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1.0 INTRODUCTION

In order to assess the adequacy of a facility's design to earthquake loadings, two
factors must be considered: on estimate of earthquake hazards at the faciiity
site and an estimate of the facility's strength to resist those hazards. The
integral of these two foctors is often termed the earthquoke risk, with the
consequence measured in economic or public safety terms. This report describes
various approaches used to estimate the first factor, earthquake hazard, for sites
in the eastern United States. While both factors, the havs» 1 and strength, are
probabilistic in nature, for convenience, the estimate of facility's strength is
usually conservatively approximated as deterministic. However, the ground
motion induced by the earthquake and especially its occurrence at a specific site
has not yet been estimated by truly deterministic techniques due to uncertainty
in the specific earthquake process, particularly in the east. FEven if truly
deterministic techniques were available, a probabilistic approach to estimating
the earthquake hazard has o unique benefit to a decision-maoker because
probabilistic estimates allow a guantitative comparison of design or safety
margins associated with different approaches. That is generalls not possible
with a deterministic estimate.

I estimating seismic hazard at sites in the Eastern United States (EUS), two
fundamental problems face the analyst: one, the paucity of applic.. 'e measured
data with which to make a meaningful prediction of seismic hazard at a iow
probability of exceedence, and, two, the substantial uncertainty as to the first
principles associated with earthaquake processes. However, regardless of such

limitat ons, estimates of seismic hazard at a specific site often are required.

Certain common traits appear in all methodologies used to predict seismic
hazard because of these two fundamental problems. Since all methods utilice
the same basic data to a large degree, there is a strong tendency for overlap of
both results and methodology. This is true in the methodologies explored in this
study. A second trait involves the need to consider subjective input to reach o
useful estimate of seismic hazard at a low probability of exceedence. All the
methods considered in this report also require substantial subjective input from
selected experts.
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The major contribution from this study is a probabilistic model, the Uniform
Hazard Mode!, which uses subjective input with which .nany estimates of seis..ic
hazard can be compared. Unlike the other approaches to determining seismic
input, the subjective input and assumptions used in this model are clearly
available for peer review. Also, expert opinion from m :e than a few individuals

can be accomodated in the model developed.

The report is organized in seven sections: Introduction, Methodology Develop-
ment, Subiective Input, Uniform Hazard Methodology (UHM), Application of
UHM, Sensitivity for Sample Site and Uniform Hazard Spectrum.

Section 2, Methodology Development, briefly describes ihe methodologies
examined and compares four selected methods to other approaches that have
been develoned. Since substantial effort was spent in developing the UHM, the
remainder of the report discusses that effort. Section 3 describes the approach
used to obtain subjective input. Section 4 describes the theory and mathematics
employed. Section 5 describes the application of UHM to a specific site and
Section 6 describes the sensitivity of certain assumptions t. that site. The last
section, Uniform Hazard Spectrum, highiights features of the rescits of the

Uniform Hazard methodology that should be considered in design applications.

As in most studies, the past effort and ideas of others have been used to great
benefit., Of particular note in this study were the contributions of D, L.

Bernreuter and L. Reiter.
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2.0 METHODOLOGY DEVELOPMENT

Development of analytical methods to predict seismic hazard for sites in the
United States has evoived signif cantly in the last <everal years. Tie funda-
mental problem faced by all methods has been and will be prediction of
"extreme" seismic hazards for sites with little or no measured earthquake data
coupled with substant’al uncertainty as to first principles associated with
earthquake processes. As a result of these problems, no single methodology
approcch has been completely successful; for example, deterministic mocels,
even when geologic and tectonic conditions are reasonably well defined, must
rely on subjective judgment in the selection of certain parameters for simulation
of earthquakes and probabilistic models. Even when sampie » is suffic =nt for
classical statistical techniques to yield usable predictions, statistics ¢ nnot

resolve uncertainty in the knowledge of basic earth processes.

Regardless of such limitations, estimctes of seismic hazard often are required.
Therefore new methodologies must be developed which, while unable to yield
absolute answers, can combine available knowleage, objective and subjective, in
an analytical framework that allows for critical review and useful comparative
evaluation. In describing the approach used here, it is instructive to evaluate the
basic approaches available to the aralyst ard thei. application in seismic hazard

assessment.
2.1 DETERMINISTIC APPROACH

Only recently have pure deterministic approaches been used in analysis of
seismic hazard. Here we use the word deterministic in the same sense as it
applies to seismic structural analysis. For example, in structural analysis, one
uses first principles and models of the structures, which can be very elaborate
and reasonably include all of the important parameters to compute the building
loads. The major difficulty with completing the structural analysis is modeling
failure of the structure. Because little is known about modeling failure,

conservative assumntions are often used.

2-1 - %
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In the western Unitea States (WUS), engineering seismology has advanced to the
stage that similar, deterministic, first principle models are being applied to the
earthquake process. However, even in the West where the specific, seismically
active, structures can be identified, sufficient unknowns exist that certain
subjective data are required for the models to predict reasonable resultant
ground motion. Strict application of this aopproach to the East is not possible

since the source of seismicity is not well known.

As a point of comparison, the NRC approach outlined in Appendix A of
10 CFR 100 is often incorrectiy termed deterministic. However, that apriroach
is not strictly deterministic, in that it is not based on first principles. No true
modeling is done and the design acceleration is arrived at by using judgment to
choos= the largest credible earthquake and a suitable correlation for ground
motion. In practice, through expert opinion, measured data are used, together
with an empirical-statistical model to determine a design s»ecification.
Examined this way, this approach for the specification of the seismic hazard is
deterministic only in the way the formal hazard anulysis methodoiogy is replaced
with judgment and an answer determined. One of the major difficulties with o
deterministic approach like that in Appendix A is that the protection it provides
against the seismic hazard ic not quantified and therefore can vary from site to
site. Because of this, it is a poor tool for the comparative evaluation of

different seismic design spectra.
2.2 PROBABILISTIC APPROACH

In contrast to the deterministic approaches discussed above, probabilistic
approaches, even those with subjective input, can yield results whose margins
can be qu-tified. However, just as deterministic models require subjective
input, the state-ot-the-art and available data in Eastern United States do not

allow useful probabilistic models based solely on objective input.

Empirical-statistical methods using a conventional statistical model to make
direct estimates of the future behavior of the parameter of interest have been

' developed for West Coast sites where substantial applicable objective data, such
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as real earthquake spectra, exist. Typically, the parameter is peak ground
acceleration (PGA) at the site. |f enough appropriate records are available for a
Jiven site, a response spectrum can be obtained by such statistical models.

This approach avoids theoretical assumptions required by first principle models.
However, for all eastern sites the data are insufficient to make meaningful
estimates of a low probability event. The method also usually fails to
incorporate much other knowledge specific to the site (e.g., location of faults or
other source regions) and variations in the seismicity of various nearby s e

regions. These factors are generally introduced by judgment.

The remaining sections of this report describe the probabilistic methodology
developed to precict a uniform risk of exceedance for ground motion parameters
(PGA, PGV, and spectral accelerations) in the EUS. This model uses available
objective data supplemented with subjective input from selected experts. While
suffering from many of the limitations described above, it does allow rationai

estimates of seismic hazard in the east.

As discussed below, the model's purpose is to allow comparative evaluation of
seismic hazard at specific sites. This capubility allows comparison of response
spectra generated from many technigues including Appendix A to |0 CFR 100,
with Regulatory Guide |.60 spectra and Housner spectra; selected time histories
applied to a specific site; and Newmark-Hall specira.

2.3 SIMILARITY OF MODELS

Since all models developed thus far for the east suffer from the same major
weaknesses, paucity of data and uncertainty as to the first principles, two
general similarities result. First, subjective input, usually in the form of opinion
from one expert or more is included to allow useable prediction of response
spectra to be made. Second, the methods often have substantial overlap since
analysts attempt to build from past ideas. For example, an analyst can combine
the "deterministic" selection of peak ground acceleration of Appendix A to
10 CFR 100 with the spectral shape of scaled time histories for a specific site.
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amplification of motion corresponding to the dynamical characteristics of the
system. The high frequency part of the spectrum is scaled relative to the peak
acceleration and the intermediate frequency range is scoled relative to the peak
velocity. In this study both peak acceleration and peak velocity are determined
by the UHM as a function of uniform probabilityy of exceedence expressed in

return period for a given site,

Virtually every approach to specification of design spectra requires the explicit
or implicit use of a suite of real strong motion recordings to develop the
spectrum, whether site-specific or generic. For example, the generic NRC
Regulatory Guide Spectrum was developed by statistically averaging a suvite of
records covering a variety of site geologies, magnitudes, and distances. On the
other hand, a probabilistic modei uses these records more implicitly in, for
example, the development of an attenuation relation. The apprecach to real and
scaled time histories is complementary to the probabilistic approaches in that it
involves explicit averaging of the records. The key element to this approach is
the criteria for the selection of records. There is clearly a potential tradeoff
here; the more site-specific the criteria, the smaller the suite of appropriate
records and, therefore, the less statisticul validity for the conclusions. The basic
criteria, however, must be based on the subjective assessment of the class of

earthquakes that dominate the hazard at eastern United States sites.

If it is believed that the principal “azard comes from the occurrence of
relatively nearby intermediate eart wvakes (e.g., Appendix A to |0 CFR
Part 100) the criteria must explicitly count for this hypothesis. In addition,
the criteria must account for the regional tectonics through, for example, the
depth or focal mechanism of earthquakes. Finally, the criteria must account for
characteristics of the site that could influence the hazard, most notably the site
geology. While this approach is direct in that it does not require many of the
sophisticated hypotheses required in probabilistic approaches (e.qg., earthquakes
being a Poisson process), the approach contains important data-based assump-
tions. For example, there are statistical biases contained in any suite of
digitized strong motion records resulting from highest priority being given by the
USGS and others to larger acceleration records at the expense of the small

TERA CORPORATION



accelerations. Similarly, there is tremendous uncertainty in converting earth-
quake magnitudes to a common scale. Many times these assumptions are
uncertain that an extensive sensitivity study is required, thus diluting the value
of the results to a decision maker.

In general, the actual strong motion records can be use t» develop two types of
spectra. First, the records can be normalized by thair peak acceleration with
statistics on their spectral ordinates resulting in o statistical spectral shape.
This spectrum can then be anchored at a peak acceleration determined sepa-
rately, perhaps from a hazard analysis. Alternatively, the spectral statistics
could be performed on the raw, unnorm alized records, resulting directly in a site
specific spectrum. The selection of the appropriate magnitude range for the
records could be from a hazard analysis for the site. Therefore, both of these

approaches can employ the Uniform Hazard Model developed in this report.
2.4 LIMITATION OF UHM IN DECISION MAKING

There are three major differences between the UHM approach and other
approaches to estimating seismic hazard in the east. One is that UHM explicitly
uses subjective input from experts. As discussed above, all approaches inevitably
rely on such subjective input due to the lack of objective information, measured
data and proven first principle models. However, the UHM is explicit in the way
such input is used and weighed. In some wnys, this is the most forthright
approach since it allows for peer review and assures that the knowledgeable
reviewer will recognize that the results are subjective probabilities, not scien-
tific fact. A second major difference is the inclusion of all earthquake
contributions, those from small earthquakes as well as large earthquakes. In
many ways, this approach is more forthright since it presents a truei picture of
the seismic hazard. However, it should be noted that in comparative evaluation
of other approaches, or to satisfy legal requirements, consideration of only large
earthquakes may be appropriate. The third major difference involves the
spectral content of UHM approaches. Here, the spectral shape does not
represent any cne event or class of events. Since each spectral ordinate

estimates the uniform hazard of exceedence from all sources, near and far

-
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3.0 SUBJECTIVE INPUT FROM EXPERT OPINION

Previous sections in this report have shown that seismic hazard assessment for
eastern U, S. sites alwcys requires some degree of subjec tive input, either in the
model assumptions, the input data or both. It is our opinion that this should be
acknowledged ¢nd that, furthermore, the subjective input should be formally

solicited using as much expert opinion technclogy as possible.

As described in Section 4.0, the Uniform Hazard Methodology for the assessm: 1t
of the seismic hazard at EUS sites attempts to do this through the use of a
questionnaire and an expert panel. The results of this solicitation are summar-
ized in a separate companion report "Seismic Hazard Analysis: Solicitation of
Expert Opinion."

The purpose of this section is to summarize the formalized approach used to
generate <ubjective input for the Uniform Hazcrd Method. The concepts of
expert opinion solicitation, its biases and various synthesis techniques, are
discussed in Appendix A. We conciude the Appendix with an elaboration on the

questionnaire used in this study and a discussion on the expert panel.
3.1 EXPERT OPINION AND EASTERN U, S. SEISMICS

The analysis of seismic hazard in the eastern United States presents several
challenging problems that a probabilistic approach can answer, but only with

e.pe. 1+ opinion and subjective probabilities.

i The central and eastern regions are notable for their low
level of seismic activity somewhat uniformly distributed
in space. It seems that minor to moderate earthquakes
may occur in just about any location. Above this moder-
ate background seismicity, a few restricted ¢ =as have
experienced a few major earthquakes together with much
above average continuous activity. Since the correlation
between epicentral location and geological and geomor-
phocic features is generally extremely low, the determin-
ation of tectonic regions or seismic source boundaries is
usually made subjectively. The introduction of experts'
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opinions regarding the seismic sources appears to be the
only way a credible tectonic model can be developed for
the east. Although such input is not introduced in our
model as a consensus, the procedure addresses this ques-
tion at the final stage by synthesizing each expert's
results using a method of self weighing.

2. The low rate of activity of these regions that are dis-
turbed so rarely by major events does not provide a good
basis for classicai statistics applications. At the ieve! of
probability usually desired, classical statistics give re_Jults
driven by the large uncertainties. Often the uncertci ties
result from two questions: (1) To what extent st ouid the
large events be treated as anomalies? (Z) Whar are the
possibilities for such events to occur elsewhere? As
insufficient geological and seismological data are avail-
able to answer these questions, only experts' opinions can
be used tc shed a light on them. Subjective probabilities
provide a rational way to include them in the analysis. In
our model they will be introduced at three levels: rate of
occurrence, distribution of magnitudes, and upper magni-
tude cutoffs.

3. The almost complete lack of instrumental recording in the
east forces the analyst to work from intensity data. At
the epicenter the data show a large scatter when corre-
lated with magnitude; at the site, they contain much less
information than a strong motion recording which explic-
itly provides the peak value as well as the frequency
content of the shaking. Such limitations suggest that the
development of attenuation relaticnships could greatly
benefit from the additional input of qualified experts.

In conclusion, it appears that a seismic analysis in the east cannot be based on
the historic dato alone and that, at a minimum, the data would have to be
modified to reflect certain judgments. The approach to the problem presented in

this report provides:

. The explicit input from recognized experts

= The explicit weight that this additional information will
have in the analysis

- The in‘egration of these subjective opinions with the
recorded data.

3-2 ' x}
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The credibility of the analysis can only profit from such an open and defensible
approach which will allow peer review.

3.2 QUESTIONNAIRE FOR EASTERN U, S. SEISMICS

A questionnaire was developed to elicit expert opinion on seismicity and
intensity attenuation in the eastern United States. Because it is difficult, or
perhaps impossiblz, to n-ecisely quantify such factors given the sparse historical
record, expert judgment was considerad crucial.

Subsequent analysis using the responses to this questionnaire is clearly not
Bayesian since r formal Bayesian analysis would consider, independently, both
subjective opinion and historical data. It would then rigorously combine them,
each with their corresponding weight, to provide a "pesterior” input to be used in
the analysis. Howevzr, «wh an analveic imnlies independence between subjective
opinion and data. Due to their inherent xnowledge of historical seismicity and
attenuation in the east, it was considered unreasonable to expect the experts to
divorce themselves from these data while foriming an opinion. Therefore, such
an opinion is necessarily a "posterior" estimate and cannot be used in a formal
Bayesian analysis without double weighting the data. What was asked, then, was
that each expert consider the available seismic data in the eastern United States
and temper this by his general experience in the region, possible similarities
between the east and other regions, geologic and tectonic considerations, expert
judgment and similar types of information. In other words, we ask.d that each

expert was asked to be a "Bayesian processor."

in order to help the respondents in answering the questionnaire, we supplied them
with seismicity data for various source zones in the east. These data were based
on an integrated catalog of earthquake occurrences generated from various
regiona, catalogs for the east. For each of the zones, they were suppiied with
(1) a listing of all earthquakes having epicentral intensities of 1V or greater, and
(2) a table giving the number of occurrences of earthquakes of each Modified
Mercalli (MM) intensitv unit from 1V through XII.

3-3 %
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The questionnaire was divided into five sections:

- Source Zone Configuration
© Maximum Earthquaokes

v tarthquake Occurrence

s Attenuation

. Self Ranking

Certain redundancy was designed inte the questionnaire to allow for cross-
checking and establish consistency in the results. Even so, follow-up was

necessary in certain areas to obtain usable results.

The responses to each question could be made in one of several ways, all of

which could be converted to a usabie format for analysis. These formats were:

« A best estimate only (fixed quantiry)

B A range of values defined by lower and upper bounds with
a uniform distribution

- A ranae of values defined by lower and upper bounds with
a non-uniform distribution

- A written discussion

Additionally, in the Source Zone Configuration, each expert was provided with

maps 4. ving two possible seismic zonations *- rate and modify as thought best.

The experts were asked to apply their specific area of expertise to nine sites.

—
J
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4.0 UNIFORM HAZARD METHODOLOGY

This :ction presents th- methodology used to determine the uniform hazard
spectrum (UHS). The section begins with a iew of the philosophy of the
approach followed by a detailed discussion of the methodology. Recall that part
of the methodology involves the explicit use of expert opinion solicited through a
questionnaire. Much of this section will be dedicated to describing how the
axpert opinions are interpreted and how input to ...~ <eismic hazard analysis is

developed from the expert opinions.

4.1 PHILOSOPEY OF APP™HACH

A seismic exposure portrays the distribution of the expected vailuve of a ground
motion parameter at a given site. The values are estirnated for a selected
probability of exceedence within a given period of interest. An exposure
distribution can be 1enerated for any ground motion parameter for wnich appro-
priate source 2ffects, transmission effects, and site effects can be defined. A

typical seismic exposure procedure consists of four parts.

B Seismic source geometry (zonation)
e Earthquake Occurrence Model

. Attenuation mode|

- Exposure evaluation mode!|

Several procedures are avciiable fc' evaluating seismic exposure (e.q., Cornell
and Merz, 1974; Der Kiureghian and Ang, 1975; McGure, 1976; Algermissen and
Perkins, 1976; Shah and others, 1975; and Mortgat and others, 1977). Although
all these procedures utilize “he four models noted above, differences exist in the
key assumptions and methudology for application of these models, which con

result in significant variations in the estimates of seismic exposure.

The seismic exposure evaluation procedure used in the present study consisted of

the following steps.

¢71 {158
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Seismic Source Geometry

“ Define representations (zones) for source geornetry.

Earthquake Occurrence Model

For each source i~ the eastern United States:

. Define location and magnitude range
- Detine earthquake recurrence:
(@) mean rate of occurrence

(b) magnitude distribution

Attenuation Model

- Define applicable mean attenuation relationships

o Define uncertainty about mean values

Exposure Evaluation Model

. Define procedure for computation of probability of exceedence
4,2 SEISMIC SOURCE GEOMETRY

Commonly, the locations of the different seismic sources are determined by
using recorded hypocentral positions of past earthquakes together with geologi-
cal and seismological information. The spatial distribution of hypocenters is
then divided into different sources as a function of their shape and seismicity.
Three types of sources are commonly used to represent the seismicity of any
region. They are the point, line and area source at consta * depth under the
surface of the ground. Future seismic activity is restricted to the source and the
seismicity is assumed to be homogeneous over the whole source.

4-2 g
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Since the shape and location of the sources may have a major influence on the
final results, special care was taken ir this study to obtain the best possible

estimates of these characteristics.
Source Modei
Area Sources

The seismicity of specific sources in the Eastern U.S, is generally scattered over
a large area, most sources were therefore modeled as planes. Their boundaries
were approximated by a series o1 straight lines (Figure 4-1). Since the activity is

usually restricted to a narrow depth range, the planes were assumed horizontal.
Line Sources

Line sources are used to modei regions where recorded hypocenters lie fairly
well along a line at constant depth such as a known fault. The source can be
broken up in several segments to satisfy geometric constraints (Figure 4-2).
Since few active faults have been located with precision in the East, this model

was only rarely used,

Tectonic Model

The concept fault-rupture model for seismic risk analysis was first proposed by
Ang (1974) and further developed by Der Kiureghian and Ang (1975, 1977). The
model is based on the assumption that an earthquake originates at the focus and
propagates as an intermittant series of fault slips in the ruptured zone of the
earth's crust. The maximum intensity of ground shaking at a site is determined
by the siip that is the closest to the site (significant distance). In all cases the
significant distance is shorter than the hypocentral distance as used by point

so._rce models.

Even though the computer code can accommodate such an approach, a point

source model was used in the analysis since the attenuation relationship
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implicitly contained the concept of fault-rupture: they were developed based on
intensity reports assuming that the epicentral intensity propagates undisturbed
for some distance (function of epicentral intensity) before aitenuating. To
remain corsistent with the definition of epicentral dis*ance used in the develop-
ment of these relations, all the seismic sources were located on the ground
surface.

Expert Opinion

As discussed in Appendix A, base maps describing two possible seismic zonations
of the eastern United States were provided to the expert panel. Each expert was
asked to indicate his "degree-of-belief" in each source zone and source zone
alternative. Two typi. z| answers are presented in Figures 4-3 and 4-5. The
following paragraphs describe the method used to incorporate this information in
the analysis.

Case | (Figure 4-3)

The expert felt that source A could be modelled either by zone | or zone 2 or
zone 30 and 3b with different degrees of belief (Cg, CZ’ C30 and C3b‘
respectively). Since the "degree-of-belief" or credibility is defined as the
chances for the seismicity within these zones to be restricted to the zones
themselves without being allowed to "float" in the background seismicity of the
entire region, the chance for source A to be modeled by either zone | or zone 2

or zone 30 and 3b (probability of existence of source A) is given by
CA = |‘(l'C|X"C2X'°C3)

where CA is the source A credibility

C3 is the average credibility between zone 30 and 3b .

CA is generally not exactly 1.0, resulting in some "flcating" earthquakes. One
way to deal with this is to allow a number of earthquakes from source A to
"float" anywhere in the eastern United States. This would, for example, allow
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earthquakes from the New Madrid region to occur in Northern lllinois or
earthquakes from the St. Lawrence Seawey to occur in the Piedmont. To avoid

such an unrealistic assumption, a background restricting the "migration" of
earthquakes was defined for source A. This background was approximately
chosen as the envelope of the zonations provided by all the experts for source A.
No credibility is assigned to the background and it automatically inherits all the
earthquakes rejected from zone | through 3.

For each of the zones and the background, an "a" volue, corresponding to the
number of earthquakes greater than a given size, is determined following the
steps presented in Appendix B. The values are |y 0y 93, O3 and ag for the
zones and the background. The problem consists now in distributing the
seismici.y among the zones. Again, the credibilities are used as a distributing

factor. Assuming Q) > 9, >04 for the sake of the example

a, = C' o, +C' (C'hla)-a)) + C'sla,-a3)
o'y = C'ya,+CYy (C',(a,-a,) + C'5(a,-a,))
o'y = C'yay+ C'y (C'Z(ol-oz) + C'3(o|-c3))
where:
0'i is the number of earthquakes assigned to zore i assuming that

Cp=1.0
C. = D CMC, +Cy+Cy
This implies that
Eo‘i = Q)

I short, a, earthquakes have been distributed between zones |, 2 and 3 as a

function of their levels of activity (o;) and credibilities (C;-
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When CA (probability of existence) is smaller than 1.0 the o', are modified as

follows:

The seismicity assigned to the background is made of:

. (I-CA)(G'l . 0'2 + 0'3) earthquakes aiiowed to occur

anywhere over the whole background and

. a =q,-q, earthquakes restricted to the shaded area of

Figure 4-3,

As the background extends below the zones some sei'micity adjustment is then

introduced to avoid double counting of earthquakes.

. a is prorated to the whole background area as
a's = a Ab/A5

The total background seismicity becomes

a'y = a A8/A5~ (I-CA,) p. si)

b
« ag A /A, earthquakes are substrated from the three
zonesasa™. =a". - C'. a A /A
i i i's 1I''B

Finally, since zone 3 is made of two zones, its seismicity is divided between

them as a function of their level of activity

)

0"'3q = "3 93/(93, + 93,

a"y a3, /(az, + agp)

(e
o
"

A typical seismic density section of source A is presented in Figure 4-4.
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This procedure, although somewhat cumbersome, has the advantage of modeling
one source as a superposition of zones of different activity levels based on
credibility. Furthermore, it replaces the abrupt seismic discontinuity of one
source above the background by a stepwise decay and therefore reduces the

sensitivity of the analysis to geometric source boundaries.

Case 2 (Figure 4-5)

The zonation presented in Figure 4-5 is somewhat simpler. The e sert feels that
source P should be modeled with zone | with a credibility C: and that localized
higher seismicity justifies the consideration of source C modeled by zone 2 with

credibility C2.

In this case, the two zone: are not alternative zonations to the same source but
model two different sources. Hence the prcbability of existence is not computed

cnd the two sources are treated independently:

o'2 = C2 (o2 - O'IAZ/AI)

As C2 approaches zero the additional influence of source C decreases until it is

simply absorbed by Source B. The background is treated as in Case |.

When the background covered a large number of complicated sources like in the
north east, the earthquakes outside the zones (shaded area in Figure 4-3) were
simply allowed to occur anvwhere over the whole background. In all cases the
conservation of earthquakes was strictly respected. In summary, our treatment
of the zonation response from the expert panel reduced to Case |, Case 2, or a

combination between them,
4.3 EARTHGQUAKE OCCURRENCE MODEL

The basic input parameters of the earthquake occurrence mode! are the

magnitude range (upper magnitude cutoff) and the recurrence of earthquakes. In
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the following discussion, the size of earthquakes is expressed in terms of
earthquake m.agnitude though MMI could be used as well.

With respect to earthquoke data, the magnitudes are discretized every |/4 of
magnitude (N‘i) or ® MMI| a:z it is commonly done in da*a recording. This
representation permits the use of discrete models and has the advantage of
getting away from data fitting which usually results in unacceptable uncertain-
ties for the case of large magnitudes where the data is scarce,

Of course, continuoi's models can be useful for purposes of conducting robustness
investigations and subsequent testing of sensitivity of results to parametric
assumptions. Ther~e are certain other techniques that could be employed, such as
extrapolation using "goodness of fit" criteria, but invariably all these approaches

require some subjective judgement similar to that used in this study.
The development is dene in three steps:

(1) Assurning that earthquake occurrences form a Poisson
process with mean rate of occurrence independent of
magnitude, a distribution is obtained on the number of

occurrences for the time period considered.

(2) Given that an event has occurred, o distribution on the
magnitude of events is determined from past deta and
subjective input. The process generating model can be
asumed to be Bernoulli. The probability of success Pa.
corresponding to each trial is defined as the probability
that the event that has occurrea is of magnitude Mi' Thus
the probability of failure Q= | - Pp s Ot each trial is
the probabiiity that the event is not of magnitude N‘i'
The probability of having r events of magnitude Mi given
that a total of n events have occurred can therefore be

obtained using the binomial distribution.
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(3) The distribution of the number of events of each magni-
tude independently of the number of trials is obtained by

combining steps one and two.

There are alternite statistical approaches which immediately come to mind.
These include moadeling of earthquakes of different magnitudes as a stream of

Poisson events und use of Compound Poisson processes,

Although these alternate cpproaches do not eliminate subjectivity in the problem
of ext-eme event estimation or upper magnitude cut-of f determination, they are
revertheless, usefu! for cross-validation purposes in areas where sufficient
quantities of data are presently available. Their application is, however, outside

the scope of this study.

Earthquake Occurrence (Poisson Model)

It is wssumed, once the seismic sources have been located, that eaithquake
occurrences on each source form a Poisson process with mean rate of occurrence
independent of magnitudes. For earthquake events to fc. ow the Poisson model,

the following assumptions must be valid:

§s Earthquakes are spatially independent
y & Earthquakes are temporally independent

3 The probability that two seismic events wi.! take place at
the same time and at the same location approaches zero

The first assumption implies that the occurrence or absence of a seismic event
at one site does not affect the occurrence or absence of another seismic event at
some other site or the same site. The second assumption implies that seismic
events do not have memory. The assumptions of spatial and temporal indepen-
dence have been fairly well verified by data when aftershock sequences are

removed, and are commonly accepted practices. The degree of dependence
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between events due to the dual mechanism of stress accumulation and release
has not yet been determined with any amount of precision but the earth's
"memory" appears to fade quite rapidly with time (Garner ard Kropoff, 1974).
The third assumption implies that for a small time interval more than one
seismic event cannot cccur on one source. This is a very realistic and good
assumption which fits the physical phenomenon and has been used in many
studies.

Thus, considering all the events of magnitude greater than an arbitrary lower
bound, a distribution is obtained for the number of occurrences in a given period
of time, At. The lower bound is chosen such that earthquakes of magnitude
smaller than the one specified have a negligible damage potential and can thus
be disregarded. This is done for each seismic source.

In its general form, the conditional Poisson law can be written as

PN/ A) = e Ma" L, 150 n integer 2 0, (4-1)
n!

where

pN(n/\ ) = probability of having n events in time period t, given )
n = number of events

\ = mean rate of occurr~nce per unit of time

Thus if the mean rate of occurrence )\ is known, the probability distribution

function can be defined completely.

The parameter )\ is obtained from the data and can be modified subjectively. In
the present case, it is expressed as the mean rate of occurrence per year of
earthquakes larger than magnitude 4.0. Using equation 4-1, the probability of
any number of events on a source during the future time period can be obtained.

As an example:

4-15

]

3
A

TERA CORPORATION



- At 0
PO) = &—Fr - e M (4-2)

MO =" "% x e

Since these outcomes are exhaustive and mutually exclusive, the condition
o = 0 p(n) = 1.0 is satisfied. Two typical plots of these discrete distribution: ~re
given in Figure 4-6.

Bayesian Estimate of

More classical approaches exist for parameter estimation and corresponding
confidence internal calculation for the Poisson moadel utilized in the study. The
results of classical parameter estimation may then be compared wirh results

ot rained through Bayesian analysis.

In this study, o Bayesian approach is used so that historical data and subjective
information can be effectively combined and used in the analysis. if ane assumes
that the number of seismic events for a future time t folows a Poisson
probability law, there is still uncertainty about the parameter A, the mean rate
of occurrence (Equation 4-1). Therefore, \ is treated as a random variable,
The probabilistic information on ) can be obtained through historical data or
from the subjective knowledge of the analyst. The subjective probability
distribution on )\ is called the prior distribution.

The concept of conjugate prior is used for analytical simplicity (Raiffa and
Schlaifer, 1961). Therefore the prior distribution for the random variable \ is
chosen as the gamma distribution with parameters \' and »'. Since the gamma
distribution can fit a large variety of shapes this choice does not introduce any
major limitations in the model.

Using the historical information, one can obtain the sample likelihood function
for \. The posterior distribution for \ can be obtained by combining the prior
distribution and the sample likelihood function by means of Bayes' theorem.
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Let f{ (1) be the prior probability distribution function for )\, and L(1 ) be the
sample likelihood function for A, then the posterior distribution f'{ (\) is
obtained as

f'{ (2) = N'L(\)f'\ () (4-3)

where Nl is a normalizing constant.
Note that the posterior distribution of ) is also gamma type.
In equation %~ |, the conditional probability on the number of events n is based on

A. The unconditional or the margirul distribution on n can be obtained by using

equation 4-1 together with equuiion 4-3 and integrating over all \'s. Thus

Py = f Pry(n/ A (X )d A (4-4)
0
which leads to
" n " P"
prq(n)zr(”'”) » LA A
n! I »") o KW ¥

for n integer 2 0
" >0

A" >0

t>0

Equation 4-4 is called the marginal Bayesian distribution of n, This distribution,
after taking into consideration the uncertainties on the mean rate of occurrence,
gives the probability of the number of events above a predetermined lower bound

M, in time period t.

g/ J
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It should be emphasized that even though the mathematical model for earth-
quake occurrence follows a formal Bayesian approach, it was not used as such in
the analysis. As described in Section 3.0, the experts were asked to formulate
their opinion explicitly including the information contained in the data, hence in
our analysis, all the prior distritb.utions were assumed diffuse, and the input from
the experts were considered as hard data. The resulting uniform hazard
spectrum must therefore be considered as subjective probability.

Distribution of Magnitudes (Bernoulli Model)

A Bernoulli trial is used to model infarmotion on magnitudes. Given that an
event has occurred, the probability that it is of any given Richter magnitude can
be represented in terms of a Sernoulli trial. If the seismic event that has
occurred is of the Mi under consid | _tion, then the outcome of the Bernoulli trial
is a success. Conversely, tailure at each trial implies that the seismic event that

has occurred is of Mi other than the nne under consideration.

If Pm. = probability of success at eact rial corresponding to Mi

i
andqy = |-py
| I

= probability of failure at each trial,

then using the binomial law,

™. ™ ~'m

i i i (4-5)

for an integer > 0

rMi integer; 0 = rMi < n

OSpM‘sl
i
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where pR(rM /n, PM ) is read as the probability that Fu. €vents Mi will occur out
of a total of'n even's given that the probability of ocdurrence of Mi is Py, ot
each trial, and ;

C 's= n!
rMi !(n—rMi)!

A different probability Pm is obtained for each Mi considered in the model. A
similar equation is thus obtained for each of the other magnitudes. The
probabilities Py, are mutually exclusive within the range of selected magnitudes

for the different’ magnitudes; hence,

As an example, for Mi =6andn =15,

P (0 events of M = 6 given 5 earthquakes) = (| - p6)S
P (I events of M = 6 given 5 earthquakes) = 5 x Pg X (- p)u
P (5 events of M = 6 given 5 earthquakes) = p65 .

It should be noted that

n

Z plr/n) = 1.0 .
r=0

The typical plots of the above distribution are shown in Figure 4-6.

Equation 4-5 represents the generating process for the number of events M.
However, this information is conditional on the knowledge about Py » the
probability of success corresponding to Mi’ T4 rationally incorporate the
historical as well as subjective information on Py ! arameter is treated as a

random variable with the opportunity for a Boyesibn formulation.
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Bayesian Estimate of p,,
i

In the classical approach, PMm. is estimated from data by calculating proportions.
Confidence intervals are then'computed on those proportions utilizing techniques
such as Chi-Squared bounding. Results could be compared with those based on
Bayesian approach in areas where data is plentiful.

The conjugate prior distribution on PMm. (f' (pM ) ) is assumed to be beta type
with parameters of 7'and £{'. Since the normalnied beta distribution is bounded
between 0 and | and fits a large variety of shapes, this choice does not introduce
any major limitations in the model. A prior distribution of a similar form has to

be assumed for each of the magnitudes considered.

The usual format of the available data indicates that among the n earthquakes
observed on a given source, ry. were Mi’ This information is used in the
construction of the sample likelthood function. Noting that the generating
process (Equation 4-5) is a binomial process, the sample likelihood function on

pMi (L(pMi/n,rMi) is obtained.

The posterior distribution f"F,(pM ) is given by
i

f"p(pMi) B NIL(pMi/n’rMi) f'p(pMi) (4-6)
where N' is a normalizing constant.
Note that the posterior distribution on PM. is also beta type,
In equation 4-5, the conditional probability on the number of successes ™. is

based on PM. and n. The condition on Pp. €an be removed using eguation 4-6 and

integrating dver all the values of Pp. a8 follows:
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|
PR(rp /M) = -g PR » Py /r)dpy, (4-7)
i jir i
r(n.,) Ia,, ) (B, - @, )
M, [ M, . o T
s Cn r(Eu )I‘(n" . su ) r(BM)
L M. M. M. ;

for n integer > 0
rMi integer

Oer.sn.

" '

M. = M t™m

where

nMi = ’IMi +N

Mty oy

n+ nM. :BM'

The above expression is the distribution on the number of earthquakes of a fixed
Mi given that n earthquakes have occurred. There is a similar distribution for
each Mi considered.

Largest Earthquake (Upper Magnitude Cutoff)

The next step is to account for uncertainty in the specification of the upper
magnitude cutoff.

The approach is general and can accomodate a wide range of assumptions. First,
one subjectively (e.g., from expert opinion) determines the range of possible
maximum magnitudes and a probability distribution, p (MU), over that range.
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p(MU) is discretized in W-magnitude bands and the probability for Mj to be the
largest event is computed as p'(Muj). The magnitude corresponding to the
truncation of the upper tail distribution is Mm.

In @ second step, the probability of occurrence (success) of magnitudes is
modified to include the distribution on upper magnitudes. This is done by
modifying the mean of the beta distribution as

m

M.
|

Mi j=i
The parameter f"i of the beta distribution can be computed since M"i is kept
constant. The § "i are then renormalized such that the condition

> oo

i M"
i
is verified.

The independent treatment of magnitude distribution and upper magnitude cutoft
is valid since for all experts sclicited these two distributions are independent of

each other.

It is clear that results are sensitive to choice of upper magnitude cut-off.
Consequently, it is imperative that results from the selected subjective approach
be compard with other techniques such as the use of combined prior distributions
using various weighing schemes. The problem of subjectivity in judgement of
upper value cut-off may never be overcome. However, the analyst must explore
various statistical techniques for combining subjective input from experts to
ensure that they produce consistency in results. The schedule contraints of this

study requires that the consistency checks be restricted to certain data checks.
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Marginal Distributicn on the Number of Magnitudes

The distribution of the number of events of each magnitude independently of the

number of trials is obtained by combining steps (1) and (2).

PROM) = PRy /Py (n)
n:O '
F(n")
E ) rMi M
- E Cn I‘(S")r(n" °f")
n=0 .

" n

l(rM. + EM')I‘(n VIR TR VY

(4-3)

(n+ ";:A.)
1

"

I‘(n . ¥ ")1” A\ n”

AT(v)(t + M *7

This distribution describes totally the seismicity of the source considered in

terms of the two parameters magnitude (Mi) and nurmber of occurrences (n).

The Bernoulli model has the advantage that the probability of occurrence of an

earthquake of any given magnitude (pM) can be established independently of

other magnitudes. It also offers greo‘er flexibility in the use of historical

seismicity data and in combining it with subjective information through a

Bayesian approach.

Expert Opinion

In sections two and three of the questionnaire, the experts provided information

related to
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Site of maximum earthquake

Earthquake occurrence

The following paragraphs present how this information was utilized in the
analyses. As mentioned in Section 3, we asked the experts to be the "Bayesian

processor” and provide us with a "posterior" input.

Since the
data could no 2 ] In the ly without dou count
prevent

and the

M A r ¢ n
viaximum tcarthquake
o osd A LSS BULL L

The largest earthquake to be expected to occur in each zone for a time period of

1,000 years was chosen as the upper magnitude cutoff in the analysis. This

information was provided through specification of either one magnitude or

d

range of magnitude associated with a best estimate. When the upper magnit

cutoff was defined by one magnitude, say M., it was assumed that no event

greater than that magnitude could occur and therefore p as set eq

4

zero. When the upper magnitude cutoff was defined by a range of magnitudes,
triangular distribution was anchored over the range with i mode centered or

the best estimate as shown in Fiqure 4-7. The P(M .) were ot

distribution and incorporated in the analyses as described in the previous sectior

carthquake recurrence

All experts choose to express the recurrence in terms of the well known linear

relatior ship
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The slope b was expressed by the expert panel as a fixed value (i.e., 0.9) or a

value associated with an uncertainty (i.e., 0.9 & 0.1).

On many occasions the paraimeter a was not provided. In such cases, the a value
was determined from the data itself corrected for homogeneity in time (Appen-
dix B) and other information provided in the answer booklet, such as the return
period of large events. In all cases, the recurrence relationship based on the
expert's input was drawn together with the data as a consistency check. A
typical plot is presented in Figure 4-8. The probability of success of each

magnitude Mi given the occurrence of an event was then determined as

PM, = o (4-11)

where AMi is the number of events of magnitude Mi computed from the
recurrence relationship and EAMi is the total number of events of magnitude

greater or equal to the smallest one of interest in the analysis.

Uncertainty in Recurrence Slope b

The uncertainty in the recurrence slope was modeled by the shape of the beta
distribution describing the Pp.: The beta parameters n" and § " were modified
as follows to model the uncer‘ointy. Given that one event greater than Mi = 4.0
has occurred and anchoring the slope at Mi = 4,0 , the variation in fv'.i
corresponding to magnitude 6.0 for the two bounding slopes was taken as two
sigmas. This assumption is valid since most of the hazard is governed by those
magnitudes in the analysis. Furthermore it implies that the uncertainty is larger
for larger magnitudes, which is a valid assumption. Hence knowing the mean and

the standard deviction for Mi = 6, the parameters n"and {"were computed as

", —“—“—U—ZJ - (4-12)

and E: b
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The same " was used for all magnitudes implying that the uncertainty
increased with magnitude,

When only the mean of slope was provided, an insignificantly small uncertainty

was assumed,

Uncertainty in Recurrence Intercept

This uncertainty is modeled by the parameters \" and »" of the gamma
distribution. Since the data was based on 175 years, and the experts used the
data explicitly to provide their input, the parameter \" was set to |75 which
automatically sets the uncertainty,

4.4 ATTENUATION RELATIONSHIPS

The difficulty in quantifying attenuation in the Eastern United States (EUS)
results from the almost complete absence of strong-motion data. Inferences
thus must be made about the attenuation of ground motion in the East by study-
ing systematic differences or similarities between the EUS and other regions of
the world regarding information that is indirectly related to ground motion such

as intensity data.
Introduction

As a preliminary attempt to focus on the problem of attenuation in the EUS, it is
valuable to list evidence that may shed some light on the differences or sim-
ilarities between ground motion attenuation in the EUS and the Western United
States (WUS). For instance:

v MM intensity atterwates slower in the EUS than in the
WUS, based on an abundance of historic intensity data.

. A comparison of ground motion data from the 1968 illinois
earthquake and nuclear blast data recorded in the EUS
with similar data in the WUS suggests that the rate of
attenuation of PGA in the far field may be the same for
both regions,
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o There are higher propagation velocities at depth in thr
EUS than in the WUS.

- There are higher Q-values (lower damping) in the EUS
than in the WUS.,

» There is no low Q-zone in the upper mantle in the EUS.

- There are systematic differences among magnitude deter-
minations between the EUS and WUS.
|
|
|
|

Some inferences concerning differences in ground motion characteristics
between these two regions may be made from the above evidence. They can
tentatively be quantified in terms of differences in frequency content, amplitude
and duration of the motion.

. The relative damageability of ground motions in the far
field as compared to the near field is greater in the EUS
than in the WUS. Tnis implies a relatively larger energy
content and

(a) larger accelerations, or
(b) longer durations, or
(c) both (a) and (b)

- The relative contribution of body waves at the larger
distances is greater in the EUS. This implies higher
amplitudes and longer durations at distance.

- The EUS may be a more efficient propayator of suriace
waves than the WUS. This would imply relatively lonyer
durations and larger long-period motions in the EUS,

- There may be fewer complexities in the transmission path
in the EUS. This could explain in part the lower damping
inferred in the EUS. It might imply less scattering of
waves, making the EUS a relatively more efficient propa-
gator of the higher frequency motions.

s Since there are more competent rocks at depth in the
EUS, earthquake foci may be deeper. This might imply
lower attenuation of ground motion as compared to the
WUS at distances less than several focal depths. This
would rot explain differences in attenuation at greater
distancues,

4-30 % h ¢

TERA CORPORATION



Source parameters relative to the "size" of an earthquake
may be different in the EUS than in the WUS. The higher
competency of the rock and lack of major well developed
fault zones might imply higher stress drops and smaller
source dimensions in the EUS,

It is interesting to note that some theoretical evidence (Campbell and Duke,
1974) suggests that source strength parameters (e.g., stress drop) and Q-values
may not directly affect the rate of decay of ground motion values among
regions. This shows that the energy content, which can be related to peak
accelerations, is directly propori.onal t- both stress drop and Q. This suggests
that the rate of decay of acceieraticn may be merely a function of geometrical

spreading.

Aggrooch

It would seem 1.3t, aside from ineoretically modeling, there is only one
alternative to EUS attenuation, given the paucity of strong motion data and
availability of intensity data. This approach consists of developing a mode! for
the attenuationof site intensity usirng EUS intensity data and then to use existing
EUS strong motion data in conjunction with data from the West to convert the
site intensity into a ground motion paramete:  The ground motion parameters
chosen for this analysis are peak ground acceleration (PGA), peak ground
velocity (PGV), and several spectral ordinates at frequencies ranging from 25 HZ
to 0.5 HZ. In addition, the site intensity is also retained as an additional
measure of the ground motion. As discussed elsewhere, we have calculated the
seismic hazard at specific sites, using nine separate sets of input, corresponding
to the data and opinion, provided by nine experts. Many of the experts preferred
to deal with seismic hazar . in terms of epicentral intensity, and our attenuation
relation as described above is appropriate for use with these experts' input.
Other experts preferred body-wave magnitude, and for these experts we factor
out epicentral intensity as a parameter in the attenuation model using a

correlation between body wave magnitude and epicentral intensity.
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The strength of this approach is that it specifically models the EUS by explicitly
incorporating EUS intensity attenuation. The only basic assumption is that site

intensity-ground motion correlctions are regionally independent.

One weakness of this approach has to do with apportior.ing an attenuation model
into submodels. The uncertainty contained in each of the submodels increases
the uncertainty in the final prediction (Correll, et al, 1977), although at the
present time there does not appear to be any rational alternctive to this.

The added uncertainty has a significant influence on the seismic hazard results
and we are sure that greatly improved estimates of the seismic hazard couid be
obtained through additional work on this topic. When an attenuation model is
derived directly from recorded ground motion, the siatistical uncertainty usually
corresponds to a one-standard deviation level corresponding to 1.6-2.0 times the
mean. When the uncertainty in mean predictions of intermediate parameters,
such as intensity, are rigorously included, this multiplicative factor becomes 2.0-
2.9 (Cornell et. al, 1977). Clearly, a hazard analysis which integrates out to a 2
or 3 standard deviation ground motion is being driven by this multiplicative
factor. While it has been outside the scope of this effort to address this
wi ~ertainty in detail, we feel that these uncertainties may be excessive. That is,
in spite of their statistical formality, they are derived from data representing all
possible earthquake types and ail possible travel paths. The seismic hazard at a
particular site is usually dominated by a particular type of earthquake (e.q.,
magnitude range, depth, focal mechanism, etc.), with a particular travel path.
We believe that a detailed consideration of this would significantly reduce the
attenuation model uncertainty. In the meantime, however, we are forced to rely
on a formal statistical definition of the uncertainty. Consistent with the
uncertainty contained in each of the submodels for attenuation, we use a value
for dispersion or uncertair'y of a multiplicative factor of 2.45. Since the data
are generally assumed to be lognormally distributed, this is often expressed as a
natural logarithm additive factor of In (2.45) = 0.9. A further basis for this
particular value is contained in the work done for TVA by Weston Geophysical
Inc. (1978).
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Another weakness is that the influence of site geology on the predicted site

ground motion is more difficult to quantify when the intensity dcta is incorpor-
ated. In the past, several investigators have attempted to quantify site geology
effects by including geology (e.g., soil, rock) as a parameter in the regression
between ground motion and site intensity. The difficulty in this is that the
.najority intensity reports are reports for soil conditions at a location nearby to
an accelerograph station. The conventional procedure has been to adjust the
intensity report for the difference in location and to then associate this adjusted
intensity with the recorded ground motion at the accelerograph site. At best
this approach for characterizing site effects is circular and results in a
systematic bias toward soil response. Our approach is similar to the one taken
by Murphy and O'Brian (1977). Since almost all intensity data corresponds to soil
intensity data, we assume that a correlation between site intensity and recorded
ground motion will be most representative of soil, and that the intensity data
alone are inadequate to quantify a corresponding model for rock. We feel that
the best way to accurately define a rock model is ihicugh Western U.S. data for
ground motion as a function of distance, magnitude, and site type. None of the
intensity biasing problems discussed above exist for this data set, although we
acknowledge there are potential biases such as building foundation effects
(Boore, et. al, 1978). The data currently available are insufficient to resolve at
this level of detail and we, in the end, rely on the overall "reasonableness" of the
rock model as a last check. We present the detailed results on our treatment of
site geology in a following section, following a summary presentation of the

strong motion data base used for analysis.

Summarily, our approach to attenuation is to combine EUS intensity attenuation
data with WUS instrumental data relating site intensity to a gorund motion
parameter. When required for compatibility with a particular expert's input,
epicentral intensity is converted to body wave magnitude. The resulting
attenuation model is considered to be appropriate for soil sites. A scale factor is
then developed for WUS data for each ground motion parameter to convert the

soil prediction to a rock prediction.
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4.5 SEISMIC EXPOSURE EVALUATION

Seismic exposure is evaluated by computing the level of a ground motion
parameter at a site for a selected probability of exceedence. In the following
discussion, maximum peak ground acceleration (PGA; ‘s chosen as a parameter
for illustrating the analytical framework. An identical procedure is used for any
other parameter such as peak ground velocity (PGV) and spectral accelerations.

A typical seismic region contains a number of earthquake sources. The seismic
exposure evaluation aims at combining the effect of all sources to provide an
estimate of the probability of occurrence of at least one event of a given PGA
within the time period of interest. By repeating the process for a number of
PGA levels, a probability distribution function or cumulative distribution func-
tion for the PGA is developed at the site.

In this model the quantities M and PGA are discretized to equal step increments
such that all the integration signs can be replace | by summations. Since the
distance is a parameter in the attenuation relationships, the process of division
of a source area A into smaller segments enables one to take into consideration
the distance variation to the site from different parts of a large source. The
size of the segments is chosen small enough such that the approximation from a
continuous to discrete computation is acceptable. The seismicity within a source
remains the same from segment to segment. If the mean rate of occurrence of
earthquakes for the whole source is \", then the rate for a segment AA is

\!"

- A" AA/A (4-14)

The distribution on the number of events for each segment is obtained from
equation 4-4, where \" is replaced by \™. The conditional distribution on
magnitudes given M events remains unchanged by the segmentation of the
sources, The distribution of the number of occurrences of each magnitude is
given by equation 4-7. The same distribution applied for any segment of the
source. The distribution of the number of occurrences of each M increment can
be presented under a matrix form that describes the total seismicity of the

segment,
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Only a finite number of different magnitude events can occur on the segment
(from the largest to the smallest magnitude considered). The number of
occurrences of any of these events is limited by the probability of occurrence

associated with them. They are disregarded when this probability becomes

negligible, say 10 ~. Hence, the total number of events is finite and can eas

be handled under the summation signs.

Since the distance from the segment to the site is known, all the parameters

the attenuation relations s are determ

For a given event M. occurring on a segment and distance Hl from the site, the
: )

J

probability of obtaining a max n acceleration a. at the site is given by
|

tla./M.KR,), which is the distribution of accelerations for a given maanitude ar
T rE kB

listance, This distribution is chosen to be lognormal.

Contribution of One

The contribution to acceleration greater

1

on the same segment is writter

urrences

1y, > T
HlA ( probal

celer 1t10r (}(("Z?("




Setting q = | - p, the above expression can be rewritten:
n
k
PA < a) = Plno M) + kZ% q° Pkm) (4-16)

with n chosen such that qk P(nMJ.) can be neglected.

The above discussion assumes independence among events. Hence, the contribu-

tion of all possible events can be combined as follows:

P(A = a.) =1 - 1 [I - P(A 2 qa.) ] (4-17)
i "M

all :
one segment M J

J

The whole range of magnitudes is covered starting with the largest one down to

the smallest one that generates a noticeable effect at the site (Mj Z M as a

min
function of distance). This eliminates the consideration of a large number of

events.

Contribution of One or Several Sources

As the events are assumed independent from segment to segment, the contribu-

tion of each segment of a source is combined as in equation 4-13.

P(A > Oi) =1 - n [l - P(A Oi)| ] (4-18)
one source all one
segments segment
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When several sources are considered, the

same principle is apj

source. Thus,

oOne

sources SOUrce

T 4
Ihis expression gives the probability of occurrence at the site of at least or

acceleration greater than a given level. A typical cumulative distrit

function is shown in Fiqure 4-9

Unce a cumulative d iIs established for a site, tt

exposure can be determined for any desired probability of nonexceedence.

Before discussing this process, the following definitions are presented:

Probability of nont:xceedence is the
that

exceeded within the

a given level of jround motior

interest

FPeriod of interest

seful lite of a struc

Once a iod of interest is sele
prooability « nonexceedence
Bernoulli's binomial

"

IS the probability

friqis i1s given b
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where n integer > 0; 0 < r < n; and

n |

~ £ B 13

Thus, if the period of interest is 50 yvears and an acceleration corresponding to

200-year return period is desired for a site, we proceed as follows:
p(RP = 200 years) 0.005 per year

rence, the probability of at least one success in 50 years (trials)

|

- probability (no success in 50 vears)

M { 5N)
- F‘u(')' 50)

0 years and r = 9. Using equation 4-20,

DF«‘“' 50)

rence, probability of exceedence in 50 vears
acceleration may be found Sl corresponding

exceedence

F igure 4-10 gives a relationst Ip between return period,
orobability of nonexceedence. Note that this shows that
ated with 200 year return period have a 22% probability of
years. |he relationsh p is general and can be applied to any
the Poisson's law for mean rate of occurrence and the Hernot

The following observations are useful in regard to the ret

(1) A return period (RP) IS the mean (or «;',/l-r.;;e-}
time tor an event of interest (assur ing Poisson oc

rence of events).
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(2) The probability that an everit corresponding to a return
period RP will occur in any given year is given by
p = I/RP. Hence, for a return period of 500 years,
P = 0.002.

(3) The probability that not a single event of the RP type will
occur in RP years can be approximated by /e for large
RP (RP 2 |5), where € = 2.718. Thus, if return period is
100 years, the probability that in 100 years there will not
be a single event producing the |00-year peak ground
acceleration is qgiven by |/e =~ 0.36, or there is 64%
chance that in 100 years there will be at least one event
producing a 100-year peak acceleration or more.

A typical exposure plot of acceleration versus return period is presented in
Figure 4-11.

Synthesis of Results

Different exposure evaluation at a site was obtained for each expert using his
input only. The loading parameters considere¢ were PGA, PGV, nine spectral
ordinates of a 5 percent damping response spectrum (T = .04, .05, .08, .10, .20,
.30, .40, 1.0 and 2.0 seconds) and Modified Mercalli Intensity. A typical set of
spectra for the 1,000 year return period is shown in Figure 4-12. This approach
has the advantage of providing the range of results corresponding to each expert
as well as the distribution within that range. Moreover, a synthesis result can be

obtained using the method of weighted averaqes.

In the questionnuire, the experts were asked to rank themselves on a scale from
0 to 10 regarding the confidence they had in their answer. For each zone
considered three self-rankings wer e asked regardiig zonation (RZ), upper magni-
tude (RU) and recurrence (Rs)'

These weights, together with the percentage of contribution of each zone to the
exposure were used to reach the synthesis. For each expert, the weight of the

source was computed from the self-ranking.

1

w. -VRZ. + RZ. . RZ.
ij zij vij sij
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where i is the zone index
j is the expert index

For the return period considered, the contribution of each zone to the total
exposure (pij) was determined for each expert. It should be noted that both the

exposure and the zone contribution varies from expert to expert.

An example is given in Table 4-1. The contributing weight of each expert is
computed as

W..
J joy

E.:Z P

The weighted average for a given parameter and return period is obtained as
LA = Z L E. /ZE.
. i }-=3 i J

This process has to be repeated for each exposure parameter and return period.

Figur- 4-13 presents a typical spectrum synthesis.
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TABLE 4-|

SOURCES WEIGHTS AND CONTRIBUTIONS
FOR A GIVEN LOADING PARAMETER
AND RETURN PERIOD

Zone Index

| 2 i
Contri- Contri-
Expert Exposure Weight bution Weight bution Weight C
%) (%)
' Ly Wi P W by Pit  Piy
2 L, Wi2 P2 P Pp W P
| L W p' : W.. 2
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50 ILLUSTRATION OF THE UNIFORM HAZARD METHODOLOGY

In order to illustrate the details of the various steps presented in the previous
section, a typical rock site was selected in the Central Stable Region and one
expert's opinion was processed for input into the analysis.

Application of the hazard procedure consists, in essence, of defining appropriate
input parameters for the socurce zonation, the source seismicity model and the
attenuation model, and using the exposure evaluation model to obtain expected
values of ground moiion parameters for various probability levels. Output from
the exposure model is a cumulative probability distribution function (CDF) for
each ground parameter.

5.1 PROBABILITY LEVELS OF EXPOSURE

In this example seismic exposure values are estimated for three return periods:
200, 1,000 and 4,000 years. In actuality, a cumulative distribution fun ion was
developed for each parameter so that values could be estimated for any return
period desired.

5.2 SOURCE GEOMETRY

Required input consists of source location and geometry. As presented in the
companion Expert Opinion Rep~rt, base maps describing two possible seimic
functio s of the eastern United States were provided to the experts. fhey were
asked t, indiccte their "degree-of-belief” (credibility) in each source zone and
source zone alternative by estimating ine chances of the seismicity to be
restric ted within the zone boundaries. These zones were digitized to satisfy the
input format required by the computer code. They are presented . Figures 5-1,
5-2 and 5-3.

In presenting certain data and input, we will sometimes need to refer to o

fractional value of intensity. These fractional values, which are a mathematical

ar .ifact of treati.g intensity as a continuous variable, will be referen~ed as, for
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example, VII% for VII-VIIl. Table 5-1 presents a list of all the zones provided by
the expert. The first three columns give the zone number, the source name and
zone area (kmz). Note that Zone 2 (base map) has been replaced by a modified
zone by the expert. Column 4 gives the cumulative number of events greater
than MMI IV% for a period of 175 years. The MMI IV% is used since only events
of MMi greater than IV% are considered in the onalysis ond a % intensity is
adopted as an increment. The increments are centered at IV%, V, etc., and half
the increment is considered on each side of the centered value. Hence, the
increment bands are defined by IV&, IV-3/4, V&, etc. Appendix B on source
seismicity describes how the cumulative number of events is obtained.

Column 5 gives this expert's degree-of-belief (credibility) in percent regarding
each zone. The background zones have no credibility assigned to them a: they
have be *n defined as the envelope of all the zones presented by the entire expert

panel.

Columns é through B give the se!f-ranking of the expert regarding the configura-

tion, the upper magnitude cutoff and the recurrence in each zone.
5.3 SOURCE SEISMICITY
For each source, recurrence input parometers consisted of the following:
(a) The mean raote of occurrence, of earthquakes, for the
period covering the data base 175 years

(b) Distribution of earthquake MM

(c) A distribution on upper MMI cutoff

Mean Rate of Occurrence

This expert did not provide explicitly an "o" vaolue for each of the zones.
Therefore, a decision was to be made about where tc anchor the slope of the

recurrence to determine "a."
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Zone Zone
Number Nome
| New Madrid
2 New Madrid (Modified)
23 New Madrid
10 Upper Keweenaw
) Anna

New Madr id Bockground

v
o Area
Central Stable Region

-

m

o)

>

0O

9

~)

~

7

A)

A%

=4

z

Area

()
55,8%0
16,006
98, 506
5,713
2,986

258,056

1,463,550

TABLE 51|

INPUT FROM EXPERT (1
CENTRAL UNITED STATES

Number
of Events
Greater Than
MMI = IVN Slope Upper Magnitude Cutoff
in 175 Years MMI MM __ .
255 0.50 + 0.1" X1 1/2-X1 1/2-XN
180 X1 H2-X1 1f2- XN
160 Vi 1/2-vil-vill 1/2
14 VI /2-viE 1/2-VIlL 1/2
35 VIl 1/2-VI 1/2-1X 112
180 X0 2-X1 1/2-XN
VI LI2-vi 1 j2-vin 1 /2
185 VI L/2-VIE 1/2-VIlL 1/2

Credi-
bility
%

60

Ranking

Func- Upper Recur-

tion MMI
9 "
9 ~
Y f
6 b
9 7
9 -
B 6

rence



The corrected data (Appendix B) was used to this effect together with indirect
information such as return period for large events and the size of the two largest
events for the period considered. The mean rate of occurrence for 175 years is
shown in Figures 5-4 through 5-10.

Distribution of Earthquake Magnitudes

The distribution of earthquake magnitudes was given by the expert as the slope
of the recurrence "b" = 0.5 + 0.1. The uncertainty in the slope was modeled as
described in Section 4.0. The parameter 7" of the beta distribution was
obtained as follows: given that one event has occurred, the number of events in
the MMI 8.5 increment corresponding to a slope of 0.4 is .009279, the number of
events in the same MM! increment corresponding to a slope of 0.5 is .00438, and
to a slope of 0.6 is .00127.

Hence ¢ = .00365, v = .00438 and »" = 326.1. The E’;, are computed as the
number of earthquakes in each intensity band out of total'of 326.1 greater than

MMI = 4.25. This distribution is given in Table 5-2.

Upper Magnitude Cutoff

For a 1,000-year period of interest this expert specifies in Zone | upper
magnitude cutoff range of my, = 7.5-7.5-7.75. These are converted to MMNI using
the relation MMI = Zmb - 3.5 to remain consistent with the slope given in terms
of MMI: XI% - XI% - XIl. The triangular distribution fitted to this runge gives
the following probabilities for those MMI to be the largest ones

MM X% X1

P'(Muj) 667 .333

The same procedure is applied 10 the other zones.
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TABLE 5-2

DISTRIBUTION EARTHQUAKE MMI

MMI Band

L A RV RV
NnoOoOw;nowuwm

VOO ~d~

NOWLO WL

VMo wk

o

5-8

Number

142,
80.

WE —-—w~d

.51
427

.803

451
.254
. 143
.0803
L0451

.0254

~ AT

N P ATIAN
TERA CORPORATION



CUMMER ATIVE FRININ BT OF § ARTHRQUAKE S LTS YEARS

100C

SEISMICITY DATA AND MODE L

- o P M
3 . T
- SRp—p—— !
L 6 N
] T 1T 1
- = — 1 T
B REENE NN
14 i | | | |
|| | | |}
| | | ) 0 1 | 1
‘ i . ‘
| | ! 1 : | |
1 | | | . k! |
- - -
— 11 —~—3\ o o -+ :
S I
! 1T "
INERERE | o \c
|
| | | |
i |
| | |
| | ‘ | 9
1 : |
=2 T 8 1 1
e o e o\
! 1 5—‘\
1 ] | X e
l — N —
' I
- & m—————aed} S S——
- \ -
Exerine | v \
Lone nG. | --_.__._1_‘__.__.._.,_ = i (ot el e
Zone neme New Modr o
Lone grec ke 55.89 —+
Expert "v" volves 0.5 0.! —- — | e U ——
£ xpert max mur
Event sizes S - 115 12 e e i
L&«c ‘ |
-—f—q——+——-¢-—‘
D uncorrected, incrementa! | |
& correctied, incrementio | |
© correctec, cumulotive { ] |
. S t / [
(I8
FIGURE 5-4
o
' RECURRENCE RELATIONSHIP
)

EXPERT i

5-9

™

TERA CCRPORATION



3 =
Q
- —
A 53
e
@)
a
&
O
O
q
o
Lad
= [
1 .l\
S
J\AJ Av — . (R a
d I A O I
" ' 3 Wm
5 ‘ — S
5 1 1 =
) ——s T % &
< S [TPURP—- T ) ﬂ .
m s ma WL o W_ -
& . ” 2 W a A
- N ) (eameaar m mm >
W. 4 - (T mc._
o | C O - 4 v o o
= B .sr s U
H1+—1— +— 111 1.3 = By ©
1T am fman AR E RS lzmm{.u.m. nmm &
+—1— 1 | B REE SR i i " unm
W e K B ST
T T 11T i bekEy | BNE
i LE bt IRt £s
IO S
~y -— _— - —e 1
1 | T ” NP N 0«0
m g - - pet
SHV IA SL0 NS DAVODMINY 3 30 B WO ALY WiwiD (e



CUMURATIVE PRIMIM IR OF FARTHOUAKES 1N 175 YEARS

SEISMICITY DATA AND MO0DEL

}T
A
4
1
1
! B
4
+ ~
[ |
o 1 a e
100 : ;
B S U S S
" y ]
H |
— ~
- A st -
d —— 0 A I I O O
I { | !
| |
| t Lt ‘ | | |
w— — -+ ' T
| | ! | | | | \
| | l i b | [ ] l
l L 3.1 J [ t 4 " ]
10 . e . e s Pty ;-
1 s i N T 11 = s
- i 4 -
2 0 ]
11 1 C 1 1
A
EEEER ‘ ly
lj‘ﬁ o e
| T
| | || | | ‘
l SREE ‘
1.0 — - —— -
Expert no. I B "}
Zone no 10 T 1 s | b
Zone nome Upper <4 !
Keweenow 1 P |
2 % 1
Zone orec 5,714 ! ! £
Expert "b" volves 0.5 + 0.} i T | -1 | |
Expert maximurr o <+ - § T — -
Event sizes 6.5-7.0-8.% 1 1 ‘ | | ] . . |
Legend J | - l " d
O wcorrected, incremental | r | | {
& corrected incrementol 1 | { |
O corrected, cumuiotive | ' l ’ | |
Lt -
. “ 5 ¢ 7 13 ] 10 }] 1l

FIGURE 5-6

i RECURRENCE RELATIONSHIP

EXPERT 1|1

5-11

TERA CORPORATION




CUMUR ATIVE FRIMIS I OF EARTHOUAKE S IN 1TSS Y ARS

100C

ic

SEISMICITY DATA AND MODEL
1 |
] :
| i |
: :
1 AY |
! : i I
1 T ]
' AREN | l -
t -1 -1 r
HRERANRRRRRREREEE
TTTTTHIN T T T T T T T |
| | | ] [ | 1| ‘ ]
| IRER ] |
l | ‘ P ' | |
o N 5 T S - 3 . St
. . ) b s |
) . - +4 A= 1 !
5 L !
T T A
| T i ! s i | 1
| | | L& | | | |
| i ‘ i | 1 i Iﬁ\ |
! |
1 EREREK: |
| ! | | ‘ | A | |
Cxpert no i — gl B d .
Lone n¢ H e - —+ '
Lore nome Anng - 4 -
Zone orec km 2,98¢ l; 7#1‘ jr 1 ! 1
Exper! "b" voives 0.5 + 0.1 [ ] 11 | 1 {
£ xpert maximurn { ! 7' T 1 { | ' f
Event sizes 6.5-7.5-8.5 Pl l | | . !
- 4t -
Legenc L1l HEEE
O wncorrected, incrementc! [ ] ‘ [ 1 | |
& corrected, incrementol | | ||
© corrected, cumulotive | | { I -
- 5 6 7 - S 10 | 12
[
FIGURE 5-7

RECURRENCE RELATIONSHIF
EXPERT |1

5-12 gl

TERA CORPORATION



CUMUILATIVE RRIMIS 5 OF EARTHOUAKE S 1N 175 YEARS

SEISMICITY DATA AND MODEL

FIGURE 5-&

RECURRENCE RELATIONSHIP

EXPERT |1

5-13

E e
e
1
|
|
! i
| | | i ] 1
' ‘ I ‘ | | ! x
s | | { | |
| L HERE |
b - ——t
£ )| 4 i |
] ! 4 L1l
l ] L . +
| T [ 1 ] i | . Ti |
] 1 4 < J  _— l 3
HERENE 11T | 1] '
BERERRERRRRE L] |
EEEEREEREREEER |
HESRRRNENAUERE |
s T T (S e L R 0 ! 1
1 o - o s, (S S (DN (s S O 1 b VD, ] A -
o S O O .
s - A .
T 111 B N1 T
| | | A‘ | .*. 1‘ ! |
1] i | | \ |
‘ | . ° 5
S T i e e e a2 =B
|
Expert no | ! ol g e o s S5 Ve N §
lone no 23 N S TS T S ————
Zone nome New Madrid }—
Zone oreo kr 116,674 £ - 4 il
Expert "b" voives 0.5+ 0.
f.lD?" moximur r—q—*—o———q —. - —— - .
Event sizes 1511512 |
e e S e S e
o3 +—i—+«—44—4———&——4
O wncorrected, incremeniol I
& correxted, incremento! ! [ |} |
O correcied, cumuiotive | ! | l l |
i {
W 5
"o

TERA CORPORATION



]

- e 4 e .

-

—

— ————

e e S

-
B e S

e
e e =

b 2
2
K
Aﬁ
«
Q
»

SHV A SUENES IAVIERALHV ] 50 8 MiwErd




TERA CORPORATION

2 3] ——E - “11H 11 N
14 _ oy,
8 I R0 NSRS RS } 11
1+ +— . - q a pea §
Ht+r+ 111 -t 11 + —12
+ — “t 4+t %l# 1 J.lT o EE ey
-1 et T 1T g q S e .Illx > N
1 e i 56 S S - Aw|ﬁ1ﬂ|l — oy H
. +—t—t—11 1 1 1 - x
% 2 4 7171 1 Z
M s IESESTA 1‘\. — - = O
* i 4 =
~TH 1 —— o = _
2 o —4—A- - o« =
1 - $3 ] Llﬁ 4 | - o 3 .
" il e 285 =
: — —to—t———tH * T ¢ & u A
- A : H ——— oD W a
£ -t 11 4 o Y&
w — 4 - —y ——— 4114 + 1 *41 -— - - n m w
m 1 & ety 9 4 ﬁ\li - > s R
LN i W —1T prm—— 8 @ S m
e AAjlu - 4+ ——— .Wuu,.( - mmm O
11 | I 3. - bfS -
" i Cek T 11 ~% ¥4
T —1rrtrt E8E g2
1 [T ¢ Egpidy | BEE
- ﬁ . nmmmnuu Mwww
" 8 3
T P
b= (=] -
3 2 . °

SHV 4A SLINES IAVIERALHV 4 50 1) WIS ALY Wi



5.4 ZONE SUPERPOSITION
Following the procedure presented in Section 4.0, the seismicity is distributed
among alternative zones as a function of credibility. The number of events

greater than MMI IV% is referred to as "a" in the following paragraphs.

New Madrid Region

This example is fairly similar to Case |, Section 4.0. Zones (7)? ond 23 are

treated together since they represent an alternative to Zons | from Table 5-1.

Zone 0 C

I 255 60

2 180 85

23 160 80
Background 380 -

Average credibility of Z’l and 223 = (.8 + .85)/2 = .825
Credibility of Z| or 22 and 223 = | - (L175)(.4) = .93
Q) +0y3 = 160 + 180 = 340.

Distribution of seismicity between Z| and A2 . 23
85 x .6 825
02’232 340‘m X]—.m 2 2'7.6
85 x .6 6
CI = 255‘m Xm = |22.4

Seismic density in background: outside Z2 .23

TS5 - 115572 = 00027

The number of events in background is .000279 x 258,856 = 71.9

5-16 %
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The number of events in Z2 .23 belonging to the background is .000279 x
114,512 = 31.9

To prevent double counting of earthquakes, these 31.9 events are subtracted

from ZI and 22 L3080 function of credibility

825
02’23:2|7.6-3|.9Xm s '99.'

b = 109.0
OI = |22.Q-3|.9Xm5—

The seismicity is decreased as a function of the credibility of the New Madrid

Source (probability of existence)

199.1 x .93 = 185.2

9,23
109.0 x .93 = |

o

I.4

9

The seismicity is distributed between 22 and 223 as a function of their activity

185.2 x 180
% =gy =80

185.2 x 160 = 87.]
JHL

"

923

|

The total number of earthquakes belonging to the background becomes

=719 + (1992.1 + 109.0) x .07

Q, = 93.5

We consider next the Central Stable Region. The seismic density in this region is

185
1,463,550

= 000126 event/km 2

Upper Keneenaw (Z 10

5-17 i}
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The number of events in this source belonging to Central Stable Region is
000126 x 5,173 = .72
90 = (140 - .72) x .2 = _2__7

Since ZI") is o source of low activity with little effect on the site studied, no

background is used for this zone.
Attica (Z| )
Q= 35
The number of events in this source belonging to Central Stable Region is
000126 x 2,986 = .38
a; = (35-.38)x .8 = _2__7___7
The number of events in the Anna background is 34.6 - 27.7 = 6.9

Central Stable Rec’'on

Oc = |85, + 11.3 + .4 = 196.7

Normalizing for the area used ir the analysis

& = 196.7 x B68,442 - 116.0

‘ I,QGB,SSO_ + 2,986 + 5’713 S

The final seismic input is presented in Table 5-3.
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TABLE 5-3

CENTRAL U.S. - EXPERT NO. 11

Zone No. No. of Events
Zone 2 .25 MMI Slope Upper Maognitude Cutoff
TERA Expert Nome _in 175 Years MM MM
| New Madrid 101.4 0.50 + 0.1+ X1 1/2-X1 1/2-X1
2 20 New Madrid 98.0 X1 1/2-X1 1/2-X10
10 Upper Keweenaw 2.7 VI 1 /2-vi-vin 12
il Anna 27.7 VI 172y 1 2.V 1 )2
En 23 23 Mississippi 87. | VIL 1/2-VII § /20X 12
o - New Madrid 93.5 X1 1/2-X1 1/2-X11
Background
i Central Stable 116.0 VI 1/2-vIL 1 /2-Vvil 1 /2
Region
- Anna 6.9 VI 1/2-viL 1 /2-vilL | /2

Background

* For all zones.

NOUVAORIOD Vil



5.5 ATTENUATION MODEL .

As described in Section 4.0, several relations were combined to produce a final

attenuation relation of the form

The ground motion (GM) parameters were PGA, PGV, and PSA at nine frequen-
cies petween 25 Hz and 0.5 Hz. Figure 5-11 presents a graphical summary of the
PGA attenuation model for various values of e

5.6 EXPOSURE EVALUATION MODEL

Using the model preserted in Section 4.0, the exposure is computed at the site
for the loading parameters considered. Even though only three return periods
are oi direct interest, a complete cumulative distribution function is computed
so that any return period can be obtained. Figure 5-12 presents a pict of PGA
versus Return Period at the site. A Uniform Hazard Spectrum (5% damping) was
determined by computing the spectral amplitudes at nine periods (.04, .05, .08,
.10, .20, .30, .40, 1.0 ond 2.0 seconds). This spectrum corresponding to o
i,000-year Return Period is presented in Figure 5-13.

5.7 SENSITIVITY ANALYSIS

The objective of this section is to emphasize the importance of a sensitivity
study in any seismic hazard analysis. Recall that a seismic exposure analysis
represents the combined effects of various parameters representing source
zonation, source seismicity, attenuation, and seismic exposure evaluation models
and the associated uncertainty. A sensitivity analysis can enhance the utiliza-
tion of a seisinic exposure evaluation because it provides an insight into the
relative influence of various parameters and enables one to focus on the
assumptions that require particular attention versus those that are relatively

insigrificant.

5-20 %
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In this section we illustrate the importance of sensitivity studies by examining
effects of the following parameters on seismic exposure at a sample site:

. Source zonation credibility

. Uncertainty associated with the earthquake mean rate of
occurrence and magnitude distribution

- Upper magnitude cutoff

- Uncertainty associated with attenuation relationship and
truncation of the distribution modeling this uncertainty

Sensitivity analyses were carried out for the same specific site and expert used
above. Although this choice is representative of typical situations, conclusions
from these analyses cannot unilaterally be extended to all experts and all sites.
Influence of certain parameters such as source zonation credibility and upper
magnitude cutoff vary significantly from case to case. Fortunately, they can
often be inferred from the type of input and the location of the site with respect
to zone bou_ndories. A complete sensitivity analysis represents a major undertak-
ing beyond the scope of the present study. The following discussion ot the
results and qualitative comments, which may not be applicable to other sites and

other experts, is presented only for illustration.

Source Zonation Credibility

As mentioned in Sections 4.4 and 5.4, the seismicity of overlapping zones was
distributed between them as a function of their credibilities with the undistri-
buted earthquakes being allowed to "float" in the source background. In this
sensitivity analysis all credibilities are assumed to be 100 percent with no
earthquakes !lumped in the background. The equal hazard spectrum at the sample
site is presented in Figure 5-14. Little difference is noticeable mainly because
the two main contributing sources are the central stable region which underwent
no change and the New Madrid region which is too distant to reflect small
variations in boundary conditions. This result is typical of all experts for most
sites in the Central Stable Region. In the northeast, the complexity of the

5-24 %
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zonation and the variations between experts would require o detailed study

determine the sensitivity of this parameter.

Seismicity Model Uncertainty
In this sensitivity analysis, the expected value of these parameters is kept
constant and only the uncertainty about the mean is varied as modeled by the
parameters of the gomma and beta distributions. The larger uncertainty
increases the probability of a higher level of seismicity at the expense of a lower
one. Hence, for a rather short return period the effect is not unique and depends
upon the size of events governing the hazard.

Figure 5-15 presents the |,000-year spectrum for a large increase in uncer-
tainty. As the results show, there is both a decrease and increase of hazord as ¢
function of the period. This effect is not surprising since different event sizes

are dominant hazard contributors at different frequencies.

For longer return periods one expects a global increase which may become very

significant. The 4,000-year spectrum showed a 30 to 50 percent increaase

the whole spectrum. Such conclusions are generally applicable for other experts

ol

and other sites.

nper Maanitude Cutoff

e

e e e————

In this case the maximum earthquake has been changed for o
MMI XII, implying that the largest possible earthquaoke can oc

Figure 5-16 presents the spectrum. The increase is substantial

spectrum range (50 to 100 percent).

In general, such an increase is a function of two parameters: the upper
magnitude cutoff specified by the expert for the sources governing the haozard

and

the magnitude distribution. For example, no change would occur for ar
expert who specifies MMI Xll for all zones and o large increase would occur for

an expert with a relatively low MMI cutoff for zones. These conclusions,
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course, are dependent on other parameters, notably the b-value. For example,
the calculated hazard is relatively insensitive to changes in the upper magnitude
cutoff if the expert's b-value is large.

Attenuation Uncertainty

In most hazard anaiyses the most sensitive parameters are the attenuation
relationships used and the uncertainty associated with them. This characteristic
applies for th.s study. Two sets of runs using the same mean attenuation
emphasize this point:

B The log-normal distribution was trunccted at 2 sigma on
each side of the mean and runs were performed with three
values of sigma (0.5, 0.7, 0.9)

v A constant value of sigma of 0.9 was used and the number
of sigma was varied between |, 2, and 3.

The results are presented in Figures 5-17 and 5-18. The variations are dramatic
for both parameters. The dramatic effect of these two parameters can be
demonstrated in yet another way. When a sigma of 0.9 is applied to a
distribution truncated at 3 sigma, accelerations as high as |15 times the mean caon
be carried into the analysis. If the mean is 0.3g, say, the truncoted acceleration
for this hypothetical case would be 4.5g! This conclusion wiil apply to other
experts and sites.

For o fixed number of sigmas, a variation of sigma has a multiplicative etrect.
Conversely, for a fixed sigma, the variation in the number of sigmas has an
asymptotically decreasing effect since the added probability of exceedence
decays as the tail of the log normal distribution.

5.29 %
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6.0 UNIFORM HAZARD SPECTRUM

In order to understand how the uniform hazard spectra (UHS) con be used for
design, it is important to consider the definition of UHS and study its implico-
tions. A uniform hazard spectrum is developed using probabilistic methods ir
such a way that each spectral amplitude has the same probability of being
exceeded in a given period of time. In its development, each period is considered
independently of another, and the spectral amplitude at one period is only weakly
correloted with the spectral amplitude at another period. This comes about for
the following reason: when developing the spectrum, predictions are made for
one period at a time, say T;. Ail the potential earthquakes contributing to the
seismicity at the site are then considered using the seismicity, attenuation and
exposure models, and their cumulative contribution to the loading at period T, is
computed as o cumulative distribution function of the leading. The spectra
acceleration versus return period plot (Figure é-1) 1s :hen developed and the
loading corresponding to the return period (RP) of interest (say 1,000 years) is
used as the appropriate spectral amplitude for design at period T{. The
procedure is repeated for other periods within the frequency range of interest
and the spectrum is built point by point.

It is important to realize that the contribution of each earthg

. ‘ uoke is introd
from the probability of exceedence aspect and not from the loading aspect.
other words, one asks the question: What is the probability that o fixed load
(at period T !5 will be exceeded by event | or 2 or 3 etc? The reversed questior
of contribution to a fixed loading from event |, 2, 3 is not addressed. Figure 6-2
presents a typical uniform hazard spectrum for two levels of exceedence: |10 and

20 percent,

If we are interested in periods T‘ and T.), the spectral amplitude correspondin
“

to those periods indeed have the same probability of being exceeded due to al
the earthquakes affecting the site. A spectrum developed based on other
methods, such as statistics on number of records, might be biased by the dat
base which might not be representative of the distribution of events expected 1«

|

occur at the site considered. Hence, such a spectrum will often contain a bias,
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either conservative or unconservative. |f the data base consisted mainly of
nearby events, but the site is expected to be subjected to distant events, the
spectrum has a good chance of being overconservative in the high frequency
range and underconservative for the long period. The uniform hazard spectra
represent an improvement over this approach since they consider the same level
of exceedence for each period. However it becomes apparent that since each
period is treated independently of another, the notion of a specific spectral
shape corresponding to a particular earthquake is lost in the process. The
uniform hazard spectra represent an envelope of all the earthquakes affecting
the site and any single type of event (with a specific shape) will always lie under
it. The consequence of this point is illustrated below for a multi-degree of

freecom system.

First, however, consider a single degree of freedom system. If one is interested
in the loading at a single period T| independently of all the others, the UHS
effectively provides the loading corresponding to the RP of interest since it
represents, for that loading, the contribution from all earthquakes affecting the
site. This would apply for the design of a system modeled by a single degree of

freedom system, such as a piece of equipment.

On the other hand, when one is interested in decioning for a multi-degree of
freedom system, two characteristics ent~- the picture that make the UHS a very
conservative, if not overconservat , design tool. For illustration, let us
consider a two degree of freedom system with fundamental periods Tl and T2
(TI > TZ)' The UHS amplitude correspornding to TI and T2 are Scnl and So2
respectively (Figure 6-2). As is well known, there is a high probability that the
loadings So' and 502 will not be felt by the structure at the same time, i.e., for o
given event, the largest acceleratior. in the response time histories for periods
TI and T2 will not oczur at the same instant. It is therefore conservative to add
the loadings SoI and Saz as if their effect were cumulative. The square root of
the sum of the square (SRSS) method of design qualitatively takes this into
account by assuming that the giobal loading is on the average better represented

by the vectorial sum of the individual modal loadings.

6-4 *}
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A much more important characteristic is that the UHS is an envelope of all
events, and therefore it cannot be representative of any single event. If the
structure is subjected to an earthquake rich in high frequency, the low frequency
content of its spectrum will most probably be small. Conversely, if the event is
distant and rich in low frequency its spectrum will most probably have little
energy in the high frequency range. In other words the spectral amplitudes Sol
and Scx2 will not be felt by the structure for any single event. Since the
structure will only have to resist one earthquake at a time, using Sc:I and 502 in
a model superposition analysis is overconservative.

The goal is therefore to design for event specific uniform hazard spectro

(ESUHS): spectra that correspond to the types of earthquakes that can be felt at
the site. There is obviously a large number of such spectra and it is unreasonable
to want to consider each of them independently. On the other hand, the previous
arguments imply that it is overconservative to use only the envelope of all the
ESUHS.

From an engineering point of view, it appears reasonuble to consider oniy a few
types of spectra, for example: rich high frequency content, intermcdiate, and
rich low frequency content. Since the purpose is now to obtain o number of
uniform hazard spectra resulting from the sorted contribution of different types
of earthauakes, it is necessary to determine the parameters that govern the
shape of earthquake spectra in order to assign the contribution of each event to
the correct ESUHS.

In a probabilist:c hazard analysis, the spectral shape is determined by the
ottenuation relationships used to transfer the loading information from the
generating source to the site. Carrying the discussion for two periods of

interest, the attenuation relationship is of the type:

b, P21
Sa g dniatese P
M,R Rb3l |
b'zebZZM
So o
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The spectral shape (ratio of Sc:l to Soz) for a fixed distance and magnitude is
determined by the parameters b“ and b|2, while the spectral shape variation
(variaticn of So' to Soz ratio) with distance and magnitude is governed by the
constants bZl’ b22, b3|, and b32. As shown in Figure 6-3, distance is an
important parameter since the ratio So| to 502 varies significantly with it,
whereas it only varies marginally with magnitude (Figure 6-4). Hence as a first
approximation, a good separator for spectral shapes is distance and oiily the
cumulative exposure from earthquaokes within a distance band should be con-
tinved to produce an ESUHS. From Figure 6-3 one sees that three distance bands
would be appropriate: from Zero to D|, where S<:1I > 502 and approximately
constant, from D, to Dy where the average ratio So|/5c|2 >| and finally
distances greater than D3, where So|/502 is less than one and relatively stable,
A more crude approximation would use only two distance bands: from 0 to 02
(Sa; > Sa,) and greater than D, (Sa; < Soz).

In order to remain consistent with a global hazard corresponding to a chosen RP,
one cannot simply design for the most critical ESUHS at that RP. One has to
consider the additional contribution of the cthers., One approach based on design
is presented in the following paragraph.

Let us consider the two periods of interest TI and T2 and assume that the
earthquakes susceptible of affecting the site analyzed can be broadly sorted
(based on distance) in two types of spectral shapes. For each distance band and
period a spectral amplitude versus RP plot is obtained. Fiqure é6-5a presents
separntely the spectral amplitude at T| corresponding to the nearby and distant
earthquakes and a combination of both. Figure 6-5b presents the same curves
for period T2.
Using the modal superposition method, one can determine a load versus RP curve
for each ESUHS (Figure 6-6c, D < D, and D > D,). Assuming independence
between both ESUHS, the global load versus RP is obtained (Figure é6-5¢, D > 0).

%
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This curve presents in terms of a design parameter the global contribution of
both nearby and distant earthquakes to the hazard at the site. The load
corresponding to RPO on this last curve represents the design value to be used
for design. One can see that it corresponds to different RP for each ESUHS load

curve.

This approach, which is structure dependent, represents a more rational ottempt
to take into account the specific spectral shape of earthquakes felt at the site.

It removes some ¢ f the overconservatism implicit in the UHS method.
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APPENDIX A
SOLICITATION OF EXPERT OPINION

A.l MODES OF JUDGMENT

Modes of judgment are the methods by which people assess uncertainty. They
use intuitive assessment procedures that are often based on cues of limited
reliability and validity. Three common features of these modes of judgment are
worth noting (Spetzler and von Holstein, |1974):

“ Generally people are not aware of the cues their judg-
ments are based on

B Controlling the cues people base their judgments on is
difficult

. i’eople can be made aware of biases and make a conscious
attempt to contro! them

It is convenient to divide the modes of judgments into the four cotegories of
represeniativeness, availability, adjustment and anchoring, and unstated assump-

tions.

Representativeness is the tendency to assign the probability of an event accord-
ing to the degree of similarity it has with a broader group of events from which
it is issuec. Dften a simple event is given more weight than it should because it
is well defined and considered representative while the whole population carries
more generclized information. The biases resulting from representativeness can
often be reduced or eliminated by structuring the problem in more detail

(Spetzier and von Holstein, 1974).

Availability refers to how easily occurrences can be brought to mind. For
instance, present or recent occurrences or information that made a strong
impression at the time it was presented are more available than occurrences
from a long time ago or that did not make a strong impression. One may assess

the risk of 1 =art attaclk among middle-aged people by recalling such occurrences
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among one's acquaintances, and often such information will be given more weight
than it should because it is still vivid in one's memory. Such bias can usually be
removed by concitioning the subject and forcing him to broadly survey his
information base before starting the scaling.

The subject often adjusts his responses to further questions according to the first
or most available piece of information. Typically the subject's adjustments will
be insufficient and lead to a central bias. Such a phenomenon is cailed
anchoring. Anchoring often occurs when the starting point is given to the
subject, or when he is first asked o question which he considers very important
(such as @ mean value), to the extent that he bases the remainder of his answers
on those. Such biases can be reduced by covering a wide range of values at the
beginning, or by eliciting answers which cannot be correlated.

If there is room for unstated assumptions, the subject will, consciously or not,
restrict himself to particular cases with which he feels more at ease, or he will
implicitly disregard situations that he feels are too far-fetched to need consider-
ation. Therefore, his probability distribution will not reflect his total uncer-
tainty. This obstacle can be removed by properly structuring the problem and
making sure that conditional probabilities are explicitly stated.

A.2 BIASES

Biases are discrepancies between the expert's answers and his real knowledge.
Such discrepancies con take several forms and can be either conscious or un-

conscious.

- Displacement biases consist of a translation of the whole
distribution function either upward or downward but with
no change in the shape.

®© Variability biases consist of a variation in the shape of the
distribution function. The bias can result either in a
tighter distribution (centro! bias) or in a broader distribu-
tion (more uncertainty) than is justified by the expert's
state of knowledge. These discreparcies are often a
mixture of Loth biases unless the subject consciously
modifies his answers in accordance with a well-defined
pattern.

*;
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The sources of bias can be divided intc two categories--motivational or cogni-

tive--both of which can be either conscious or unconscious.

When obeying motivational biases, the subject influences
the decision in his favor by modifying his answers. For
example, he might reduce the uncertainty beyond what his
knowledge would allow him because he feels that an
expert in his position is expected to talk about this
subject with a high level of confidence. In other cases, an
expert might broaden the uncertainty to influence the
decision one way or another.

Cognitive biases are systematic adjustments introduced
by the way the expert formulates his judgment. For
example, one expert may give more weight to the last
piece of information he has acquired simply because it is
fresher in his mind.

A.3 SCALING TECHNIQUES

The goal of the encoding session is to obtain an accurate representation of the

experts' judgment on a well-defined parameter of uncertainty.

This judgment

will be sought not only on the "most probable value" or on the expected vaive of
the distribu tion, but also, when possible, on the entire probability distribution.

A judgmental probability distribution is encoded in a session between the expert

whose judgment is being encoded and the analyst conducting the interview. In

the present case, the questionnaire was sent to each expert, followed by o

personal interview and additional g:'zsiianing to resolve inconsistencies or other

problems.

It is convenient to divide the different stages of scaling sessions into three steps.

Pre-conditioning - the expert is conditioned to think
fundamentally about his judgment and to avoid cognitive
biases

A-3
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. Scaling - the judgment is quantified in probabilistic terms

. Verifying - the responses obtained in the scaling are
checked for consistency

The purpose of pre-conditioning is to pinpoint biases that might surface during
the scaling and to force the subject to think about how he makes his judgment.
This step will reveal the information which seems to be most available, the
anchors which are being used and the assumptions which are being made.

It is during the scaling session that the subjective probability associated with the
quantities of interest are obtained from the expert. Scaling methods can be
soi ‘ed in different ways since they differ in several aspects, such as in the
properties of the scale (ordinal, interval, ratio), the nature of the response
(direct, indirect), the nature of the uncertain quantity (probability, value, both:
P, V or PV methods), the experimental procedures, etc. Each of these aspects
can be used to classify the scaling methods.

For the purpose of this study, we believe it is useful to sort them as follows:

Ordinal Questioning (Indirect or Direct Response Technique)

In the indirect response technique, to be used during interview, the subject is
asked to choose between two or more alternatives. The choices are then
repeatedly adjusted until he feels indifferent about choosing between them. The
level at which indifference is reached can be translated in terms of probabilities
(P methods) or values of the variable being scaled (V methods). In the case of
the external reference process, one alternative is expressed in terms of the
uncertain quantity and the other in terms of a familiar reference event. When
the external reference is used, it is important that the expert be familiar and at
ease with this external reference. References can be of two types: either a
standard list of events of fixed probabilities or graphic displays such as the
probability wheel or the probability segment. The internal reference process, on
the other hand, uses aliernatives defined in terms of the sume value scale. For
example, the subject is asked to choose between two possible ranges of values of

the uncertain quantity,

%
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In the direct response technique, the subject is asked to assign a probability
corresponding to a given value (P method) or to assign a value corresponding to a
given probability (V method).

Graphs

By graphing his subjective input, the subject provides both the probability and
value of the uncertain quontity. He graphs this subjective input either by
directly drawing the CDF or by giving a number of pairs of points from which @
curve can be drawn.

Semantic Variables

This method requires thct the scaling be done in two phases. First, the expert
charocterizes the event in terms of descriptors he is familiar with (such s
"likely," "most probably," "rare," etc.) and then he must enccde these descriptors
in quantitative terms himself. This last step is necess~' ; because the quantita-
tive meaning of the verbal labels is extremely subjective (Lichtenstein and
Newman, !967). Although this method may be useful when the quantities of

interest have no ordinal value scale, it is not thought practical for this project.

Finally, in the verifying phase of the session, judgments are tested for consis-
tency. Since feedback and cross-checking play an important role in the process

interviews are highly recommended to complete the procedure.
AL QUESTIONNAIRE FOR EUS SEISMICS

A questionnaire was developed ‘o elicit expert opinion on seismicity and
intensity attenuation in the northeastern region of the United States. Because it
is difficult, or perhaps impossible, to precisely ruantify such factors given the
sparse historical record, expert judgment was considered crucial. The opinions

were used in an analysis of seismic hazaru.

{
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In order to help the respondents in answering the questionnaire, we supplied them
with seismicity dato for various source zones in the East. These data were based
on an integrated catalog of earthquake occurrences generated from various
regional catalogs for the East. For each of the zunes they were supplied with (1)
a listing of all earthquakes having epicentral intensities of IV or greater, and (2)
a tcble giving the number of occurrences of earthquakes of each Modified
Mercalli (MM) intensity unit from IV through Xll. This data is presented in
Appendix B to this report.

The {ollowing points were emphasized:

) The leve! of confidence the respondents associated with
their answers would be explicitly considered. Therefore,
since their input would undergo filtering and weightina
when combined with the opinion of other experts, tr.=y
were asked not to feel reluctant to express non-classical
viewpoints,

- Nine sites were specified for analysis and the experts
were asked to concentrate their effort on regions whose
seismicity might affect these sites, leaving in the back-
ground those regions whose contributions would be
nealigible,

L] Answers were to be based on general experience, geologic
and tectonic considerations, as well as availobie data.

¥ The questionnaire was designed to contain redundancy,
wni h was necesscry for cross-checking and for establish-
ing consistency in the resuits. The experts were asked not
to try to produce answers consistent with earlier answers,
or to backfigure from previous answers, since this would
defeat the purpose of the redundancy.

. The evperts were ask~d to concentrate on their areas of
expertise and to focus on the part of the questionnaire
with which they felt most comfortable.

Kl They were asked to attempt answers to all questions and
to skip questions only if they felt uncomfortable with the
format of the question or if they had no confidence in
their ability to answer. Large uncertainties would be
reflected in the range of values presented and through the
confidence the experts associated with their response.

%
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The questionnaire was divided into the following five sections:

° Source Zone Configuration
- Maximum Earthquakes

- Earthquake Gccurrence

. Attenuation

© Overall Level of Confidence

In the Source Zone Configuration section, we were concerned with the specifica-
tion of various areas or regions that appecr to be unique in their potenticl to
generate earthquakes. In particular, we were seeking the definition of regions
within which the experts felt future earthquake activity would ve homog=neous.
As G point of reference, we provided maps giving two possible seismic zonations
of the eastern United States. We asked the experts to carefully review these
figures and to indicate where they thought there might be inadequacies by
modifying, deleting and adding zones. The experts were asked to indicate their
"degree-of-belief" in each source zone and source zone alternative by estimating
the chances that seismicity within these zones is part of the background
seismicity of the entire region. We also asked them to identify any localized
tectonic structures that might be important to the seismic hazard of nearby sites
and to indicate their "degree-of-belief" in the activity at these sites.

In the Maximum Earthquake section, we first addressed the question of deter-
mining the size of the largest event that, in the experts' opinions, could be
expected to occur in each of the source zones for a given time period in the
future. Since extrapolation of results from short time periods to very long ones
is controversial, due to possible long-term variations in seismicity and other
parameters, we explicitly considered two distinct time periods. The first one
was chosen to be 150 years, this being generally on the order of our time period
of interest and approximately equivalent to the length of recorded history in the
East. The second time period was chosen to be 1,000 years, since such a period

covers most non-catastrophic perturoations in seismic activity and leaves out the

A-7

TERA CORPORATION



uncertainties associated with the extremely long-term geological variations

outside the scope of the questionnaire.

The experts were also asked to consider the largest event that they might expect

to occur within the current tectonic framework in each source zone without
specifying any time period. It was emphasized that they should base their

answers not only on the recorded data, but also on their feelings about:

Whether the past history is o good estimator of the true
state of nature

Whether the future activity is likely to be similar or
different {rom the past

Whether this feeling could be based on any external
source of information such as tectonics, theorect
studies, similarity with other regions in the world,
simply educated judgment

The Maximum Earthquake section was divided into two parts. In the first part,
we considered the size of the largest event expected to occur in a zone. In other
words, knowing that a certain number of earthquakes will occur, we were
interested in determining the size of the largest one and the uncertaint;
associated with that size. In the second part we considered the return period ¢ {

the largest event,

The Earthquake Occurrence section considered the occurrence of ea

within the next |50 years for each source zone. Occurrences were exp
either in terms of the number of earthquakes expected to occur within ft
period (for example: 47 in 150 years) or as the mean rate of occurrence per year
(i.e., 0.313 per year). The experts were asked to subjectively assess the future
seismicity in the East based on the available data and their judgment as to the
validity, quality and completeness of these data to represent the true seismicity
in the East. To aid in their decision-making, we presented an accompanying
seismicity booklet of earthquake occurrence data for the source zones presented
in the zonation maps. These data included (1) a listing, in descending order of

intensity, of cil earthquakes having epicentral intensities IV or greater and (Z2) a




table giving the number of occurrences of earthquakes of each MMI| unit from IV
through Xll. These data were not "corrected" for compieteness, but rarher
represented the !ctest generally available information on locations and sizes of

recorded or felt events.

The limited strong motion data in the East can be supplemented by inferring,
from theoretical or experimental information, the difference in peak accelera-
tion and velocity ground motion between the eastern United States and the
western United States, and correspondingly modifying the Western attenuatior

relations and intensity-ground motion correlations to make them applicable in

the East. The section on Attenuation was intended to provide general informa-

tion concerning the wvalidity of existing attenuation relationships and ground-
motion correlation for use in the eastern United States. Attenuation data were
not specifically provided for this task; rather, we asked the experts to rely on

their inherent knowledge of eastern United States atteiruation,

In order to obtain a measure of the overall confidence the experts had in their
answers, the final section asked them to rate, on a scaie of | to 10 (10 being the
highest), their confidence in their responses to the different sections of the
questionnaire and in the various source zones. In this way, a synthesis or partia
synthesis could be reached among the experts through weighted average pro-
cedures based on self-assigned levels of confider

The responses to each question could be made in any one of several ways

where

1]l could be converted to g usable format for analysis. Acceptable answers were:

.

A best estimate only (fixed quantity)

A range of values defined by lower and upper bounds an
associated with a uniform distribution

A range of values defired by lower and upper bounds and
associated with a non-uniform distribution

A written discussior




A.5 THE EXPERT PANEL

An obvious keystone to any expert opinion solicitation is the selection of the

expert panel. The criterion used for this project was simple; employ as many as

possible of the best experts in EUS seismology. Thirteen experts were contacted
and their availability determined. Of these, only ten were able to complete the

questionnaire. These experts, listed by region, were:

)r. Robert Herrmanr
. Otto Nuttli
. Ronald Street
. Gilbert Bollinger
. Edward Chiburis
. Michael Chinnery
. Richard Holt
. Paul Pomeroy
. M. Nafi Tokstz
. Marc Sbar




APPENDIX B
DATA CORRECTION

It has been observed that the completeness of earthquoke records varies with
time. In the past, duve to low population density and lack of interest in
earthquake octivity, only large events were recorded. With increased instru-
mental coverage, intermediate and lesser earthquakes were recorded with more
frequency, thus suggesting an apparent increase in seismic activity with time
which biases the statistics applied to the uncorrected data. Evaluation of the
completeness of the avcilable earthquake record is an important step in the

analysis of data.

One alternative is to confine the analysis to subintervals of the record that are
complete for the earthquakes of interest. The objection to this approach is that,
as the sample interval becomes short, meaningful statistical averages of large

earthquokes cannot be obtained because of their infrequent occurrences

(Benjamin, 1968). Accordingly, as the sample becomes shorter the range of

events that one has to work with becomes more restricted. In order to overcome
these difficulties, we shall use ¢ subinterval of the historical record which is
adequate for establishing mean frequencies of the largest recorded earthquake.
We shall then adjust for incomplete reporting. To determine the nature ar

degree of incompleteness, we shall use the procedure presented by Stepp (1971)

We must first determine the subinterval of the data base in which the mean rates
of occurrence are stable for each intensity class. The mean rate of occurrence
can then be determined from the interval of complete data for each intensity

cless. A complete treatment of the approach is given in the above reference.
Assuming that the earthquoke occurrence In each intensity class can be
represenied by a Poisson distribution, the standard deviation of the process

| ——
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(where A+ is the mean rate of occurrence of events
intensity | over the time period T)

behaves as I/4/ T in the subinterval in which the mean is stable.
A"

The ratio is given as AT = NI/T, where Hl is the cumulative number of

earthquakes having intensity | in the time interval T.

For a stable mean rate of occurrence in time, ¢ should plot versus T (on a log-
log graph) as a straight line with slope -0.5. Departure of the data from this
behavior is explained by incomplete reporting of earthquakes or by older data
being incorporated into the sample. Hence, from the above analysis, we may
create an artificially homogeneous data sample by carefully evaluating the
intervals over which earthquake in different intensity classes are completely
reported. For each intensity class, the interval must be long enough to establish
a stable mean rate of occurrence and short enough to not include intervals ir

which the data are incompletely reported.

Since the data cover a large geographical area, for which the period of complete
recording is not expected to be simila the analysis was applied to tw
subregions: the central stable region, including the New Madrid area, and the

East. The periods of complete recording are given in Table B-| together witt

the scaling factor to be applied to a time period ot |/

A typical graph for
incremental uncorrected data i1s plotted as squares. it is then corrected by
multiplying it by the corresponding scaling factor to obtain a homogeneous data
sample for |75 years (triangles). Finally, the cumulative number of earthquakes
is plotted (circles). These are used together with other information

"

the siope "b" when the expert does not explicitly provide an "g"

region considered (Section 5.0).
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Years

70
100
100
150
200
200
200
200

CORRECTION RATIOS TO 175 YEARS

Ml

v
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TABLE B-|

B-3

Central U.S.

Ratio

2.5

o ©o o o

.75
N -
A7

Eastern U.S.

Ratio
2.5
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.88
.88
.88
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SEISMICITY DATA AND MODEL
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