NUMBER 19 LOC IN REG NO 4 MAP INDEX NO 19 PROB. CF EXISTENCEu 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BmM) MODEL IS 4.00 6.00p

t
c- PARAMETER BEST ESTIMATE LOWER LIMIT UFPEri LIMIT
W UP MAG CO 6.5 5.5 7.0

EST. OF N 400 .267 .500
A 2.837 2.624 3.024
B .912 -1.000 .800

sessmusssssessmassessessamassumamassasssssssssssssssssssssssssssssssssssssssemusssssssssssssssssssssssssssssssssssa
ZONE NUMBER 20 _OC IN REG NC 4 MAP INDEX NO 20 PROB. OF EXISTENCEu O.8
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 6.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 5.8 7.3
EST. OF N .333 .250 .400

A 2.060 1.975 2.266
B .653 .759 .634

assassesses SEISMICITY DATA FOR EXPERT 2
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TABLE A3

Cassssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses
' ZONE NUMBER 21 LOC IN REG NO 4 MAP INDEX NC 21 PROB. OF EXISTENCES 0.5OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.50
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.0 5.5 6.5EST. OF N .100 .083 .125A 2.529 2.180 2.8808 .923 .959 -

.csssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.887ssssssssa
ZONE NUMBER 22 LOC IN REG NO 3 MAP INDEX NO 22 PROB. OF EXISTENCE = 0.5OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.3 5.5 6.5EST. OF N .120 .060 .200A 2.597 2.097 3.0978 -1

s c u s s s s s s s s s s s s s s s s e s s m s m a s m u s a s s a s s s s s s s s s s s s. 000 -1.200 .800
ssssssssssssssssssssssssssssssssammassssemmassassFasssssssssssssssssa

ZONE NUMBER 23 LOC IN REG NO 3 MAP INDEX NO 23 PROB. OF EXISTENCES 0.3> OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.00I
* PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT4' UP MAG CO 5.5 5.3 6.0EST. OF N .088 .064 .100A 2.700, 2.200 3.2008 -1 -1.200 -

seasssumsmassassasssssssssssssssssssssssssssss.000s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s u m a s s e s s n e s u m s s a s s s a s u s s s s s s s s. 800ssssssssa
ZONE NUMBER 24 LOC IN REG NO 3 MAP INDEX NO 24 PROB. OF EXISTENCE: 0.4OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.50
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.5 6.0 6.8EST. OF N .200 .133 .250A 3.914 2.200 4.0008 -1.118 -1.300 .790

casussssssa SEISMICITY DATA FOR EXPERT 2

_ - _ _ - - - _ _ _ _ _ _ _ _ _ _ _



_ . _ - _ _ _ _ _ _ - _ _ _ _ _ - _ ___

(f

TABLE A3

asssssssssssssssssssssssssssssssssssssssssssssss===sessssssssenesssumessemassamassmessassamassessumessesassenssasus

ZONE NUMBER 25 LOC IN REG NC 2 MAP INDEX NO 25 PROB. OF EXISTENCE = 0.3
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.3
EST. OF N .050 .040 .060

A 2.501 2.001 3.001
B -1.000 -1.200 .800

-ommsassssssssssssssssssssssssssssssssssssssssssumusssssssssssssssssssssssssssssssssssssssssssssssamsusssansssssamma

ZONE NUMBER 26 LOC IN REG NC 3 MAP INDEX NO 26 PROB. OF EXISTENCEa 0.4
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.3
EST. OF N .200 .167 .250

A 5.301 3.921 5.421
B -1.470 -1.500 -1.000

ausssssssssssssssssssssssssssssamassumsssmusasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes

ZONE NUMBER 27 LOC IN REG NO 2 MAP INDEX NO 27 PROB. OF EXISTENCES O.7
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 6.00y

b PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
V5 UP MAG CO 6.5 6.0 7.0

EST. OF N 2.500 1.819 2.858
A 4.167 2.947 5.387
8 -1.060 -1.226 .901

sesammansssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssenesamusssssssssssas
20NE NUMBER 28 LOC IN REG NO 2 MAP INDEX NO 28 PROB. OF EXISTENCE 0.6
OCCURRENCE MODEL . IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.3 6.0 6.5
EST. OF N 500 417 .625

A 3.229 2.989 3.479
B .911 929 .892

-esassassssa SEISMICITY DATA FOR EXPERT 2
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TABLE A3

seasssssssseumsmasassssssssssssssssssssssssssssssssssssussssssssssssssssssssssssssssssssssssssssssssssssssssssssues

ZONE NUMBER 29 LOC IN REG NO 2 MAP INDEX NO'29 PROB. OF EXISTENCES 0.5
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 6.0 6.8
EST. OF N .350 .292 .438

A 2.830 2.500 3.100
B 876 -1.100 .700

sesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasaussssssssssssssssssssssssssas

ZONE NUMBER 30 LOC IN REG NO 2 MAP INDEX NO 30 PROB. OF EXISTENCES O.7
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 6.50

PARAMETER BEST ESTIMATE LodER LIMIT UPPER LIMIT
UP MAG CO 7.5 7.0 7.8
EST. OF N 1.000 .882 1.154

A 2.530 2.300 2.700
B .671 .800 .500

susssssssssamassesssssssssssssss==ssssssssssssssssssssssssssssssssssssmusssssssssssssssssssssssssssamousssssssssss:

ZONE NUMBER 31 LOC IN REG NO 1 MAP INDEX NO 31 PROB. OF EXISTENCE = 0.7
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 6.00y

e
c PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
O' UP MAG CO S.S 7.0 6.3

EST. OF N 2.000 .160 2.222
A 3.965 3.845 4.045
B -1.030 -1.200 .800

seassassasassessmussm aass=s sa ssasussss sauwsss ss sssss a mma ssassssu a ma sssss ssssssss ssssss sa sum massa s sss m a assa ssu sess= =

ZONE NUMBER 32 LOC IN REG NO I MAP INDEX NO 32 PROB. OF EXISTENCE = 0.7
OCCURRENCE MCDEL IN MAGNITUDE LINEAR RANGE OF (A-B M) MODEL IS 4.00 6.00

PARAMETER BEST ESTIMATE LOWER * LIMIT UPPER LIMIT
UP MAG CO 7.8 7.5 8.0
EST. OF N 1.200 .800 1.714

A 2.453 2.399 2.599
B .685 .800 .500

susassasses SEISMICITY DATA FOR EXPERT 2
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TABLE-A3

.- es s s s s s s a e s s a s s s e s = = s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s a s u s e s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s a m

ZONE NUMBER 33 LOC IN REG NO 3 MAP INDEX NO 33 PROB. OF EXISTENCES .4
OCCURRENCE MODEL IN MAGNITUOE LINEAR RANGE OF (A-BsM) MODEL IS- 4.00 6.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 6.3 7.0
EST. OF N .200 .167 .250

A 3.224 2.844 3.604
B .970 -1.000 .950

massasssemassassssssssssssssssssssssssssssssssssssss=sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa

ZONE NUMBER 34 LOC IN REG NC 2 MAP INDEX NO 34-C.Z. PROB. OF EXISTENCE 1.0
-OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 6.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 7.3 6.5 7.5
EST. OF N 5.000 3.333 10.000

A 3.500 3.000 4.000
B -1.000 -1.200 .800

>
1

c
N

_ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _
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TABLE A3

SEISMICITY DATA FOR EXPERT 3 No. OF 20 NESS 24 SELF WEIGHTS FOR REGIONS 1,2 3 S4 ARE 7.0 10.0 5.0 7.0
causssssssssssssssssssssssssssssssssssssssmussssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa.

ZONE NUMBER 1 LOC IN REG NO 4 MAP INDEX NO 1 PROB. OF EXISTENCES 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL 10 4.00 6.25

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 6.0 7.3
EST. OF N 2.753 2.000 4.000

A 4.549 3.949 5.149
B- -1.100 -1.400 .800

ossessssssssssssssssssssssssssssssssemussssssssssssssssssssssssssssssssssssssss==ssssssssssssssssssssssssssssssssas

2ONE NUMBER 2 LOC IN REG NO 1 MAP INDEX NC 2 PROB. OF EXISTENCEm .9
* OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B=M> MODEL IS 4.00 6.00

PARAMETER BEST ESTIMATE LoulER LIMIT UPPER LIMIT
UP MAG CO 6.8 6.3 7.3
EST. OF N .200 .133 .333

A. 1.603- 1.393 1.813
8 .590 .630 .550 ,

Iosasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssamasssssssssssssssssssssssssssssssssssssssssssssssa
'

|p. ZONE NUMBER 3 LOC IN REG NO 1 MAP INDEX No 3 PRSB. OF EXISTENCES .75
I OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsH) MODEL IS 4.00 6.00
e
CD PARAMETER BEST ESTIMATE LOWER LIMIT ' UPPER LIMIT

UP MAG CO 7.3 6.8 7.8
EST. OF N .267 .133 .400

A ~ 1.223 .983 1.463
S .520 .570 .470

assassassasssssssssssasuusssssssssssssssssssasusssssssssssssssssssssssssssssssssmasusasssssssssssssanussssssssssss:
20NE NUMBER 4 LOC IN REG NO 1 MAP INDEX NO 4 PROB. OF EXISTENCEa .9
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-bum) MODEL IS 4.00 5.00

,

PARAMETER BEST ESTIMATE LOWER. LIMIT UPPER LIMIT
UP MAG CO 6.6 6.0 7.3
EST. OF N .769 .385 1.538

A 3.586 3.016 4.156
B -1.000 -1.130 .870

smassamassa SEISMICITY DATA FOR EXPERT 3
t
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TABLE A3

sesssssssssssssssssssssssssssssssammasussssssssssssssaumsssssssssssssssssssssssssssssssssssssssssssssssssssssamasss' +

ZONE NUMBER 5 LOC IN REG NO 1 MAP INDEX NC 5 PROB. OF EXISTENCE: .7OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.00
PARAMETER BEST ESTIMATE- LOWER LIMIT UPPER LIMITUP MAG CO 6.6 . 6.0 7.3EST. OF N .769 .385 1.538A 3.586 3.016 4.156B . -1

sossesssssssssssssssssssssem===ssssssssssssama.000 -1.130 .870
ssassssassamasses==sesammassamusasusssssssssssssssssssssssssssssssssa

-ZONE NUMBER 6 LOC IN REG NO 1 MAP INDEX NO 6 PROB. OF EXISTENCE .8OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 6.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.5 5.8 7.3EST. OF N 1.091 .727 1.818A 4.061 3.561 4.561B .-1.100 -1asssssssssssssssssssssssssssssmaussssssssssssssssssssssssssssesmesssssssssss.200 -1.000

sssssssssssssssssssssssssssssssssssssas
-ZONE NUMBER 7 LOC IN REG NO 1 MAP INDEX NO 7 PROB. OF EXISTENCE: 7
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 6.00p

b PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITe UP MAG CO 6.5 5.8 7.3EST. OF N '
4.061 3.561 4.561
1.091 .727 1.818A

B -1.100 -1passenessamsesssssssssssssamassamassesssssssssssssamasusssssssssssssssssssss.200 -1.000
ssamousssssssssssumsaussssssssssssssssa

ZONE NUMBER 8 LOC IN REG NO 2 MAP INDEX NO 8 PROB. OF EXISTENCE: .9
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.50
PARAMETER BEST ESTIMATE LOWER L|MIT UPPER LIMITUP MAG CO 6.6 5.8 7.3EST. OF N .800 .533 1.333A 3.824 3.124 4.524B -1.040 -1.190 .890

sas ssnes** SEISMICITY DATA FOR EXPERT 3
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TABLE A3

assssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas

20NE NUMBER 9 LOC IN REG NO 2 MAP INDEX No 8 ALT PROB. OF EXISTENCES ALT BDYn

" OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAS CO 6.6 5.8 7.3
EST. OF N .400 .267 .667 ,

A 2.974 2.524 3.424
B' . .900 -1.000 .800

,

sesssssssssssssssssssssssssssssssssssamassassasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas

ZONE NUMBER 10 LOC IN REG NO 2 MAP INDEX NO 9 PROB. OF EXISTENCE = .9'

OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
.UP MAG CO 6.0 5.4 7.0
EST. OF N .167 .083 .500

A 2.855 1.925 3.785
B .980 -1.190 .770

ossssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssamasassamassassa
ZONE NUMBER 11 LOC IN REG No 2 MAP INDEX No 10 PROB. OF EXISTENCES .9

p. OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 6.00
I

H+ PARAMETER EEST ESTIMATE LOWER LIMIT UPPER LIMIT
O UP MAG CO 6.8 6.0 7.5
O EST. OF N .615 .308 1.923

A 3.116 2.516 3.716
B .940 -1.070 .810

sessssssssssssssssssssssssuusssssssssssssssumsssassammasassumasasussssssssssssssssssssssssssssssssssssssssssamammus
ZONE NUMBER 12 LOC IN REG NO 2 MAP INDEX NO 10 ALT PROB. OF EXISTENCES ALT BOY
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 6.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 7.0 6.0 7.5
EST. OF N .769 385 2.308

A 3.236 2.586 3.886
B .950 -1.090 .810

seasssemass SEISMICITY DATA FOR EXPERT 3
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TABLE A3

scusssssssssssssssssssssssseumsusssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssaw
ZONE NUMBER 17 LOC IN REG NO 3 MAP 1NDEX NO 14 PROB. OF EXISTENCES .5
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.0 6.3
EST. OF N .300 .200 1.0C0

A 2.000 1.730 2.270
B .670 .740 .600

cossssssssssssssssssssssssssamasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
ZGNE NUMBER 18 LOC IN REG NO 3 MAP INDEX NO 21 PROB. OF EXISTENCES .25
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.00 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.0 6.8

EST. OF N .300 .200 1.000
A 2.000 1.730 2.270
B- .670 -7.400 .600

sossesasssssssssssssssssssssmusasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssmusses
2ONE NUMBER 19 LOC IN REG NO 4 MAP INDEX NO 15 PROB. OF EXISTENCES .95
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 6.00

p
I
** PA.tAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
C UP MAG CO 7.4 6.8 7.8
N EST. OF N 1.000 .667 3.000

A 3.324 2.904 3.744
B- .910 -1.000 .820

seassessssssssssssssssssssssssssssssssssssammasmusssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 20 LOC IN REG NO 4 MAP INDEX NO 16 PROB. OF EXISTENCES .75
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 7.0 6.3 7.4

EST. OF N .357 .179 1.071
A 2.554 2.054 3.054
B .810 .910 .710

coasaaae**s SEISMICITY DATA FOR EXPERT 3
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TABLE A3

osssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
2ONE NUMBER 21 LOC IN REG NO 4 MAP INDEX NO 17 PROB. OF EXISTENCES .75OCCURRENCE MOCCL IN MAGNITUDE LINEAR RANGE OF (A-BsH) MODEL IS 3.75 5.50
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CC 7.0 6.3 7.4EST. OF N .357 .179 1.071A 2.554 2.054B .810 -

3.054
sessssssssssssssssssssssssssssssssssssssssssasusssssssssssssssssssssssssssss.910 .710ssssssssssssssssssssssssssssssssssssssa

ZONE NUMBER 22 LOC IN REG NO 4 MAP INDEX NO 18 PROB. OF EXISTENCES .5OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.0 5.5 6.2EST. OF N 1.000 .500 2.000A 4.900 4.250 5.5508 -1.300 -1seasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.450 .115

sssssssssssssssssssssssssssssssssssssse
ZONE NUMBER 23 LOC IN REG NO 3 MAP INDEX NO 19 PROB. OF EXISTENCES .25,

> OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.00
i

>* PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITC UP MAG CO 6.0 5.5 6.2" EST. OF N 1.000 .500 2.000A 4.900 4.250 5.5508 -1.300 -1.450 -1ocessssssssssssssssssssssssssssssssssssssssssssssssssssssamisessssssssssssssssssssssssssssssssssssssssssss.150ssssssssa
ZONE NUMBER 24 LOC IN REG NO 3 MAP INDEX NO 20 PROB. OF EXISTENCES .25OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.0 5.5 6.2

,

iEST. OF N 1.000 .500 2.000.A 4.900 4.250 5.550 tB -1.300 -1.450 -1.150 t

I

,

_ _ _ _ _ _ _ _ . _ _ _ . . _
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TABLE A3
.

SEISMICITY DATA FOR EXPERf 4 NO. OF ZONES = 26 SELF HEIGHTS FOR REGIONS 1,2 .3 84 ARE 3.5 6.0 7.0 9.0
c*******************a**********************************************************************************************

ZONE PUMBER 1 LOC IN REG NO 4 MAP INDEX NO 1 PROB. OF EXISTENCE = 0.5
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BmM) MODEL IS 3.75 6.10

PARAMETER BEST ESTIMATE LCliER LIMIT UPPER LIMIT
UP MAG CO 6.1 5.9 6.3
EST. OF N .210 .140 .320

A 2.700 2.150 3.260
B .900 -1.000 .800

*****************************************************************************************************a*************

ZONE NUMBER 2 LOC IN REG NO 4 MAP INDEX NO 2 PROB. OF EXISTENCE = 0.5
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 5.60

PARAMETER BEST ESTIMATE LOHER LIMIT UPPER LIMIT
UP MAG CD 5.6 5.4 5.8
EST. OF N .070 .050 .110

A 2.220 1.700 2.790
B .900 -1.000 .800

ce*****************************************************************************************************************
ZONE NUMBER 3 LOC IN REG NO 4 MAP INDEX NO 3 PROB. OF EXISTENCE = 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 6.60>

b PARAMETER BEST ESTIPATE LCHER LIMIT UPPER LIMIT
o UP MAG CO 6.6 6.4 6.8
#' EST. OF N .600 .390 .910

A 3.150 2.590 3.710
B .900 -1.000 .800

ce*****************************************************************************************************************
ZONE NUMBER 4 LOC IN REG NO 4 MAP INDEX NO 4 PROB. OF EXISTENCE = 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-5*M) MODEL IS 3.75 7.50

PARAMETER BEST ESTIMATE LOHER LIMIT UPPER LIMIT
UP MAG CD 7.5 7.3 7.7
EST. OF N 4.030 2.640 6.150

A 3.980 3.420 4.540
B .900 -1.000 .800

*********** SEISMICITY DATA FOR EXPERT 4
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TABLE A3

**O*****************************m ***** m ***** m * m ******* m * m ****** m m ** m m m m m * m m m m m m
ZONE NUMBER 5 LOC IN REG NO 4 MAP INDEX NO 5 PROB. OF EXISTENCE = 1.0OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BeM) MODEL IS 3.75 6.50
PARAMETER BEST ESTIMATE LCHER LIMIT UPPER LIMITUP MAG CD 6.5 6.3 6.7EST. OF M .480 .320 .740A 3.060 2.510 3.620B - -1.000 -

CO********************************************.900***** m ********************** m **** m ******* m **********.800*********
ZONE NUMBER 6 LOC IN REG NO 3 MAP INDEX NO 6 PROB. OF EXISTENCE = 0.75
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 6.00
PARAMETER BEST ESTIMATE LOHER LIMIT UPPER LIMITUP MAG CD 6.0 5.8 6.2EST. CF N .170 .110 .260A 2.610 2.040 3.160B .900 - .800CO******************************************m ****** m *** m *************1.000*** m **************** m ** m **********
ZONE NUMBER 7 LOC IN REG NO 3 MAP INDEX NO 7 PROB. DF EXISTENCE = 0.75
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 6.00>

I PARAMETER BEST ESTIMATE LOHER LIMIT UPPER LIMITH UP MAG CD 6.0 5.8 6.2O EST. OF N .170 .110 .260" A 2.610 2.040 3.160B .900 -1.000 -

CCO************************************* m **** m ********cu m ** m *** m ****** m **** m ************** m.800** m ***
ZONE NUMBER 8 LOC IN REG NO 2 MAP INDEX NO 8 PROB. OF EXISTENCE = 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 6.20
PARAMETER BEST ESTIMATE LOHER LIMIT UPPER LIMITUP MAG CD 6.2 6.0 6.4EST. OF N .260 .170 .390A 2.790 1.860 3.7203 .900 -1.100 700

OC*********- SEISMICITY DATA FOR EXPERT 4
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000e**************************************************************************************************************e
ZONE NUMBER 9 LOC IN REG NO 2 MAP INDEX NO 9 PR05. OF EXISTENCE = I JA
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 6~.20 5

PARAMETER BEST ESTIMATE LCHER LIMIT UPPER LIMIT [
UP MAG CO 6.2 6.0 6.4 1

EST. OF N .260 .170 .390 ;

A 2.790 1.860 3.720
B .900 -1.100 .700 ;

euee***************************************************************************************************************
-

5
ZONE NUMBER 10 LOC IN REG HD 2 MAP INDEX NO 10 PROB. OF EXISTENCE = 1.0
CCCURRENCE MODEL IN MAGNITUDE LINEAR R%NGE OF (A-B*M) MODEL IS 3.75 6.80 i

PARAMETER BEST ESTIMATE LCHER LIMIT UPPER LIMIT
UP MAG CO 6.8 6.6 7.0
EST. OF N .910 .910 1.400

A 3.330 2.580 4.270 -

B . .900 -1.100 .700 ,

see********************ce******************************************************************************************
-

| ZONE NUMBER 11 LOC IN REG NO 2 MAP INDEX NO 11 PROB. OF EXISTENCE = 1.0 ,

LI'dAR RANGE OF (A-B*M) MODEL IS 3.75 5.70 F:s
| OCCURRENCE MODEL IN MAGNITUDE

Y PARAMETER BEST ESTIMATE LCHER LIMIT UPPER LIMIT
~

1

M UP MAG CO 5.7 5.7 5.9 =

c) EST. OF N 090 .060 .140
* A 2.330 1.400 3.270 :

B .900 -1.100 .700 -

ene#***************************************************************************************************************
ZONE NUMBER 12 LOC IN REG NC 2 MAP INDEX NO 12 PROB. OF EXISTENCE = 1.0

}.OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 6.00
"

PAR AMET ER BEST ESTIMATE LOHER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.8 6.2
EST. OF N .170 .110 .260 _

A 2.610 1.670 3.540 y

B 900 -1.100 .700 g

ee##******* SEISMICITY _ DATA FOR EXPERT 4 ,

m

_

/

}'
s

~ b
__

w

P

.
>

_

e
~ d

,

-

m

'



.

.. . .

.
. .. .

. _ . . . . . . _ . . - _ __

.

2

TABLE A3

*******************************************************************************************************************

ZONE NUMBER 13 LOC IN REG'hG~~~2 MAP INDEX NO 13 PROB. OF EXISTENCE = 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 5.50

PARAMETER BEST ESTIMATE LOHEP, LIMIT UPPER LIMIT
UP MAG CO 5.5 5.3 5.7
EST. OF N .060 .040 .090

A 2.150 1.600 2.700
B .900 -1.000 .800

ame****************************************************************************************************************

ZONE NUMBER 14 LOC IN REG NO 3 MAP INDEX NO 14 PROB. OF EXISTENCE = 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 5.60

PARAMETER BEST ESTIMATE LOHER LIMIT UPPER LIMIT
UP MAG CO 5.6 5.4 5.8
EST. OF N .100 .070 .130

A ' 2.380 1.850 2.860
B .900 -1.000 .800

ore*********************************We*****************************************************************************

ZONE NUMBER 15' LOC IN REG NO 1 MAP INDEX NO 15 PROB. OF EXISTENCE = 1.0
OCCURRENCE MODEL'IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 5.60

Y PARAMETER BEST ESTIMATE LOHER LIMIT UPPER LIMIT
H UP MAG CO 5.6 5.4 5.8o EST. OF N .070 .050 .110

"

" A 2.220 1.320 3.170
'

B .900 -1.100 .700
*******************************************************************************************************************

ZONE NUMBER 16 LOC IN REG NO 1 MAP INDEX NO 16 PROB. OF EXISTENCE = 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BwM) MODEL IS 3.75 6.80

PARAMETER BEST ESTIMATE LCHER LIMIT UPPER LIMIT
#UP MAG CO 6.8 6.6 7.0

EST. OF N .910 .910 1.400
A 3.350 2.960 3.900
B .900 -1.000 .800 |

1

mene******* SEISMICITY DATA FOR EXPERT 4 I
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TABLE A3

**C**********************************************************************c4****************************************
ZONE NUMBER 17 ' LOC IN REG NO 1 MAP INDEX NO 17 PROB. OF EXISTENCE = 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 5.50

PARAMETER BEST ESTIMATE LONEF' LIMIT UP?ER LIMIT
5.7

i UP MAG CD 5.5 5.3
- .090

( EST. OF N .060 .040
A 2.150 1.230 3.080
B .900 -1.100 .700

000*************************4********************************************************************************kn*****
ZONE NUMBER 18 LOC IN REG NO 1 MAF' INDEX NO 18 PROB. OF EXISTENCE = 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 6.30

PARAMETER BEST ESTIMATE LOHER LIMIT UPPER LIMIT -

UP MAG CD - 6.3 6.1 6.5

EST. OF N .320 .210 *,480

A 2.880 2.320 3.430 +
B .900 -1.000 .800

CC***********************************************************************************************************3*****
|ZONE NUMitER 19 LOC IN REG NO 1 MAP INDEX NO 19 PROB. OF EXISTENCE = 1.0 a

OCCURRENCE MODEL IN MAGNITUDE LINEAR WAtlGE OF (A-B*M) MODEL IS 3.75 6.70 / |

'Y PARAMETER BEST ESTIMATE LOHER LIMIT UPPER LIMIT
H' UP MAG CO 6.7 6.5 6.9
O EST. OF N .740 .480 1.130

A 3.240 2.680 3.800*
B .900 -1.000 .800

O******************************************************************************************************************
~ ZONE NUMBER 20 LOC IN REG NO 1 MAP IN'DEX NO 20 PROB. OF EXISTENCE = 1.0

OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 6.50

PARAMETER BEST ESTIMATE LOHER LIMIT UPPER LIMIT
UP MAG CO 6.5 6.3 6.7 4

EST. OF N .480 .320 7, .740 i

.A 3.060 2.510 3.620 i'

B .900 -1.000 .800 '

Co********* SEISMICITY DATA FOR EXPERT 4
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TABLE A3 ''
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05******************************************4***********************************************a**************e*******
ZONE NUMBER 21 LOC IN REG NO 1 MAP INDEX NO 21 PROB. OF EXISTENCE = 1.0DCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BmM) MODEL IS 3.75 6.10
PARAMETER BEST ESTIMATE LCHER LIMIT UPPER LIMITUP MAG'C0 6.1 5.9 6.3EST. OF N .210 .177 .320A 2.700 1.830 3.650B - -1.100 -

coc*******************************************.900************************************************************.700*********
ZONE NUMBER 22 LOC IN REG NO 1 MAP INDEX NO 22 PROB. OF EXISTENCE = 1.0OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 7.20
PARAMETER BEST ESTIMATE LOHER LIMIT UPPER LIMITUP MAG CO 7.2 7.0 7.4EST. OF N 2.100 1.400 3.260A 3.700 2.770 4.640B .900 - .700cw**************************************>**********************************1.100****************************************
ZONE NUMBER 23 LOC IN REG NO 1 MAP INDEX NO 23 PROB. OF EXISTENCEm 1.0OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 5.60

D PARAMETER BEST ESTIMATE LOHER LIMIT UPPER LIMITs UP MAG CO 5.6 5.4 5.8o EST. OF N .070 .050 .110o A 2.220 1.700 2.790B .900 - .800Me************************************************************************1.000****************************************
ZONE NUMBER 24 LOC IN REG NO 4 MAP INDEX NO 25 PROB. OF EXISTENCE = 1.0OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 5.50
PARAMETER BEST ESTIMATE LOHER LIMIT UPPER LIMITUP MAG CO 5.5 5.3 5.7EST. OF N .060 .040 .090A 2.150 1.600 2.700 .B .900 -1.000 .800 |

|
|Cco******** SEISMICITY DATA FOR EXPERT 4

1
|

|
,
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TABLE A3

cos****************************************************************************************************************
ZONE NbMBER 25 LOC IN REG NO 2 MAP INDEX NO 26 PROB. OF EXISTENCE = 0.5OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 6.10
PARAMETER -BEST ESTIMATE LOHER LIMIT UPPER LIMITUP MAG CO 6.1 5.9 6.3EST. OF N .210 .090 .320A 2.700 1.580 3.630

B .900 - .700cc-s************************************************************************1.100****************************************
ZONE NUMBER 26 LOC IN REG NO 3 MAP INDEX NO C.Z. PROB. OF EXISTENCE = 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 5.50
PARAMETER BEST ESTIMATE LOHER LIMIT UPPER LIMITUP MAG CO 5.5 5.3 5.7
EST. OF N .160 .110 .250A 2.590 2.000 3.130

B .900 -1.000 .800

>
b
+
Q
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TABLE A3

SEISMICITY' DATA FOR EXPERT 5 No. OF 20 NESS 23 SELF WEIGHTS FOR REGIONS 1ocesassssssssssssssssssssssssssssssssssses==samassessmasassassmussmassumaassssssssssssseu,2 ,3 84 ARE 10.0 8.0 7.0mssssassass=sessneessssssa
ZONE NUMBER 1 LOC IN REG NO 1 MAP INDEX NO 1 PROB. OF EX!STENCEs. 1.OOCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-B*I) MODEL IS 4.00 12.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 10.0 9.0 11.0EST. OF. N 5.000 3.000 10.000.A

~

3.083 2.3e3 3.783B - .900 -

sassassssssssssssssssssssssssmussseemsmassusss.680ssssssssssssssssssssssssssssssssssssssssssseumsssssenessmuss.400mussasssa
ZONE NUMBER 2 LOC IN REG NC 1 MAP INDEX NO 2 PROS. OF EXISTENCE 1.0OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-BsI) MODEL IS 4.00 12.00

~

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 5.0 3.0 6.0EST. OF N
. 3.456 2.456 4.456
.100 .050 .200A

B
. .500 -

ocasusssssssssssssumassassessossasesssssssssssssssssssssssssssssammassassama.700 .300
ssammassassassassassunsessssssssssssses

y ZONE NUMBER 3 - LOC IN REG No 1 MAP INDEX NO 3 PROB. OF EXISTENCE = ,6
: OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-BsI) MODEL IS 4.00 12.00H

H PARAMETER BEST ESTIMATE- LOWER LIMIT UPPER LIMIT'W UP MAG CO 11.0 10.0 12.0EST. OF N 5.000 3.000 7.000'A 1.751 1.351 2.151B .500 -

assammasassammassammesssassmmassassssssssssssssssssssssssssssssssssmas***s*s.700 .300
amassasssasus***ssssassanssssssssamassa

2ONE NUMBER 4 LOC IN REG NO 1 MAP INDEX NO 4 PROB. OF EXISTENCE 1.O.

OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bal) MODEL IS 4.00 12.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 9.0 8.0 10.0EST. OF N 2.000 .250 5.000A 2.447 1.947 2.9478 .610 .700 .400

sessass**** ' SEISMICITY DATA FOR EXPERT 5

-
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TABLE A3

x,

as u s s s s s s s'Is s s s s s s s sk u s s s s s s s s s s * * s s s s s s s s s s s s s a m a s s a s s a s s s s s e s s u m u s s s s s s s s s s s s s s s s s s s s s s s s s s a r s s a i s s s s s s s s s s s s s s s s e

ZONE NUMBER 5 LOC IN REG NO '3 MAP INDEX NO 5 PROB. OF EXISTENCES 1.0
OCCURRENCE MODEL-IN INTENSITY LINEAR RANGE OF (A-Bel) MODEL IS 4.00 12.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO- 9.0 7.0 10.0
EST. OF N 200 .050 .500

A 2.528 2.028 '3.028
B .740 .900 .400

sesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasussssssssssssssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 6 LOC IN REG NO 3 MAP 1NDEX NO 6 PROB. OF EXISTENCE .5
OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bal) MODEL IS 4.00 12.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 9.0 7.0 10.0
EST. OF N .200 050 .500

-A 2.728 1.728 3.526
B .

.500 .900 .300
sesssssssssssssssssssssssssssssssssssssssssssssssssammassssasumussssssssssssasuussssssssssssssssssssssssssssssssssa

ZONE NUMBER 7 LOC IN REG NO 1 MAP INDEX NO 7 PROB. OF EXISTENCES .3

y . OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bel) MODEL IS 4.00 12.00
:
F* ' PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT

- F* UP MAG CO 8.0 7.0 9.0
N' EST. OF N 1.000 .500 2.000

A 2.678 2.178 3.178
.. B .500 .700 .300

sessassessssssssssssamassassammassasssumessssssssssssssssssssssssssssssssssssssssssssssssssss=*sssummassasssammassa
ZONE NUMBER 8 LOC IN REG NO 2 MAP INDEX NO 8 PROB. OF' EXISTENCE .7
OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bel) MODEL IS 4.00 12.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
-UP MAG CO 8.0 7.0 9.0

EST. OF N .300 .100 1.000
A 2.268 1.868 2.668
8 .660 .800 .400

'assassssses SEISMICITY DATA FOR EXPERT 54

_ _ _
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TABLE A3

.C3gsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssmusassasssssssssssssssssssssa
ZONE NUMthER 9 LOC IN REG ho 2 MAP INDEX NO 9 PROB. OF EXISTENCEm .8OCCURREtiCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bs!) MODEL IS 4.00 12.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG *.O 11.0- 10.0 12.0

-

EST. OF. N 1.000 .200 2.000A- 2.736 2.036 3.236B - .800 -

eassssssssssssssssssssssssssssssssssssssssssss.540s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s * * s s e n s s a s * * m a s s a s s s s. 300ssssoasms
'2ONE NUMBER 1O LOC IN REG NO 2 MAP INDEX NO 10 PROB. OF EXISTENCEm .8OCCURRENC,E MODEL IN INTENSITY LINEAR RANGE OF (A-Bal) MODEL IS 4.00 12.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT.UP MAG CO 8.0 7.0 9.0EST. OF N .500 .200 1.000A 2.524 1.724 3.324B
amosesssssssssssssssssssssssssssssssssssssssss.640ssssssssssssssssammassammassassasssssammassassassassssssssss.400

.800 -
-

sssssssas
20NE NUMBER 11 ' LOC IN REG NO 2 MAP INDEX NO 11 PROB. OF EXISTENCEm 1.0> 0CCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bs!) MODEL IS 4.00 12.00I

H PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITH UP MAG CO 9.0 8.0 10.0W EST. OF N 1.800 1.000 2,500A 4.093 2.693 4.493B .820 -

assassssamassessssssssssssssssssssssssssssssss*smausssssssssssssssssssssssss.900 .400sssssssssssssssssssssssssssssssssssamas
ZONE NUMBER 12 LOC IN REG No 3 MAP INDEX NO 12 PROB. OF EXISTENCE = 1.0OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-BsI) MODEL IS 4.00 12.00

. PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 9.0 8.0 10.0EST. OF N .300 .100 .500A 2.591 1.991 2.991B .600 .700 .400

coas*****ss SEISMICITY DATA FOR EXPERT 5

I
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|
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TABLE A3' '

;,

s . .

.coessssssssssssssssssssssssssssssssssssssssssssssssssamassassamassassssssssssssssssssssssssssssssssssesusamassassas
ZONE NUMBER 13 LOC IN REG NC 3 MAP INDEX NO 13 PROB. OF EXISTENCES .5

' OCCURRENCE-MODEL IN INTENSITY LINEAR RANGE OF (A-BsI) MODEL IS 4.00 12.00

' PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
.UP MAG CO 9.0 8.0 10.O
EST. OF N .100 .050 .200

A 3.101 2.301 3.901
B .480 .700 .300

. soamssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssummassess
ZONE NUMBER 14 - LOC IN REG NO 4 MAP [NDEX NO.14 PROB. OF EXISTENCES 1.0
OCCURRENCE MOOEL IN INTENSITY. LINEAR RANGE OF (A-Bal) MODEL IS 4.00 12.00

1

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
'UP MAG CO 9.0 8.0 10.0

EST. OF N- 500 .200 2.000
A 2.936 2.238 3.538
8 .640 .800 . .400

ssss s s s s s s* * m s a u s s s s s s s s s s s s s s s s s s s a m ma s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s ss s s s s s s s s s s ss s s s s s s m s s s s s s s s s s s s s s s s s s s s s s s a

ZONE' NUMBER 15 -LOC IN REG NO e MAP INDEX NO 15 PROB. OF EXISTENCES 1.0

OCCURRENCE MODEL.IN INTENSITY LINEAR RANGE OF (A-Bal) MODEL IS 4.00 12,.00
p

. b' PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
H UP MAG CO 12.0 12.0 12.0
* EST. OF N 2.000 1.000 10.000

A 2.977 2.377 3.577
8 .560 .800 .400

.sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssumssumssassss=*ssssssssssssssssssssssssssssa
ZONE NUMBER 16 LOC IN REG NO. 1 -MAP INDEX NO 16 PROB. OF EXISTENCES 1.0

OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bul) MODEL IS .4.00 12.00

PARAMETER BEST ESTIMATE ~ LOWER LIMIT UPPER LIMIT
UP MAG CO 8.0 7.0 9.0

EST OF N .200 .050 .500

A 2.721 2.221 3.221

B .500- .700 .300

mosassass** SEISMICITY DATA FOR EXPERT 5

.,

. _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ - _
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TABLE A3

osomessussssssssssssssssssssssssssssssssssssssssssssssssssssammusussssssssssssssssssssssssssssssssssssssssssssssses
2ONE NUMBER 17 LOC IN REG NO 4 MAP INDEX NO 17 PROB. OF EXISTENCES 1.0OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bs!) MODEL IS 4.00 12.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 9.0 8.0 10.0EST. OF N .100 .020 1.000A 3.215

B -
2.215 4.215

socesssssssssssssssssssssssssssssssamassassums.500sssssssssssssssssssssssssssssssssssssssssssssssssssssssamman.300
.700 -

usssummas
ZONE NUMBER 18 LOC IN REG NC 4 MAP INDEX NC 18 PROB. OF EXISTENCES 1.0OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bal) MODEL IS 4.00 12.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 9.0 8.0 10.0EST. OF N .100 .020 1.000A 3.367 2.367 4.3678 .500 .700 --ogsassssammassasssssssemassassassssssssumsusssssssssssssssssssssssssesassssssssssssssssssssmusssssssssssss.300ssssssssa
ZONE NUMBER 19 LOC IN REG NC 2 MAP INDEX NO 21 PROB. OF EXISTENCES 1.0p OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-BsI) MODEL IS 4.00 12.00

b. !'ARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITH UP MAG CS 7.O 5.O 8.OW EST. OF N .100 .020 1.000A 3.118 2.018 4.018B - -1.000 -

coomassssssssssssssssssssssamassmussssssssssss.920sssssssssssssssssssssssssmamusasussesassssssssssssssssssssss.400sssssssas
2ONE NUMBER 20 LOC IN REG No 4 MAP INDEX NO C.2. PROB. OF EXISTENCE: 1.0OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bs!) MODEL IS 4.00 12.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 8.O 7.O 9.OEST. OF N 3.000 1.000 5.000A 4.170 3.370 4.970B .920 -1.000 .400

eass**umass SEISMICITY DATA FOR EXPERT 5

_ _ _ _ _ _ _ _ _ - _ _ _ _ _ - _ _ _ _ _ _
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TABLE A3

.

oscussssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses
ZONE NUMBER 21 LOC IN REG NO 2 MAP INDEX NO 19 PROB. OF EXISTENCES ALT BDY
OCCURRENCE MODEL IN INTENSITY LINEAR RANGE OF (A-Bs!) MODEL IS 4.00 12.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 12.O 12.O 12.O
EST. OF. N 8.000 3.000 12.000

A 2.103 1.803 2.303
B .400 .600 .300

,
oasessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa

2ONE NUMBER 22 LOC IN REG NO 4 MAP INDEX NO 20 PROB. OF EXISTENCES ALT BDY
OCCURRENCE MODEL IN INTENSITY LINEAR dANGE OF (A-Bel) MODEL IS 4.00 12.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 9.O 7.O 10.O
EST. OF N .500 .100 2.000

A 2.251 1.951 2.551
B .540 .600 .300

sessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses
ZONE NUMBER 23 LOC IN REG NO 2 MAP INDEX NO ALT C.Z PROB. OF EXISTENCES ALT BDY

> OCCURRENCE MODEL IN I NTEllSI TY LINEAR RANGE OF (A-BsI) MODEL IS 4.00 12.00
I

M PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
H UP MAG CO 11.0 10.0 12.0

EST. OF N 3.000 1.000 10.000'*
A 2.783 2,583 3.183
B .550 .600 300

%

. . _ . . _ _ _ _ . _ _ _ _ . _ _ _ _ _ _ _ . _ . _ _ _ _
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TABLE A3

SEISMICITY DATA FOR EXPERT 6. NO. OF ZONES: 48 SELF WEIGHTS FOR REGIONS 1oossessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss,2 ,3 84 ARE 9.0 7.0 5.0 5.0
sssssssssssssssssssssssses

ZONE NUMBER 1 LOC IN REG NO 3 MAP INDEX NO 1 PROB. OF EXISTENCES 1.OOCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 6.0L
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.0 5.5 6.5EST. OF N 2.010 1.500 2.500A 4.196 3.196 5 . 1 ,6

B -1.040 -1 . 9 40cassessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssusassas.140ssssssssssssssssssssssssssssoasassssses
-2ONE NUMBER 2 LOC IN REG NC 1 MAP INDEX NC 2 PROB. OF EXISTENCES 1.0OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.25

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 7.0 6.5 7.5EST. OF M .330 .200 .500A 3.414 2.414 4.414B -1.040 -1 .940assasssssessenesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.140ssssssssssssssssssussssssssssssssssssas
' ZONE NUMBER 3 LOC IN REG NO 1 MAP INDEX NC 3 PROB. OF EXISTENCE: 1.OY OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 7.00

>a
F* -PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITN UP MAG CO 8.0 7.5 8.5

EST. OF N .590 .400 .800
.A 2.158 1.158 3.1588 .640 .740 -

acesssssssssssssssssssssssssssssssssssssssssssssususssssssssssssssssssssssssssssssssssssssssssssssssssssss.540ssssssaus

ZONE NUMBER 4 LOC IN REG NO I MAP INDEX NO 4 PR06. OF EXISTENCES 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.50 6.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 7.0 6.5 7.5
EST. OF N 1.500 1.200 2.000

A 4.135 3.135 5.135
B -1.080 -1.180 .980

asssssssssa SEISMICITY DATA FOR EXPERT 6.

_ _ _ _ _ _ _ _ _ _ _ _ - _ _ - _ - - -_ . _ _ _ _ _ _ _ _ _ _ _ _



- __ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ __ . . . -. .

TABLE A3

osassesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssem

ZONE NUMBER 5 LOC IN REG NO 1 MAP INDEX NO 5 PROB. OF EXISTENCES 1.0
OCCURRENCE MODEL IN MAGNITUDE BILINEAR MODEL USED RANGE BETWEEN 3.50 5.04 6.50

,

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO. 7.0 6.5 - 7.5
EST. OF N .940 .800 1.200

A 3.145 2.145 4.145
B .850 .950 .750
A 5.465 4.465 6.465
B -1.310 -1.410 -1.210

osassamassa-seassassssssssssssssssssssssssssssssssssssssssssmuseumssensssssssssssssssssssssssssssssssssssssssssssas

ZONE NUMBER 6 LOC IN REG NO 3 MAP INDEX NO 6 PROB. OF EXISTENCES 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 6.0 7.0
EST. OF N .220 .150 .400

A 1.313 .G'3 2.313
8 .670 .770 .570

oscausssssesmussssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasusssssssssssssssssa
'>

8 ZONE NUMBER 7 LOC IN REG NO 2 MAP INDEX NO 7 PROB. OF EXISTENCES .7

.[ OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.50
00 PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT

UP MAG CO 6.5 6.0 7.0
EST. OF N .210 .150 .300

A 2.280 1.280 3.280
B .770 .870 .670

caossesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssamassssssssssssssssssssssssemassasssssssssssssssas
ZONE NUMBER 8 LOC IN REG NO 2 MAP INDEX NO 8 PROB. OF EXISTENCES .9
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 6.0 7.0
EST. OF N 430 .300 .600

A 4.235 3.235 5.235
B -1.180 -1.330 -1.030

assassenssa SEISMICITY DATA FOR EXPERT 6.

,

[.
i

l
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I
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TABLE A3

ooss==sussssssssssssssssssssssssssssssssssssssamassassssssssses,sssssssssssssssssuussssssssssssssssssssssssssssssssa
ZONE NUMBER 9 LOC IN REG NO 2 MAP INDEX NO 9 PROB. OF EXISTENCES 1.0
OCCURRENCE MODEL IN MAGNITUDE BILINEAR MODEL USED RANGE BETWEEN 3.50 4.79 6.00
PARAMETER BE'ST ESTIMATE LOWER LIMIT UPPER LIMITUP NAG CO 7.0 6.5 7.5EST. OF N 1.010 .800 1.200A 3.110 2.110 4.110

B .840 940 .750
A 5.786 4.786 6.786B -1.400 -1.500 -1acesssssssssssssssssssssssssssssssssssssssmaassasussssssssssssssssssssssssssssssssssssssssssssmussssssssss350ssssssama

ZONE NUMBER 1O LOC IN REG NO 2 MAP INDEX NO 10 PROB. OF EXISTENCES 1.O
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 6.00)
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 8.0 7.5 8.5
EST. OF N 1.130 .900 1.400

A 4.064 3.064 5.064
8 -1.070 -1.170 .970cecasmusssssssssssssssssssssssssssssamassasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa.nsesassa

Y 2ONE NUMBEE I1 LOC IN REG NO 2 MAP INDEX NO 11 PROB. OF EXISTENCE = .4
H OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM). MODEL IS 3.75 5.00w
* PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT

UP MAG CO 6.5 6.0 7.0
EST. OF N .070 .050 .150

A 2.250 1.250 3.250
B .900 -1.200 .700

onusssssssssssssssenesmemassus=<=tsessammassassamassassasuassammassassssssssssmussssssssammessmeesssssssssssssseums

ZONE NUMBER 12 LOC IN REG NO 2 MAP INDEX NO 12 PROB. OF EXISTENCE = .5
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 4.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.5
EST. OF N .060 .020 .100

A 2.200 1.200 3.200
B .900 -1.200 .700

oousassassa SEISMICITY DATA FOR EXPERT 6.

_ _ _ _ _ _ _ _ _ _ _ _ - _
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TABLE A3

.cssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssmusassassassessasusssssssssammasussssssmusssssssesas

ZONE NUMBER 13 LOC IN REG No 2 MAP INDEX NO 13 PROB. OF EXISTENCE .4
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 4.20

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.5
EST. OF N 030 .010 .060

A 1.521 .521 2.521
B .900 -1.200 .700

ososasasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssues

ZONE NUMBER 14 LOC IN REG No 3 MAP INDEX NO 14 PROB. OF EXISTFNCE .8
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.5
EST. OF N .100 .040 .200

A 4.186 3.186 5.186
B -1.400 -1.500 -1.300

sacssssssssssssssssssssssssssssssssssssssssssssssssssamassassassssssssssssssssssssssssssssssssssamammunessassarsass

ZONE NUMBER 15 LOC IN REG NO 3 MAP INDEX NO 15 PROB. OF EXISTENCES .8
y OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.50 5.50
i

H PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
N UP MAG CO 6.O 5.5 6.5
c) EST. OF N 040 010 .060

A 1.795 .795 2.795
B .900 -1.100 .800

ocesssssssssssssssssssssssssssssmaasssssssssssssssssssssssssssssummassessassessassomassummassumassanssssssssssssssa
ZONE NUMBER 16 LOC IN REG NO 3 MAP INDEX NO 16' PROB. OF EXISTENCES 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 6.O 7.O
EST. OF N .200 .150 .300

A 2.761 1.761 3.761
B .920 -1.020 .820

ses===ssess SEISMICITY DATA FOR EXPERT 6.

- - - - _ _ _ _ _ _ _ _ _ _ - _ . _.-_
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TABLE A3

D3casssssssssssa..sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasummasssssssssssssssssssssssssssssses

ZONE NUMBER 17 LOC IN REG NC 4 MAP INDEX NO 17 PROB. OF EXISTENCE = 1.O
OCCURRENCE MODEL IN MAGNITUDE BILINEAR MODEL USED RANGE BETWEEN 3.50 5.38 7.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 8.0 7.5 8.5
EST. OF N 1.480 1.100 1.600

A 3.570 2.570 4.570
8 .910 -1.010 .810
.A 1.315 .315 2.315

B .490 -1.000 .450
cecessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssmuseumsssssssssssssssmasses

ZONE NUMBER 18 LOC IN REG NO 4 MAP INDEX NO 18 PRCB. OF EXISTENCES .4
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 4.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.5
EST. OF N .040 .010 .080

A 2.097 1.097 3.097
B .900 -1.200 .700

asssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssmussssssssssssssssssssssssssssssssssummasas

f' ZONE NUMBER 19 LOC IN REG NO 4 MAP INDEX NO 19 PROB. OF EXISTENCES .4
s CCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 4.50
N
H PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT

UP MAG CO 6.0 5.5 6.5
EST. OF N .100 .020 ,150

A 2.397 1.397 3.397
8 .900 -1.200 .700

onossssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas
ZONE NUMBER 20 LOC IN REG NO 4 MAP INDEX NO 20 PROB. OF EXISTENCES .2
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.40 4.40

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.5
EST. OF N 090 .020 .150

A 2.207 1.207 3.207
.B .900 -1.200 .700

nos**ssessa SEISMICITY DATA FOR EXPERT 6.

.

_ _ . _ _ _ _ _ _ __ ___ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ .



_ . _- _ _ - - _ - _ _ - _ _ - _ - - - _ . _ _ _ - _ - _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ . - - _ _ - - - _ _ , - _ - _ - -_ __ - .- -- ,._. -- _ _ . _ - - -

TABLE A3

oossesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa,

ZONE NUMBER 21 LOC IN REG NO 4 MAP 1NDEX NO 21 PROB. O.' EX1STENCEs .2
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 4.50
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.0 5.5 6.5
EST. OF N .080 .040 .150

.A 2.177 1.177 3.177
B .900 -1.200 .700ocosassammasassessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa

.

2ONE NJMBER 22 LOC IN REG NO- 4 MAP INDEX NO 22 PROB. OF EXISTENCES .7
OCCURRENCE MODEL IN MAGNITUDE BILINEAR MODEL USED RANGE BETWEEN 3.50 4.28 6.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 6.0 7.0
EST. OF N .300 150 .450

A 4.687 3.687 5.687
5 -1.410 -1.510 -1,310
A 1.047 047 2.047
8 .560 -1.000

. .500esasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses
f 2ONE NUPBER 23 LOC IN REG No 3 MAP INDEX NO 23 PROB. OF EXISTENCE = .7
>a OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.50
-N

N PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.5
EST. OF M 210 .100 .300

A 3.097 2.097 4.097
8 -1.000 -1.100 .900ocesssssssssssssssssssssssssssssusssssssssssssssssssssssssssssssssssssss***sssssssssssssaasassamassassassassassasse

ZONE NUMBER 24 LOC IN REG NO 3 MAP INDEX No 24 PROB. OF EXISTENCES .4
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 6.00

PARAMETER BEST' ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.5
EST. OF N .080 .040 .150

A 2.447 1.447 3.447
8 .900 -1.200 .700

seassasssas SEISMICITY DATA FOR EXPERT 6.

.

k
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TABLE A3

ccesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssseemssssssssssssssssssssssssssssssssssssssssssssssa
20NE NUMBER 25 LOC IN REG NC 3 MAP INDEX NO 25 PROB. OF EXISTENCES .5
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.5
EST. OF M .100 .050 .200

A .900 .500 2.000
8 . . .520 .900 .500

cassssssssssssssssssssssssssssssisesssssssssssssssssssssssssssssssssssssssuursssssssssssssssssssssssssssssssssssssa

2ONE NUMBER 26 LOC IN REG NC 3 MAP INDEX NO 26 PROB. OF EXISTENCE = 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.5
EST. OF N .210 .100 .300

A 3.397 2.397 4.397
8 -1.110 -1.210 -1.010

- cosasssssssssssssssssssssssssssssammassassmusussssssssssssssssssssssssssssammassassasssammassmussssssammassassanssa
2ONE NUMBER 27 LOC IN REG NO 3 MAP INDEX NO 27 PROB. OF EXISTENCE .6

> OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.00

b PARAMETER BEST ESTIMATE LOWER Lif1IT UPPER LIMIT
N UP MAG CO 6.0 5.5 6.5W EST. OF N .190 .100 .300

A. 3.117 2.117 4.117
8 -1.040 -1.140 .940

csssssssssssssssssssssssssssssssssssssssssssssssssssssssssmusssssumsssssssssssssssssssssssssssssssssssssssssssssssa

2ONE NUMBER 28 LOC IN REG NC 3 MAP INDEX NO 28 PROB. OF EXISTENCE = .7
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 6.0 7.0
EST. OF N .410 .200 .600

A 4.487 3.487 5.487
B -1.180 -1.280 -1.080

"
caossessass SEISMICITY DATA FOR EXPERT 6.

.

h
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. TABLE A3

acossesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssamos
2ONE NUPSER 29 LOC IN REG NO 4 MAP INDEX NO 29 PROB. OF EXISTENCE = .4

.

OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.5
EST. OF N .180 .100 .300

.A
~

2.397 1.397 3.397
.8 .810 .910 .710

,seassssrssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesusssssssssssssses
ZONE NUMBER 30 LOC IN REG NO 4 MAP INDEX NO 30 PROB. OF EXISTENCES .4
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.50

-PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 7.0 6.5 7.5
EST. OF N .100 .050 .200

A 1.577 .577 2.577
8 .690 .900 .590

assssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssiassssssssssssssssssssssssssssssssssssssssssas

ZONE NUMBER 31 LOC IN REG NO 1 MAP INDEX NO 31 PROB. OF EXISTENCES ALT BDY
:> - OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.50

4
H PARAMETER BEST ESTIMATE' LOWER LIMIT UPPER LIMIT
N UP MAG CO 7.0 6.5 7.5
# EST. OF M .210 .100 .300

A 3.186 -2.186 4.186
B -1.000 -1.100 .900

ocessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse
ZONE NUPSER 32 LOC IN REG MO 1 MAP INDEX NO 32 PROB. OF EXISTENCES ALT BOY
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 7.00

PARAMETER BEST ESTIHATE LOWER LIMIT UPPER LIMIT
UP MAG CO 8.0 7.5 8.5
EST. OF N. '.570 .300 .800

A 2.199 1.199 3.199
8 650 .850 .550

,

esssssssssa SEISMICITY DATA FOR EXPERT 6.

.
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TABLE A3

L

coomasssenssenessummmassassassassasssssssssssseemsusasses====ssassssassssausssssssssssssassssssssssssssssssssssssse
ZONE NUMBER 33 LOC IN REG NO 1 MAP INDEX NC 33 PROB. OF EXISTENCE ALT BDY..

OCOURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.0 5.5 6.5
EST. OF N 150 .050 .300

A 3.636 2.636 4.636
B -1.230 -1.400 -1.030

.consessosssammasamassassssssssssssssssssssssssssssssssuseumssesessssasssessassessasisssummonssmusssssssssssssssssas

ZONE NUMBER 34 LOC IN REG NO 1 MAP !NDEX NO 34 PROB. OF EXISTENCE = ALT BDY
OCCURRENCE MODEL.IN MAGNITUDE BILINEAR MODEL USED RANGE BETWEEN 3.50 4.52 6.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 7.0 6.5 7.5
EST. OF M .910 .700 1.200

A 5.610 4.610 6.610
B -1.540 -1.600 -1,300
A 1.680 .680 2.680
B .670 .900 .570

mouesssssssssssssmasusssssssssssssssssssssssssssssssemassassammessassss susasemassassssssssssssssssssssssssssssssssa
Y ZONE NUMBER 35 LOC IN REG NO 2 MAP INDEX NO 35 PROB. OF EXISTENCES ALT BDY
** OCCURRENCE MODEL IN MAGNITUDE LINEAR RANOE OF (A-BsM) MODEL IS 3.50 5.50
to
* PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT

UP MAG CO. 6.5 6.0 7.0
EST. OF N .460 .250 .650

A: 3.638 2.638 4.638
5 -1.080 -1.180 .980

coessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssumassasssammassa::::::s:::::: :::

ZONE NUPSER 36 LOC IN REG NO 3 MAP INDEX NO 36 PROB. OF EXISTENCE ALT BOY
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.50 5.00

4 PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.5
EST. OF N .210 .100 .300

A 3.140 2.140 4.140
8 -1.010 -1.210 810

scossessoas SEISMICITY DATA FOR EXPERT 6.

s
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TABLE A3

C00sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssummasassssssssssssssssses
ZONE NUMBER 37 LOC IN REG NO 1 MAP INDEX NO 37 PROB. OF EXISTENCES ALT BDYOCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 6.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 7.0 6.5 7.5EST. OF N 1.040 .800 1.4C0A 3.186 2.186 4.1868 .860 -

eessasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.960 .760
ssssssssssssssssssssasummassesssenssues

ZONE NUMBER 38 LOC IN REG NO 1 MAP INOEX NC 38 PROB. OF EXISTENCES ALT BDYOCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 6.50
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 7.0 6.5 7.5EST. OF N .200 .100 .300A 1.957 .957 2.9578 .670 .870 -

oossssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.570ssssssssa

20NE NUMBER 39 LOC IN REG NO 3 MAP INDEX NO 39 PROB. OF EXISTENCES ALT BDY
y OCCURRENCE MOOEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.50
b PARAMETER BEST ESTIMATT LOWER LIMIT UPPER LIMITN UP MAG CO 6.5 6.0 7.0* EST. OF N .190 .100 .300A 3.414 2.414 4.414B -1.080 -1.280

scossenesssssssasumusssssssssssssssarssssssssssssssssssssssumsmassumssssssssssssssssssssssssssssssssssssss.880
-

ssssssssa

ZONE NUMBER 40 LOC IN REG NO 2 MAP INDEX NO 40 PR38. OF EXISTENCES ALT BDY
OCCURRENCE MODEL IN MAGNkTUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.50
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.5 6.0 7.0EST. OF N .330 .150 .450A 3.365 2.365 4.365

B -1.030 -1.230 630

asaeaaaeeaa SEISMICITY DATA FOR EXPERT 6.
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TABLE A3

"C00ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssamsssssssssssa
ZONE NUMBER 41 LOC IN REG NC 2 MAP INDEX NC 41 PRSB. OF EXISTENCE = ALT BDY

*

OCCURRENCE MODEL IN MAGNITUDE BILINEAR MODEL USED RANGE BETWEEN 3.50 5.00 7.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 8.0

-
7.5 8.5

EST. OF M 1.010 .800 1.200
A 4.350 3.350 5.350
B -1.180 -1.230 -1.080
A .950 .050 1.950
B .500 . -1.000 .500gasssssssssssssssssssssssssssssssssassssasssassuussssssssassussmussssssssssssssssssssssssssssssssssssssssssssssssas

ZONti NUMBER 42 LOC IN REG NO 2 MAP INDEX NC 42 PROB. OF EXISTENCES ALT BDY
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 6.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 7.0 6.5 7.5
EST. OF N .120 .050 .250

A 1.410 410 2.410
B .640 .840 .540casesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssamassasssssssssssssssssssssssssssssssssssssssssssssa

20NE NUMBER 43 LOC IN REG NO 2 MAP INDEX NO 43 PROB. OF EXISTENCES ALT BDY
>= OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.50
N
N PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT.

UP MAG CO 6.5 6.0 7.0
EST. OF N .240 .100 .450

A 3.396 2.396 4.396
B -1.070 -1.170 .970

suossssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesmuseassssssssssssssssmussssssssssssssssssssssssa

ZONE NUMBER 44 LOC IN REG NO 2 MAP-INDEX NO 44 PROB. OF EXISTENCE ALT BDY
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.5
EST. OF N .120 .050 .250

A 2.091 1.091 3.091
B .820 .920 .720

consammassa SEISMICITY DATA FOR EXPERT 6.
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TABLE A3

anos a s s a s s u m m a s s s s s s s s s s s s s s s s s s s s s s s a m e s e s s a m e s e s s e s s a m m a s s e s s e s s a s s s s s s s s s s s s s s s a,s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s a s

ZONE NUMBER 45 LOC IN REG NO 2 MAP INDEX NO 45 PROB. OF EXISTENCES ALT BDY
OCOURRENCE MODEL IN MAGNITUDE LINEAR RANGE CF (A-BsM) MODEL IS 3.50 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 6.0 7.0
EST. OF N .330 .150 .700

A 2.847 1.847 3.847
8 .900 -1.000 .700

cau s s a m a s s a s s a s s s s s s s e s -i s s s s s s s s e s m a s s m e n s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s = = = s e s s a s s a s s n e s s u m m a s s e s s m u s s a

ZON5' NUMBER 40 LOC IN REG NO 4 MAP INDEX NO 46 PROB. OF EXISTENCES ALT BDY
OCCURRENCE Mohl IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 7.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 8.0 7.5 8.5
EST. OF N 990 .500 1.800

A 2.025 1.025 3.025
B .600 .700 .500

seassess==sssssssssssssssssssssssssssausssssssssssssssssssssssssssssssssssssssssssssssssssamassamasses==ssassessass

ZONE NUMBER 47 LOC IN REG NC 4 MAP I N!WW NO 47 PROB. OF EXISTENCE = ALT BDY
> OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 6.00
I
# PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
$ UP MAG CO 7.0 6.5 7.5

EST, OF N 410 .200 .700
A 2.975 1.975 3.975
B .890 .990 .790

eensassssssssssss==sssssssssssssssssssssssssssssssssssssssssssssssuamsass===sassassamassamassumasssssssssssssssssas
ZONE NUMBER 48 LOC IN REG NO 4 MAP INDEX NC 48 PROB. OF EXISTENCES ALT BDY-
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO- 6.5 6.0 7.0
EST. OF M .090 .040 .200

A 2.816 1.816 3.816
B -1.060 -1.160 .960

.
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TABLE A3

SEISMICITY DATA FOP EXPERT 7 NO. OF ZONES 27 SELF WEIGHTS FOR REGIONS 1conssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssummasassam.2 .3 84 ARE 7.0 7.0 7.0 7.0
masusssssssssssssssssssssa

ZONE NUMBER 1 LOC IN REG NO 4 MAP INDEX NO 1 PRCS. OF EXISTENCES 0.9
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.70

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 5.2 4.7 5.7
EST. OF M .500 400 .700

A 3.300 3.300 3.300
8 .900 -1.100 .700occessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssumsnmmessessssssssssa

ZONE NUMBER 2 LOC IN REG NO 4 MAP INDEX NO 2-CZ PROB. OF EXISTENCES 1.0
CCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.70

PA9AMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.7 6.2 7.2
EST. OF M 3.000 2.000 4.000

A 4.000 4.000 4.000
B .900 -1.100 .700

acesssssssssssssssssssssssssssssssssssssssumassaursessassessassasssummassammassassamassassessemassamasassesses==sas

> ZONE NUPSER 3 LOC IN REG NO 3 MAP INDEX NC 3 PROB. OF EXISTENCES 1.0
s OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODELgIS 3.50 5.70
**
M PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT*' UP MAG CO 5.5 5.0 6.0

EST. OF N .200 .150 .400
A 2.900 2.900 2.900
5 .900 -1.100 .700

ocessssssssssssssssssssssssssssssssssssssomssssssssssssssssssssssssammessamassessmussmasass==ssssessesasssemssssses

ZONE NUMBER 4 LOC IN REG NO 3 MAP INDEX NO 4 PROB. C'F EXISTENCEa 0.75
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 5.70

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 5.5 5.0 6.0
EST. OF N .300 .200 .500

A 3.000 3.000 3.000
B 900 -1.100 .700

ooossessana SEISMICITY DATA FOR EXPERT 7

.

_ m .-- -
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TABLE A3 .

suesssssssssssssssssssssssssssmusssssssssssssssssssssssmenusssssssssssssssssssssssssssssssssssssssssssssssssssssssa

2ONE NUPSER 9 LOC IN REG NC 2 MAP INOEX NO 9 PROB. OF EXISTENCES 0.75 1

GCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF IA-BsM) MODEL IS 3.50 6.00 |

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO S.7 5.2 6.2 |

EST. OF N 400 .200 .600 l
A 3.100 3.100 3.100 |
B , .900 -1.050 .750

scossssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesammassomsusssssssssssssa

2ONE NUMBER 10 LOC IN REG NO 2 MAP INOEX NO 10 PROB. OF EXISTENCES 0.9
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 6.70

PARAMETER BEST EST! MATE LOWER LIMIT UPPER LIMIT
UP MAG CO. 7.2 6.7 7.5

.250 .150 400EST. OF M ' ~

3.000 3.000 3.000A
8 .900 -1.100 .700

cocesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssumas
ZONE NUMBER 11 LOC IN REG NO 3 MAP INDEX NO 11 PROB. OF EXISTENCES O.9
OCCURRENCE MOOEL IN MAGNITUDE LINEAR RANGE OF (A-BsM1 MODEL IS 3.50 5.70y

b -PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
u UP MAG CO 5.7 5.2 6.0

- F EST. OF M .200 .100 .300
A 2.900 2.900 2.900
B .900 -1.050 .750

.cosessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssmusassassseemssesssussssssssssssssssssssssa
ZONE NUMBER 12 LOC IN REG NO 3 MAP INDEX NO 12 PROB. OF EXISTENCEa O,9
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 6.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.1 5.7 6.7
EST. OF N .200 .100 .300

A 2.900 2.900 2.900
B .900 -1.050 .750

osocaaaaa== SEISMICITY DATA FOR EXPERT 7

L_ --
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TABLE A3

COssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
2ONE NUPSER 13 LOC IN REG NO 2 MAP INDEX NO 13 PROB. OF EXISTENCES 0.9
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.00 6.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.0 5.2 6.3
EST. OF N .200 .100 .300A 2.900 2.900 2.900B .900 -1.050 -

cccessssssssssssssssssssssssssasusssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.750ssssssssa

2ONE NUPSER 14 LOC IN REG NO 1 MAP INOEX NC 15 - PROB. OF EXISTENCES O.9
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 2.50 5.70

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 5.7 5.2 6.2
EST. OF M .050 .030 100

A 2.200 2.200 2.200
B .900 -1.050 .750ccossesssssssssssssssssssssssssssssssssssssssssssse,sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssu

ZONE NUMBZR 15 LOC IN REG NO 1 MAP INDEX NO 16 PROS. OF EXISTENCES 0.8
> OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.00 6.00
I

H PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITW UP MAG CO 5.0 4.5 5.5N EST. OF N .050 .030 .100
A 2.200 2.200 2.200
B .900 -1.050 .750ccesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa

ZONE NUMBER 16 LOC IN REG NO 1 MAP INDEX NO 17 PROB. OF EXISTENCES 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.00 6.70

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.5 6.5
EST. OF N 1.000 .800 1.200

A 3.500 3.500 3.500
B .900 -1.000 .800

osassanssas SEISMICITY DATA FOR EXPERT 7
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COOO s a s s s e s a s a u s s s s s s s s s s a a s a s s s s s s s s a s e s e e s a a a s e a a s u s u s s s a s u s s e s s a s s s a a s a s e s s e m a s s u m m a s s a a s a s a s u a e s a a m u s a s u s s a a s a a

! ZONE NUPSER 17 LOC 'IN REG NO 1 MAP INDEX NO 18 PROB. OF EXISTENCES 0.8OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 6.50
PARAMETER BEST ESTIMATE loser LIMIT UPPER LIMITUP MAG CO 6.2 5.7 6.5

. EST. OF M .200 .100 .300! A 2.900 2.900 2.900B -i

concusssssssssssssssssssssssssssssssssssssssss.900 -1.050 .750ssssssssssssssssssssssssssuessssssssssssssssssssssmussssssssssssssssa
2ONE NUPSER 18 LOC IN REG NO 1 MAP INDEX NO 19 PROB. OF EXISTENCE 0.8OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.50 6.50

[ PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMeT
t UP MAG CO 6.2 5.7 6.7
I EST. OF M .190 .094 .2E1A 2.170 2.170 2.170B .900 -1.050 -

ccoosessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.750ssumasses

2ONE Nur.sER 19 LOC IN REG NO 1 MAP INDEX NO 20 PROB. OF EXISTENCE 0.8,

' > OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) NODEL IS 3.50 6.50a

[ PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.0 5.5 6.5w
EST. OF N .100 .080 .150A 2.600 2.600 2.6008 .900 -1.050 -

csoassessssssssssssssssssssssssssssssssssssssssssssssssssssansass===*ssasssammasasssssssssssssssssssssssss.750sassses==

ZONE NUMBER 20 LOC IN REG NO 1 MAP INDEX NO 21(19) PROB. OF EXISTENCES 0.8
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) NODEL IS 3.50 6.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MA3 CO 6.2 * 5.7 6.7
EST. OF M .012 .006 .018A .980 .980 .980

B .900 -1.050 .750,

coocesssssa SEISMICITY DATA FOR EXPERT 7
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TABLE A3

gocessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa

ZONE NUPSER 21 LOC IN REG NO 1 MAP !NDEX NO 22(24) PROB. OF EXISTENCES 0.8
-3CCURRENCE MODEL IN MAGNITUCC LINEAR RANGE OF (A-BeM) MODEL IS 3.00 6.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 C.O 6.7
EST. OF N .005 004 .006

A 1.170 1.170 1.170
B .900 -1.050 .750

Ocassmusssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa

2ONE MUPSER 22 LOC IN REG No 1 MAP INDEX NO 23 PROS. OF EXISTENCES O.9
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-8sM) MODEL IS 3.50 6.20

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.2 5.7 6.6
EST. OF M ,100 .080 .150

A 2.600 2.600 2.600
B .900 -1.050 .750

osasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasgsssssssssssssssa

2ONE NUMBER 23 LOC IN REG NO 1 MAP INDEX NO 24 PROS. OF EXISTENCES 1.0
> OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.00 6.00
t

H PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITy UP MAG CO 6.5 6.0 6.7
EST. OF M 1.000 .800 1.200

A 3.500 3.500 3.500
B .900 -1.050 .750

sessssssssssssssssssssssssssssssssssssssssssssssssssssssss-asassenss**ssesssssssssssssssssssssssssssssssssssssssssa

ZONE NUPSER 24 LOC IN REG NO 1 MAP INDEX NO 26 PROS. OF EXISTENCES 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 2.50 6.70

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 7.2 6.7 7.5
EST. OF M .400 .300 .500

A 3.200 3.200 3.200
B .750 .850 .650

-soossessses SEISMICITY DATA TOR EXPERT-7

1

1

i

|
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TABLE A3

esos a s e m a s s e s s s s s s s s s s s s s s s s s e s u m m e s s e s s a m m a s a s s s e m e e s s e s u m a s s e s a s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s eis e s s s s s s s s s s s a m m

2GNE NUrtBER 25 LOC IN REG NO 1 MAP INDEX NC 27 PROB. OF EXISTENCE 1.0OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.00 5.70
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 5.5 5.2 5.7EST. OF M .450 .350 .550A 3.200 3.200 3.200B .900 -1eccsssssssssssssssssssssssssssssssssssssssssssesumassesussssssssssssssssssss.050 .750

sssssssssssssssssssssssssssssssssssssse
ZONE NUPSER 26 LOC IN REG NC 3 MAP INDEX NO 28 PROB. OF EXISTENCES 0.8OCCURRENCE MODEL IN MAONITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.,00 5.50
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 5.5 5.2 5.7EST. OF M .100 .080 .120A 2.500 2.500 2.500B .900 -1.050

coesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.750
-

ssssssssa

2ONE NUPBER 27 LOC IN REG NO 2 MAP INDEX NO 29 PROB. OF EXISTENCES 0.9
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.00 5.70y

E PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITe.a UP MAG CO 5.O 4.5 5.5u EST. OF M .050 .030 .100A 2.200 2.200 2.200B .900 -1.050 .750

.

I

. _ _ _ _ _ _ _ _ _ _ _ _ _ _ -

___ _ _ _ _ _ _
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TABLE A3
e

' SEISMICITY DATA'FOR EXPERT 10 NO. OF ZONES 34 SELF WEIGHTS FOR REGIONS 1.2 .3 44 ARE 7.0 7.0 7.0 7.0
cassassasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss=sessassssssssssssssssse

20NE NUPSER 1 LOC IN REG NO 1 MAP INDEX NO 1 PROS. OF EXISTENCE = .8
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 6.25

PARAMETER BEST' ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAS CO 6.3 6.0 5.8
EST. OF N .250 130 400

A 3.050 2.930 2.170
8 .950 -1.000 .900 ,

osassessesasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses
'

200E NUPSER 2 LOC IN REG NO 1 MAP 1NOEX NO 2 PROS. OF EXISTENCEa .8
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.50 .

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAS CO 5.5 5.3 6.0
EST..OF M .110 080 .140

A 2.450 2.330 2.570
8 .920 .970 .870

.

seassssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse
|

| :> 2ONE NUfSER 3- LOC IN REG NO 1 MAP INCEX NO 3 PROS. OF EXI$TENCEa .8
i s OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.50
- .W '

! ~" PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT*
l .' UP MAS CO 5.5 5.3 6.0
! EST. OF M '.050 .040 .070

A 3.040 2.920 3.160i
- B -1.080 -1.130' -1.030l

! sessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes
t
'

ZONE NJPSER 4 LOC IN REG NO 2 MAP INOEX NO 4 PROS. OF EXISTENCEa .8 *

OCCURRENCE MODEL,IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.75

PARAMETER. BEST ESTIMATE' LOWER LIMIT UPPER LIMIT
|' .UP MAS CO 6.0 5.8 6.8

EST. OF M ,700 .500 .900'

A 3.510 3.390 3.630
B -1.000 -1.050 .950 i

ossesses=== SEISMICITY DATA FOR EXPERT 10 ,

* I

,

.

s.
s

I

- . . . . ._ _. . __ _ _ _ _ _ -



TABLE A3

ccassumes==ssssssssssssss====sussssssssssssssssssssssssssssssuesumasassss== ssssssssssssomssemssassessmussessenesem
ZONE NUMBER 5 LOC IN REG NO 2 MAP INDEX NO 5 PROB. OF EXISTENCE = .7OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.50
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 5.5 5.3 6.0EST. OF N' 250 .150 .350A 2.520 2.400 2.640B - .870 .770opossessasssamassassssssssssssssssssssssssssss.820sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas
2ONE NUMBER 6 LOC IN REG NO 1 MAP INDEX NO 6 PROB. OF EXISTENCE .7- OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BeM) MODEL IS 3.75 6.25
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.3 e.O # 6.8EST. OF N 400 .300 .500A 3.120 3.000 3.240B .960 -1causasseaussssssssssssssssssssssssssssssssssssssssssssssssssseemssssssssssss.010 .910ssssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 7 LOC IN REG NO 1 MAP INDEX NO 7 PROB. OF EXISTENCES .99

> OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 6.50i
H PARAMETER BEST ESTIMATE LOWER LIMIT UPPER' LIMITw UP MAG CO 6.5 6.3 7.0N EST. SF N 1.600 1.000 2.000A 3.480 3.360

B .920 -
3.600

c=esssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.970 .870ssssssssssssssssssssssssssssssssssssses
ZONE NUMBER 8 LOC IN REG NO 1 MAP INDEX NO 8 PROB. OF EXISTENCES 1.O
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 7.00
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 7.0 6.8 7.5EST. OF N .800 .400 1.200A 2.720 2.600 2.840B .760 .810 .710

cooGessassa SEISMICITY DATA FOR EXPERT 10

4

a

e

f
5 g 9

_
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TABLE A3

ocesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 9 LOC IN REG NO 3 MAP INDEX NO 9 PROB. OF EXISTENCES .7
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANOE OF (A-BsM) MODEL IS 3.75 5.75

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.8 6.5
EST. OF N .080 .040 .120

A 1.730 1.560 1.900
8 .780 .880 .680

acesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssseumssssssssssssssssssa
ZONE NUMBER 10 LOC IN REG NO 3 MAP INDEX NO 10 PROS. OF EXISTENCES .8
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.75

~

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.8 6.5
EST. OF N .060 .030 .100

A 2.620 2.500 2.740
8 -1.000 -1.050 .950

sessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 11 LOC IN REG NO 4 MAP INDEX NO 12A PROB. OF EXISTENCES .95

> OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 7.50
t

H PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
W UP MAG CO 7.5 7.0 7.5
08 EST. OF N 2.000 1.400 2.600

A 3.410 3.290 3.530
8 .870 .920 .820

esassassamasusssssssssssssssssssssssssssssssssssssssssssssenesssssesssssssssssssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 12 LOC IN REG NO 4 MAP INDEX NO 12B PROB. OF EXISTENCES ALT BDY
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE-OF (A-BsM) MODEL IS 3.75 7.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 7.5 7.0 7.5
EST. OF N 2.000 1.400 2.600

A 3.590 3.470 3.710
8 .900 .950 .850 -

cosassasssa SEISMICITY DATA FOR EXPERT 10

i
_ _ _ _ _ _ _ _ _ _ _ . _ _ _ _
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TABLE A3 '

s

sesassesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
2ONE NUMBCA '3 LOC IN REG NO 4 MAP INDEX NO 13 PROB. OF EXISTENCEa .98OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 6.25

' PARAMETER' BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.3 6.0 6.8. - EST, OF N 1.500 1.000 2.000A 4.200 4.080 4.320 'S -1 -1.110 -1

cassesssssssssssssssssssssssssssssssssssssssss.060s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s e m a s s a s s s s s s s s s. s s s a. 010massmassa
2ONE NUMBER 14 - LOC IN REG NO 2 MAP INDEX NO 15 PROS. OF EXISTENCES .9

.

OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-8sM) MODEL IS 3.75 7.00
~ PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT

,

UP MAG CO 7.0 6.8 7.3EST. OF.N .150 .100 .250
_ .A 1.750 1.580 1.9205 - .800

seasssssssssssssssssssssssssssssssssssssssssss.700ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.600
-

ssssssssa
ZONE NUMBER 15 . LOC IN REG NO 1 MAP INDEX NO 16 PROS. OF EXISTENCE .75'> OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL:IS 3.75 6.25I-

N PARAMETER' BEST ESTIMATE LOWER LIMIT UPPER LIMIT !W UP MAG CO 6.3 6.0 6.8 i.* EST. OF N. .600 .400 .800 4A 2.820 2.700 2.940 -iB - .900
eessssssssssssssssssssssssssssssssssssssssssss.850ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.800

-
,

ssssssuas F

ZONE NUMBER 16' LOC IN REG NO -1 MAP INDEX NO 17 PROS. OF EXISTENCES .7OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 7.25
'

' PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT |,UP MAG CO 7.3 7.0 7.5 1

4

EST. OF M .340 .150 .500- A _1.690 :1.520 1.860B 570 .670 .470
i

4 ,

assusassses' SEISMICITY DATA FOR EXPERT 10-
'
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6
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5
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|
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TABLE A3

consuussssssssssssssammamassssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
ZONE. NUMBER 17 LOC IN REG NO 1 MAP INDEX No 18 PROB. OF EXISTENCES .95
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B*M) MODEL IS 3.75 7.25

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 7.3 7.0 7.5
EST. OF N .340 .150 .500

A 1.690 1.520 1.860
B .570 .670 .470

assam asu s s s s e s u s u ss s ss s ss sss s s ss s s s s s s s s s s s ss s ss s s s s ss s s s ss ss s s s ss s ss s ss ssssss s ss ss s sssss s s sss ssss s ss ssss s s s ss ss s es

ZONE NUMBER 18 LOC IN REG No 3 MAP INDEX NO 19 PROB. OF EXISTENCES 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 5.5 5.3 6.0
EST. OF N 11.970 7.180 16.760

A 4.890 4.770 5.010
B- -1.000 -1.050 .950

assssssssssssssssssssssss==ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas
ZONE NUMBER 19 LOC IN REG NO 1 MAP INDEX NO 20 PROB. OF EXISTENCES .9
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 6.25y

b PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
** UP MAG CO 63 6.0 6.8
O EST. OF N .uSO .030 .080

A 1.640 1.470 1.810
B .720 820 620

osesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses
ZONE NUMBER 20 . LOC IN REG No 1 MAP INDEX NO 21 PROB. OF EXISTENCES .9
OCCURRENCE MODEL.IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 6.25

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.3 6.0 6.8
EST. OF N .060 .030 .090

A 1.750 1.580 1.920
B .760 .860 .660

osomassassa SEISMICITY DATA FOR EXPERT 10

. _ _ _ _ _ _ _ _ _ _
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TABLE A3 '

osassassessssssssssssssssssssssssssseumsaussssssssssssssssssssssssssssssssssssssssssssssssssssssssemessessassamosas
2ONE NUMBER 21 LOC IN REG NO 1 MAP INDEX NO 22 PROB. OF EXISTEhCEs .9OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 6.25
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO. 6.3 6.0 6.8EST. OF N .050 .030 .080A 1.200 1.030 1.370B .700 -

ammassesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.800 .600
ssssssssssssssssssssssssssssssssssssssa

ZONE NUMBER 22 LOC IN REG NO 1 MAP INDEX NO 23 PROB. OF EXISTENCES .85OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 6.25
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.3 6.0 6.8EST. OF N .230 .150 .300A 2.840 2.72G 2.960B .920 - .870ocessssssssssumasasessassessemasssssssssssssssssssssssssssssssssssssssssssss.970sssssssssssssssssssssssssssssssssssaams
ZONE NUMBER 23 LOC IN REG NO 1 MAP INDEX NO 24 . PROB. OF EXISTENCES ALT BDY> OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 6.25s

y PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.3 6.0 6.8 fg
EST. OF N .740 .500 1.000A 3.640 3.520 3.7608 -1.000 -1.050 -

onasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.950ssssssssa

ZONE NUMBER 24 LOC IN REO NO 1 MAP INDEX NO 25 PROB. OF EXISTENCES .8
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 6.25
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.3 6.0 6.8EST. OF N .020 .010 .030A 1.600 1.430 1.770B .760 .860 .660

escasassess SEISMICITY DATA FOR EXPERT IQ
,

O

O
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TABLE A3

aossessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas

ZONE NUMBER 25 LOC IN REO NO 3 MAP INDEX NO 26 PROB. OF EXISTENCES .9
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.75

PARAMETER BEST EST MATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.8 6.5
EST. OF N .650 450 .850

A 3.230 3.110 3.350
8 .940 .990 .890

osassssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssemassmannesssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 26 LOC IN REG NO 3 MAP INDEX NC 26A PROB. OF EXISTENCES ALT BDY

. OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) NODEL IS 3.75 5.75

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.0 5.8 6.5
EST. OF N .200 .100 .300

A 2.120 1.950 2.290
S .760 .860 .660'

ogss a s s e s s o u s s s s s a mm a s s a m a s s e s s es s s s s s s s s s s s s s s s s s s s s s s s s s s s s s e s s a s s a s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s a

ZONE NUMBER 27 LOC IN REG NO 3 MAP INDEX NO 268 PROB. OF EXISTENCES ALT BDY
;> OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.75
t'

W . PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
** UP MAG CO 6.0 5.8 6.5

EST. OF N 030 .020 .050"
A 1.450 1.280 1,620

8 . . .800 .900 .700
cossssssssssssssssssssssssssssssssssssssssssssssssammessassamessessssssssssssssssssesammassmessassssssssssssssssssa

ZONE NUMBER 28 LOC IN REG NO 3 MAP INDEX NO 27 PROB. OF EXISTENCES .9
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 5.5 5.3 6.0
EST. OF N .040 .030 .050

A 2.440 2.320 2.560
8 -1.000 -1.050 .950

somaaaaaa=a SEISMIClTY DATA FOR EXPERT 10
.

.
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TABLE A3. s

*
.

coessssssssssssssss==ssessassessssssssssssses==essssssssssssssssssssssssssssssssssssssssssssssssaissssssssssssssses
2ONE' NUMBER '29 LOC IN REG NO. 2 MAP INDEX NO 28 PR68. OF EXISTENCE .9

. 6.25- <'OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF '(A-S*M) .MODEL IS 3.75
PARAMETER BEST ESTIMATE. LOWER LIMIT UPPER LIMIT.UP MAG CO 6.3 6.0 6.8

, s

EST. OF N .780 .550 1.000A 3.380 3.260 3.500
,

8
ccess===ssssssssssssssssssssssssssssssssssssss.920ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.870

.970 -
-

'ssssssssa
- 2ONE NUMBER 30 LOC IN REG NO 2 MAP INDEX NO 28A PROB. OF EXISTENCES. .8OCCURRENCE MODEL'IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 6.25

: PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT' . UP MAG CO 6.3 6.0 6.8EST. OF N .220 .150
.2.780
.300A 2.610 2.440B .890 -

_ esssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.990 .790
;ssssssssssssssssssssssssssssssammassass ;

ZONE NUPSER 31 LOC IN REG NO 4 MAP INDEX NO 29 PROB. OF EXISTENCES ALT BDY.S OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF . (A-BsM) MODEL IS 3.75 6.25t
* PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT:$ UP MAG CO 6.3 6.0 6.8EST.-OF.N 1.000 .700 1.300A 3.190 3.070 3.310B .900

osasssssssssssssssssssssssssssssssasssssssssssssssssssssssssssssssssssssssss.950 .850.- *

ssssssssssssssssssssssssssssssssssssssa ,j
.

.
. t2ONE NUMBER 32 LOC IN REG NO 4 MAP INDEX NO 30 PROB. OF EXISTENCES ALT BDYOCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 6.25'

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.3 6.0 6.8
4

~ EST. OF N '.800 .500 1.000A 3.140 3.020 3.260-B .900 .950 .850

sessnesassa -SEISMICITY DATA FOR-EXPERT 10 .
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TABLE A3

scossesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse
ZONE NUMBE8t 33 LOC IN REG NO 4 MAP INDEX No 31 -PROB. OF EXISTENCES ALT BDY
OCCURRENCE MODEL IN MAGNITUDE LINEAR RAN3E OF (A-BsM) MODEL IS 3.75 6.25

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.3 6.0 6.8
EST. OF N .400 .300 .500

A 3.060 2.940 3.180
B .900 .950 .850

esssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssumssssssssssssssssssssssamanessassssa
2ONE NUMBER 34 LOC IN REG NO 4 MAP INDEX NO 32 PROB. OF EXISTENCES ALT BDY
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 6.25'

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.3 6.0 6.8 .

EST. OF N .350 .250 .500
A 2.850 2.730 2.970
B .900 .950 .850
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TABLE A3

SEISMICITY DATA FOR EXPERT 11 NO OF ZONESs 21 SELF WEIGHTS FOR REGIONS 1ceasasssssssssssssssssssssssssssssssssssssss.sssssssssssssssssssssssssssssssssssssssssssss,2 ,3 S4 ARE 7.5 9.5 6.3 7.0
ssssssssssssssssssssssssas

ZONE NUMBER 1 LOC IN REG NO 1 MAP INDEX NO 1 PROB. OF EXISTENCES O.8OCCURRENCE MODEL IN MAGNITUDE Lli4 EAR RANGE OF (A-BsM) MODEL IS 3.75 5.75
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 5.8 5.4 6.1EST. OF N 1.000 .800 1.500A 3.750 3.600 3.9008 -1 -1.200 -

ocesssssssssssssssssssssssssssssssssssssssssss.000ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.600ssssssssa
ZONE NUMBER 2 LOC IN REG NO I MAP INDEX NC 2 PROB. OF EXISTENCES 0.9OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.75
PARAMETER BEST ESTIMATE LodER LIMIT UPPER LIMITUP MAG CO 5.8 5.4 6.1EST. OF N 1.300 1.000 1.600A 3.400 3.300 3.500B

semussssssssssssssssssssssssssssssssssssssssss.900ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.700
- - -1.200 -

ssssssssa

p ZONE NUMBER 3 LOC IN REG NO 1 MAP INDEX NO 3 PROB. OF EXISTENCES 0.95
: OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 7.00w
e- PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITkn UP MAG CO 7.O 6.7 7.4EST. OF N 1.200 1.000 1.600A 2.300 2.2008 .600 -

2.400
scossessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss.800 .500sssssssssssssssssssssssssssssssssssssas

ZONE NUMBER 4. LOC IN REG NO 1 MAP INDEX NO 4 PROB. OF EXISTENCES 0.5OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 6.50
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAG CO 6.5 6.2 7.0EST. OF N .100 .020 .150A 2.000 1.800 2.700B .800 -1.300 .600

aoseaa===== SEISh 'I TY DATA FOR EXPERT 11
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TABLE A3

emesssssssssssssssssssssssssssssenssiassessassessnessmasseaussssssssssssssssssssssssssssssssssssssssssssssssssssssa
20NE NUMBER 5 LOC IN REG HO 2 MAP INDEX NO 5 PROS. OF EXISTENCES O.8 -

OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 6.50

PARAMETER BEST ESTIMATE ' LOWER LIMIT UPPER LIMIT
UP MAS CO 6.5

~

6.2 7.0
EST. OF M .900 .500 I.500

A 3.700 3.600 3.900
8 -1.000 -1.300 .800

ocessssassesssasessssssssssssssssssssssssssssssssssssasuussssssssssssssssssemassssssssssssssssssssssssssssssssssssa
ZONE NUMBER 6 LOC IN REG NO 2 MAP INDEX NO 6A PROS. OF EXISTENCES 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BmM) MODEL IS 3.75 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 6.2 7.0
EST. OF M 1.800 .600 3.000

A 4.000 3.500 4.200
-1.000 -1.300 .800

B -

.oossesasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
-ZONE NUMBER 7 LOC IN REG Nf' 2 MAP INDEX NO 68 PROS. OF EXISTENCES 1.0

. OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.03
y

r PARAMETER BEST ESTIMATE LOWER LI*1IT UPPER LIMIT:
* UP MAG CO 6.5 6.2 7.0
* EST. OF M 100 .020 150

.A
' 2.750 2,000 2.900

B -1.000 -1.300 .800
|ocesseesssssssssssssssssssssssssssssssssssssssssssssssssssssssssamassessssssssssssssssssssssssssssssssssssssssssses

2ONE NUPSER S LOC IN REG NO 2 MAP INDEX NO 7A PROS. OF EXISTENCES 1.0
OCCURRENCE MODEL IN MAGNITUDE LINEAR; MANGE OF (A-8sM> MODEL IS 3.75 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAS CO 5.8 5.4 6.1

EST. OF M 1.000 .600 1.600
A 3.750 3.500 3.950
8' -1.000 -1.200 .800

.
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TABLE A3

.OOcasesseseassessssssssenesseessseesssssssssssssssssssssssssssssssssssssssssssssssssssomasseesssssssssssssssssssssa

.N NtJMBER S LOC IN REG N3 2 MAP IPeDEX NO 5 PROB. OF EXISTENCES O.85
OCCURRENCE MODEL IN MAGNITuoE LINEAR RANGE CF (A-BeM3 NODEL IS 4.CO 5.25

PARAMETER BEST ESTIMATE LedER LIMIT LPPER LIMIT
UP MA3 CO 5.0 4.8 5.2
EST. OF M .360 .250 460

A 2.388 1.848 3.498
8 .800 .950 .700

cocesessesessessesessnessenesessnessessassessessesassessnesessessessessesessesssssssssssssssssssseesssssssssssssses
.W NUMBER 6 LOC IN REO N3 2 MAP INDEM NO 6 PROB. OF EXISTENCE = 10
OCCURRENCE MODEL IN MAGNITUDE L1NEAR RAPCE OF (A-BeMi MODEL I$ 4.00 4.75

PARAMETER BEST ESTIMATE LOdER LIMIT UPPER LIMIT
UP MAG CO 5.0 4.8 5.1
EST. OF M 1.050 .s80 1.150

A 1.701 1.541 2.931
S .640 .950 .600

coessnesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa
ZONE NUMBER 7 LOC IN REG NC 3 MAP INDEX NO 7 PROB. OF EXISTENCES 0.65
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-B=M3 MODEL IS 3.75 5.00y

1 PARAMETER BEST ESTIMATE LedER LIMIT LPPER LIMIT
ve LP MAG CO 5.3 5.0 5.8
M EST. OF N .120 .070 .220

A 2.166 1.766 2.366
8 .900 .950 .800

ceosasemessenessessnessessessesessenessanssaassesssssssssssssssssssssssssssssseessssssssssssssssssssssssssssssssssa
2ONE NUPSER 8 LOC IN REG MO 4 MAP INDEX NO 8 PR38. OF EXISTENCES 0.98
OCCURRENCE MODEL IN MAONITt.iDE LINEAR RANGE OF (A-B=M3 MODEL !$ 3.75 4.75

PARAMETER BEST ESTIMATE LodER LIMIT LPPER LIMIT
UP MAG CO 6.0 5.0 6.3
EST. OF N .210 .100 .310

A 2.586 2.066 3.066
8 .950 -1.050 .800

cec =eeaeeae SEISMICITY DATA FOR EXPERT 12
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TABLE A3

noossessssssssssseesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses
2ONE NLPSER 9 LOC IN RES NO 3 MAP INDEX NO 9 PROS. OF EXISTENCEa O.98
OCCURRENCE MODEL IN MAGNITUDE LIMEAR RANGE OF tA-BeM) MODEL I$ 3.75 5.00

PARAPETER BEST ESTIMATE LodER LIMIT UPPER LIMIT '

UP MAS CO 6.0 S.O 6.3
EST. OF M 330 .220 430

A 2.SSG 2.286 3.284-
B .950 -1.0S0 .800coesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssamasses

"2OIE ImpSER 10 LOC IN REG MS 3 MAP INDEX NO 10 PROS. OF EXISTENCES O.45
nee - marr MODEL IN MAGMBTUDE LIMEAR RANGE OF (A-BeM1 MODEL IS 3.75 5.00

PARAfETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAS CO S.3 S.0 S.3
EST. OF M 170 .070 .270

A 2.546 1.986 2.986
B .950 -1.050 .400

scosssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses

-2ONE BENGER 11 LOC IN RES NO 4 MAP INDEX NO 11 PROS. OF EXISTENCEa O.9
:p. ' OCCURRENCE MODEL IN MAGNITUDE LIMEAR RANGE OF (A-BeM) MODEL IS 3.75 6.00 [
e
** PARAfETER BEST ESTIMATE ' LOWER LIMIT UPPER LIMIT* UP MAS CO S.3 6.2 6.5W EST. OF M 1.100 ( .750 1.200

A 3.571 2.911 4.041
B .950 -1.050 .800

|
cooisessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses

! 2ONE NUPSER 12 LOC IN REG MO 4 MAP INDEX NO 12 PROB. OF EXISTENCES 0.98
'

OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.00 -

j PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAS CO 7.4 7.3 7.5
EST. OF M 1.410 1.030 1.910 *

A 3.811 3.231 3.941
B -1.000 -1.050 .900

conseessses SEISMICITY DATA FOR EXPERT 12
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TABLE A3

cossssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses

2O K NLNGER 13 LOC IN RES NO 3 MAP INOEX MO 13 PROS. OF EXISTENCES 0.SS
~ ~ -OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.25

PARAMETER SEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAS CS S.3 S.2 S.5
EST. OF.N .230 130 .330

A 2.SSI 2.051 3.061
S .900 -1.OSO .800

sossessassssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses

2CK NINGER 14 LOC IN RES NO 2 MAP INDEX NO 14 PROS. OF EXISTENCEa O.95
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) M00EL IS_ 3.75 5.60

PARAfETER SEST ESTIMATE LOWER LIMIT UPPER LIMIT
W MAS CO 7.0 S.7 7.2
EST. OF N .620 .420 . .820 1

A 3.Sec 3.020 3.700 1

-B -1.020 -1.060 .900 1

scossessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses
I 2MBE NUPSER IS LOC IN RES NO 2 MAP INDEX MO ISA PROS. OF EXISTENCES 0.8

> OCCURRENCE MODEL IN MAGNITUDE LIM RANGE OF (A-SeM) MODEL IS 3.75 6.00
s's* PARAfETER SEST ESTIMATE LOWER LIMIT UPPER LIMIT
um W MAS CS S. O S.S 6.2
** EST. M N ,300 .200 .400

A 2,489 2,159 3.369
8 .800 -1.050 .750

casessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses
-

2WE ISNSER 16 LOC IN RES Im 2 MAP ISWEX NO ISS PRIS. OF EXISTENCES O.S
OCCulWENCE PAArt I N M A GeeI TI G E -LINEAR RANGE OF (A-SsM) MODEL IS 3.78 4,75

PAAAfEYER SEST. ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAS CO S.O S.S 6.2
EST. W N .070 .020 .170

A 1.629 1.469 2. SOS
S .800 -1.000 .750

ooecesseses SEISMICITY DATA FOR EXPERT 12
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TABLE A3

cce ss s ss s s s ne s.e s a s s e s e s s a s s e s. s.e s s a s se s.e s s s s s s s s s s s s s s s s s s s s s s s s s e s.s s s s s s s s s s s s s s s s a.s s s s s s s e s.e s s s s s s s s s s s s s s a

2ONE NUPSER 17 LSC IN REG NO 1 MAP INDEX NO 16 PROB. OF EXISTENCES 0.85
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.50

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 6.5 6.0 6.8
EST. OF M .630 .530 .730 ,

A 2.899 2.399 3.399 |
B -1.000 -1.100 .900 I

cousssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa

2ONE NUPRER 18 LOC IN REG MO 1 MAP INDEX NO 17 PROS. OF EXISTENCE 0.98
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.50 6.00 l'

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT iUP MAS CO 6.5 6.2 6.4 i

EST. OF M 1.600 .880 1.710 |
A 4.201 3.311 4.311
8 .950 -1.050 .850 )

cosasssssssssssssssssssssssssssssssssssssssss==ussssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses I

ZONE NUPeER 19 LOC IN REG MO 1 MAP INDEX NO 18 PROB. OF EXISTENCES 1.0
y OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 6.75

'

e
- PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT 1

u UP MAG CO 7.0 6.6 7.2 '

* EST. OF M 1.200 .500 1.300
A 2.180 1.670 2.670
8 .640 .750 .550 |

cosassssssssssssssssssssssssssssssssssssssssesumasssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses i

2ONE NUPSER 20 LOC IN REG MO 3 MAP INDEX NO 19 PROS. OF EXISTENCE 0.85
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 4.25 5.00

PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMIT
UP MAG CO 5.3 5.O 5.8
EST. OF M .100 .050 .150

2.586 2.186 2.986 |A e

B .950 -1.050 .850 |

oceaeaaa=== SEISMICITY DATA FOR EXPERT 12
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TABLE A3

C3cssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssa.smasssssssssssssssssssses
20NE NUPRER 21 LOC IN REG MO 1 MAP INDEX NO 20 PROS. OF EXISTENCES 1,0
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BeM3 MODEL IS 4.00 5.SO
PARAMETER BEST ESTIMATE LOWER LIMIT UPPER LIMITUP MAS CO S.S S.3 S.SEST. OF M 1.850 1.260 1.950A 3.ISS 2.736 3.7388 .840 .9S0 .750

.
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TABLE A3
|
| |

>

SEISMICITY DATA FOR EXPERT 13 No. OF ZONES: 15 SELF WEIGHTS FOR REGIONS 1.2 .3 44 ARE 5.0 8.0 6.5 9.0
cocesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse '

|

2ONE NUPSER 1 LOC IN REG NC 4 MAP INDEX NO 1 PR38. OF EXISTENCES 0.9 |OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-BsM) MODEL IS 3.75 5.00 |

PARAMETER BEST ESTIMATE LedER LIMIT LPPER LIMIT |
UP MAS CO 6.3 6.0 6.7 i

'

EST. OF M .530 - 430 .830
,

| A 4.300 3.400 5.000
t 8 -1.200 -1.500 .900
| cocessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssoasssessamasssessssssssssssssssssse

2ONE NLNSER 2 LOC IN REG NO 4 MAP INDEX NO 2 PR3S. OF EXlSTEMCEa O.4 - .

OCCURRENCE MODEL IN MAGNITUDE L$NEAR RANGE OF (A-8 M) MODEL I3 3.75 4.75 |

PARAMETER BEST ESTIMATE LOdR LIMIT LPPER LIMIT
l UP MAS CO 7.0 8.0 7.3

EST. OF M .240 .120 .360
A 3.940 2.740 5.140
8 -1.200 -1.200 -1.000

coe s s m e e s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s e n e s s e e s s s s s s s s s s s s s s s s s s s s s s s s s s s s e m a s s e s s e s s e s s e m a s s e s e s s e s s a s s e m a s s e s e s s a

> ZONE NUMBER 3 LOC IN RES NO 4 MAP INDEX NO 3 PROS. OF EXISTENCES 0.8
: OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-SmM3 NOOEL IS 3.75 5.00

e. *

$ PARAMETER BEST ESTIMATE LOdR LIMIT LPPER LIMIT
UP MAS CO 6.3 S.0 s.s
EST. OF M 450 .350 .550

A 4.600 4.000 5.200
-3 -1.300 -1.500 -1,100

C30ssessnessemassessemassessessessasssssssssssssssssssssssesusassessssssssssssssssssssssssssssssssssssssssssssssses

2OBE NLN S ER 4 LOC IN RES NO 4 MAP INDEX NO 4 PROS. OF EXISTENCES 0.9
OCCURRENCE MODEL IN MAGNITUDE LINEAR RANGE OF (A-3sM3 MODEL IS 3.75 4.75

PARAPETER BEST ESTIMATE LOWER LIMIT LPPER LIMIT
uP pene co 7.0 5.0 7.3
'EST. OF M" 460 .230 .690 |

A 4.220 3.020 5.420 1

g -1.200 -1.200 -1.000 i

cecessesses SEISMICITY DATA FOR EXPERT 13
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! Warthquake Cataloge. t

| I
the baste information for the setente data base used in thle study was !,

i developed for Witt0/Ct=1)??: 3pQggroach to setente tonation for pitinit
Nuclear Electric power cen* rat te.g reellitime in the Waerern 0,n2 1hle catalog i.

'
i te dieeussed in detail inM8T/tbl571. A brielleneription le provided
'

below along with the changes we have introducedi ,

| I

i 1. WES=A catalog of solemte evente in the northeastern United States and |
j adjacent arose compiled by prof. Chiburin of Western Observatory of Boston ,

] College Weston, Massachusette. The catalog consists of information on L

2.567 events whleh occurred f rom ll)4 through 1977. 1he areal enverase of3

] the estalog to approelmately 18'N to 60'N and 48'W to Al*W. t

i*

j 2. 90L=A entalog of setente evente in the southeastern United States and i

| adjacent arene compiled by prof. Rollinger of the Virginia polytechnie !

Institute and State University at Blackehurg Virginla. The estates !,

| canelate of information on 667 ovents whteh occurred fres 169M to 1976. ;

1 The areal coverase of the entalog is approutmately 11.l'N to 19.7'N and
1 76.2'W to #8.0'W.

t

1. BRU=A estalog of setente evente in the southeastern United States and !
,

j adjacent areas published by the Deutheast United States 8elente Netwnrh |
3 and edited by prof. Rollinger, the catalog sonalate of information on 3)

i
; events whleh oesurred from 1911 to 1978. The arent coverage of the 4

i estaloA 18 approelmately 12'N to 19.6'N and 78'2W to 89 1'W. [
i ;

I 4 8LU=A estalog of esiente evente in the central United States and adjacent |

arene empiled by Prof. Nottil of Saint Louis University. St. Louis. !
Missouri. The estalog sanelate of information on 1.111 events whleh !

,

'

| occurred from tell to 1973. The areal coverage of the entalog te (
| approelmately 30'N to 48'N and 80'W in 104'We ;
a !

) 5. 80H A estalog of solemie evente in the east and eentral United 8tates and f

j adJasent areas provided by )tr. Von Hake of the National Geophysleal and I
"

lohar=1errestrial Osta Center NOAA Snvironmental Data Servies in,

. Roulder Colorado. The estalog le a enheet of the input data to the !
j Barthquake Nietary of the United 8tates and eonalate of 926 events whleh
i occurred fr m 1618 to 1977. The areal enverage nf the estalog le |
'

approntmately 24'N to $0'N and 66'W to 106'W.
,

i
6. FUB=A catalog of solemte evente in the enet and contral United States and

,

; adjacent areas provided by Mr. Tate of the United States Geolosteal i
i survey. Colden. Colorado, the estalog is itself a composite et many of

the above estalogs and eenslate of 2:248 ovente khleh neeurred f rom ($3% ;,

' to 1914 The areal goverage of the catalog to approntmately'It'N to i

! $0.I'N and 63.8'W to $6.4'W. i

!
i

I !

l

| !

|
'

8=1 1
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7. To make the data set complete in Canada, we added the Canadian Earthquake
Epicenter File to 1980 which covers Canada and adjacent areas of the4

northern U.S. provided by Dr. Peter pasham and Dr. Anne Stevens of the [,

i Department of Eneray. Mines and Resources. This catalog is itself a
,

sompostte of some of the above catalogs as well as Canadian sources such '

as Karth Physics Branch, Department of RMR. University of British |4 Columbia, etc. Only the Canadian data sources were retained.
|
1

The basic data from all of the above catalogs were merged. Because of the
I space and time averlap between the dif ferent catalogs, this resulted in

multiple entries for the majority of the earthquakes listed. To edit the
catalog, the tollowing criteria were applied.

,

i 1. The entry from the local investigator was considered the most reliable and
| therefore, retained in the listing (e.g., for an event in southern
; tilinois, the BLU entry was retained while for an event in southern New |

Haepshire, the WR8 data were used).' '

1

2. In border realons (e.g., between the SLU and 50L areas and 8LU an WE8 :*

areas), the SLU data were accepted.

! 3. For remaining events, if there was an IQH listing, that data was retained.

j' There was a eisnificant number of events remaining with a listing in the4

EU8 catalog only. Each of these events was esamined separately. If the
| evidence in4icated that the event should have been contained in other'

catalogs (e.g., an intensity Vil in a populated ates) and it was not, the
earthquake was removed f rom our composite catalog. This still left a
niember of EU$ events. (usually Inw inten64ty) the existence of which could,

not be confirmed. These events were retained da th; ..Lalos.
l

1. For the northeastern U.S., we adopted th* meanitude estimates developed by
Street and Lacrolu (8tl5A, Vol. 69 pp.159-176) and changed the

: appropriate entries in the catalog. '

|
1 .

!
!

]

1

;

i,

i
|

8=2

,
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DEVELOPMENT OF EASTERN UNITED STATES CROUND 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:

E + C A(R) + C4 S + (Error term) (1-1)In(GMP) = C1+C2 3

where CMP = ground motion parameter of interest; e.g. , PGA or PGV
Ci = constants
E = measure of seismic energy release - usually some magnitude

measure or epicentral intensity.
R = appropriate distance measure

A(R) = attenuation term - typically A(R) = InR - C RS

S = site factor term, e.g., S = 0 soil
= 1 rock '

%
,; .

. - . ,
'

The error term accounts for the fact. that the ' ground notf on at a site due to a
specific earthquake is a random vatiable, bsing affected'b'y 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, grobnd motion is likely to be
affected by the radiation pattern as well as " fine" details of the local sitt
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. tiie random variation abcut that average value
attributable to specific-earthquakes. ~_.

NN 1.
Inadditiontotheinherent.rindomvhriationinground'motionaboutthe
average value, another source of , uncertain'ty,associatsd' wJ ch ground motion
rodels is attributable to the choice of ~ parsecters included in the model and

the data base used to estimate 'the valuds 'ef she c5efficients C , .OC4 in1
Eq. (1-1)., These beceriainties,f which we ch(1. nedeling uncertainties,

,

contribute to the unce?teinty-associated.with the hazard analysis +

cethodology. . Modeling ule'ertainties are discussedli6?more detail inlSection.,

24- L | ,s (

'

%_
.

The groudd motior[model and <th'e escdefated magnitude of the random v'ahlation~

; hav,e a' direct effset on the bizfrd' analysis. The. estimates of the probability
~

! of exceedance are strongly correlated with the ground motion model. Changes
Nin the model significantly uffect the est'imates of, tee' hazard at a site.

L Thus, it is important' thstf e select the moet apprbprf 5Ei ground motion modelsd
l'Er#use in the,hasArd antlysisiss

, c' .
L

'

' ..;
-

'
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f The development of a ground motion model for the Eastern United States (EUS)
- is a difficult task for several reasons:

4

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

f It is generally agreed that one cannot make direct use of a groundo

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. I

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

i spectrum scales differently for EUS earthquakes than for WUS |

| earthquakes.
:

I
; .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
j and make corrections for the known differences between the WUS and EUS._ The ,

; ground motion parameters (GMP) chosen for this analysis are the horizontal
j components of peak ground acceleration (PGA), peak ground velocity (PCV), and '

i several spectral ordinates (SA) at frequencies ranging from 0.5 to 25 Hz.
I
! 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
i developed a single best' estimate hazard curve for each expert of the EUS

Seismicity Panel. In keepics 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 t 2 in the treatment of uncertainty and the manner ,

i 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 i

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 Seismicity Panel. ~This

. ,
4 requires the identification and weighting of all ground motion models for the

_ EUS which the Panel members deen sufficiently reliable to be includpd in the
a nalysis.

~

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'ters, we ask you to select from seven-
|

l' l
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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 which, 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 additonalfwork, 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 af ter 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 epicentral distance. Therefore, ground motion models utilizing
epicentral 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 epicentral 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
epicentral 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 epicentral models, one must
consider their use before making such a decision. For example, such models,
when used with a hazard analysis based on epicentral 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 1

models and when specifying an appropriate value for the uncertainty to use in

C-3
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the analyses. If the panel members feel the use of epicentral 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.

j 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 0 04 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 4 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.

:

i

*

|

i
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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

I, = C1+CI2o+C3 InR+C4 R (2-1)

with a relation between site intensity (I ) and various ground motions
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-1) No weighting
(I-2) Distance weighting
(I-3) Magnitude weighting
(I-4) 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 -

notion 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 (No 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,

i

! I = F(I ,R) based on EUS data (2-2)
C_ jM = G(I,) based on WUS data

o

This method assumes that ground motions are the same for the same site
'

intensity in both regions, regardless of the size or distance associated with

this intensity. Thus, differences in the attenuation of I, between the two

|

|

1
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regions (i.e., differences in the relation Is = F(Io,R)) require that
predictions of GMP in the EUS for fixed I be associated with predictions ins
the WUS based on data obtained at shorter distances or from larger
magnitudes. 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 I-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 = F(I ,R) based on EUS data (2-3)c
GMP = G(I , R) based on WUS datag

This method, which can be called " distance weighting," requires that predic-
tions of GMP in the EUS for fixed I and R be associated with predictions ins
the WUS based on data obtained from larger magnitude earthquakes in order to
accommodate differences in the attenuation of I between the two regions.s
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. )

l
- Method I-3 (Magnitude Weighting). This method relates the ground motion |

parameter to site intensity and magnitude, assuming that the ground motions I

are the same for a similar site intensity and magnitude in the two regions.
Thus,

Is = F(I ,R) based on EUS data (2-4)o,

GMP = G(I , M) based on WUS data| s

Inis method, which we refer to as " magnitude weighting," requires that
predictions of GMP in the EUS for fixed I and M be associated withs
predictions in the WUS based on data obtained at shorter distances in order to

accommodate differences in the attenuation of Is 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

C-6
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represent WUS data of similar magnitudes but shorter distances, we may infer
that EUS 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 " narrower" predicted response spectrum in the EUS.

Method I-4 (Magnitude and Distance Weighting). This method relates the ground
notion parameter to site intensity, magnitude and distance. Thus,

I, = F(l ,R) based on EUS data (2-5)o
GMP = G(1 , M R) based on WUS datas

This method requires the assumption that the ground motions are identical for
the same I , M, and R in the WUS and EUS. Thus, in order to accommodates
differences in intensity attenuation between the two regions, predictions of
CMP 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 f requency 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 I-5 (Semi-Empirical). All of the above methods are based on a formal
substitution of the results of a regression analysis between the GMP and site
intensity (using WUS data) into a relation between site intensity, epicentral
intensity and distance (EUS data) to get a relation between CMP, epicentral
intensity and distance for the EUS. There are alternative approaches; e.g.,
Nuttli and Herrmann (1978) used Method 1-4 but included a free parameter which
they evaluted using judgment and some EUS ground motion data. Battis (1981)
easumed 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

2the 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
godels 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.
i

I

!

I

|

C-7
.



There are many possible ways of developing semi-empirical models. For ease of
discussion we separate them 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 anelastic attenuation. Nuttli>

(1979) and Campbell (1981b) have developed models based on this assumption.

Category D-2 includes those semi-empirical models for which it is assumed
that, in addition to differences in anelastic attenuation between the EUS 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). Nuttli's most recent models
(Appendix A) fall into this category.

2.3 Theoretical Models

Tnis 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

i one of the Panel members.

2.4 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
I 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.

C-8'
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I - o Even if' the mathematic al 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 randon. 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 assuming4

that the ground motion has a distribution about the predicted
, value. We describe this distribution, in our hazard analysis, by a
l 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 motioni

! parameter about its median value. A convenient way of expressing
i 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
j. several earthquakes of similar magnitude and distance from the, site)
J. 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
j form and parameterization of the ground motion model. This
j 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 many 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
: notion model. These three factors represent differences between the EUS and

WUS relative to:4

1. Regional attenuation of strong ground motion,
2. Scaling of ground motion with earthquake magnitude, and
3. The variability in ground motion between earthquakes of the same

magnitude introduced by source, path and site effects.
4

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 aboveL

items. For example, all of the general approaches outlined above include
! differences in regional attenuation but in dif ferent 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

i low energy seismic waves.
i

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

i 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 from 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 random

I variable (y), used as an intermediary, results in both a bias in the mean
I 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.

t

.
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Inclusion of a distance or magnitude term in the correlations of GMP to site
intensity (I ).s

GMP = G(I , R) (3-1)s

or

GMP = G(I , M) , (3-2)s

tends to increase the dependence of GMP on M and R (i.e. It affects the -

relationships in the correct manner), making such correlations appear to be
better than telationships of the type GMP = G(I ). Howevar, inclusion of Ms
or R does not ensure that unbiased estimates will be made. In fact no
intermediary parameter can do that, unless it is perfectly correlated with the
first parameter (in this case I ) or with the last (GMP).s

For the intensity based approaches, regional scaling of ground motion with
earthquake magnitude is primarf!y accounted for by the way site intensity at
some distance R scales with epicentral intensity, the regional relation
between epicentral intensity and magnitude, and, as discussed in Section 4
(see Eq 4-19), how the various GMPs are related to site intensity. This last
factor (I GMP relation) is of concern because it is obtained from data ins
the WUS. The magnitude weighting approach introduces a secondary 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
dif ferences 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.

I Semi-empirical models D-1 and D-2 are difficult to assess as a group because
cany diverse assumptions can be made. Many of the semi--empirical models

1 - introduce a correction for regional attenuation based on regional measurements
| of the attenuation of low energy seismic waves. In general, e 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
certhquakes.

t
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' One key element in our classification is the question of the 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

. Nuttli (1983a b). The impact of these hypothesized dif ferences lies in the
way GMP scales with magnitude. Semi empirical approaches in category D 2
introduce a regional correction for scaling of ground motion with magnitude.

,

These corrections are generally based on theoretical considerations.'

.

3.4 Other Factors

For several of the proposed categories we need to know the magnitudes of the
enrthquakes in the EUS and WUS on a scale which allows them to be directly

,
'

compared at frequencies of 1 Hz and greater. The ab scale appears to be
well suited for this, but there are problems. First, the Mt scale rather

. than the mb scale is commonly used for WUS earthquakes. Furthermore, mb
! values for WUS earthquakes, as determin'ed by the USGS, are of ten unreliable

because they are usually based on P-wave amplitudes at distances of less than
2500 km. At thes'e 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-Richter calibration function. (The,

i latter problem can be reduced by using the Veith-Clawson calibration function

used by DARPA.) For the larger WUS earthquakes (m3 > 5.5), there are
sufficient P-wave observations at distances greater than 2500 km to avercome
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 mb salues for WUS events to be
underestimated by about 0.3 mb units. Using such data, Chung and Bernreuter

: (1981) and Herrmann and Nuttli (1982) conclude that the two scales (mh in
the EUS and Mt in the WUS) are approximately equivalent in the M =5+

L
range. Using standard measurements, an Mt of about 5.0 for a WUS earthquake
would be comparable to an ab of about 4.6 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 possille regional

differences in_the variability in ground motion between earthquates of the
3

; same magnitude. This random variability arises due to differences in the
rupture process, complexity of the travel path, and local site geology. For i
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.

j 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 uargins which would also
lead to less variability. For this study the variability in the estimate of-
che ground motion 'for a given magnitude and distar.ce is generally measured by
the standard deviation of the natural logarithm of the parameter, olnGMP*
Thus, for the EUS ground motion model we might expect contributions of source
and propagation path variability on olnGMP to be smaller than for the
WUS. Hcwever, there are not sufficitnt data in the EUS to evaluate such an
hypothesis.

d
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The value of olnGMP is a measure of the total uncertainty including the
j fact that the data used to develop the ground motion model was-obtained from a >

1 . number of different sites with very dif ferent site geology. There have teen '

'culy a few studies which have attempted to sort out the relative contribution
to the variability in the ground motion from these factors (Bernreuter, 1979,'
McCann and Boore,1982). At this stage we are;only addressing standard " rock"

! cnd " soil" sites. Nevertheless, it should be kept in mind that, in general,'

near-surface rock is more competent (e.g., higher V , V,, p) in the EUS,
~

than in the WUS. Also the soils in many areas of the EDS are significantly,

! different (e.g., Glacial Deposits) than those at sites that make up the 4

existing strong motion data base. These factors need to be kept in mind when
providing estimates for olnGMP in the question- naire. As noted in the

; introduction, we will address shallow soil sites and other anomalous site
conditions as special cases.
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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,

1, = F(I or H. R) (4'1)o

The first consideration in the development of such a relation is whether
F(I ,R) is to be derived from intensity data of a single well recordedo
earthquake, assuming all earthquakes of intensity Io 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 carthquakes and how to scale the,

ground motion between earthquakes. If data from a number of earthquakes with
suf ficient 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. (41) are more commonly computed using an equivalent or average distance
for each intensity. This " Equivalent-R" approach is convenient if, in place
of intensity reports, one works with isoseismals. Isoscismals are useful
because they have been developed for a number of earthquakes, including most
of the significant historic earthquakes. Results based on the two app.*oaches
can be considerably different as illustrated by Fig. 4-1 taken from a study by
Weston Ceophysical Corp. as documented in Bernreuter (1981b). The curve
labeled I 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 f rom Fig. 4-1, Eq. (4-1) is poorly constrained by the data.

Figure 4-2 shows the fit of the equation

1-Io=C1+C2 InR + C3 R (4-2)

to tha individual intensity data from each earthquake listed in Table 4-1.
While ao 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 Cupta and Nutt11 (1976). Since the Cupta-Nuttli
relation was based on isoseismal data rather than individual intensity
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reports, we have reduced the C1 coefficient by 0.5 intensity units to make
it compatible with the other expressions in Fig. 4.2. We will refer to this
relation later as the modified Cupta-Nutt11 relation.

CMP - Site Intensity Re.ations

To complete the intensity based ground motion 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
ceveral data sets that can be used. For exampic, Fig. 4-3 shows the data base
developed by Cal Tech and Fig. 4-4 shows the data base developed by Murphy and
O'Brien (1977) for NRC. (Notes only the U.S. data are shown in Fig. 4-4. )
Each investigator has " customized" his data set. Nevertheless, Figs. 4-3 and
4-4 give an indication of how much data exists and how little data there are

to define the relation between the CMP and site intensity at the more
important higher intensity levels.
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TABLE 4-1
Summary of Earthquakes Used in the Intensity Data Base

J

j Name Date Maximum Analysis Source
Intensity

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

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

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

Charleston 8/31/1886 X B. A. Bollinger

1

.I
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1
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1
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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, McGuire (1977) found for medium sites

in(a) = -0.83 + 0.85 I, (4-3)

and Trifunac (1976) found

in(a) = -0.19 + 0.67 I, + 0 33S (4-4)

McGuire and Trifunac used approximately the same data set', however, the forms
of the reEression were different. McGuire separated his data into two sets
(sof t and medium sites) and performed separate regression analyses on each
data set. Trifunac 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

in(a) = 0.032 + 0.69 I, (4-5)

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

in(a) = 0.58 + 0.58 I, (4-6)

Murphy and O'Brien used just the peak horizontal component, whereas McGuire,
Trifunac, and Trifunac and Brady used both components.

Site type can have a significant ef fect on the derived relation. For example,
McGuire found for soft sites

.

In(a) = 0.27 + 0.6 I, (4-7)

which is significantly different than his expression for medium sites (Eq.
4- 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. (4-1). All of
the available intensity attenuation relations were derived without regard to
cite type, because site data is not generally available for the intensity
reports. In addition, '.t 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-I relationss
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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selecting accelerograms 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 view, such a selection process would tend
to bias tbe 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 I, term, thereby reducing the estimate of PGA at high
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 com91ete than the Cal Tech set, in order to be
included, the accelerograph had te trigger, the records read, and the values
reported. Such values are of ten 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. (4-6) suffers from a further bias because in performing their
regression analysis Murphy and O'Brien only included PGA levels greater than

210 cm/sec ,

To assess the impact of incompleteness at the lower intensity levels, we have
recomputed the coefficients of Eq. (4-6) using U.S. data without the 10

2cm/sec cutoff. We found

in(a) = -1.69 + 0.86 I, (4-8)

if MM IV-X data are included and

in(a) = -2.32 + 0.96 I, (4-9)

if only MM V-X data are used.

Equations (4-3), (4-4), (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
based on the Murphy and O'Brien data for the U.S. shown on Fig. 4-4. A value
of 1000 cm/sec2 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 imp:cve this correlation. For example, studies show that the residuals of
GMP-I, r elations are strongly correlated with distance. This leads
naturally to regressions of the form

in(a) = C1+C2 InR + C3 I, (4-10)

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

in(a) = 1.45 - 0.359 inR + 0 68 I, (4-11)
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and for soft sites

in(a) = 2.01 - 0.313 InR + 0.51 I, (4-12)

In our earlier study (Bernreuter 1981a) we found

in(a) = 1.79 - 0.323 InR + 0 57 I, (4-13)

Eq. (4-13) was obtained using the Cal Tech data set without regard to site
type. It is in general agreement with McGuire's results, falling somewhere
between his predictions for sof t and medium sites. Neither Murphy and
O'Brien, Trifunac, nor Trifunac and Brady considered a regression of the form
of Eq. (4-10).

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

in(a) = C1+C2 M+C3 I, (4-14)

We evaluated the coefficients of Eq. (4-14) using a mo6ification of the Cal
Tech data set and a weighted regression analysis to obtain

in(a) = 0.96 - 0.13Mt + 0 63 I, (4-15)

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

,

In(a) = C1+CM+C3 InR + C4 I,2

They found for U.S. accelerations greater than 10 cm/sec2

j In(a) = 1.38 + 0 55M - 0.68 inR + 0 32I, (4-16)
'

|
!

The magnitude used is assumed to be M .t
.

Battis (1981) introduced a different approach for using intensity data to
develop a relation between GMP and site intensity. Battis assumed that the !

radius of the felt area of earthquakes could be defined by a constant level of I

2acceleration equal to 6 cm/sec . This value was based on his extrapolation
of the results of Trifunac and Brady (1975).

Combined Models

To get the required relation between the CMP, magnitude, and distance
applicable in the EUS, we must combine an intensity attenuation relation with
an expression relating GMP to I . As outlined above, there are a number ofs
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cuch combinations - each with their own assets and liabilities. The
difference between the different intensity attenuation relations was

illustrated in Fig. 4-2. To evaluate the difference between the various
GMP-I, relations we chose the modified Cupta-Nuttli curve shown in' Fig.
4-2. It more or less represents an " average" between the different intensity
cttenuation relations. We combine the modified Cupta-Nuttli relation with
Eqs. (4-3), (4-6) and (4-9) to develop three relations which approximately
bound the different regression analysis results and assumptions. That is, we
combine the different relations of the form

in(a) = C1+C2 I (4-17)s

with the modified Cupta-Nuttli relation

I ~I = 3 2 - 0.0011R - 1.17 inR (4-18)s o

to obtain

In(a) = C1+C(lo + 3 2 - 0 0011R - 1.17 inR) (4-19)2

Figure 4-6 shows this comparison for epicentral intensities of V, Vll and 1X.
This figure indicates that the choice of the CMP-1, relation has an
important effect on both the rate of attenuation and how the ground motion
ccales with earthquakes of larger epicentral intensity - both being controlled
by the coefficient C2 of the I term in Eq. (4-17). To a large extent thes
coefficient C is controlled by what data is included or excluded in the2
lower intensity ranges.

To illustrate the impact of " unweighted", " distance weighted" and
" magnitude weighted" relations, we have compared the results using the
codified Cupta-Nuttli attenuation model with the CMP-I, acceleration
relations given by Eqs. (4-4), (4-13), and (4-15). We use this set because
all three regressions were performed using approximately the same data base.
In making the required substitutions, we obtain

In(a) = Cy+C3 4g+C2 (I + 3.2 .00llR - 1.17 inR) (4-20)InR + C
o

there the coef ficients Ci are obtained from the regression between site
intensity and PCA.

A problem occurs here in making a comparison between Eq. (4-15) and either Eq.
(4-13) or Eq. (4-4) because Eq. (4-15) uses ML while the other two relations
cre in terms of epicentral intensity. Some relation must be used to translate

in the EUS. This is normally done in a twoMg into the appropriate Io

|
,
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step process. First the Mg is converted to an equivalent EUS abts and
then the abtg is converted to an equivalent l . As discussed earIler, ito
appears that

.

ML N ablg

and in the past the relation

lo = 2mbtg - 3.5 (4-21)

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. (4-4), (4-13) and (4-15) with Eq. (4-18), the modified Cupta-Nutt11
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 Nutt11 and Herrmann (1978).
They combined the relation

I, - Io = 3 1 - 1.07 inR (4-22)

which they felt approximates the Cupta-Nutt11 relation, with Eqs. (4-16) and
(4-21) and a f ree parameter. The use of Eq. (4-16) makes this essentially a
" magnitude-and distance-weighted" approach. The f ree parameter was evaluated
using judgment and available EUS data to obtain

In(s) = 1.47 + 1.2 abLs - 1.02 InRI R > 15 km (4-23)

Battis (1981) assumed the model

In(a) = Cg + C2 M+C3 In(R + 25) (4-24)

M = appropriate magnitude scale
R = epicentral distance

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
some epicentral intensity. In the "far field," at the limit of the felt area,
he assumed that the ground motion is tge same for all regions and mises ofTo obtain relations for both theearthquakes, using a value of 6 cm/sec .
central U.S. and the WUS, he used McGuire's (1974) relation to get PGA
estimates at R = 10 km as a function of M . He used the relation betweent

; Mg and ab derived by Brasee (1976) for California,

"b = 1.28 + 0 75 Mg, (4-25)'
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and,Israzee's relation between ab and I o,

mb=28 .+ 0.37 I , (4-26)o
_

k

to relate the parameters Mg, mb and Io for the WUS.

Battis,. developed an approx}rnate . relation for the radius of felt area for the
WUS. For the Central U.S' , he used the relation.

s
'

ab = 2.6 + O.75 I (4-27)o

and determined the 41 stance of the felt area using Nutt11 and Zolweg's (1974)
relation between tLe felc .iro and mb

inRf = -6.23 4 3.41 mb - 0.2 mh (4-28)
,

He evaluted th$ coefficients of Eq. (4-24).using a least squares process and
obtained .

. .

-In(a) = 3.16 + 1.24 mb - 1.24 in(R + 25) (4-29)

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

In(ay a 5.83 + 1.21 ab - 2 08 J n(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 Io = VII
Eq. (4-26) results in m3 values that nre 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 attena.stion of intensity on four New England
earthquakes ranging in magnitude fron; 3.5 to 5 8. WGC used Eq. (4-11)
(distance weighting) to convert froni site intensity to ground motion. They
note"d'that becduse of the 'small range of magnitudes of the earthquakes

! involved that the scaling with magnitude determined by the regression analysis
I was unreliable. To aedount..for this, they^ changed the coefficient of ab

from the value of 0.7 determined from the regression to 1.1 and readjusted the
constant so that the rodel with the 1 1. elope agreed with the 0.7 slope model
at mb'= 4.875. Their resultant model is given by -

In(a-) = 1.4 7 + 1.1 mb - 0 88 inR - 0 0017R (4-31)

The Nutt11-Herrmann model, Eci. (4-23), the Battia 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 magnitucd-weighted model, Eqs.c(4-15) and (4-20) expressed
in terms of tab through Eq.'(4-21),

.I
.

s. t
'

In(a) = Os77 t 1.13 ab - 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 I

category D-1 includes those semi-empirical 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 dif ferences '

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.

Nuttli (1979) assumes that

CMP (R) = A R-5/6 exp( yR) (4-33)o

where y is a regional absorption coefficient. Eq. (4-33) is a theoretical
attenuation curve for Lg waves.

Nuttli further assumes that

log A a 0.5mbmax

log Vmax = 1.0mb -

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. Nuttli also assumes that the
predominate frequency of the ground motion for identical magnitude earthquakes
is the same between the two regions.

The constant A in Eq. (4-33) was assumed to be proportional to mb aso
given in the above relations and calibrated using the San Fernando
earthquake, The appropriate absorption coefficient for the central US was
taken from Nutt11 and Dwyer (1978). Nuttli's (1979) model is given by the
following equations:

In(a) = 1.481 + 1.15 mb YR - 5/6 In(R)
~

(4-34)

where y = 0.0136 - 0.00172 mb

j In addition to Nuttli'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 Nuttli and Herrmann (1981). Aglermissen et al. do not

indicate what relation they used to go from m3 to M *s

C-32
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In developing the SSMRP model we started with Nuttli's (1979) suggestion that

CMP = A (mb) R-5/6 exp( y R) (4-35)o

Nuttli suggested that A (mb) could be determined from WUS data using theo
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) (Mt>
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 mb appropriate for the EUS (or an estimate of
this value) was used for the measure of the size of the earthquakes. We4

determined the best fit relation

In(a) = 3.99 + 0.59 mb - 5/6 InR - 0.007R (4-36)
,

where

R2 = [d2 + h )l/22

h = 5.3

and d is the shortest distance between the site and the surface projec. tion 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

1

In(a) = 3.99 + 0.59 mb - 5/6 InR - 0 003 R (4-37)

where
1

R2 = [d2 + h jl/22

h = 5.3

C:mpbell (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

, In(a) = a + bM - d in[R + C(M)] - YR (4-38)
!

I

|

|
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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 p'roportional 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) = C1 exp(C M) (4-39)2

Eq. (4-38) differs from Nuttli's relationship (Eq. 4-34) 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 Nutt11 (1979) in the WUS to establish y, f rom which'

he developed the relation

2yyys = 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 em/s2 in terms of fault distance:

In(a) = 2.64 + 0.79M - 0.862 in [R + 0.0286 exp(0.778M)] - yR (4-41)

with a standard error of In(a) of 0.409.

The results of the regression analysis for epicentral distance yielded the
, following expression for the median value of peak acceleration:
|

In(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 ze'ro. The standard error of In(a) was
found to be 0.548.

Since the standard measure for earthquake size in the CUS is 8b, Campbell's
application of Eqs. (4-41) and (4-42) to this region required a conversion
from ab to M, the magnitude scale used in the development of these
relationships. The magnitude scale used in the above equations was defined as
M when both M and Mt were larger than 6.0 and Mt when both were'

s s
below this value. Campbell used the relationships between magnitude scales
developed by Nutt11 (1979) and his definition of M to develop the following

*
conversion relation

,

1.64 ab - 3.16 (ab >_ 5.59)

1.02 mb + 0.30 (ab < 5.59)

An appropriate ground motion model for the CUS was obtained by substituting
values of y for the CUS proposed by Nutt11 (1979) using the expression

2YCUS = 0.023 - 0.0048M + 0.00028 M (4_44)

4

This analysis was later revised by Campbell (1982) using a frequency dependent,

expression for y of the form

i= (4-45)
UQT TUoo

where T is the period of the wave, U inw the group velocity, Qo is a
; reference value for the quality factor Q, T is a reference value foro

period, and n is defined by the expression

(T i n
Q=Q, (4-46)

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

-0.229 + 0.0650M + (0.000556M - 0.00172)R (M > 7.0)
-

T= (4-47)
-0.043 + 0.0382M + (0.000556M - 0.00172)R (M < 7.0)

An expression for y appropriate for California was obtained by substituting
i the values Qo = 150, n = 0.55, U = 3.5 km/sec and To = 1 sec. into Eq.

(4-45) based on the regionalization 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):

|

| In(a) = -4.290 + 0.777M - 0.797 in[R + 0.012 exp(0.8991)] - p (4-48)
|
\
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,

,
where R is fault distance as defined previously. The standard error for in(a)

4 .in this analysis was 0.405.

j While Campbell only applied Eq. (4-48) 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 Qo and n from Singh and
i Herrmann (1983) (or some other source if appropriate) and selecting an
8

appropriate value or relation for the predominant period of PGA. Then y may
be estimated from Eq. (4-45) and substituted into Eq. (4-48) to estimate PGA.
A conversion between M and ab may be taken from Eq. (4-43) or from more

{ current relations proposed by Nutt11 (1983 a,b).

{ Figure 4-11 compares Campbell's Eqs. (4-41) and (4-42) and the SSMRP model
_ ,

j given by Eq. (4-37) for an ab of 4.25, 5.25, and 6.25. In asking this plot
j several items need to be noted. First, Eq. (4.37) is plotted as a function of
i the distance R. This is consistent with the distance R in Eq. (4-38) for EUS

earthquakes where earthquakes do not rupture to the surface. In Fig. 4-11 the*

epicentral distance R in Eq. (4-42) is different than either of the other two'

,

j 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

i strong ground motion, the reader is referred to Appendices B and C and Shakal ~
j and Bernreuter (1981). Second, it should be noted that we have extrapolated

j beyond the data to plot the curves for ab = 4.25. However, as an extended
i 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.

j As can be seen from Fig 4-11 there is s' considerable difference between all ;
j three models. One notable difference is how the ground motion scales with
! magnitude. For Eqs. (4-41) and (4-42) the ab was converted to the magnitude
i, M used by Campbell based on Eq. (4-43).-
; .

,

: This is believed to contribute to the differences in the magnitude scaling- !.

! properties of Eq. (4-37) and Eqs. - (4-41) and (4-42). In the SSMRP model it |

was assumed that Mt = abL whereas for the Campbell models M was
.

>

| determinedusingthemagn$tudeconversionrelationsdevelopedbyNutt11(1979)
( resulting in an ab approximately 0.3 to 0.4 units smaller than M . In

~

t
i order to see what impact this might have on the results we replot Campbell's

( codels on Fig. 4-12 using M = *b (Note: this is only strictly valid for M *

< 6.0 where M = M ). As seen from Fig. 4-12 the scaling of PGA withL
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 leportant consideration-in the development of a ground motion
codel 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. Nutt11 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. Nuttli. Figure 4-13
compares Nutt11's (App. C-A) mode 1~ with his 1979 model given by Eq. (4-34).

I l
|

|
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E E Campbell's Epicentral Model (4-41)
C C Campbell's Closest Approach (4-42)

SSMRP Model (4-35)* *
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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 anelastic attenuation in the App.,

C-A model.
i

Figure 4-14 compares Campbell's epicentral model, Eq. (4-42), the SSMRP model,
. Eq. (4-37), Nuttli's App. C-A model and the Intensity Based Magnitude-
1 Weighted Model, Eq. (4-32). The models of Campbell and Nutt11 are very

similar, except for differences in anclastic attenuation at the smaller
magnitudes. The SSNRF model exhibits substantially less magnitude scaling and
the magnitude-weighted model exhibits substantially less attenuation than the
other models.,

3 To facilitate making additional comparisons we have provided you with clear
i overlays of several of the key figures.

i
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5.0 REVIEW OF VELOCITY AND SPECTRAL N0DELS

Caly a few of the investigators referenced in Section 4 have developed scaling
r lationships for peak velocity and response spectral ordinates. This creates
o 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 Secticn
7 for a list of available models.

Of all the investigations referred to Jn Section 4 only three present models
f r response spectral ordinates. Two of these, the " distance-weighted" and
" magnitude-weighted" intensity models of Bernreuter (1981b), were developed
f:r the previous SEP study. The only other available model is a "no-weighted"
intensity model based on the approach taken by Trifunac 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 8,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 notanic 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
pir.Jts). 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 recomeended by the Nuclear Regulatory Commission
(NRC) for the design of nuclear power plants is described in U. 5. Atomic
Energy Commission Regulatory guide 1.60 (USAEC 1973). This shape is based on
a statistical analysis of response spectra of strong-motion earthquakes ao
described by Newmark et al. (1973a). It is a broad-band spectrum,
c: compassing earthquakes of various stres and distances. The NRC regulatory
staf f has determined this shape to be acceptable for defining the Design
Response Spectra representing the effects of the vibratory antion of the Safe
Shutdown Earthquake (SSE), one-half the SSE, and the Operating Basis,

Earthquake (OBE) for sites underisin by either rock or soit deposits and
c;vering all f requencies of interest. They further indicate that this shape
should not be used for sites that are relatively close to the epicenter of an
ccpected earthquake or have physical characteristics that could significantly
af fect the spectral pattern of input motion, such as being underlain by poor
a:11 deposits,

C-43
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ne epectrum shape recommended in Regulatory Guide 160 was selected to
represent an 84th percentile spectrum when anchored to a median value of PCA.
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 i

probability of exceedance and to specify appropriate confidence limits. The
50th percentile (median) spectral shape consistent with Regulatory cuide 160
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 84.1% 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 84.1% amplification factors. H is 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 -

13 De 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.
|
r

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 (Nas, 1978). Spectral shapes representative
of dif ferent 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 Sgt pock 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 stif f soil conditions where the
soil depth is less than 200 f t and the soil types overlying rock are
stable deposits of sand, gravels, or stiffer clays.

Soil Profile Type 5 : Deep cohesionless or stif f clay soil conditions,2
including sites where the so11' depth exceeds 200 ft and the soil types
overlying rock are stable deposits of sands, gravels, or stif f clays.

'

Soil Profile Typa___8 : Sof t-to-medium stif f clays and sands,3
characterised by 30 f t or more of sof t-to-medium-stif f clay with or
without intervening layers of sand or other cohesionless soils.

:
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TABLE 5-1

SPECTRUM AHPLIFICATION FACTORS FOR HOR,1ZONTAL

ELASTIC RESPONSE

(Taken in Part from Newmark et al.,1973 a)

Damping One Sigma (84.1%) Median (50%)
% Critical Accel. Disp 1. Accel. Disp 1.

33 llz 9 Hz 2.5Hz 0.25 Hz 33 Hz 9 11z 2.5 Hz 0.25 Hz

0.5 1.0 4.96 5.95 3 20 1.0 3.11 3.84 2 11

2.0 1.0 3.54 4.25 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 1.41

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

N:te Maximum ground displacement is taken proportional to maximum ground
ccceleration, and is 36 in. for ground acceleration of Ig.

,

l

I
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L The spectral shapes are used by ATC in conjunction with two indeces - A,, a ;

| : parameter numerically equal to Effective Peak Acceleration (specified in units j

[ of g), and A , a parameter related to Effective Peak Velocity--in defining ay
j design response spectrum. However, the similarity of the spectral shapes to
! those recommended by Seed et al. (1976) suggests that thrv may be used in

conjunction with PGA to adequately represent ground motion spectra for use in<

' cur project. Spectra for an Effective Peak Acceleration of 0.4g (A,=0.4)*

j . and 5% damping are shown in Fig. 5.2. The value of A, 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 A, or PGA by linearly scaling Fig. 5-2 in
proportion to the desired value of acceleration. However, for relativelyr

large distances where Ay > A , ATC recommends that the velocity portion,

of the spectra (the horizontal portion in Fig. 5-2) be multiplied by the ratio:

|L of A to A ,and the remainder of the spectra extended to maintain the samey

] overall form. This takes into account the change in spectral shape that has
been observed to occur at large distances. However, the shapes remain

j_ independent of earthquake magnitude.

I
; 5.3 Newmark-Hall
i

} The response spectral shapes recommended by Newark and Hall for the seismic
j design of buildings is described in a Monograph published by The Earthquake

i Engineering Research Institute (Newmark and Hall, 1982). The development of
i 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

j 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
i 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
j acceleration, peak velocity and peak displacement, respectively. These

domains are ' defined in fig. 5-3 which gives the 84th percentile, 5%-damped,

cpectrum for a peak acceleration of 0 5g, a peak velocity of 61 cm/sec, and a
,

|
peak displacement of 45'em. 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
( cpectrum.
: '

( 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 ior competent soil conditions and a v/a ratio'of 36 in/sec/gfor rock. Peak displacement (d) may be estimated by taking- the ratio ad/v
to equal-about 6.0. The recommendation concerning v/s will be followed when

:

l
i

.

4
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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. i

A comparison of the three median spectral shapes for a PCA of Ig, and a
damping value of 5% may be found in Fig. 5-4 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 soll
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 (S ) and deep soils (S ) appear in Fig. 5-4 The ATC1 2
spectra are found to bracket both the site-independent Modified Reg. Guide
1.60 spectrum and the soil spectrum of Newmark-Hall.

.

1

1

l
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TABLE 5-2

SPECTRUM AMPLIFICATION FACTORS FOR HORIZONTAL ELASTIC RESPONSE
<

e

(Newmark and Hall, 1982)

1

q'
<

Damping, One Sigma (84.1%) Median (50%)

% Critical A V D A V D

0.5 5.10 3.84 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

3 3.24 2.64 2.24 2.46 1.86 1.52

5 2.71 2.30 2.01 2.12 1.65 1.39

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

20 1.26 1.37 1.38 1.17 1.08 1.01
i

i

a
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6.0. EASTERN If.S STRONC-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 ab 3. 3 0. J
The recent New Brunswick af tershocks and Cara, New Hampshire earthquake 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 pCA,
listed in Table 6-1, with the ground motion model of Nutt11 App. C-A. Fig.
6-1 presents data f rom the New Brunswick af tershock of March 31, 1982
(mb=4.8), Fig. 6-2 presents data from the Casa, N.H., earthquake (mb "
4.7), and Fig. 6-3 presents data from four New Brunswick af tershocks of ab "
4.0-4.6.

!

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.

j 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.

1

I i

'

J
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Instrument Pe96f tudd Arp ca.
Date 4 Location Loc. 4 Depth (Isence Coop (, V,,, Reference 4 pesarks

(tel (cm/s 4 (tm/l)
I __, ,

,

'
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Table 6-1 (Continued)
,

$

i -

DATA FROM EUS EARTHQUAKES LARGER THAN MAGEITUDE 3.0

instroent Magnitude Approx.
,

Date 8 Location Loc. 8 Depth. Distance Comp - Y,,, Refnence & Remarks*

(km) (cm/s. 2) gg,j,)
-

::

.

% k

Wappapello 5.0 150 S38W 10 _

Das No ' U=12 Down 5

Rt. Toe $52E 12.

Right 150 S%W 6

Crest Down 5 -

SS2E 6
'

- -

,

__ ,

I/25/76 Ackabutte, 4.5 99 JS28W 10
'

' ~
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Lef t Toe 'D=14 562E 5 w

- t
'
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Table 6-1 (Contir.ued) ~

l
DATA FROM EUS EARTHQUAKES LARGER THAN MAGNITUDE 3.0

Instrument Magnitude Approx.
Date & Location Loc. 8 Depth Distance Comp (,2; V,,, Reference 8 Remarks

1(km) (cm/s (c,f,)

f

3/31/82 Holmes 4.8 6 L 178 1.3 Weichert et al (1982)
New Brunswick Lake V 151 0.5

T 340 1.4

Mitchell 4 L 149 1.8 The acceleration
Lake Rd. V 571 2.9 values given are

T 230 1.9 corrected values and
are often
significantly

Loggie 6 L 292 1.8 higher than the raw
Lodge V 302 1.8 uncorrected records.

T 564 4.1

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 ,8 Location Loc. 8 Depth Distance Comp A,,, V,,, Reference & Remart s

(km) (cm/s ) (cm/s)
1

Indian 3 L 417 2.7
Brook V 144 0.9

T 405 3.11

Bear Lakes 12 L 58 0.4 These are shallow
V earthqi.akes witn.- -

T 138 1.1 depths of 0--4 km

4/2/82 Mitchell 4.3 4 L (|,6 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

1

Instrument Magnitude Approx.
Date & Location Loc. 4 Depth Distance Comp (,2 V,,, Reference & Remarks

(km) (cm/s 3 gg,j,)
i

Bear 12 L - -

Lakes V - -

T 44 0.4

4/11/82 Bear 1.1 12 T 77 0.5 Late Trigger
Lakes

4/28/82 Holmes 3.4 6 L 74 0.3 Late Trigger
Lake V 41 0.2

T 56 0.3

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 C6mp (, V,,, Referme & Remarks

(km) (cm/s ) (cm/s)

f

5/6/82 Holms 4.0 6 L 42 0.3 Weichert et al. (1982)
New Brunswick Lake Y 24 0.2

T 71 0.7 Late Trigger,

Mitchell 4 L 54 0.4
Lk. Rd. T 176 0.6

Y 33 0.2

Loggie 7 L 115 1.4
Lodge Y 66 0.7

T 146 1.8

Table continued on next page-
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Table 6-1 (Continued)
f

DATA FROM EUS EARTHQUAKES LARGER THAN MAGNITUDE 3.0

Instrument Magnitude Approx.
Date & Location Loc. & Depth Distance Comp

A,,,2)
V,,, Reference & Remarks

(km) (cm/s (cm/s)
I

7/28/82 Indian 3.7 1 L 300

Brook V. .- 180 - ,

T 230

4 6/16/82 Mitchell 4.6 25 L 48 0.3
New Brunswick Lake Rd. Y 26 0.2

T 10 0.08,

Indian 27 L 15- 0.2
Brook V 27- . 0. 2

T 17 0.1

i Table continued on next page
!

:
I

!
-

;.
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Table 6-1 (Continued)

DATA FROM EUS EARTHQUAKES LARGER THAN MAGNITUDE 3.0

Instrument Magnitude Approx.
Reference & RemarksDate & Location Loc. & Depth Distance Comp

(km) .A"8* 2)
max

(cm/s (cm/s)

I

'Nao Brunswick 7A 3.5 8 Y 83 0.4 Cranswick et. al

1/17/82 D=3.5 HI 83 1.2 (1982)

13:33:56.2GMT H2 60 0.9 A number of recordings

BA 10 V 18 0.1 were made for small
~

H1 18 0.2 earthquakes. Only the
H2 14 0.2 largest for which an

estimate of the
magnitude is
available, is listed

i

1/19/82 Franklin 4.7 8 L 288 Toksoz (1982) and

Geza, NH Falls Das D=5 V 173 digitized records

Abu t.' T 540 obtained from the NRC
4

Franklin 8 L 141

- Falls Das V 271

Downstream T 378

!

i

Table continued on next page

I

i

!
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Table 6-1 (Continued)

DATA FROM EUS EARTHQUAKES LARGER THAN MAGNITUDE 3.0

Instrument Magnitude Approx.
Date & Location Loc. 4 Depth Distance Comp (, V,,, Reference & Remarks'

(km) (cm/s ) (cm/s),

i

F anklin 8 L 124

Falls Das V 114

Crest T 307

1

Union 60 L 37

. Villa 9e V 29

Das Down- T 23

stream

Abutment 60 L 9

Y 6

T 8

Crest 60 L 22

V 23;

j T 25
,

.

Table continued on next page

|

|

,-
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Table 6-1 (Continued)
!

DATA FROM EUS EARTHQUAKES LARGER THAN MAGNITUDE 3.0

9

|
Instrument Magnitude Approx.

Date & Location Loc. & Depth Distance Comp (, V ,, Reference & R m rksg

(km) (cm/s ) (cm/s)

North Hart 61 L 11

Das Abut. V 4
'

0 T 7

Crest 61 L 37
,

'

V 16

T 38

| N. Spring- 76 L 31
3 field Das y 14

Downstream T 23
*

.

Crest 76 L. 24
'

Y 22

T- 22

l.

,

,

'

!

|
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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 (mb." 4*0)*
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7.0 QUESTIONNAIRE
i

; 7.1 INTRODUCTION
4

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 PCA, of
j EUS ground motion models which we veuld 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 grcund 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 combinatsoa of'

I
o an intensity-attenuation relation Is = F(I ,P), which

>

o
relates site intensity to source intensity, and,

:

| o a ground motion parameter-site intensity relation, GMP =
j G(I ,M,R) which re}ates grourd motion parameters to site

_

| intensity and, perhaps, other earthquake characteristics such
: as magnitude and distance.
|
| 2. Direct Models
i

i Models based on using available data to model directly the ground'

notion 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-a exp (-f)

where y is the absorption coefficient and K(M) is a scale factor
which is often expressed as a function of magnitude.

i The former category, the Intensity Based Models, have been subdivided into
five subcategories:

;
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1-1. No Weighting: model combinations |

|
.

I = F(I ,R) Is o
GMP = C(I )s <

in which the ground motion parameter is related to site intensity
only.<

1-2. Distance Weighting: model combinations

I, = F(I ,R)o
GMP = G(I ,R)s

in which the ground motion parameter is related to site intensity
and source-to-site distance.

1-3. Magnitude Weighting: model combinations

I, = F(I ,R)o
CMP = G(I sM)s

in which the ground motion parameter is related to site intensity
and source magnitude.

1-4. Magnitude and Distance Weighting: model combina' ionst

I, = F(I ,R)o
CMP = C(l ,M,R)a

in which the ground motion parameter is related to site intensity,
source magnitude, and source-to-site distance.

1-5. Semi-Empirical: models

CMP = 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 1-4 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:
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;

o models in which only the absorption coefficient y (or the quality i

factor Q) is assumed to be 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 the3

| peak-ground acceleration PGA. Ideally, for each of these there would be a
corresponding model for PCV and a corresponding set of spectra models.

; Unfortunately, not all PGA models have a corresponding model for PGV and there
i 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 seismicity within a zone, the earthquake size is
expressed 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
i motion models. 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. Af ter consideration of the alternatives, we have
chosen to make this conversion at the ground motion level. Thus, it ise

!. necessary to express each ground motion model in terms of both epicentral
4' 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 exrressed 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 separete set of acdels for *

: intensity and magnitude.
$

Another issue which must be addressed in the selection of ground action medels
is the question of the' distance measure. Our hazard analysis is based on

| treating earthquakes as point sources so that the distance P in the ground
motion model is treated as an epicentral distance. It must be recognized that,

[ some of the ground motion models are based on fault distance rather than
! epicentral distance. Thus, our treatment of R as epicentral distance may
[ influence your choice of appropriate models. See Section 1 0 for additional
j discussion.on this issue.'.

Finally, as discussed in Section 2.4, 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, Lgiven 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 GMPi

'

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 fit is important to

:
|. --C-75 4
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recognize that the standard deviation associated with a specific ground motion
model usually has both a random variation component as well 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 (mb). It should be noted that (as discussed
in Section 3.4) we are assuming mbtg and mb.to be essentially equivalent.
For simplicity we use the term mb even though most of the magnitudes in the
catalogs are in fact mbLg*

Weighing the merits of using all the models available to describe ground
motion versur (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 f or eliciting your opinion about the grcund motion models.

We have divided the ground motion models into seven subcategorien 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:

' For peak ground acceleration and peak ground velocity,

Select from among all the models the one model which you considero
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.)

l 1

For each of the seven (7) classes of models identified above, select io
the most appropriate model within the subcategory. Assign a j
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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i

( <

|_ The " level of confidence" we ask you to express for e.ach model is considered
[ .to reflect your degree of belief that the data, the modeling process, .your
i knowledge of seismic attenuation and ground motion and any other relevant

information supports the use of the specific model to describe ground motion
: .within the given region. We expect that your " level of confidence" will
J reflect, to some degree, your opinions about the use of each of the different

: types of models (based .cnt different modeling philosophies) for modeling ground
. motion. At a later date we will ask you to provide weights for all of the
models (including any that different panel members may suggest).

,

For the spectra models,

!
Select the set (one for each frequency) of models which you considerj o
most appropriate.

4

: o Assign a relative " level of confidence" to each of the.models

j (Note: a zero level of confidence is acceptable).

:
j 7.3 MODELS ,

1

'7.3.1 Peak Ground Acceleration
!

I. Intensity Based Models

{ Except for the models in Subcategory I-5, a ground' notion model- is
'

a conbination of (a) an intensity-attenuation model and (b) a; .

ground motion parameter-site intensity model. The latter.models
I form the basir of the Subcategories I-l through I-4, The.former
,

models are:
a

I A1. Bollinger (Charleston, South Carolina earthquake)
1

j' I, = 2.87 + Io - 0.00052R l.25 in R , R > 10
1

Is"I , R < 10'o

j A2. - Bollinger (Giles County, Virginia earthquake)
| I, = O.35 + I - 0.0038R - 0.34 in R

'

o
'

A3. Modified Gupta-Nutt11 (Central U.S.)
I, = 3.2 + I - 0.0011R - 1.17 in R . R > 15.o

i

I, = I , R < 15o.

i A4. LLNL (Southern Illinois earthquake)'

|
I, = 0 3 5 + I - 0 0046R - 0.31 In R.o

A5. Weston Geophysical Corporation (0ssippee earthquake)
I, = 0.441 + I - 0.004R - 0.67 in Ro

!

|

|
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1

,

Subcategory I-1. No Weighting (Equation number from Section 4)

i Gil. LLNL (1983) (Eq . 4-8)
In(a) = -1.69 + 0.86 I, j

|

G12. LLNL (1983) (Eq. 4-9)

In(a) = -2.32 + 0.96 Is

G13. McGuire (1977) (Eqs. 4-3 and 4-7)
- 0.83 + 0.85 I, (medium sites)

In(a) =
0.27 + 0.6 I, (soft sites)

G14. Trifunac and Brady (1975) (Eq. 4-5)
* In(a) = 0.032 + 0.69 I,

G15. Murphy and O'Brien (1977) (Eq. 4-6)
In(a) = 0.58 + 0.58 I,>

'

G16. Trifunac (1976) (Eq. 4-4)

in(a) = -0.19 + 0.67 Is + 0.33S,

S = 0 (alluvium)
S = 1 (intermediate rock sites)
S = 2 (basement rock sites)

f Subcategory I-2. Distance Weighting

G21. Bernreuter (1981a) (Eq . 4-13 )
In(a) = 1.79 + 0.57 I, - 0.323 in R*

"

G22. McGuire (1977) (Eqs. 4-11 and
j 4-12)
i 1.45 + 0.68 I, - 0 359 In R (medium sites)

In(a) =,

2.01 + 0.51 I - 0.313 in R (soft sites)s

Subcategory I-3. Magnitude Weighting

G31. Bernreuter (1981a) (Eq . 4-15)
In(a) = 0.96 + 0.63 I, - 0.13 ML

Subcategory I-4. Magnitude and Distance Weighting

G41. Murphy and O'Brien (1978) (Eq . 4-16)
in(a) = 1.38 + 0.32 I, + 0.55 Mt - 0.68.1n Ri

Subcategory I-5. Semi-Empirical'

GSI. Battis (1981) (Eq. 4-29)
In(a) = 3.16 + 1.24 ab - 1.24 in (R + 25).
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G52. Nuttli and Herrmann (1978) (Eq. 4-23)
In(a) = 1,47 + 1.2 abLg - 1.02 In R; R> 15 km

G53. Weston Geophysical Corp. (Eq. 4-31)
In(a) = 1.47 + 1.1 mb - 0.0017R - 0.88 in R,

II. Direct Models

Subcategory II-1. y Variable

Dll. Campbell (1981b) ( . 4-41)
In(a)=2.64+0.79M-(0.023-0.0048M+0.00028Mg)R

- 0.862 In [R + 0.0286 exp(0.778M)]
where R = closest distance to fault rupture

D12. Campbell (1981b) (Eq. 4-42)
2In(a) = 4.39 + 0.922M - 0.023R + 0.0048R!i - 0.00028RM

-1.27 in (R + 25.7)
where R is epicentral distance, and for both Dll and D12

1.02 ab + 0.30 (mb < 5.59)
M=

1.64 mb - 3.16 (mb >_ 5.59)

D13. Campbell (1982) (Eq. 4-48)'

in(a) = -4.29 + 0.777M - 0.797 In[R + 0.012 exp(0.898M)] -p
where R = closest distance to fault rupture and
Y = frequency-dependent absorption coefficient (e.g. Singh

and Herrmann,1983)

D14. Nuttli (1979) (Eq. 4-34)
Inl(a) = 1.481 + 1.15 mb - (0.0136 - 0.00172 ab)F

- 0.833 In R

D15. SSMRP ( Eq . 4-37)
In(a) = 3.99 + 0.59 mb - 0 003 (R2 + 28.09)l/2

- 0 833 In (R2 + 28.09)l/2
where R = closest distance to surface projection
of fault rupture.

l
Subcategory 11-2. Y and ab Variable

D21. Nuttli (App. C-A)

3.892 + 0.576 m -0.834 In [R + exp(-4.371 + 1.308 a ) !
b b

b < 4*4-0.00281 (R-1) m

In(a) =
!1.313 + 1.15 m - 0.833 in [R + exp(-7.968 + 2.100 m )lb b

b
7.4- 0.00281 (R-1) 4.4 < a #
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I

7.3.2 Peak Ground Velocity

I. Intensity-attenuation models, Al through A5 are the same as in
Section 7.3.1.

f

Subcategory I-1. No Weighting

GV11. McGuire (1977)
4

-4.02 + 0.952 I, (medium sites)
In(v) =

-1. 51 + 0. 5 43 I, (soft sites)
4

GV12. Trifunac (1976)
; In(v) = -2.25 + 0.67 I, + 0.032 S
} S = 0 (alluvium)

S = 1 (intermediate rock sites)
S = 2 (basement rock sites)

CV13. Trifunac and Brady (1975)
,

In ( v) = -1.4 5 + 0. 5 8 1,

Subcategory I-2. Distance Weighting

i CV21. Bernreuter (1981a)
1 >

In (v) = -2.94 + 0.76 I + 0.06 in Rs, .

GV22. McGuire (1977)

-3.61 + 0.923 I, - 0.064 in R (medium sites)
In(v) =

-1.11 + 0.521 I, - 0.072 In R (soft sites)
|
| Subcategory I-3. Magnitude Weighting

| CV31.- Bernreuter (1981a)
! In(v) = -2.62 + 0.51 I, + 0 17 Mg
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theategory I-4. Magnitude and Distance Weighting

(No models)

Subcategory I-5. Semi-Empirical

CV51. Nutt11 - Herrmann (1978)
in(v) = -6.72 + 2.3 ab - In R

Cv52. Western Geophysical Corporation

In(v) = -0.924 + .95 mb .0023R .765 in R
,

+ .923E1+E2

where El and E2 are random variables with mean zero and standard:

deviation or and c2 El 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-1.

| DV11. Nutt11 (1979)
This model only appears in the form of a set of curves of velocity

j versus distance and magnitude. The reader is referred to the
publication (Nutt11,1979).

)

DV12. SSMRP(a).

'

In(v) = -7.86 + 2.3 ab - CyR .835 In R
where Cy= .0076 .00099 mb

DV13. SSMRP(b)
In(v) = .963 + 1.15 ab - CvR .833 in R

Subcategory II-2.

DV21. Nutt11 (App. C-A)
= -3.11 + 1.15mb - 0.833 In [R2 + exp(-4.371 + 1.308

ab)ll/2 - 0.00122(R-1) ab i 4.4
In(v) ,

= -8.29 +2.3 ab - 0.833 in [R2 + exp(-7.968 + 2.100 mb)),

- 0.00122(R-1) 4.4 < cab < I'4
l

|
1

.

i

|
i

!
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7.3.3 Respense Spectra

RS1 - Modified Reg. Guide 1.60 (spectral-shape anchored to PGA)
RS2 NBS,1978 - ATC (sper. tral shape anc.hored e.o ECA) |
RS3 Newmark and 11a11 (1982) (spectral shape anchored to PGA and PCV)
RS4 Beinreuter (1981a): Distance-weighted model

In(SA) = C1+CI2 o + C R + C 1n R3 4
2where SA = pseudo-absolute acceleration in en/sec

Frequency (Hz) C C C Cy 2 3 4

25.0 2.35 0.55 -0.0025 -0.542
20.0 2.49 0 55 -0.0025 -0.565
12.5 2.84 0.56 -0.0026 -0.612
10.0 2.98 0.56 ' -0.0025 -0.605
5.0 2.87 0.56 -0.0026 -0.487
3.3 2.27 0.62 -0.0028 -0.433
2.5 1.60 0.65 -0.0030 -0.346
1.0 -1.21 0 816 -0.0038 -0.100
0.5 -3.19 0.886 -0.0041 0.061

RSS Bernrencer (1981a) Magnitude-weighted model

In(SA) = C3 + C !, + C R + C inRy 3 g

I

Frequency (Hz) C C C
3 2 3 4

25.0 2.67 0.59 -0.0007 -0.760
,

20.0 2.73 0.58 -0.0007 -0.761
12.5 3.04 0.57 -0.0007 ' -0.764
10.0 3.20 0.56 ' 0.0007 -0.775-

S.0 3.84 0.52 -0 0007 -0.740
3.3 3.63 0 57 -0.0007 -0.762
2.5 3.34 0.57 -0.0007 -0.719
1.0 1.23 0 71 -0.0006 -0.637
0.5 -0.34 0.74 -0.'0005 -0.536

,

i-

,
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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
within 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 i

!acceleration models, I-1 through I-5, II-1, and II-2, select the one
model within the subcategory which you consider to be most appropriate..

,

(Note: for subcacegories I-l through I-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
C ,C , .. .,Cy denote the confidence levels for the1 2
seven subgroups
o any Cg can be zero

the sum of the C 's should equal 1 0o g

Question 4. Indicate any ground motion models for PCA which were not
included in the catalogue in Section 7.3.1 and which you cor. sider
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 1-1 through I-5, II-1, and II-2, select the one model within the
subcatagory which you consider to be most appropriate (Notes for
subcatagories I-1 through I-4, this should be a pair of modeln).

|
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Question 7 For'esen of the seven subcatagories, indicate a confidence
level which you associate with that type of model. (See the Note after
Question 3) {

Question 8 Indicate any ground motion models for PCV which were not
included in the estalogue in Section 7.3.2 and which you consider

,

worthy of consideration by the panel at a future time.

7.4.3 Spectra

Responsa_for each of the~four regions and two magnitude scales,

Question 9. Among the response spectre models catalogued in Section
7.3.3, indicate the spectral shape model (or attenuation / spectra pair)
which you consider to be tt.e .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 Questio'n 3').

Question 11 Indicate any response spectra:models which were not
included in the catalogue in Section 7.3.3 and which you consider1

worthy' of consideration by the panel at ( future time.

7.4.4 Random Variation -

As discussed in Section 7.1, the_ standard deviation of the error associated,

with a model includes both a measure of the randem 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 on1'y the random
variation component be used when' making the probability calculations. Thus,4

we need to elicit your ' opinions about the magnitude of the random variation
associated with each of'the ground motion paremeters.

Since the GMF is a function. of earthquake magnitude and distance, we are,

interested in the rendom variation in GMP conditional on magnitude and
i distance. Our Eazard analysis ass'unes that the GMP random variation isJ

' 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. '

,

o
Since we will be modeling the random variation in the GMP by a lognormali

| distribution, we would like you to pt% vide your estimates of the random
| variation either in terms of.

o the standard deviation of the inGMP, a '

~

the coefficient of . variation of the GMP, 'COVo

Using Table 7.1, included in this ,Questionaire, for each of the GMP's and each
of the four regions,

X

4
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-Question 12 Give your best estimate of the random variation (either
a or COV) in the GMP at a site. |

|

Question 13 Give an interval which you believe, with a high degree of
confidence, represents the possible range of a or COV.

Question 14 Do you agree with our choice of the lognormal distribution
to describe the random variation in the GMP'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
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, 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.

<.

i

i
,

| *

| / -
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Table 7.1
(Questions 12 and 13)

Region
North South '

Parameter- N'rtheast Southeast Central Centralo
I I I I.

PGA Best Estimate: I I I I

I I I I,

Confidence Bounds: I I I |

| | | |

| | I I
PGV Best Estimate: 1 I I I

I I I I'

Confidence Bounds: 1 I I l
: I I I I

. I I I i
,

Spectra

i

i

4

I

+

|
i
|

|
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A. PEAK GROUND ACCELERATION

PEGION.

1 Northeast i Southeast i Northeentral | Southcentral I,

l MI | g | M! I mb I MMI I % | MMI i ab I
Ouestion 1 1 I I i | | | | |

"Best Estimate" Model | | | | | | | | |

Questions 2 and 3 | | | 1 | | | | |

I. Intensity Based Models I l | | | | | | |

I-1. No Weighting | | | | | | | | |
UIModelS 1( ll( ll( )l( )l( )l( 11( )l( )], , , , , , , ,

Confidence l l -| | | | | | |

I-2 Distance Weighting | | | | | | | | |

ModelsIII |( 11( ll( 11( 11( 11( 11( il I, , , , , , ,

Confidence l | | | | | | | |

I-3. Magnitude Weighting | | | | | | | .| |-
ModelsIII |( ll( )ll ll( ll( )l( )l(' )) 1, , , , , , ,

Confidence | 'l l l l 1 -1 I I

I-4 Magnitude + Distance Weighting | | | | | | | | |
OIModels |( ll( )l( }|( ll( ll( ll( )l( )l, , , , , , , ,

Confidence l i l l | | | | |

I-5. Semi-Empirical | | | | | | 1 | |

Model I I I I I | | | |

; Confidence i l | I I I I l |

II. Direct Models | | | | | | | | |

11.1. y variable I l l I i | | | 1-

Model | | | | | 1 1 | |

Confidence i i i l' | I I | |

11.2 y K(M) Variable | .I I | | 1 -| | |

Model. | | | 1 | | | | |

Confidence | | | | | | | | |-
(1) For categories 1-1 thru l-4, a ground motion model consists of (a) an

intensity-attenuation relation and (b) a PGA site intensity relation.
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8. PEAK GROUND VELOCITY

REGION
| Northeast | Southeast i Northcentral | Southcentral i
i MI | % l MI l % | MI I % | MI | % |Ovestion 5 | | | | | | | | 1

"Best Estimate" Model | | | | | | | | |3

Questions 6 and 7 | | | | | | | | |-
1. Intensity Based Models | | | | | | | | |

I-1. No Weighting | | | | | | | | |
IIIModels -|( )lf ll( )l( )|( }|( )lf )l( )), , , , , , , ,

Confidence | | | | | | | | |
I-2. Ofstance Weighting | | | | | | | | |

IIIModels |( ll( lif ll( }|( )l( )l( )) |g , , , , , , ,

Confidence | I I I I | | | 1
I-3. Magnitude Weighting | | | | | | | | |

IIIModels l( lif ll( }|( 11( 11( 11( )] |, , , , , , ,

Confidence 'l | | | | | | | |
I-4 Magnitude + Of stance Wefghting i l | | | | | | |

ModelsUI |( ll( ll( ll( ll( ll( )l( )l( )), , , , , , , ,

Confidence | | | | | | | | |
I-5. Semi-Empirical | | | | | | | | |

Model | | | | | | | | |

Confidence | | | | | | | | |
!!. Direct Models | | | | | | | | |

11.1. y variable | | | | | | | | |

Model | | | | | | | | |

Confidence | | | | 1 | | | |
4

II.2 y K(M) variable | | | | | | | 1 -1

Model | | | | | | | | |

Confidence | | | | | | | | |

(1) For categories 1-1 thru I-4, a ground motion model consists of (a) ant

intensity-attenuation relation and (b) a PGV-site intensity relation.
f

1. ,

I

I
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Question 4 Additional Peak Ground Acceleration Models

Question 8 Addf tional Peak Ground Velocity Models

!

t
,

i

1

1
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C. RESPONSE SPECTRA

REGION

Northeast | Southeast | Northcentral | Southcentral |
MMI l % I MMI | % l MMI | % | MMI I ab

Question 9 | | | | | | |

"Best Estimate" Model -| | | | | | | | |

Question 10 | | | | 1 I i | |

RSI . Reg. Guide 1.60 I | | | | | | | |

Confidence | | | | | | | | |

RS2. NBS,1978 - ATC | | | | | | | | |

Confidence i I | | | | | | |

i RS3, Newmark-Hall -l | | l. | | | | |

Confidence | | | | | | | | |

R$4 Ofstance-Weighting | | | | | | | | |

Confidence | | | | | | | | |

RSS. Magnitude. Weighting | | | ~| | | | | |

: Confidence I i | | | | | | |

i RS6 Westermo, et al. I i | | | | | | 1

Confidence | | | | | | | | |

Question 11 Additional Response Spectra Models

;

i
!

f

C-91 i



_.

D. RANDOM VARIATION

REGION

I Northeast Southeast | Northcentral | Southcentral !
Qvestions 12 and 13 ,g 3

1. Peak Ground Acceleration
|

Best Estimate
' confidence" sounds i i

Peat Ground Velocity |i

h | Il

Best Estimate ' I I I
" Confidence" Bounds i I

Response Spectra l i l;

I

Best Estimate
confidence Bounds :

Question 14
Is lognormal distribution an adequate description of random variation?
If no, what is a more appropriate distribution?

E. SELF RATING ,

iQuestion 15
|sei r-Rating:

|

3
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OTTO W. NUTTL1
pnoraSoom or OROPHYSICS

P.O. 80X SpSS. LACLEDE StA.

ST. LOUIS. MissOUMt SSISS

43149 5 k

January 24, 1983

4Ngg

Dr. Dae H. Chung, L-95
Inwrenco Livermore National Laboratory
P.O. Box 808
Livermore, CA 94550

Dear Dans

I am writin6 to offer my nuggestions an to how to handle the attenuation
probicm in LLNL'n connitivity otudy of stron6 ground motion.

My recommendation in to uno three different modola, to determino the
nennitivity of the oito ground motion to different attenuation relationn.
Model 1 would to the one used two or throo yearn earlier in the LLNL-1 ERA
study for specific cantern nuclear power plant niten. There are two reasons
for includin6 thin models firot, it will chow the connitivity to different
tource modeln in the two studien, as the attenuation relation will bo the name
for boths cecond, it in baned on intensity data, which make up the bulk of
cantorn United States data, and thun in the most empirical (relica least on
theoretical modelin6) kind of attenuation relation. The probica in that wo have
to uno data bacon from other parto of the world, primarily the wentern United
S taten, that relato M.M. intonnity to ground acceleration, velocity and displaco-
mont, and we have Good reason to nunpect that thcoo data are not directly
cpplicable to the cantern United Staten.

s
Model 2 would bo Ken Campbell'a attenuation curven for strong Ground motion

for the central United Staten. Reno curvon annume that the nourco excitation
in the name for cantern and wentorn earthquaken of a given magnitudo, but that
the anclantic attenuation in different for the two rc61onn. The idea in nimilar
to that employed by Algerminnon and Perkinn in constructin6 their hazard mapa for
the United Staten, and to that used by me in the 1979 reportKho Waterwayn Experi.
iment Station of the Corpo of En6 ncern. Ono potential prob 1cm with Campbell'n1

curven in the way ho definen ma6nitudo, i.e., ML for ML leno than 6 5 and n foraK greater than 6 5 7ho relations which I obtain for the cantorn United Staten
(3npcetral scaling paper to appear in April 198) innuo of BSSA) are

M3 = 1.0 mb - 1.15 for ab d45 '

K " 2.0 mb - 5 65 for 4 3 6mb5 7'0'J

Fcr the cantern United Glaton Bob Herrmann and I showed that ML = mb. In the
East you neldom will havo to deal with carthquakon of h 6reator than 6 5 Thero-L
fcro my cuCdontion in to uno ML (or mb) valuon with Campbell'n curven.

_

^
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Dr. Chung
January 24, 1983
pg. 2

Nodel 3 in one which has evolved from studies of Bob Herrmann and myself.
The most recent published version in my paper in the Proceedin6s of the June
1982 Earthquake Microzonation Conference. The method unes empirical studies
of mid-plate magnitudes and moments to establish spectral scaling relations,
from which a scaling law for peak 6round acceleration, velocity and displace-
ment in derived. Prequency-dependent anclastic attenuation relations are ob-
tained from measurements of cantern earthquaken by otaervatory-type'instru-
ments. The level of the attenuation curves is determined by existing central
United Staten strong-motion data, ao present|'in the Microzonation papar. Thus
Method 3 in semi-empirical, semi-theoretical. Although I am not impartial and
unbiased, I believe it representa the best exinting not of stron6 motion re-
lations for the East.

I don't believe it in advicable to attempt to distinguish between
differences of anclastic attenuation in the craton region of the central and
eastern United Staten and the accreted coastal-plain regions to the cant and
south of the Appalachian and Ouachita-Wichita Mountains. By attemptin6 to
consider this effect you would be introducing a refinement that has cmaller
consequences than thoco resultin6 from more basic uncertaintion in the
attenuation relations.

In the paper for the Microzonation meeting I presented my attenuation re-
lations only in the form of neta of curves. In the pant week I put them in
equation form. Also, baced upon material contained in my opectral scaling paper,
I have more carefully considered the problem of minimum focal depth, which
affecta the ground motion at naall epicentral dictances. Included in a figuro
showing how the 6round acceleration at near-nourco distancou chan6en with focal
depth for an mb = 5 0 carthquake. Becauso we cannot possibly estimate focal
depth for all the hinterical earthquaken, I cuC6est that in all casen you une
the attenuation curves for minimum focal depth, an in the three figures
included with thin letter (for maximum acceleration, velocity and dioplacement).
'Ihis is most conservativo, in the nenne that it will give the lar6 eat possiblo
6round motions.

Picano don't hooitato to call me if you have any questions, criticinmn,
cuggestions, or cuch.

With beat rc6ards,

Sincerely, |
W |

Otto W. Nutt11
Encionures

|
P.3, The equations and curven aro an average for varioun rock and coil types.
Probably they are mont reprenontativo of a atiff or competent noil.

1

|
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STRONC CROUND MOTION ATTENUATION RELATIONS

FOR THE CENTRAL UNITED STATES

1

Minimum Focal Depth

log hu h (km) = -0.949 + 0.284 a10 b # "b # 4*4

log 10 hah (km) = -1.730 + 0.456 ab f * "b > 4*4

Q ,(quality factor at 1 Hz) = 1000; Q(f) = 1000f .3 (f = frequency)0

-|

| Max-Acc = arf thmetic average of peaks on 2 horizontal components

*

assumed: a ,,,has a frequency of 5 Hz
v has a frequency of 1.5 Hzaax
d,,, has a frequency of 0.5 Hz

j

2
leg 10 " max (cm/sec ) = 1.69 + 0.25 a -0.833 log 10 r +h -0.00122 (r-1)j b

for ab < 4.4

2
log 10 * m x = 0.57 + 0.50 m -0.833 log 10 r +h -0.00122 (r-1)b

i for 4.4 < a # 7'4
b

2
log 10 Yeax (cm/sec) = -1.35 + 0.50 m -0.833 log r +h -0.000532 (r-1)b 10

for a # 4*4
b

; log 10 Y = -3.60 + 1.00 m -0.833 log 10 r +h -0.000532 (r-1)eax b

| for 4.4 < a
b

7*4#

!

10 d ,,(cm) = -3.43 + 0.75 a -0.833 log 1010: r -0.000244 (r-1)b
for a # 4*4

b

10 d,, = -6.81 + 1.50 m -0.833 log 10 r +h -0.000244 (r-1)10: b
for 4.4 < a # 7'4

b

where h = focal depth (in km) and r = epicentral distance (in km).
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January 18, 1983

Dr. Dae H. Chung
Lawcrence 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 (Ro + h*2)l/2 in the enclosed Figure 1. In their2

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 slot 'these data points as
crosses (+) in Figure 2. Joiner and Boore (1981D definition would lead to
the peaks plotted as circles (o) 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 R , which is a distance to a' center' of the fault sur- i

1
face we would get the points shown by asterisks,(Figure 2). It is obvious
from the geometry of Figure 2 that R <R ,R (R and (R 2o + h*2)V<R .Since we doo 1 2 1 Ii n:t know a priorf which part of the fault will contribute most to the peak
ground motions, unless LnR f t would seem reasonable to use some definition

ii

(in the mean) close to R . This effect is of course significant' only for !
f

i

sca11 R1 and as R * au definitions of distance become indistinguishable.' l
j

i
| Th]refore I believe that Joiner and Boore (1981) as well as Campbell -(1981)
i have a tendney to underestimate peak amplitudes of ground motion for small

R. This is seen from sketch in Figure 2.
|
t
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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.

Stncerely,

b.k<_ -
M. D. Trifunac

i
,

d

i

4

|
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February 3, 1983

FEB 8HU

Dr. Dae H. Chung, L-90
Lawrence Livennore National Laboratory
P. O. Box 808
Livennore, 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 a)propriate measure than distance to the center of
fault rupture (R ) for claracterizing and predicting the scaling propertiesj asof strong-motion parameters. In fact, scaling relationships based on R3
they are connonly used will lead to overestimation of peak parameters to 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 infonnation, design carthquakes are always
hypothesized to rupture that portion of the causative fauW closest
to the site and distance is alway _s 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 carthquakes are
hypothesized, the use of distance to the center of fault rupture

| will result in bverestimation of strong motion parameters in
<

situations where the fault rupture is adjacent to the site. There
l are many fault rupture confiaurations where the fault can rupture
! adjacent to the site. For all but one of these configurations,

the center of the fault rupture will not be associated with the
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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.

(3) 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 ratherthan epicentral or hypocentral distance.

(4) Earthquake modeling studies of recent earthquakes indicate that
there are multiple patches of rupture (i.e., asperities) 01 the
fault that contribute to strong ground motion and that those patches
nearest the recording station tend to dominata 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.

t

It must be emphasized that, in order for these arguments'to hold, one must
usa the' closest distance to the hypothesized fault rupture when using the
ralationship of Campbell;(1981), or'any other relationship based on closest

: distance, to predict ground motion for either deterministic or probabilistic
analyses. The use of epicentral or hypocentral distance with such a relationship.-c

in probabilistic-analyses ~will lead to the underestimation of peak amplitudes
-fcr a given return period. However, if the proper distance measure is used,
then the use of such a relationship can appropriatelylead to smaller

.

probabilistic4 estimates'because of the smaller standard error associated with
th; 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 characteriking
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,

If a
Kenneth W. Campbell

KWC:cas

cc: Dave Boore
Leon Reiter
M. D. Trifunac

.
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i
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APPENDIX D

Seismic Hazard Analysis Calculations

D.1 Introduction
,

Seismic hazard at a site is usually quantified through seismic hazard curves
for the peak values of ground motion parameters, e.g. peak ground
acceleration, at the site. The seismic hazard curve is a description of the
probability during a given period of time, e.g., per year, that one or more
earthquakes occur which result in the peak, over the duration of the
earthquake, value of the ground motion parameter at the site exceeding the
value a, given as a function of a. Figure D.1 illustrates a typical hazard
curve for the peak ground acceleration (PGA) at a site shown on a logarithm
scale, where the commonly used notation A > a refers to the event that one
or more earthquakes occur resulting in the PGA at the site exceeding a

2.(cm/sec ). It should be noted that the event A > a is equivalent to the
event that the maximum, over all earthquakes, PGA is greater than a.

!

,
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Figure D.1 Typical Seismic Hazard ~ Curve
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Evaluation of the seismic hazard curve at a site typically involves four steps:

o Identification of seismic sources.
Specification of the seismicity for each source.o

o Specification of an attenuation / ground motion model.
Evaluation of the hazard curve or hazard spectrum.o

For the Eastern United States (EUS) seismicity project steps 1 through 3 were
implemented by the formation of two panels:

4

A panel of experts familiar with geological and seismologicalo
characteristics throughout the EUS.

A panel of experts familiar with the development of attenuation /o

ground motion models used to relate ground motion parameters at a
site to characteristics of an earthquake at the source.

Opinions about the appropriate parametera and models were elicited from
nembers of the two panels in the following form:

o Seismic Sources

Seismic sources were identified by eliciting maps which partition the
EUS into zones (area, line or point sources) representing regions of
uniform seismicity in terms of occurrence rate, and range and
distribution of magnitude.

o Seismicityr

For each zone, the following seismicity information was elicited from
the experts;

Occurrence rate of earthquakes with magnitude above a minimumo
level, M = 3.75 Mo bLg or IV MMI.

Upper magnitude cutoff, M , representing the largest magnitudeo
U

expected to occur within a zone.

Distribution of magnitudes represented by a magnitude-recurrenceo
relation.

| o Attenuation /Cround Motion Model

| Weights, representing their confidence in the applicability of a
~

| model, for a catalogue of attenuation / ground motion models were
'

elicited.

Discussions about the elicitation, compilation and interpretation of the
experts' opinions are given in other sections of this report. This appendixi

will concentrate on the methodology used to evaluate the seismic hazard curve
! (cnd spectra) at a site.
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h
D.2 Philosophy of the Evaluation Methodology

Evaluation of.the seismic hazard curve at a site is based on a probabilistic
~

approach using the' experts' opinions about seismicity and ground motion to
specify models for the random events influencing the seismic hazard at a
site. The method assumes that events, such as the occurrence of earthquakes

:
within a zone, affecting ground motion at a site are subject to inherent1

physical variation and hence are properly treated as random events. Thus, the
maximum value of a ground motion parameter.expetienced at a site over a period

,

of time is a random quantity or variable. The hazard curve, or probability of;.
,

one. or more earthquakes occurring resulting in the maximum value exceeding the
| value a, is assumed to represent the likelihood, based on the inherent

variation in the physical world, that the physical conditions will exist that4

lead to the maximum value of.the ground motion parameter exceeding a. That
is, the occurrence of an earthquake is assumed to be a random event and, if an
earthquake does occur, the magnitude of theLevent and attenuation of ground'

motion from source to site are all subject"to inherent variability. Thus, the'

ground motion at a site is variable and any ground motion parameter i.s
properly considered a random variable. The seismic hazard curve is assumed to

, .

~ be a description of the probability distribution of the maximum value of the
,

ground motion parameter.

!!

| The probabilistic approach is based on modeling the physical variation by
probability distributions and using these distributions to evaluate the--
probabilities'of interest, i.e. the seismic hazard curve. However,

j characteristics of the distributions describing nature are unknown, thus the
opinions 6f the experts are elicited to estimate these characteristics. Thus,
the methodology produces an estimate of the seismic hazard curve which is
based on the opinions provided by the experts on the two panels.

f The evaluation method also recognizes that expert opinions |about seismological
i properties and ground motion models are based on limited knowledge about the

physical phenomena affecting these parameters, hence expert opinions area

j subject to uncertainty. The uncertainties associated with the experts'
; opinions do not contribute to the level of seismic hazard but do influence the

effectiveness of the evaluation process in estimating the hazard. Another,

: source of uncertainty associated with a probabilistic analysis is the choice

[ of probabilistic models used to model physical phenomena. These mathematical
models are only approximations to the real world. The choice of models is a

- matter of judgement by the analyst and, like experts' opinions about
seismicity and ground notion, are based on limited knowledge of the physical

,

world. Uncertainties associated with the choice of mathematical models is
I more difficult to assess because a comparison between different models can
: .only be made if the evaluation of seismic hazard using competing models is

actually done. This is not always possible.

-

The method for evaluating the' seismic hazard curve at a site _ involves a
. two-stage estimation process:

|

|
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o A single hazard curve, referred to as the 'best estimate' hazard
curve, is evaluated using the experts' best estimate evaluations of
seismic sources, seismicity and attenuation / ground motion models.

The uncertainty in estimating the seismic hazard due to theo

uncertainties associated with the experts' opinions is quantified by
; evaluating bounds for the seismic hazard which reflect the experts'

uncertainties. This analysis is called an ' uncertainty analysis'.

Because the elicitation process involves several experts, at times it will be
necessary to combine the information derived from several experts to evaluate
a hazard curve which reflects the combined opinions of the several experts.
The method developed for combining over experts is based on a self evaluation
by the experts of their level of expertise with regard to seismological issues
and attenuation / ground motion modeling respectively. For the seismicity
panelists the self evaluation was done for fcur regions, NE, SE, NC, SC, in
the EUS. These four self weights were combined into a single weight which was
used when combining over seismicity experts. The method of combining over
experts, essentially a weighted average, assumes that the self weights reflect
not only the experts' level of overall knowledge about seismological issues
(or attenuation / ground motion modeling) but also reflects the experts'
abilities to translate this knowledge into responses about characteristics of
probability distributions., Thus, the method assumes that the self weights are
a quantification of the expected utility of an expert's opinions for
estimating the seismic hazard. The weights for combining the self weights for
the four regions are the probabilities that the largest value at the site of
the ground motion parameter comes from each region. These probabilities, at
the site, will vary for dif ferent sites.

Although self weights were used for the present analysis, the same methods
could be used with weights derived from other sources such as weights from
peers or weights developed by the analyst or any user of the methodology. The
important criterium is that the weights should reflect some judgement of the
utility of an experts' opinions for estimating the seismic hazard. That is,
the weights should be a judgement of how well the estimated hazards, based on
the experts' opinions, can be expected to describe the real seismic hazard.

D.3 pbthematical Background and Assumptions
!

! D.3.1 Seismic Hazard Curve

! Seismic hazard at a site is quantified by the values of a ground motion
parameter, at the site, which is exceeded with a given probability in a

| epecified number of years. The mathematical development of hazard relations
will be based on peak ground acceleration (PGA) although identical relations
hold for peak ground velocity (PGV) and spectral acceleration or velocity as
well.

The parameter of interest is the probability that the PGA at the site will
cxceed a given value, a, at least once within the specified time period, t
years. This probability, expressed as a function of a and denoted P(A > a), .

D-5



is called the seismic hazard curve at the site. As noted earlier, the hazard
curve is the tail of the complement of the cumulative distribution function

'
for the random variable, the maximum, over all earthquakes, PGA at the site.

Typically, the region affecting ground motion at a site consists of a number
of seismic source zones. The seismic hazard at the site is a combination of
the hazard from all relevant sources. In addition, the value of the ground
motion parameter, e.g. peak ground acceleration, will depend on both the
distance of the source from the site as well as the magnitude of the
earthquake at its source.

The following assumptions about the occurrence of earthquakes throughout the
EUS form the basis for the probability calculations used to evaluate the
hazard curve at a site:

o For each zone, it is assumed that earthquakes could occur uniformly
at random within the zone.

o All earthquakes are assumed to be point-sources, thus the fact that
earthquakes are created by the rupture of tectonic faults of finite
length is neglected.

o The occurrence of earthquakes is assumed to be independent between
zones.

o The occurrence rate of earthquakes within a zone is considered to be
constant; its value is based on the seismic and tectonic conditions
that presently exist within the zone.

We further assume that:

o The expected number of earthquakes, A(m), occurring within a zone
of magnitude m or greater can be described by the
magnitude-recurrence relation

log A(m) = H(m) Mo < m _$ MU
'

The functional form of .H(m) is based on information elicited from the
experts.

o Given the magnitude of an earthquake at its source and the distance
1

of the site _from the source, it is assumed that the physical I

- variation in the PCA at the site is adequately described by a
lognormal probability distribution.

Given that we are interested in earthquakes with magnitudes above the minimum
magnitude M and given the assumption that earthquakes occur at randomo
throughout a zone, the number N (No).of earthquakes with magnitude greatert
than Mo occurring within a zone in a time period of length t, e.g. t years,.
is a Poisson random variable with parameter Ao, the expected number of
events with magnitude greater than Mo (occurrence rate) per unit time.

D-6
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Thus, the probability of exactly n earthquakes with magnitude greater than
M in t years is given byo

-A t

P(N (M,) = n) = ( A,t)" e n! n=0,1, ... (D.1)

The parameter A can be written as A P(M > M ) where l is theo o o o
expected number of earthquakes per unit time and P(M > M ) is theo
probability that the magnitude is greater than Mo given an earthquake

o $ m 1 M , if N (m) is theoccurs. . Similarly, for any a such that M U t
number of earthquakes of magnitude greater than m in t years

-A t

P(N (m) = n) = (A,t)" e
" n! n=0,1, ... (D.2)

where Am " A P(M > m) is the expected number of events A(m) pero
year with magnitude greater than m.

Under ~ the further assumptions that earthquakes are point sources which occur
uniformly throughout a zone, if N (r,m) is the number of earthquakes in tt
years of magnitude greater than m occurring at points in the zone which are
r(km) to r+dr(km) from the site, then N (r,m) is a Poisson random variablet
with parameter

A(m) f (r)drR

where f (r) is the density function for the distribution of the distanceR
from the site to the points within the zone. This distribution is the
proportion of a given zone located within specific ranges of distance from the
site.

Given an earthquake of magnitude greater than m a't a distance (r,r+dr) from
the site, we assume the PGA at the site is a lognormal random variable such
that the mean of the logarithm of PGA is given by the attenuation / ground
1 Lotion model which depends on m and r. We denote the conditional probability
of PGA exceeding the value a by P(A > a l m,r).

| Let N (a) denote the random variable, the number of earthquakes occurring int!

| c zone in t years such that the PGA at the site is greater than a. The
i probability that one or more earthquakes occur in a zone in t years resulting

in the PGA at the site exceeding a,-denoted P (At > a), where q indexesq
the zone, is given by

P (At > a) = P(N (a) > 1) (D.3)q t ,,

D-7
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This probability can be estimated by appealing to the Poisson distribution
with parameter

.

b
A, = f f P(A > a| m,r) fR (r) dr dA(m) (D.4)

M r>o
,

In our analysis we approximated the integral numerically by subdividing both
the distance and magnitude range.into subintervals. Distances out to 1250 km
were considered and subdivided into 18 subintervals. Details of the partition
are given in Section 2.3. Let n(rk) denote the proportion of the zone at
distances in the kth subinterval, i.e.

[ n(r ) " f f (r)dr (D.5)
' k R

r in

kth subinterval
i

Similarly, magnitudes were partitioned into subintervals of length 0 25
(Mblg) or 0.5 (MMI). Let mj, the midpoint of the jth magnitude
subinterval, be the representative value for the jth subinterval, and let

a +6

A(m ) = dA(m) (D.6)

= the expected number of earthquakes in t years with'
. magnitudes in the jth subinterval. (aj-4, mj+A)

Then

J K

A, * {. A(m ) { n(r )P(A > al a , r) (D.7)3 k k
j=1. k=1

Therefore, for source zone q,
;

i

i
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P (A #*)" q( t(*) 1 )t
. .

J K

]{} n (r )P(A > a| m ,r )}{} A (m )a 1 - exp -t (D.8)k k
jal k=1

, ,

where A ( ) and w (=) are dependent on the zone.q q

Finally, under the assumption that events between zones are independent, the
seismic hazard in t years at a site can be evaluated by

. .

P(A >a) * 1 - H 1-P (A >")t
9 ..

. .

J K

}{}l(m)) }{} n (r )P( A>a l m ,r ) (D.9)i=-1 - H exp -t k
9l j=1 k=1 1

- -

In the analysis the range of accelerations a is also discretized, thus the

hazard is actually evaluated at a finite number (10) of accelerations, ai,
i=1, . I-10.. .

D.3.2 Uniform Hazard Spectrum

The notion of a uniform hazard spectrum (UHS) is discussed in detail in ([1],
Section 5.0). However, we summarize some of the mathematical aspects relevant

I to the evaluation methodology. A uniform hazard spectrum is developed such
! that for each frequency the spectral amplitude has the same probability of

being exceeded in t years.

Based on the method outlined in the previous section, the hazard curve, i.e.
the probability that the maximum PGA per year (in t years) exceeds the value a
or the probability of exceedence, is assessed independently for'each
frequency. Assuming that the occurrence of earthquakes is a Poisson process,
for each frequency, f (assuming c = 1 year).

P(Af > a) = 1 - e-Aa (D.10)
i

where A, is the expected number of events'per year such that the peak
1

spectral acceleration at the site exceeds a. Therefore, the time between
svents such that Af > a, denoted T(Af > a), has expected value

D-9



_

RP (a) E c T(Af > a) =A (D.ll)
f

which is the return period of events such that Ag > a at the site.
Therefore the relation between the return period and the probability of
exceedence is

RP (a) = -In [1-P(Af > a)] ~f

(D.12)

a [P(Af > a)]- , for long return periods

A typical plot of the return period, on the log scale, versus a is shown in
Figure D.2 for two' frequencies. For a return period of interest, e.g., 10,000
years, the spectral PGA's corresponding to the return period are used as the
spectral amplitudes for the different frequencies f > f . * * *(9l 2
frequencies were included in the analysis).

I

D-10

. _ - _ .. .. -



_ - - - - . . . . .._. . ., . .. . . . - - - . . _ _ _ _ _ _ _ _ _ . _ . .- _

4

1

4h

t

804- $s-

,

Return

Period 3go ,

(Years)
,

t

10 *
"

.i

i

! ' -
' -

| 8e
10 0 2.0o 3o0 g, (c,m| rec )t

|
i

r

I

Figure D.2 Relationship Between Spectral Acceleration and Return Period
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D.3.3 Weights for Seismicity Experts

Both seismicity and attenuation / ground motion model information were elicited
from several experts. Thus, seismic hazard curves could be estimated using
information f rom any pair of experts - a seismic expert and a ground motion
model expert. In addition, it is necessary to combine the opinions of the
experts. This could be done at two points in the evaluation process

A consensus could be reached on a single set (or a finite collection)o
of values for the seismicity parameters as well as agreement on the
'best' attenuation / ground motion model or set of models.

The opinions of the individual experts could be used to evaluate ao
seismic hazard curve and then the resulting hazard curves could be
combined to form a combined hazard curve which represents, in some
fashion, the opinions of all the experts.

We feel it is important to retain the diversity of opinions that might have
existed between the experts, thus hazard curves were evaluated for every pair,
i.e. seismicity-ground motion pair, of experts and these were subsequently
combined to evaluate an ' average' hazard curve.

The method for combining the individual results is based on a weighted average
of the individual hazard curves or uncertainty distributions. The weights for
the attenuation model experts are the normalized values of the self-weights
the experts provided. The weights for the seismicity experts are themselves a
weighted average of the four regional self-weights provided by the experts.

Although the following development is not entirely consistent with the general
philosophy of the overall evaluation process, it does provide a convenient
basis for combining the regional self-weights for the seismicity experts into
a single 'self-veight'.

Let s index the sth seismic expert, s=1, . . ., S and let w index the wth
region, w = 1, 2, 3, 4. Also let W w denote the self-weight of expert s ins
the wth region. Let

Max (A9 ; q=1 . ..N)A =

" "
q in wth
region

be the maximum PGA at the site due to earthquakes originating in the wth
region. Based on the best estimate information from the sth expert, his

assessment of the cumulative distribution function for Aw is

D-12
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A

Q,y(a) = H [1-P (A > a)) (D.13)
q in wth
region

From a decision theoretic approach, if A is the unknown state of nature,w
Osw(a) is considered the sth expert's decision regarding predicting the
value of A . In this context W , can be considered to be the expectedv
utility for D3w(a) as a predictor of A .v

I Suppose the parameter of interest is A = max (Aw : w = 1, 2, 3, 4), the
maximum PGA at the site. Let O (a) denote"the sth expert's assessment of'

s
the cumulative distribution function of A based on the O w(a). That is,s,

D,(a) = H D, (a)
w

(D.14)
- .

,

H H 1 - P,,(A > a)=
,

w q in wth
, ,

region

Then, the expected utility for Os(a) as a predictor of A is

W P(A = A,) (D.15).

W,= ,y

where P(A = A ) is the probability that the maximum PGA at the site resultsw
f rom an earthquake originating in the wth region. The normalized value of

W, is the weight assigned to the sth seismicity expert where P(A = A,) is

[ estimated from the expert's best estimate Psy(At > a) of the
! distribution of the maximum PGA at a site due to earthquakes originating in

the wth region.

!

! An appealing feature of these weights is that the weight for an expert will be
relatively 'high' if his self-weights are highest in regions which have the
highest probability of producing the maximum PGA at a site. Conversely, an
experts' weight will be low if his highest self-veights are in regions with
low probability of producing the maximum PGA at the site.

!
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D.4 Summary of Elicitation Results - Inputs for the Evaluation Process

Detailed discussions of the elicitation, compilation and interpretation of the
experts' opinions are presented in previous sections of the report. However,
to provide continuity in the presentation of the probabilistic calculations it
is necessary to summarize the elicited opinions as they are used as inputs
into the estimation of the seismic hazard at a site.

D.4.1 Seismic Source Indentification

Each seismicity expert was asked to identify seismic sources throughout the
EUS, expressed in terms of a complete zonation of the region. Identification
of zones throughout the EUS was elicited in two forms:

:
o A 'best estimate' map, representing, in the expert's opinion, the

most appropriate zonation of the EUS.

o Alternative zonations representing the expert's uncertainty about the
zonation, produced by

o expressing a ' level of confidence' or degree of belief that a
zone should be identified as a source separate from the
surrounding area

o suggesting alternative configurations for individual zones or
clusters of zones along with a measure of degree of belief for
each configuration.

1 Using the program module COMAP the collection of all possible maps along with
the degree of belief (probability) for each map could be produced. Actually,
a maximum of 30 maps, with the highest probabilities, were inputs into the
analysis.

,

D.4.2 Seismicity Parameters
,

i
'For each zone identified on the maps for a seismicity expert estimates of the

following seismicity parameters and models were elicited

o the upper magnitude cutoff, MU - largest magnitude expected to
occur under current geologic and tectonic conditions

1
o the occurrence rate A of earthquakes with magnitude greater thano

a minimum Mo (3.75 "blg or IV MM1) - A is the expectedo
number of events per year with magnitude greater than M o,

,

o the magnitude recurrence relation,

log A(m) = H(m),

which relates the expected number of events per year with magnitudes
greater than a, A(m), to the level m.

D-14
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Information elicited about these parameters, used as inputs in the analyses,
were

Upper magnitude cutoff Mgo

o Best estimate, MU

o Bounds (MUL, % ) which represent the expert's level of
confidence in the resources he relied on to estimate M . TheU
range MUL, MUU was treated as absolute bounds for M .g
Thus we assumed that M , in the opinion of the expert, willU
not exceed MUU. Conversely, we assume it is the experts
opinion that Mg will exceed MUL'

'

o Occurrence rate, lo

o Best estimate, Ao

o Bounds (AoLe AoU) which represent his ' confidence' in
the resources used to estimate A . We treated Aot- aso
the value of which the expert is 97.5% confident, based on the
available resources, is the lowest value of Ao. Conversely,
AoU is the value which the expert is 97.5% confident is the
largest value of A .o

Magnitude (intensity) recurrence relation

A mathematical model for H(m) - all but one expert chose ao

linear model H(m) = a + bm; the only alternative was a piecewise
linear model. The model represents Log 10 [ number of
earthquakes with magnitude greater or equal to m].

l

| o The range of magnitudes (MLB, MUB), Mo 3, MLB 1 MUB f.MUUs
| over which the model is applicable.
[

Best estimates and bounds for each of the parameters in theo

model. The bounds for the coefficients were treated in the same
way as the bounds for A .o

D.4.3 Attenuation / Ground Motion Models

Elicitation of opinions about attentuation/ ground motion models war based on
providing the experts with a catalogue of models for each of the ground motion
parameters, PGA, peak ground velocity (PGV), and spectral acceleration and
velocity. Seven classes of PGA and PGV models were identified, five of which
were intensity based models and two classes which were empirically derived
models relating the ground motion parameter directly to the source
. characteristics.
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The experts were asked to express their opinions in the following form. For

each of the four regions NE, SE, NC, SC and the two magnitude scales MbLg
and MMI,

o The 'best estimate' model - the attenuation / ground motion model
which, in their opinion, best models the expected ground motion at a
site in terms of the source parameters, e.g. m, r.

o The 'best' model from each of the seven classes of models along with

their ' confidence' in each class of models.

o The best estimate and bounds for the coefficient of variation
(standard deviation of the logarithm of the ground motion parameter)

Analogous to the zonation maps, this information was summarized into a
collection of models with corresponding confidences (probabilities).

D.5 Evaluation Methodology

D.5.1 Introduction

If the parameters of the probability models, e.g. expected values, A(m), and
coefficients of the attenuation models, were all known, evaluation of the
seismic hazard curve is straightforward and would follow the mathematical
methods outlined in Section D.3. However, these parameters are not known so
they must be estimated. Values of these parameters were elicited from
experts, thus estimation of the hazard curve at a site is based on subjective
judgements. Because opinions can only be based on limited knowledge of the
physical factors affecting seismicity and attenuation of ground motion, there
are uncertainties associated with these opinions. Therefore, the methods used
to estimate a hazard curve should recognize the uncertainties associated with
the values of the parameters based on expert opinions. The uncertainties
associated with subjective assessments of physical phenomena are recognized in
the procedure used to estimate the hazard at a site. The procedure involves a
two-step estimation process:

o Evaluation of a 'best estimate' hazard curve, i.e., evaluation of a
hazard curve based on the experts' best estimates of the model

_

parameters, e.g., M s Ao -U

o Evaluation of a set of curves derived from the uncertainty in

P(At > a), for each a, attributable to the uncertainties in the
estimates of the model parameters, i.e., quantification of the
' confidence', degree of belief or level of knowledge, about the model
parameters, expressed by the experts.

The evalution process also recognizes that there is a potential difference in
the level of expertise between the members of each of the panels. Thus,
whenever estimates are combined over experts, the combined estimate is based
on weighting the estimates of the individual experts.

D-16
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A summary gralhical description of the overall estimation process is given in
Figure D.3. Although the description is given in terms of estimating a hazard
curve, comparable calculations are performed for spectral velocities which in
turn are used to estimate the uniform hazard spectrum.

D.5.2 Best Estimate Calculations

The method for evaluating the "best estimate" hazard curve is a straight-
f'orward application of the equations in Section D.3. The best estimates, as
provided by each expert, are used as the parameters of the models and
distributions needed to estimate the hazard curve at a site.

The flow chart of the seismic hazard calculations in Figure D.3 is followed in
describing the best estimate analysis:

Inputs

o Per seismicity expert, s

w = 1,2,3,4o Self weights for the four regions: W -

sw
o Best estimate map consisting of

o Zone index, q
o 6 - Identifier of regional location of qth zone

{ ,n (rk); k = 1,...K} - distribution of distanceso q
from site of points in qth zone

o Best estimate occurrence rate A for each zonecq
o Best estimate of upper magnitude cutoff MUq for each zone
o Best estimate model coefficient and range for magnitude-

recurrence model, (aq,b;MLBqs MUBq)q

o Per attenuation expert, u

o Self weights, WAu
~

l o "Best Estimate" attenuation model, G (m, r)u

o Best estimate of random variation for ground motion

| -parameter, ORu

Calculation of Probability Parameters

-o Conditional probability of PGA given magnitude m and range r,
P (A > al m, r) - derived from a lognormal distribution withu
parameters

p (m, r) = G (m, r)

s =a
u Ru
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FIGURE D.3 Summary Flow Chart of the Seismic Hazard Calculations

|

START I

IDENTIFY
SEISMICITY EXPERT (s)

Y
CALL ALEAS

o Read in inputs

Calculate necessary probability parameterso
o Evaluate best estimate (PF) hazard curve for

each attenuation expert
o Evaluate BE hazard curve combined over

attenuation experts
o Evaluate weight W for seismicity experts

Evaluate contribution ysfor each attenuation
from qth zoneo

Do uncertainty analysiso
expert

o Compute bounds for P(A > a) for all a for each
attenuation expert

o Compute bounds for P(A > a) combined over all
attenuation experts

Y
OUTPUT

RESULTS FOR
sTH SEISMICITY

EXPERT.

Y
CREATE FILE

OF RESULTS FOR
COMB

Y
ITERATE OVER
s=1,. S. .

Y
CALL COMB

o Read in inputs
o Combine BE hazard curves over all experts
o Compute bounds for P(A > a) for all a

combined over all experts

Y
OUTPUTS

o Combined BE hazard curves
o 15th, 50th and 85th percentile curves
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Expected number of events with magnitude mj (j = 1, ... J), Asq (mj)o

To assess Ahavetheocc3rr(aj)forallj=1, ..., J it is necessary to4 s~

ence rate Asq(m) identified for all a in (M ,o

MUq) where MUq is the best estimate of the upper magnitude cutoff
in the 9th zone.

,

If MLB " M , MUB 1 Uq, then ,o
_

k,(M)= Ave. 5 , 10 (M,; a , bH
q q

9

5(m)=5,q(m - A) if 10" Uq *'h)/0q qy y

where A is one-half the width of a magnitude segment created in
the discretization of the magnitude axis.

If Mo<MLB or MUB < Uq
'

for Mo1m$MLB' Asq(m) is based on a quadratic
polynomial model subject to

- .

A,q(M,) = A,qo4

, (kB 'o "

;

4

o the derivative of , (m) is continuous at m = k B
~ .-

| o for MUB < m < MUq, Asq(m) is based on the model

A,q(m) = ae b (m - q)2

subject to

A,q(MUB) = 10 (MUB ; a , b )Ho q q

the derivation of k (m) is continuous at m = Mo sq UB

A graphical illustration of the adjusted occurrence rate (m),
assuming a linear magnitude recurrence relation

log 10 A(m) = a + be

is given in Figure D.4
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Given the adjusted occurrence rate function Asq(m), the expected number of
earthquakes in the.qth zone with magnitude in the jth segment (mj - A, mj +
A), based on the'sth expert's seismicity parameters for the qth zone, is

. . .

A (m ) = Aq(m) - A) - A,q(m) + A)

Best Estimate Hazard Calculations
For each seismicity expert, s

Best estimate hazard at the site due to events in the qth zoneo
!

J K

h A,q(m ) [ n, (r ) u(A > a |m,r)auq(A > a) = 1 exp -t
k

j=1 k=1

for a = a , a2 ***' *1y

o Best estimate hazard at the site due to events over all zones in the
best estimate map

J K ,

|

h, ( A > a) = 1 - H exp -t [ A,(m)) [n (r ) h (A > a | m , r )p
9

_ j=1 k=1 )

for a = a , a2 **** "I-

y
(

Best estimate hazard at the site due to events in the 9th zone,o

combined over. attenuation experts
,

uq (^t ay {W,q (A *}"'
t l Au Au

| Iu u

o Best estimate hazard at the' site due to events over all zones in the
best estimate map, combined over attenuation experts

\ |

P,(At > a) = U { W
! Au su (^t # *) Au
Lu J u

.
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We have used the terminology "best estimate" to identify these hazard curves. !

In reality these curves are the hazard curves at a site based on specific
values, the expert's best estimates, for the inputs. Given the uncertainties 1

associated with the inputs the best estimate hazard curve is unlikely to

coincide with the best estimate of the hazard curve in the classical
statistical sense.

;

Other Calculations
o Two other calculations, in addition to the best estimate hazard

curves are:
o Per cent of hazard at a site attributable to the qth zone

.
*

P (A > a)
sq(a) = . 9

8'

y
P (A *

t
,

o Weight for sth seismicity expert
A discussion of the background for evaluating a single weight
for each seismicity expert is given in Section D.3.3. The
weight for the sth seismicity expert, W , is the weighteds
average of the self weights in the four regions, i.e.

4

,,b,(A=A,)WW,=,

w=1 -

where P (A = A,) is the estimate, based on the sth expert's best estimates
! inputs, of the probability that the maximum PGA at the site is due to an

|
earthquake originating in a zone in the wth region, which is the normalized '

value of

~
l.. . . .

P,(A = A ,) = [ H P,( A , < a )] [P,( A, < a ,1) - P,( A,1 a )( P,(A > a )g i g y
"(a '

i w/w )

.

where P,(A,< a ,1) = 1. for all w, and7

i
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P,(A < a) = H [P, (A < a)] ,a=a, ... ay y y
"

9
w=1, ..4

1 if the qth zone is in the wth region

( 0 otherwise

Note that P,(A, < a) is the probability that maximum PGA at the site due
to earthquakes from the wth region is no greater than a.

Although the best estimate calculations have been presented in terms of the
PGA, analogous calculations are applicable for the PGV and spectral
accelerations or velocities. If a uniform hazard spectrum is the desired
output, a best estimate hazard or probability of exceedence curve is evaluated
for several (9) frequencies or periods. Then the spectral amplitude for the
uniform hazard spectrum is evaluated as follows:

For return period RP, let ai be the acceleration such that foro
frequency f,

in P(Af > ai) > In RP-1 > In P(Af > ag+1)

Based on a linear interpolation of the probability of exceedence
curve, the spectral amplitude at f is

, . . <

a P(Ag>a)gy g |

RP(f) " exp <|In a Ina -
iy ~

(RP) 1
_

P(Af>a) 1
g

"
P(Af>agy) ,

,

If in RP-1 > In P(Af > ay), the spectral amplitude at f is
evaluated by a quadratic extrapolation of in P(Af > a).

Finally, after the best estimate calculations are completed for all seismicity
i experts, the best estimate curves are combined over all seismicity experts to

produce the combined best estimate hazard curve. Following the philosophy
that the weights are a measurs of the level of expertise of the experts, the
combined best estimate hazard curve is
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P(A >a)=, )[ W,P,(A *
t t s

; a a
t !
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i D.5.3 Uncertainty Analysis

In addition to their best estimate of the parameters used to evaluate the;
=

seismic hazard at a site, the experts also provided a measure of their :

confidence in the data, available information and any other resources used to
,

; formulate their opinions. Quantification of confidence in the basis for the
experts' opinions took several forms depending on the parameter:4

1

; o Uncertainty in identifying seismic sources-(zones)
l i

A collection of alternative maps with associated " confidence" or,

! degree of belief reflecting

! o Confidence that a zone is seismically distinct from the
surrounding region.4

i

| o Confidence in alternative boundary shapes for a zone or cluster !

j o f . z o ne s .' -

I The collection of maps for each seismicity expert was treated as a p'

finite population, the probability associated with each map being the
confidence assigned it by the expert. -

,

i
o Uncertainty in seismicity parameters;

For occurrence rate Ao and coefficients in the magnitude |;
'

recurrence model, the bounds were treated as the 2.5th and 97.5th
'

s percentiles of a lognormal distribution with mode equal to the best
; estimate of the parameter. For the upper magnitude cutoff the bounds

,

were treated as the range of a triangular distribution with mode

| equal to the best estimate M *U

o Uncertainty in attenuation models*

[ By having the experts select's model.from each of the 7 classes of
models and associating a confidence to each class, a finite
collection (up to 7) of models was available for each region and the

i- two magnitude scales. As with the maps, the collection of models was

|- treated as a finite population with probahtlities assigned to each

| model in the' population.
|
<
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.

}' o Uncertainty in random variation in PGA

| The uncertainty in oR was treated the same as A .o .

The purpose of the uncertainty analysis is to produce a set of curves which
;reflect the variability in estimates of hazard at a site due to the i

i uncertainties associated with the experts' opinions. The curves so produced
describe .the possible range of hazard, i.e., the range of values of P(A > a)i

; for each a, at the site along with a measure of the expert's " confidence" in
j the values within the range. That is, for each pair of experts (seismicity-
j ground motion pair) it quantifies the variation in the estimates of hazard due

to the uncertainties in the opinions of the individual experts.' When combinedr

; over several experts, the variation in the hazard also reflects the variation
in opinions about the input parameters between experts.

'

Propagation of the uncertainties in the inputs through the evaluation process
j is based on simulation methods. That is, each input parameter is treated as a

random variable with the appropriate continuous or discrete probability
j distribution, e.g., Ao is treated as a lognormal random variable and the
i maps and ground motion models have discrete distributions.
4

i.

! For each pair of experts (seismicity-ground motion pair) a random sample of
each of the parameters, maps and ground motion nodels is selected from the4

appropriate distributions.' Then,
,

Given a set of inputs, the hazard, Pau(At > a ! inputs), a = at....at, I
|,

o
1s evaluated based on the inputs.

4

! o The sample Pau1(At > a),1 = 1, . . .L represents a sample from
the " uncertainty" distribution for P( At > a) for each a = alg...at.

t

For each ag, the empirical cumulative distribution function (CDF)i o

| 1s used to estimate the distribution for P(At > ag). This is
; illustrated in' Figure E.5. An approximation to the continuous CDF is
j also included in the illustration. Qsu(*) is an estimate of the
j uncertainty CDF for P(A > ag) given the uncertainties expressed
j by the (s, u)th pair of experts.

Using the percentiles, e.g.,15th, 50th, 85th, from Qsu( *)' for
o

each ag, 1-= 1,...I, a series of curves, reflecting the variation
in hasard due to the uncertainties expressed by the (s, u)th pair of
experts,'can be produced.

| _ .,,

To combine the uncertainty results 'ovo;.several experts, we want to estimate .,

the uncertainty C0F for P(A > a) which reflects the uncertainties of
individual experts as well as the variation in opinions between experts.
Us,ing the weights WQ, (*) is an estimate of this CDF if there were only'the two experts.Au ' W as a measure of the utility;or level ofs
cupertise of the experts, the uncertainty CDF for P(A > a) is estimated by
tching a weighted average of the Qs'u(*)'s. at is. for each p

.
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P(A>a)<pf= P(A>a)<pfQ W W Q W W
_a u s u

This is illustrated in Figure D.6 for three pairs of experts.

For each a individually, each Qsu(*) is an estimate of the uncertainty
jassociated with estimating P(A > a). The combined CDF, Q( ) reflects a

level of uncertainty consistent with the weights associated with the experts.

The combined CDF's for P(A > a), for a = ai, ...,ay, are used to determine
bounds for P(A > a) for each ag. For example, the 15th percentile p.15(a) is
the value of'p such that

P(A>a)<pf=0.15Q

Similarly for the-85th percentile.

To produce corresponding 15th and 85th curves, which re.'9ct the potential
variation in the hazard curve at a site, the points P.15ldi) I"l>***l.
are combined to form the 15th percentile curve and, correspondingly, the
points p.85(ag) are combined to form the 85th percentile curve.

One must be careful in interpreting the bounds' as hazard curves which
correspond to a specific set of input parameters. The bounds are analogous to
the bounds which are used to define Uniform Hazard Spectra'(UHS). The UHS is
the locus of points each corresponding to the same probability of exceedence
and does not represent a distinct spectrum since the inherent physical

_

correlation between the values at different frequencies has been lost in the
calculations. However, it can be interpreted as an envelope of all possible
spectra. Similarly the 85th and 15th percentile bazard curves do not
represent the hazard curve corresponding to a specific set of input
parame ters . Rather they are the locus of- probabilities such that the
" Probability" (due to the uncertainty of the e;nc t t * a in their inputs) in the
probability P(A > a)' being greater than .15 (".C spectivelp 'or each a.
It can be interpreted as an envelope of elf oss le hazard cut.es. It is not
correct to interpret the 85th percentfic e ne ' a hazard curve which wf]l
not be exceeded by 85 percent of the hazu a t+ t.,, produced by the uncertain
parameters. It is-true, however,.that fot a fixed value a the-value ,

P.85(A > a), taken from the 85th percentile curve at a, is an estimate of
the value of P(A' > a) which has " degree of belief" or " confidence" 0.85 that
it will not be exceeded, where the " confidence" is a weighted average o' che
level of confidence of-the individual experts.
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