NUREG/CR-1582
Vol. 2

Seismic Hazard Analysis
A Methodology for the Eastern United States

.:-

Manuscript Completed: July 1980
Date Published: August 1980

*D. L. Bernreuter, Project Manager

*Lawrence Livermore Laboratory
Livermore, CA 94550

Subcontractor:

TERA Corporation
2150 Shattuck Avenue
Berkeley, CA 94704

Prepared for

Division of Operating Reactors
Office of Nuclear Reactor Regulation
U.S. Nuclear Regulatory Commission
Washington, D.C. 20656

NRC FIN No. A0233

a0 Y0



ABSTRACT

This report presents a probabilistic approach for estimating the seismic hazard in
the Central and Eastern United States. The probabilistic mode! (Uniform Hazard
Methodology) systematically incorporates the subjective opinion of severcl
experts in the evaluation of seismic hazard. Subjective input, assumptions and
associated hazard are kept separate for each expert so as to allow review and
preserve diversity of opinion.

The report is organized into five sections: Introduction, Methodology Com-
parison, Subjective Input, Uniform Hazard Methodology (UHM), and Uniform
Hazard Spectrum. Section 2, Methodology Comparison, briefly describes the
present approoch and compares it with other available procedures. The
remainder of the rzport focuses on the UHM. Specifically, Section 3 describes
the soli~2anon of subjective input; Section 4 gives details of various
mathematical models (earthquake source geometry, magnitude distribution,
attenuation relationship) and how these models are combined to calculate
seismic hazard. The last section, Uniform Hazard Spectrum, highlights the main
features of typical results.

Specific res Its and sensitivity analyses are not presented in this report.
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1.0 INTRODUCTION

In assessing earthquake risk for o given facility, three elements must be
considered: the probability that earthquakes of various intensities will occur at
the site during future intervals of time (the seismic hazard at the site), the
uncertain seismic resistance of the facility, and the uncertain "consequences of
damage" which might be sustained by the facility. By combining probabilistic
information on seismicity, resistance and consequences, Oone Can assSess the

probability of various magnitudes of economic and human loss (often called the
seismic risk associated with the facility). In this report, we describe approaches
for estimating the first factor, seismic hazard, at sites in the Eastern United

States.

While all three factors (earthquake hazard, resistance capability, and conse-
quences) are uncertain, it is frequently assumed that, based upon conservative
resistance estimates and selection of an "e> .eme earthquake hazard," the
consequences of damage need not be included in the analysis since the probabil-
ity of damage is very low. In recent years, considerable progress has been made
toward deterministically modeling the earthquake mechanisms ond the propaga-
tion of seismic waves from the source to the site. However, knowledge of these
physical phenomena does not yet allow exact prediction of occurrence times and
ground motion details. This is especially true for the Eastern United States.

As on alternative to deterministic prediction, seismic hazard can be character-
ized by direct statistical or indirect probabilistic methods. The direct statistical
method uses only historical information at the site and treats this information as

a statistical sample. By contrast, the indirect probabilistic approach uses
regional and site information to model the sequence of earthquakes from each

source as a random sequence and fo fit probabilistic attenuation laws. In the
latter case, seismic hazard results from a sequence of probability calculations.



Whichever the method, one faces difficulties when dealing with seismicity in the
Eostern United States, due to the paucity of dota at specific sites (for the
statistical approach) or from specific sources (for the prebabilistic approach). In
addition, source configurations and earthquake mechanisms are not well known,
Becaouse of this lack of information, and irrespective of the seismic hazard
methodology, one must complement historical data with jdgment. The proce-
dures suggested and implemented in this study rely heavily upon the subjective
input from selected experts.

The main contribution of this study is a probabilistic model, which syste natically
incorporates subjective judgment into the evaluation of seismic hazard.
We refer to this overall approoch, in the following sections, as the Uniform
Hazard Model (UHM). Subjective input, assumptions and associated seismic
hazard assessment are kept separate for each expert, so as to allow peer review
and preserve diversity of opinion.

Some limitations of the model should be noted. From the point of view of
methodology, the main limitation is the lack of a clear distinction between
systematic errors (uncertain terms which aie the same either for different
earthquakes or for different spectral ordinates associated with o given eartn-
quake) and random (independent) errors. For purposes of the UHM, errors are
typically treated as random. This assumption greatly simpiifies the analysis for
mos! areas, and is not likely to cause inaccuracy in the calculated seismic hazard
— except in the treatment of attenuation and multiple-degree-of-freedom
systems, where classification of errirs as systematic or random has more
important effects.

For multiple-degree-of-freed ,m systems the joint probability distribution of
several peak spectral ordinates can be important; hence, the output of the UHV
as described here provides a conservative evaiuation of seismic risk for systems
with several contributing modes. For treatment of the attenuation issue, even
more caution is warranted. The problem here is the lack of sufficient datc from
Eastern United States to clearly define both the mean ground motion attenuation



and its dispersion around the mean. On the surface, treating ' th components of
this uncertainty as random error appears conservative and is, in foct, a solution
of convenience. However, science and mathematics orgue against trecting both
systematic and random error as one aggregate ranvom error since important
physical insights are lost and nature's hazard may be incor;ectly stated. For lack
of sufficient resources this issue has not been adequately treated. On the one
hand, o larger value of random uncertainty in attenuatién law (including both
random and systematic error) has the effect of allowing more distant sources of
seismicity to effectively control the hazard and may introduce o bias in the
results. On the other hand, smaller values of uncertainty, typical of Western and
European data, which are likely more appropriate characterizations of the
ground motion varionce may result in under- or overestimating the hazard if they
are applied without more elaborate analysis of potential systematic errors in the
mean attenuation relationship. Because of these limitations, the reader is
advised to exercise caution in the application of this methodology.

In the future, we expect to investigote the effect of dependence among
uncertain quantities (e.g., for different earthquckes — the configuration of
seismic sources, the magnitude-recurrence relationship, form and parameters of
the attenuation law, local amplification factors; for a given earthquake -
parameters of the attenuation function and attenuction errors at different

frequencies’.

From the point of view of the numerical results, one should be cautioned against

using seismic hazard values for rare events (e.g., events with return period in
excess of 5,000 years). These values primarily depend on assumptions about the
type of distributions (e.g., of magnitude and attenuation error on which confi-
dence is small).

The report is organized into five sections: Introduction, Methodology Compari-
sons, Subjective Input, Uniform Hazard Methodology, and Uniform Hazard
Spectrum. Section 2, Methodology Comparisons, briefly describes the present
approach and compares it with other available procedures. The remainder of the



report focuses on the UHM. Specitically, Section 3 describes the elicitction of
subjective input; Section 4 gives details both of various mathematical models
(earthquake source geometry, magnitude distribution, attenuation relationship),
and of methods for combining these models to calculate seismic hazard. The last
section, Uniform Hazaid Spectrum, highlights the mairn features of the results.



2.0 METHODOLOGY DEVELOPMENT COMPARISONS

Analytical methods to predict a seismic hazard in the United States have evolved
significantly in the last several years. The fundamental problem of all methods
is calzulating hazards for extreme events at sites where little or no earthquake
data exist, and where the physical process of earthquake generation is not well
known. In this context, no single proposed methodology has been completely
successful because (I) deterministic models must rely on subjective judgment in
the selection of parameters for the generation and attenuation of earthquake
motions, and (2) even when sample size is adequate for statistical parameters
estimation, judgment must be exercised to resolve uncertainty on the form of
the models.

Regardless of such limitations, estimates of seismic hazard are often required.
Therefore, new methodologies must be developed which, while unable to yield
exact answers, combine available objective and subjective b nowledge to produce
results useful for comparative evaluations. Before describing the approach uced

here, it is instructive to review the methods proposed in the past.
2.1 DETERMINISTIC APPROACH

Only recently have deterministic approaches been used in the analysis of seismic
hazard. These methods directly model the physical earthquake mechanism and

the propagation of seismic waves.

Attempts have been made to use deterministic, first principle models for
earthquake prediction in the Western United States (WUS). However, even in the
West, where seismically active structures can be identified, subjective input and
empirical adjustments are required for the 1 .odels to produce realistic ground
motions. Application of the same procedure to s tes in the East is not possible at
the present time because earthquake mechanisms are not sufficiently known.

To clarify the use of terms, the type of approach outlined in Appendix A of
10 CFR 100 is not considered "deterministic"; in fact, it is not based on first
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principles. Modelinc the physical process is not done; the design acceleration is
arrived at by judgmentully choosing the largest credible magnitude and a suitable
correlation for ground motion. A major difficulty with this approach is that the
seismic protection provided remains unquantified and possibly varies from site to
site. Even if one wishes to explicitly account for risk contributors, such as
facility age, inventory of hazardous material or structural resistance, it can or',
be done in this approach by biasing the degree of conservatism in the judgment
process.

2.2 STATISTICAL AND PROBABILISTIC APPROACHES

In contrast to deterministic methods, probabilistic approaches (ever those with
subjective input) con wield results that quantify the degree of safety. However,
like deterministic moaeling, probabilistic modelinginthe EasternUnited States(EUS)
requires subjective input.

Direct-statistical methods have been applied to West Coast sites wherever
substantial data e .st. Typically, the parameter that is treated statistically is
peak ground acce'eration (PGA). If records are available at the site, the entire

response spectrura can be analyzed by means of statistical techriques.

An attractive feature of the statistica! approach is that it avoids theoretical
assumptions required by deterministic and probabilistic models. However, at all
eastern sites data are insufficient to make meaningful estimates of medium-to-
small probability events. Also, the method usually fails to incorporate physical
knowledge specific to the site (e.g., about the location of faults and other
earthquake sources) and statistical data at nearby sites. These factors must be
introduced by judgment,

The remaining sections of this report describ: a probabilistic methodology to
calculate values of ground motion parameters ( ’GA, PGV, and spectral accelera-
tions) with the given chance of being exceeded, ul sites in the Eastern United
States. The model supplements historical data with _ ibjective input from
selected experts. While still suffering from some of the limitations described



previously, the method produces rational estimates of seismic hazard, which cre
especially useful for comparative evaluation of seismic hazard at different sites.
The comparative capability allows one to evaluate the consistency of response
spectra generated by the technigues, including Appendix A to 10 CFR 100, with
Regulatory Guide 1.60 spectro or Housner spectra, selected time histories
applied to a specific site, and Newmark-Hall spectra.

2.3 SIMILARITY OF SEISMIC HAZARD MODELS

The fact that, when applied to Eastern United Stotes sites, all available models
are limited by paucity of datc and by uncertainty on the physical system,
generates some similarity among different approaches. First, commonly used
models all employ subjective irput, usually in the form of opinion from one or
several experts to produce reasonable design response spectra. Second, the
methods often have substantial overiap since judgmental assumptions are
essentially the same, irrespective of the model.

For the purpose of this study, four methods for the definition of design response
spectra have been considered in detail. Only one, the Uniform Hazard Method
(UHM), is new, in the woy it uses subjective input. The others (Newmark-Hall
spectra, Real and Scaled spectra) have been available for some time and for this
reason, they are not discussed in detail in this report. The response spectra they
produce con be "anchored" at points determined by the UHM, or by other
procedures.

Newmark ond Holl oddressed the major problem in the definition of an
appropriate spectral shape (i.e., lack of earthquake records in the appropriate
categories) and gave the problem a solution based on first principles. At the low
ond high frequency ends, they forced the spectrum to comply with given peak
ground displacement and acceleration values. At intermediate frequencies they
suggested that the motion of the ground be amplified, depending on the dynamic
characteristics of the system. The high frequency part of the spectrum is scaled



with respect to peak ground (<celeration, and the intermediate frequency range
is scaled with respect to pean yround velocity. In this study, both peak ground
acceleration and peak ground velocity are determined on the basis of a given
exceedance probability at the site of interest.

Virtually every approach explicitly or imp..citly uses a set of recl strong motion
records in the development of the design spectrum, whether site-specific or
generic. For example, the generic NRC Regulatory Guide Spectrum was
developed by statistically averaging a set of spectre from historical earthquakes
covering a variety of site geologies, magnitudes and distances. Probabilistic
models use these records implicitly, for example, in the development of
attenuation relations. The approach by real or scaled time histories involves
explicit averaging of the records. Of course, the key element of this approach is
the selection of records, with a clear tradeoff: the more site-specific the
records, the smaller the set of historical earthquakes and therefore the larger

the statistical variability of the design spectrum.

'f the hazard arises primarily from relatively close earthquakes of intern =diate
intensity (see Appendix A to |0 CFR Part 100), the selection criteria must
explicitly account for this fact. In addition, the criteria must account for
regional tectonics (e.g., in the selection of focal depth) and for characteristics of
the site that could influence the hazard, most notably, the local geology. While
this approach is direct in that it does not involve many of the sophisticated
hypotheses required by probabilistic approaches (e.g., earthquakes form a Poisson
process), it contains important dato-related assumptions. For example, biases
are present in any set of digitized strong motion records due to the high priority
given by the USGS and others to earthquakes with larger acceleration. Ample
room for bias exists in scaling earthquakes of different magnitude.

In general, strong historical ground motions can be used to develco two types of
spectra. One possibility is to normalize the records, e.g., to have unit peak

acceleration and treat the spectral ordinates of the normalized motions as
random variables. This random spectrum can then be anchored at a peak
acceleration volue determined separately, e.q., froin the present hazard analysis.




Alternatively, statistical analysis of spectral ordinates can be performed on the
unnormalized records, resulting directly in a site-specific spectrum. An appro-
priate magnitude range for the records could be selected on the basis of o
seismic hazard at the site. Both approoches con use results from the Uniform

Hazard Mode! developed in this report.

2.4 KEY DIFFERENCES BETWEEN THE UHM
AND OTHER SEISMIC HAZARD PRCCEDURES

There arc three major differences between the UHM ond empirical and
detz, ninistic approaches to estimating seisrnic hazard in the East. One is that
UMM explicitly uses subjective input from experts. As discussed above, all
approaches inevitably rely on such input due to the lack of factual information,
historical data, and proven first principle models. However, the UHM is explicit
in the way it uses such input, it also allows for peer review and assures thot
expert-to-expert variability of the results is retained. A second difference with
some of the other approache: is the inclusion of all, small and large, earthquakes
in the final hazard assessment. The third difference involves the format of UHM
results: the Uniform Hazusd Spectrum does not represent one event or one
restricted class of events (e.g., those with small epicentral distance). Since each
spectral ordinate combines exceedance probabilities due to earthquakes from all
sources, nea. to and far from the site, it may be unduly conservative to use the
Uniform Hazard Spectrum to design multi-degree-of-freedom systems. This
issve will be discussed further in Section 5.

Because of these considerations it is believed that the UHM is best used in
comparative evaluation of other approaches. For example, in the past many
designs have been based on logic similar to that presented in the regulatory
approach of Appendix A to 10 CFR 100, often anchoring o Housner spectral
shape to o peak ground acceleration value. This spectral shape was derived from
several large westerr motions and thot in application it was scaled to an
oppropriate eastern p:ok occeleration. A similar approach is used now, except
that the shape is determined by Regulatory Guide 1.60. The latter spectral
shape is roughly the mean plus one sigma of a large number of, again, scaled



western records. The appropriateness of either of these approaches can be
evaluated by comparing the four methodologies previously discussed.

2.5 FUTURE DEVELOPMENTS BEYOND THE UHM

Additional probabilistic methodology developments are expected in the near
future as o result of NRC's Seismic Safety Margin Research Program. As part of
this program, Monte Carlo integration techniques are proposed to calculate the
seismic risk of a given facility at a typical eastern site. Additional development
of subjective input is alsc planned. One strength of this proposed approach over
the UMM in this study is the ability to identify the contribution of individual
earthquakes to the final seismic risk. This feature will allow additional
sensitivity analysis to model assumptions and will undertake ways to improve the
design.

Another promising approach to seismic hazard analysis in the east would be to
combine recently developed first principle deterministic models with empirical
statistical analysis of western and European earthquokes. Substantial data are
available for such statistical analysis, although most records have not yet been
digitizea to allow convenient analysis. In this way, it may be possible to weaken
dependence of the results on subjective input.
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3.0 SUBJECTIVE INPUT FROM EXPERT OPINION

Previous sections of this report have emphasized that seismic hazard assessment
for Eastern United States sites always requires some degree of subjective input,
either in modeling assumptions, or in providing input data, or in both operations.
It is our opinion that this need should be acknowledged and that subjective input
should be formally solicited using as much expert opinion technology as possible.

As described in Section 4.0, the Uniform Hazard Methodology for the assessment
of seismic hazard at Eastern United States sites attempts to do this through the
use of a questionnaire and an expert panel. The results of this solicitation are
summarized in a separate companion report, "Seismic Hazard Analysis: Solicita-
tion of Expert Opinion."

The purpose of this section is to summarize the approach used to generate
subjective input. Methods of expert opinion solicitation, biases and modes of
judgement are discussed in Appendix B. Appendix B also contains a description
of the questionnaire used in this study and discusses the role of the expert panel.

3.1 EXPERT OPINION AND EASTERN U. S, SEISMICITY

Analysis of seismic hazard in the Eastern United States presents several
challenging problems that a probabilistic approach can answer, with the help of
expert opinion ana subjectively assessed probabilities. 7 e main issues are:

a. The central and eastern regions of the United States are
notable for their low level of seismic activity, which is
rather unitormly distributed over rather large areas (e.q.,
the Central Stable Region). A few restricted areas have
experienced major earthquakes, together with continuous
activity, above this moderate background seismicity.
Since the correlation between epicentral location and
geological and geomorphologic features is generally very
controversial, the determination of seismic source bound-
aries can best be made ¢ ‘ther subjectively or statistically,



by noticing anomalies in the mean occurrence rate or in
the intensity distribution. In either case, experts' npinion
on seismic source location appears to be critical for the
development of a tectonic model in the East.

b.  The low activity of the regions that are occasionally dis-
turbed by major events does not provide a good basis for
applying classical statistics. At the level.'of seismic
hazards usually desired, classical statistics gives results
that are affected by too much uncertainty. Additiona!
uncertainty results from the difficulty of addressing such
points as: (1) To what extent should large events be
treated as anomalies? (2) What is the probability that
such events may occur elsewhere? Because insufficient
geological and seismological data are availcble, only
experis' opinions con be used to shed light on thesc
questions. In our model, subjective probability is used in
connection with three parameters: rate of occurrence,
distribution of magnitudes, and upper magnitude cutoffs.

c. The lack of instrumental records in the East for-es the
analyst to work with intensity data. Unfortunately, at the
epicenter, the datao show a large scatter when correlated
with magnitude; and at the site, intensity measures con-
tain much less information than a motion record. Due to
these limitations, the development of attenuation relo-
tionships can greatly benefit from the opinion of qualified
experts.

In conclusion, we believe that seismic hazard analyses in the East cannot be
based on historic data alone ond that, ot o minimum, data should be
complemented with expert judgment,

3.2 QUESTIONNAIRE ON EASTERN UNITED STATES SEISMICITY

A questionnaire was developed to elicit expert opinion on seismicity and
intensity attenuation in the Eastern United States. Since available historical
data were submitted to experts, it was considered unreasonable that they would
divorce themselves from this information while answering the questionnaire.
This means that although Bayesion analysis was not used to formally combine
information from dota wit': additioncl information and beliefs held by each
expert, the answeis could be considered as posterior estimates. In fact, experts
were explicitly instructed to temper the data from Eastern United States sites

12
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their general experience in each seismic region, by likely similarities with other
seismic provinces, by geologic and tectonic considerations, and by other relevant
factors. Effectively, we asked experts to act as Bayesian processors of
information.

The Eastern United States data made available to the experts were based on G
comprehensive catalog of earthquake events assembled from various regional
catalogs for the east. For each zone, experts were supplied with: (1) a list of all
earthquakes having epicentral intensity of IV or greater, and (2) a table giving
the number of earthquakes of each Modified Mercalli (MM) intensity unit fram IV

through XII.

The questionnaire was divided inte five sections:

. Source Zone Configuration
- Mmaximum Earthquakes

. Earthquake Occurrence

- Attenuation

- Self Ranking

Redunaancy was designed into the questionnaire to allow for cross-checking
answers and to establish consistency. Even so, followup was necessary in certain
areas to obtain usable results.

Responses to each question could be given in one of several ways, all of which
could be converted to a usable format for analysis. These ways were:

. A best estimate only, interpreted a: a known value

. A range of values defined by a lower and an upper bound,
interprered to mean a uniform distribution within the

range

B A range of values defined by a lower and an upper bound
with nonuniform distribution

. A written discussion



In addition, for the section on Source Zone Configuration, each expert was given
maps showing two possible ssismic zonations to be rated ond modified if
required.



4.0 UNIFORM HAZARD METHODOLOGY

A uniform hazard spectrum is defined as "a spectrum, .ne ordi utes of which
have the same probabi.ity of bei 'y exceeded in a given nu:.per of years". Al
events capable of affecting the site are considered in « _<ssing the probability of
exceedance.

4.1 PHILOSOPHY OF APPROACH

Seismic hazard is usuaily quantified through the probability distribution of the
peak value of ground mation parameters at the site, during a given interval of
time. This distribution can be calculated for any parameter for which it is
possible to define an appropriate service model, transmission model and site
effect model. A typical seismic hazard evaluation proceeds through four steps:

. Seismic source identification

a Definition of an Earthquake Occurrence Model for each
source

K Formulation of an attenuation model

5 Evaluation of seismic hazard at the site

Several methods are available by which seismic hazard can be estimated
(e.g., Cornell and Merz, 1974; Der KiUreghian and Ang, 1975; McGuire, 1976;
Algermissen and Perkins, 1976; Shah and others, 19/5; and Mortgat and cthers,
1977). Although all of these procedures utilize the four steps noted above,
differences exist -- in key assumptions and modeling details -- which can
produce significantly different results.

The seismic hazard procedure used in the present study shares the same basic
steps.



Seismic Source Geometry

. Define representations (zones) for source geometry

Earthquake Occurrence Model

For each source in the Eastern United States:

. Define location and magnitude range
» Define earthquake recurrence:
(a) mean rate of occurrence

(b) magnitude distribution

Attenuation Model

“ Define applicable mean attenuation relationships

. Define uncertainty about mean values

E xposure Evaluation Mode!

. Define procedure for computation of probability of exceedance

Treatment of Error

Uncertainties of two different types, systematic and random, contribute to
seismic hazard. Systematic uncertainty is that associated with errors in the
form and parameters of models used in the course of the analysis (e.g., form cnd
parameters of the attenuation law, upper bound magnitudes, site amplification
factors). We call it systematic because it uniformly affects all earthquake
events (or at least more than one event), as they are felt at the site. By



contrast, the random component of uncertainty represents independent variation
from earthquake to earthquake (e.g., the magnitudes of different ear thquakes,
given their common distribution, or the random uncertainty associated with
attenuotion models). Uncertainties are c!ussified as systematic or random
because these components require separate treatment. A detailed treatment of
systematic and randcm errors is presented in Appendix A.

Given the large number of conditional analyses required for appropriate treat-
ment of systematic uncertainty on many parameters, a simplified procedure may
be adopted in which the effect of systematic uncertainty is evaluated separately
for each parameter (or for a small set of parameters), and only the components
found to be important will be retained in the final analysis. In the approxima-
tion, the !ess important parameters may be treated either as known constants, or
as random variables which are independent from event to event (thus modeling
uncertainty as random rather than systematic).

in this study, systematic uncertainty is treated in a number of different ways,
depending on the parameter. Specifically,

5 The input from each expert was kept s:parate and oro.
cessed on an | dividual basis. This methvd of independent
analysis accounts for sysiematic bias in « xpert cpinion. A
consensus was reached at the results stage.

o Uncertainty on seismic source geometry was treated by
considering two bounding hypotheses. No combination of
the associated results was attempted.

. Systematic uncertainty on attenuation was also treated
through sensitivity analysis by considering different
alternatives. Again, no integrai‘on of the results .wvas
attempted.

- Other uncertainties, such as those on the mean occur-

rence rate and on the magnitude distribution (including
upper magnitude cutoff), have been treated as random.

7



4.2 SEISMIC SOURCE GEOMETRY

Typically, the location of a seismic source is determined both frem the
hypocentral position of past earthquakes, and from geological and seismological
information. Three types of source are commonly used fo represent the
seismicily of a region. They are the point, line or area source at constant depth
in the earth's crust. The location of future seismic activity within a particular
region is thus restricted to the sources, and seismicity is assumed to be
homogeneous (uniform) inside each source.

Since the shape and locction of a source has some influence on the final results,
special ca:e was taken in this study to obtain the best possible estimates of these
characteristics.

In the Eastern United States, seismicity is distributed almost uniformly over
large regions, and therefore, most sources are of the area type. Their boundaries
have been approximated by a series of straight lines (Figure 4-1). Since activity
is usually restricted to a narrow depth range, the sources were assumed to lie on
horizontal planes with constant depth.

Line sources have been used to model seismicity in regions where historical
hypocenters are either constrained to a narrow band along a line at constant
depth, or clustered around a known fault. Each such source has been broken up
into several straight segments, as shown in Figure 4-2. Since few active faults
have been precisely located in the East, this model was only rarely used. In no
case was it found to be necessary to use single-point sources.

We have not used the "significant distance" concept that is employed in the
fault-rupture model for seismic hazard ara'vs;s first proposed by Ang (1974) and
further developed by Der Kilireghian « Anu (1975, 1977). Even though our
computer code ca: accommodat- < o n of significant distance, epicentral
distance, instead, was used in the .na., - ,nce the attenuation relationship was
developed from epicentral distance data.
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Expert Opinion

In the following discussion, source refers to a source of seismic activity, whereas
zor  zonation or configuration refers to the boundary that defines the source
ge etry. Hence, a source like New Madrid can be modeled by o number of zone

alternatives.

As described further in Appendix B, maps with two possible seismic zonations of
the Eastern United States were provided to the experts. Each expert was then
asked to modify or add any source he considered necessary and 1o associate a
likelihood ("credibility") with each zone alternative. This operation produced a
number of source configuration alternatives (zones), each with its own likelihood.

A number of interpretations can be given to this input information for use in
hazard analysis. We chose twn interpretations that, for the sites appropriate to
this analysis, should produce bounds to the seismic hazurd: one, more
conservative, allows some earthquake activity over a background region larger
than that provided by each single expert; the other, less conservative, removes
some of the uncertainty by considering, for each expert, only the configuration
alternaiive suggested by that expert.

Interpretation |

All zone alternatives from one expert were ¢ .nultaneously considered, and
seismicity was distributed among them as o function of "credibilities." This
operation resulted in a mean rate function u that has stepwise discontinuities
over each source (Figure 4-3). Specifically, credibilities (likelihoods) were first
normalized, and the resulting quantities,

P=C/2C ,
J

were treated as probabilities. (Subscripts of P and C 1. tify configuration
alternatives (zones) for the source under consideration.) Then, each source waos
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Figure shows a section through the source and assumes that
three configuration alternatives (zones) are identified.
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MEAN OCCURHEnNCE
RATE FUNCTION FOR SOURCE A
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modeled as the superposition of all of its alternative configurations, and the
mean occurrence rate for configuration i was taken to be

=P

where \ = mean occurrence rate for the source.

A final, additiona! operation was performed on the \'i to take into account the
fact that some experts heuristically assigned credibilities to reflect their
overall confidence in zonation alternatives. For example, the assignment
(Cl,Cz) = (0.9,0.9) seems to indicate more confidence than (CI’CZ) = (0.1,0.1).
This operation required an additional source configuration, "background", which
was defined to be the union of the zone alternatives considered by all experts.
The probability of the background configuration was assessed as

|-Py= D (-C).

(Credibilities are assessed on a scale from 0 to |.) At one extreme, if any one of
the C, is equal to |, then I-PA=0, and the backaground configuration is
excluded. At the other extreme, as Ci = — 0, for all i, the probability of the
background approaches |. Finally, the mean occurrence rates for the various
configurations were estimated as

\"i = pA \li
for all zones except the background, and

'\"A = (I -PA)

for the background. Notice that
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Sensitivity of the final results to PA depends upon the alternative configurations
of the source, the site location and the attenuation model. In most of the
numerical calculations, sensitivity was found to be small, and the present
procedure was found to be conservative with respect to removal of the
background (when setting | - P, = 0).

We recognize that the relation

' - PA = [iI (l = Ci)
has not been developed strictly from probability theory. However, we feel that
this heuristic treatment of a difficult technical problem, as necessitated by the
format of available information, satisfactorily quantifies the confidence of the

experts in their source models. This interpretation will be referred to as
"background zonation,"

Interpretation 2

The second interpretation does not overlay zone alternatives of the same source;
rather, it uses the zonation provided by each expert, recognizing that he had the
highest confidence in his own opinion. Therefore, seismic activity was modeled
by a set of adjacent zones (selected to have the most likely configuration, and
hence, without overlay) with probabilities equal to |, and no background was
used.

This zonation will be referred to as "no background zonation." It is generally a

less conservative approach than the previous one because it imposes more
restrictions on the location of earthquake epicenters.
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4.3 EARTHQUAKE OCCURRENCE MODEL

For each source, the parameters of the earthquake occurrence model, required
by the present analyses, are the magnitude distribution (including the upper
magnitude cutoff) and the mean rate of occurrence. Although the size u:
earthquakes is expressed in terms of magnitude, M, this quantity can be replaced
by any other measure of intensity at the source (e.g., by epicentral MMI).

Data on earthquake size are discrerized every |/4 of magnitude or 2 MMI, as is
commonly done in earthquake catalogs. This representation allows the use of a
discrete distribution model and is advantageous in that it avoids the standard
log-linear fitting which is unacceptable in some cases; it also allows the use of

efficient statistical estimation algorithms.
Estimation is completed in two steps:

(1) Assuming that only ground motions with M > 4 are of
interest and that occurrence of earthquakes with magni-
tudes greater than 4.0 follow a Poisson process, the mean

occurrence rate, \ , is estimated (e.g., from data) as

: no. of earthquakes with M > 4 in (1|,12) ,

'2"|

or from subjective input.

(2) The discrete magnitude distribution
| i i (
} pM. = p M - Mi s-
i

is determined either from data or from subjective input.
A simple, data-based estimate is



n.
T
“n

pM. ’
I

where n, is the number of earthquakes with magnitude Mi
out of a total of n events.

(A procedure for estimating the same probabilities using expert information is
given later in this section.)

Number of Earthquakes in Time and Space (Poisson Model)

Once the seismic sources have been located, it is assumed that earthquakes from
each source occur in space and time according to a Poisson process. In order for
earthquake events to be considered as forming a Poisson point process, the
following conditions must be satisfied:

. Spatial independence
& Temporal independence

3. Negligible probability for two or more seismic events
taking place at the same time and at the same location.

The first two assumptions imply that the occurrence/absence of a seismic event
at one site and time does not affect the occurrence/absence of seismic events at
other sites or times (i.e., the process has no spatial or temporal memory). This is
a common modeling assumption, and although the mechanism of stress accumula-
tion and release seems to contradict it, the earth's "memory" appears to fade
rapidly enough in time (Garner and Knopoff, 1974) to give this assumption
effective validity. The third assumption implies that, over a short time interval,
more than one seismic event cannot occur inside a small geographical region.
For main shocks this is a reasonable assumption, and it also complies with our
understanding of the physical phenomenon.
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Given the mean occurrence rate )\ for all earthquakes from a given source, the
probability of exactly n events from the source during a time interval of
duration t is

-\t n
PN(n|\) = e—-!-,—nxl)— , 1>0 ; ninteger = 0, (4-1)

In particular,

- X\t 0
e (at) . o At (4-2)

PO V) =

Pl |2) = € %

Typical plots of the Poisson probability masses in Equation 4-1 are shown in
Figure 4-4a.

Whenever an expert assigned a value to \ , that value was interpreted as the
actual meon occurrence rate. In most cases, * was not given and had to be
estimated from data. Thus, in recognition of the fact that )\ carnot be
calculated exactly from a finite catalog of events, this parameter was consid-
ered to be random, with the gamma distribution that results from Bayesian
analysis of the data, with noninformative conjugate prior,

Magnitude Distribution

The cumuiative distribution function of magnitude, F m(m), is uncertain in @ way
that would be best represented by a correlated random process. The process

should satisfy obvious constraints such as FM(O) = O,FM(O) = |, FM(m) nonde-
creasing. Such a process should be nonparametric (i.e., should express o state of
uncertainty that cannot be explained through only a finite number of random
parameters). The formulation and analysis of FM(m) as a random process is
difficult and, for this reason, parametric approximations (e.g., truncated expo-
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nential distributions with uncertain decay and upper bound parameters) are often
preferred.

Such parametric approximations are done for convenience and expedicence.
Alternatively, the possible values of M may be discretized, and simple nonpuara-
metric random distribution models may then be used. The simplest model of tais
type which satisfies the constraints

OspM.sldepM_:l (4-3)
i i i

is the so-called Dirichlet model, with marginal beta distribution for the LV
i

In this report, a marginal beta distribution for each Mi has been fitted to the
parametric model provided by each expert. Numerical results directly using the
parametri- model are almost identical.

The two extreme models, parametric and nonparametric with independent
marginal beta distributions, should bound more realistic (but more complicated)
nonparametric dependent models. Insensitivity of the results gives confidence in
the results from the present procedure.

In the discrete model,

Let PMm. = orobability that M = Mi for the generic event

9

a

rel
=
|

* L=y, = P[M# Mi]
Then, the probability that r out of n events are of magnitude Mi is

Pr (rln,pM) . Cply (l - Py )"" (4-4)
M, i i ;
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with n integer > 0

rinteger; 0 <r < n

and with c; the binomial coefficient

r n!
C =<
n riin-r)!

Typical plots, of PR
)

(r| nypyy ) versus r are shown in Figure 4-4b.
A i

|
The distribiion of Equation 4-4 is conditional on given Ppm. In practice, this
probapility is uncertain and should be treated as a random 'variable. This was
done through the procedure described below.

All experts c'ose to express the magnitude-frequency law in terms of the log-
linear relationship

logN_ = a + bM (4-6)

where Nc = number of earthquakes with magnitude - M from a given source
and over a given interval of time.

The slope b was given by each expert either as a fixed value (e.g., 0.9) or as an
estimate associated with uncertainty (e.g., 0.9 + 0.1).

On many occasions, the parameter a was not provided. In these cases, the
a va:ve was determined directly from the data, corrected for nonhomogeneity in
time (Appendix C), and from other information provided by the questionnaire
(such as the return period of large events). In all cases, the recurrence
relationship from expert opinion was superimposed to an empirical estimate
using data only, as a check of consistency. A typical plot is shown in Figure 4-5.
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Uncertainty on the recurrence slope was modeled by using an appropriate beta
distribution for the PM.*
i

Let Py ~ BETA(n, £) (4-7)

c[ru] - &

With

and

£i("i - f.)

"i("iol)

First, £, and ", were found by the method of momenis, for Mi = 6, assuming
that the exceedance probabilities associated with the extremes of the range of b
given by the expert correspond to a 2-sigma dispersion interval. For all other
magnitudes, the parameter n; was kept constant and § ;  was varied to
reproduce the exponential expected value function. Finally, a correction was
made to the parameters § ., to account for uncertainty on the upper bound
magnitude.

Largest Earthquake (Upper Magnitude Cutoff)

Expert information on the upper magnitude cutoff, MU, was in tne form of either
one upper bound magnitude value or a range of magnitudes, plus a best estimate.
When the upper magnitude cutoff was given as a single estimate, say Mi' it was
assumed that no event (~eater than Mi could occur, and therefore, Py Was set
equal to zero for all j > i. When the upper magnitude cutoff was defihed by a
range of magnitudes, a triongular distribution was assumed over the range with
mode at the best estimate (Figure 4-6). The probabilities, p,, (M), with M,
inside the range, were obtained from that distribution and incorPorated in the
analysis through modification of the parameters in Equation (4-7).
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Let the distribution of PM. from information on b alone be of the beta type with
parameters 7, and ¢ i’ andl suppose that the upper bound magnitude has discrete
distribution PM (Mi)' Then, for each moqgnitude Mi’ the parameter {. was
replaced by a new parameter, § .i’ where

;o ‘ ei Z pMU(Mj)

i

The proportionality constant is chosen to satisfy
£l

E : '—l = ' ’
-,
i i

The above correction procedure is not obtained from rigorous mathematical
deduction; however, it reasonably applies the information provided by the
experts and yields realistic magnitude distribution models.

4.4 ATTENUATION RELATIONSHIPS

Quantifying attenuation in the Eastern United States (EUS) is difficult due to
almost complete absence of strong-motion data. Inferences about the attenua-
tion of ground motion in the East must thus be made by studying 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 o. attenuation in the EUS, it is
valuable to offer evidence which may shed some .ght on the differences or sim-
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ilarities between ground motion attenuation in the EUS anu the Western United
States (WUS), such as:

* MM intensity attenuates more slowly in the EUS than in
the WUS, based on an abundance of historic intensity
data.

. Propagation velocities are higher at depth in the EUS than
in the WUS,

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

B There is no low Q-zone in t+  upper mantle in the EUS.

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

Some inferences concerning differences in ground motion characteristics be-
tween 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. This implies a relatively larger energy
content and

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

- The amplitude of body waves at the larger distances is
greater in the EUS than in the WUS.

. The EUS may be a more efficient propagator of surface
waves than the WUS. This would imply relatively longer
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 ‘he EUS. It might imply less scattering of
waves, making the EUS a relatively more efficient propa-
gator of the higher frequency motions.



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 depthe. This
would not explain differences in attenuation at greater

distances.

s 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

foult zones might imply higher stress drops and smaller

source dimensions in the EUS.

Approach

It would seem that, aside from theoretically modeling, there are very few
technically reasonable alternatives to EUS attenuation, given the paucity of
strong motion data aond availability of intensity dota. Our recommended
approach consists of developing a model for the attenuation of site intensity
using EUS intensity data, and applying existing EUS strong motion data in
conjunction with data from the West to convert the site intensity into a ground
motion parameter. 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. The site
intensity is also retained as on additional measure of the ground motion.

As discussed elsewhere, we have calculated the seismic hazard at specific sites,
using ten separate sets of input corresponding to the data and opinions provided
by ten experts. Many of the eiperts preferred to deal with seismic hazard 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 o
parameter in tne 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 correlations are regionally independent.

One weakness <! inis approach has to do with apportioning an attenuation mode|
into submodels. The uncertainty contained in each of the submodels increases
the uncertainty in the final prediction (Cornell, et al, 1977), although at the
present time, there does not appear to be any rational alternative to this.

The odded uncertainty significantly influences the seismic hazard results.
Greatly improved estimates of the seismic hazard could be obtained through
additional work on this topic. When an attenuation model is derived directly
from recorded ground motion, the statistical uncertainty usually corresponds to a
one-standard deviation level of 1.6-2.0 times the mcan. When the uncertainty in
mean prefictions of intermediate parameters (such as intensity) is 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 criven by this multiplicative factor.

While it has been outside the scope of this effort to address this uncertainty in
detail, we believe these uncertainties to be excessive. That is, in spite of their
statistical formality, they are derived from data representing all possible
earthquake types and all possible travel paths. The seismic hazard at a
particular site is usually dominated by a particular type of earthquake (e.g.,
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 consider ihe
appropriate value of dispersion to be sufficiently controversial to carry two
separate values through our methodology. Our recommended value corresponds
to a multiplicative value of 1.82 and accounts for the reduced dispersion
ussociated with *he commonality of travel paths, source functions and site
effects at each site. We cannot, at this time, provide a quantitative basis for
this value; theretore, we are forced to consider another, more conservative value
that has a formal statistical basis. Consistent with the uncertainty contained in



each of the submodels for attenuation, we also use a value for dispersion of a
multiplicative factor of 2.45. A further basis tor this particular value is
contained in the work done for TVA by Weston Geophysi il Inc. (1978). Since
dispersion is often expressed as the natural logarithm of this multiplicative
factor, these two values can also be expressed as

In(1.82) = 0.60
In(2.45} = 0.90

Another weakness is that the influence of site geology on the predicted site
ground motion is more difficult to quantify when the intensity data 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
majority intensity reports are reports for soil conditions at a lecation nearby 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 it 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 correspond 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 1 ck. We feel that the best way to
accurately define a rock model is through 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
potential biases such as building foundation effects (Boore, et. al, 1978). The
data currently available are insufficient to resolve ot this level of detail, and we,
in the end, rely on the overall "reasonableness” of the rock mode! as a last check.
We present the detailed results on our treatment of site geology in a following
section, after a summary presentation of the strong motion data base used for
analysis.
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Summarily, our approach to attenuation is to combine EUS intensity attenuvation
data with WUS instrumental data relating site intensity th a ground motion
parameter. When required for compatibility with a pcrticular 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.

4.5 EVALUATION OF SEISMIC HAZARD

Seismic hazard is quantified by the value of a ground motion parameter at the
site which is exceeded, with a given probability, in t years. To illustrate this
procedure, we shall take the parameter to be peak ground acceleration (PGA).
(Iden‘ical steps apply to such parameters as peak ground velocity (PGV) and
spectral acceleration.)

A typical seismic region contains a number of earthquake sources. Seismic
hazard analysis combines the effect of all sources and gives the probability of
exceeding o given PGA value at least once during the time-period of interest,
The cumulative distribution function of PGA is developed by repeating the
process for a number of values.

In the actual process of evaluation, magnitude (M) and intensity parame’er (PGA)
are discretized into equal-step increments so that all integration operations can
be replaced by summations. The earthquake sources are also disc'etized. The
discretization units ("segments") are taken to be small enough that the approxi-
mation from continuous to discrete computation is acceptable. The value of
for a segment is obtcined by prorating the \ for the entire source according to
the se, ~at area. If an event of magnitude M occurs in a segment at distance R
from the site, the probability that A > o, at the site (A = PGA) is readily
obtained from the conditional distribution function FA(QIM,R). In turn, this
distribution is obtained from the attenuation relationship and is assumed to be of

the lognormal type.
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If different events from a given segment have probabilistically independent site
effects, then the hazard contribution from segment K over a period of t years is

2 {u -[FA(oiIRK)]jK}PjK

P[A > o, | segment K]

szl
K|
= E I -|F 0. IRY) (4-8)
jK; [Aal K] ‘

in which FA(oi'RK) is the COF of A for an event of random magnitude
originated from segment K,

Falg IR =" P F A | MRy (4-9)

and Pj = probability of exactly jK events in t years from segment K.
K

In the special but important case in which earthquakes from the segment have
Poisson occurrence times with mean rate )\ K Equation 4-8 simplifies to

P[A>ai|segmentl<] = "exP')'\K'["FA(Oi'RK)]E (4-10)

Combination of hazard contributions from all the segments of all the sources is
formally very simple if one assumes independence of site effects from different

segments. Equation 4.8 becomes,

P[A>o.]=I-q”nK‘l-P[A>oi|segmentK]$ (4-11)

and for Poisson arrivals,

P[A >oi] =l -exp | -t Z % [‘ -Fplo | RK)]

all K

(4-12)
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Equations 4-11 and 4-12 give the complementary cumulative distribution of PGA
at a site in t years. One typical such function is shown in Figure 4-7.

Once the complementary CDF of A at a site is obtained, one can calculate the
value of A which corresponds to any desired probability of exceedance. It has
become customary to characterize the hazard level in terms of return period
rather than probability of exceedance. This is unfortumﬁe, because the use of
return period may be confusing if the earthquake-generating process is nonsta-
tionary. A better approach is to fix the time-interval of interest (e.g., the next
50 years) and consider various probabilities of exceedance within that time
interval. However, in order to comply with the current trend, we present results
also in terms of reiurn period, assuming stationarity. Before deriving the
relationship between exceedance probability and return period, we introduce the
following definitions:

PROBABILITY OF is the probability that a given level of ground
NONEXCEEDANCE motion will not be exceeded at the site during
the period of interest

PERIOD OF INTEREST is the design life or useful life of a structure or
project

RETURMN PERIOD (RP) is the expected time between consecutive

events (assuming stationary Poisson occur-
rences in time)

The following development assumes no statistical uncertainty on the parameters.
More complex treatment would be needed to take such uncertainty into account.

Once the period of interest is selected, the probability of nonexceedar.ce which
corresponds to any given return period can be calculated by considering the

Poisson character of events with site acceleration greater than or equal to a.

The relationship between P[A > o] » period of interest T, and return period RP(a)
is

p[A 3 O] . | .eT/RP)
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In the questionnaire, experts were asked to rank themselves on a scale of 0 to 10
with respect to confidence in their answers. For each zone considered, three
self-rankings were requested: zonation (R ), upper magnitude (R,) and recur-
rence (R‘).

These rankings (or "weights") and the fraction of hazard contributed by each
zone, were used to reach the synthesis. For each expert j, the weight of
source | was computed from the self-rankings as

wi. -.V;Z + ?: - RZ
’ ij ij ij

Also, for the return period considered and for each expert, we determined the

fraction pij of hazard contributed by source i. (An example is given in Table
4-1.) Finally, the weight of each expert was computed as

j s Pij i
I

and the weighted average of a given parameter (L) for a fixed return period was
obtained as

Lsynthesis = ZH E./TE
: .

)

where Lj = wvalve of L for expert |.

Additional development and justification of this combination rule is presented in
Appendix D. This process must be repeated for each seismic hazard parameter
ond return period. Figure 4-1| presents a typical synthesis spectrum.
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5.0 UNKFORM HAZARD SPECTRUM

In order to understand how the uniform hazard spectra (UHS) can be used foi
design, it is important to consider the definition or UHS and study its implico-
tions. A uniform haz. 1 spectrum is developed using probabilistic methods in
such o way that each .- .i;al omplitude has the some probability of being
exceeded in a given pericd of time. In its development, each period is considered
independently of another, and correlation between the spectral amplitudes is not
explicitely token into account. Vhis comes abo' it for the following reason: when
developing the spectrum, predictions are made for one period at a time, say T T
All 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 ot period Tl is computed as a cumulative
distribution function of the looding. The spectral occeleration versus return
period plot (Figure 5-1) is then developed and the loading corresponding to the
return period (RP) of interest (say 1,000 years) is used as the appropriate
spectra! 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. Figure 5-2 presents a typical uniform hazard spectrum for two levels of
exceedance: 10 and 20 percent.

If we are interested in periods T| and T2, the spectral amplitude corresponding
to those periods indeed have the same probability of being exceeded due to all
the earthquakes affecting the site. 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
consequence of this point is illustrated below for a multi-degree of freedom
system.

First, consider a single degree of freedom system. If one is interested in the
loading at o single period T' only the UHS effectively provides the loading
corresponding to th. RP of interest since it represents, for that loading, the
contribution from ¢ |l earthquakes affecting the site. This would apply for the
design of a systern modeled by a single degree of freedom system, such as o

piece of equipment.
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On the other hand, when one is interested in designing for a multi-degree of
freedom system, two characteristics enter the picture that make the UHS a
conservative, if not overconservative, design tool. For illustration, let us
consider a two degree of freedom system with fundamental periods T' and T2
(T| < Ty The UHS amplitude corresponding to T, and T, are Sa; and Sa,
respectively {Figure 5-2). As is well known, there is a high probability that the
loadings S<|l and 502 will not be felt by the structure at the same time, i.e., for a
given event, the largest acceleration in the response time histories for periods
Tl and T2 will not occur at the same instant. It is therefore conservative to add
the loadings Sa, and Sa, 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 global loading is on the average better represented
by the vectorial sum of the individual modal loadings.

A more important characteristic is that the UHS is not representative of any
single event. If the structure is subjected to a high frequency earthquake, the
low frequency content of its spectrum will most probably be small. Conversely,
if the event is distan* and high in low frequency its spectrum will most probably
have little energy in the high frequency range. In other words the spectral
amplitudes SOI and 502 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 So'
and Sa2 in a model superposition analysis is conservative.

The goal is therefcre to design for event specific uniform hazard spectra
(ESUHS): spectra that correspond to the types of earthquakes that can be felt at
the site. There is a large number of such spectra and it is unreasonable to want

to consider each of them separately.

From an engineering point of view, it appears reasonable to consider only a few
types of spectra, for example: high frequency, intermediate, and low frequency.
Since the purpose is to obtain a number of uniform hazard spectra resulting from
the sorted contribution of differerr types of earthquakes, it is necessary to
determine the parameters that govern the shape of earthquake spectra in crder
to assign the contribution of each event to the correct ESUHS.
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APPENDIX A
TREATMENT OF SYSTEMATIC AND RANDOM ERRORS

It is sometimes convenient to think of earthquake events as points in a multi-
dimensional Cartesian space (earthquake space) with coordinates for time (1), for
the epicentral coordinates (x,y), and for mognitude (M). If other characteristics
at the source of the earthquake process are reievant (length of fault rupture,
type of mechanism, stress drop, focal depth, etc.), the dimension of the space
should be increased and these characteristics associated with additional coordi-
nate axes. If the times of occurrence form a Poisson process with known
intensity \ (1), if all other earthquake characteristics (x,y,M) are independent
from event to event, anc if the distribution of (x,y,M) given t is known, then the
point procuss in earthquake space is nonhomogeneous Poisson, with inténsity
function » (t,x,y,M) = \ mfx,y,Ml '(x,y,M) in which f. = probability density func-
tion of (.). All uncertainties of such a model are of the random type, in that the
earthquake characteristics (t,x,y,M) are independent from event to event. If the
parameters of the attenuation iaw are known, and if attenuation errors are
independent for different events, then the point process of earthquake charac-
teristics at the site (defined in an appropriate space) is also kncwn, and all
uncertainties related to this process are random.

In practice, the function A (t,x,y,M) is selcom known; (|) because ) (t) is uncer-
tain; (2) because the earthquake source boundaries are uncertain [fx’y t(x,y) is
uncertain |; or (3) because magnitude distribution parameters (upper bound
magnitude, b value, etc.) are not precisely known. In this case, given ) (t,x,y,M),
the point process in earthquake space is still Poisson. However, when uncer-
tainty on )\ is acccunted for, the point process is no longer Poisson, but rather,
is of the Doubly-Stochastic Poisson type. Uncertainty on parameters that affect
the characteristics of all earthquake events (e.g., parameters of the distributions
of epicentral coordinates and magnitude) is systematic and requires separate
treatment. |If a procedure is available for generating seismic hazard results
under the Poisson assumption, it should be repeatedly used with different given
functions X (t,x,y,M). The conditional seismic hazard distributions should then be
weighted by the probability of the associated 1 functions, and averaged. A



similar procedure should be used to treat (systematic) uncertainty on attenuation
parameters and on site effect coefficients. A detailed treatment of the
parameters affecting systematic uncertainty follows.

Let 8 urce 9d 84 be vectors that collect all parameters contributing to

systematic uncertainty at the source and at the site, respectively. Thus, the
gecmetry, the mean occurrence rate ), the frequency-magnitude slope b, and
th= upper bound magnitude Mu of each source are in -o-oource’ whereas
coefficients and residual variance of the attenuation law and site amplification

factors are in 6 . .

Given 6 el the point process in earthquake space is Poisson and is

characterized by an intensity function )\ ce(f,x,y,M 8 ce)' If, in addi-

" is known, then the point process of earthquakes at the site is Poisson,

h'ls|isource' -lsife)' in which Is= MMI or

tion, 8.,

say with intensity function \ site

another intensity measure at the site.

Since
(24
0 - -—S0Uurce
Lsite
is uncertain, the functions \source and A site e unconditionally random, and

the earthquake process at the site is of the Doubly-Stochastic Poisson type.
Hazard analysis with earthquake processes of this type requires two steps. First,
let A be the value of peak ground acceleration at the site in T years, and

calcuiate P(A > a| 6) using the Poisson mode! with intensity ) (t,lslg_). In

site
the second step, remove conditionality on 6 :

P(A >a) = fP(A >a|6)dF (6)
all 8 s

Practical implementation of this two-step analysis is often a formidable task,
due to the many components of § .
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A simplified approach consists of evaluating the sensitivity of P(A > a) to the
randomness of each individual component of 8, and retaining only the compo-
nents found to be important. The less important parameters are treated in
opproximation, either as constant or as independent from event to event.

It may be useful to intuitively evaluate (and, in some cases, with the support of
sensitivity analysis) the importance of systematic uncertainty on individual

parameters:

Source Configuration: Let # be a discrete random variable which attains
valve ili=1!,...n) if the source has configuration according to
hypothesis i. The probability that # = i is denoted by P.; hence,

n

S p
3 P=il.
-

Difference in the exceedance probabilities calculated by the correct

procedure

P(A>a) = TP, PA>al6 =i
I

and by the procedure described in Section 4.2 (one Poisson source for each
alternative) is expected to be very small. '

\ for each source: Small exceedance probabilities (i.e., probabilities of

interest for engineering hazard analysis) are nearly linear functions of .

This implies that

PA > a) = E\[P(A > o[ V)]

zPlA > o|\ =E(\)]




Hence, negligible error derives from setting » equal to its expected value.

Parameters of the magnitude distribution (b and M“)= Treatment of b and
MU as independent from event to event, rather than constant for all events
from a givn source, may introduce some error, especially for small site-
intensity values. Two hypotheses that should bound the seismic hazard are:

a. b and Mu independent for different earthquakes (analysis
in this report)

b. b and MU random but identical (or proportional to given
values) for all earthquakes from all sources. In this case,
P(A > a) is calculated as

PA » a) = E[p(A . olb,MU)]

b,MU

For all cares considered by us, the difference between P(A > a) calculated
by these twc procedures was found to be small. Results from procedure a
and from correct analysis (b and M, the same for ai. earthquakes from the
same source but possibly different for different sources) should differ by
even smaller amounts.

Uncertain parameters of the attenuation law: As in the case of b and Mu’
one can incorporate the effect of parameter uncertainty under the
assumptions of independent (case a) or perfectly dependent values (case b)
for different earthquakes. These assumptions should produce results that
bound those generated by more realistic and complicated models. Because
the attenuation relationship is a critical element of seismic hazard
evaluation, sensitivity to different assumptions may be significant.

Site effects are conceivably the same for all earthquakes. Their uncer-

tainty is easily incorporated into the analysis through random scaling or
shifting of the site intensity parameter.
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APPENDIX B
SOLICITATION OF EXPERT OPINION

B.l BIASES AND MODES OF JUDGMENT

Biases are discrepancies between a subject's answers and his real knowledge
Such discrepancies can take several forms. They may affect best estimates, in
which case they are called location biases. When biases affect confidence in
estimates (e.g., the variance of a parameter), they are called dispersion biases.
Their source may be either motivational (the subject modifies answers in his
favor) or cognitive (based upon the way in which the subject formulates his
judgments) and can be either conscious or unconscious.

Modes of judgment are procedures by which people assess uncertainty. On the
basis of laboratory experiments and common experience, Spetzler and von
Holstein (1975) noticed three common traits of these procedures:

B People are typically not aware of the cues upon which
their judgments are based.

- It is difficult to control the cues which people use in their
judgments

- When people are made aware of biases in their judgment,
they have some success in correcting them

It is convenient to classify modes of judgments into four categories: (|) repre-
sentativeness, (2) availability, (3) adjustment and anchoring, and (4) unstated

assumptions.

Representativeness. Often a simple event is given more weight than it should
be, because it is well defined and considered representative, while the whole
population carries more generalized information. The biases resulting from

representativeness can often be reduced or eliminated by structuring the
problem in more detail (Spetzler and von Holstein, 1975).




Availability refers to the ease with which past occurrences can be brought to
mind. For instance, recent events which made a strong impression at the time of
occurrence are more readily available (recallable) than events which occurred
far in the past or which did not make a strong impression. Bias resulting from
limited availability can be removed by encouraging the subject to broadly survey
his information base before formulating judgments.

Subjects tend to insufficiently revise their initial judgments after being provided
with additional evidence. This phenomenon is called anchoring. Anchoring often
occurs when subjects are first asked questions which they consider to be very
important. Anchoring of biases can be reduced by formulating questions which
the subject will perceive as unrelated.

If there is room for unstcted assumptions, the subject will, consciously or not,

restrict himself to a limited set «f possibilities (those with which he feels most
at ease), and will disregard other assumptions in his assessment of uncertainty.
This obstacle can be removed by properly structuring the problem and by making
sure that the conditions under which probabilities are given are explicitly stated.

B.2 QUESTIONNAIRE ON EUS SEISMICITY

A questionnaire was developed to 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 quantify seismicity parameters in
that region (due to limitations of the historical record), experts' judgment was
considered crucial. Their opinions were used throughout the seismic hazard
analysis.

Our goal in eliciting subjective information was to obtain an accurate repre-
sentation of the experts' uncertainty about parameters that affect seismic
hazard. Not only the "most probable value" was sought in each case, but also,
wnenever possible, the entire probability distribution. Judgmental probability
distributions were arrived at through a two-stage procedure. First, a question-
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naire was sent to each expert; later, major inconsistencies or other problems
were resolved through personal communication.

Before onswering the guestionnaire, experts were conditioned to think fundo-
mentally about the problem and about their judgment, and to avoid cognitive
biases. This was done in the Introduction to the questionnaire. After scaling
(quantification of judgment in probabilistic terms), respoases were checked for
consistency, and inconsistencies were resolved.

in order to help the respondents in answering the questionnaire, we supplied
seismicity dato from various source zones in the East. These data were based on
an integrated catalog of earthquake events generated by combining various
regional catalogs for the East. For each of the zones, experts were supplied with
(1) a list of all earthquakes having epicentral intensity of IV or greater, and (2) o
table giving the number of occurrences of ear*hquakes of each Modified Mercalli
(MM) intensity from IV through XII.

The following points were emphasized before each respondent filled out the
questionnaire:

. The level of confidence each expert had in his answers
would be explicitly considered. Therefore, since his input
would undergo filtering and weighting when combined
with the opinion of other experts, he was asked not to feel
reluctant to express non-classical viewpoints.

. Nine sites were specified for analysis and experts were
asked to concentrate their efforts on sources whose seis-
micity might affect these sites, leaving ir the "back-
ground" sources with negligible contribution.

. Answers were fo be based on experience and upon geo-
logic and tectonic considerations, as well as available
data.

. The questionnaire was designed to contain redundancy,
which was necessary for cross-checking aond for estab-
lishing consistency of the results. The experts were asked
not to try to produce answers consistent with earlier
onswers, since this would defeat the purpose of
redundancy.



. Each expert was asked to concentrate on his area(s) of
expertise and to focus on the part of the questionnaire
with which he felt most comfortable.

. They were also asked to attempt answers to all questions
and to skip only those with which they felt uncomfortable
with the format of the question or in which they had no
confidence in their ability to answer. Large uncertainty
could be expressed through the range of values assigned to
each parameter ana through the confidence the experts
associated with their responses.

The questionnaire was divided into five sections:

* Source Zone Configuration
“ Maximum Earthquakes

w Earthquake Occurrence

. Attenuation

. Overall Level of Confidence

In the section on Source Zone Configuration, we were concerned with the
geometry of regions that appear to be unique ir. their potential to generate
earthquakes. In particular, we were seeking the definition of regions within
which the experts felt future earthquake activity would be homogeneous. As a
point of reference, we provided maps giving two possible seismic zonations of
the Eastern United States. We asked the experts to carefully review these maps
and indicate, where they thougnt there might be inadequacies, by modifying,
deleting or adding zones. The experts were asked to indicate their "degree-of-
belief" in each source configuration by estimating the likelihood that seismicity
of the source is actually part of the background seismicity for the entire region.
We also asked them to identify any localized tectenic structures that might
affect seismic hazard et nearby sites and to indicate their "degree-of-belief" in
the activity at these features.

The Maximum Earthquoke section was divided into two parts. In the first part,
we solicited information about the size of the !largest event expected to occur in
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each source during a given interval of time. Since extrapolation of results from
short time intervals to very long intervals is controversial due to possible
nonstationarity of seismicity, we explicitly considered two distinct time periods.
The first one was chosen to be |50 years, this being of the same order as the
time period of interest and approximately equivalent to the length of recorded
historical seismicity in the East. The second time period was chosen to be 1,000
years, since such a period leaves out uncertainties associated with extremely
long-term geological variations, clearly outside oir scope.

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 irrespective
of the time period. It was emphasized that they should base their answers not
only on recorded data, but also on their beliefs about:

. Whether past history can be used for future predictions

. Whether additiona! information could be drawn from
sources such as tectonics, theoretical studies, similarity
with other regions in the world, etc.

In the second part of the section, we asked questions related to the return period
of the largest event from each source.

The Earthquake Occurrence section sought information about the magnitude-
frequency relationship for each source during the next 150 years. Questions
were formulated either in terms of the number of earthquakes expected to occur
within that period (for example: 47 in |50 years) or in terms of the mean rate of
events per year (e.g., 0.313 per year). Experts were asked to base their answers
on historical data and on their own judgment (e.g., as to the validity, quality and
completeness of the data). To assist respondents in this task, we provided them
with a list, in descand.ng order of intensity, of all historical earthquakes with
epicentrai intensities IV or greater included in the map, and with a table giving
the number of earthquokes for each MMI unit from IV through XII. These tables
were not "corrected" for completeness, but rather represenied the latest
generally available information on location and size of recorded or felt events.
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The limited strong motion data in the East and, after appropriate correction, the
much more abundent data in the West, can be used to construct intensity
attenuation relationships for use at eastern sites. The section on Attenuation
was intended to provide general information about the validity of existing
attenuation relationships for use in the Eastern United States. Attenuation data
were not specifically provided for this task; rather, we asked the experts 1o rely
on their own knowledge about attenuation in this part of the country.

In order to measure the overall confidence of the experts in their own answers,
the final section asked them to rate their responses, to different sections of the
questionnaire for each source zone, on a scale of | to 10. Through this rating, a
synthesis of results was reached, in the form of a weighted average with weights
based on self-ranking.

Responses to questions about parameter values could be given in any of several
ways, all convertible to a usable format for analysis. Acceptable answers were:

. A best estimate only (interpreted as known value)

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

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

] A written discussion

B.4 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
centacted. Of these, only ten were able to complete the questionnaire. These
experts, listed by region, were:

Dr. Robert Herrmann Dr. Michael Chinnery
Dr. Otto Nuttii Dr. Richard Holt

Dr. Ronald Street Dr. Paul Pomeroy
Dr. Gilbert Sollinger Dr. M. Nafi Toks8z

Dr. Edwaurd Chiburis Dr. Marc Sbar
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DATA CORRECTION

It has been observed that the completeness of earthquake records varies with
time. In the past, due to low population density aond itack of interest in
earthquake activity, only large events were recorded. With increased instru-
mental coverage, intermediate and lesser earthquakes have been recorded with
more frequency, producing an apparent increase in seismic activity with time
which biases statistics from uncorrected catalogs. Evaluation of the degree of
completeress of t'» available earthquake record is an important step in the

analysis of data.

One possibility is to confine analysis to sections of the record that are complete
for the earthquakes of interest. The m2in problem with this approach is that it
reduces the size of the useful sample and meaningful statistical averages of
large ear,“quakes cannot be obtained because of their infrequent occurrences
(Benjamin, 1968). An alternative is to correct for incomplete reporting. In
following this second alternative, we have used the procedure by Stepp (1971) to
determine the degree of incompleteness. First, we must determine the subinter-
val of the record in which the mean rate of occurrence for each intensity class is
stable. This mean rate can then be determined from the interval with complete
data for each intensity class. A complete treatment of the approach is given in
the above quoted reference.

Assuming that earthquakes in each intensity class occur according to a Poisson
process, and with n; the number of events of intensity i in t years, the mean rate

of events, with intensity i, \i' can be estimated as R P = ni/L This estimator hos

standard deviation
I / A
ci - ' -

Hence, if \i is constant in time, o, versus t should plot on log-log paper as a
straight line with slope -0.5. Sys*ematic departure of the data from this line is




an indication of incomplete reporting. This procedure may be used to evaluate
the intervals over which the record is complete for earthquakes in different
intensity classes.

Since the data cover a large geographical region over which the period of
complete recording is not expected to be constant, the analysis was appliéd
separately to two subregions: the central stable region, including the New
Madrid area, and the Eastern region. The periods of complete recording are
given in Table C-|, together with the scaling factor to be applied to the data
recorded during stable years in order to prorate them to |75 years.

A typical graph for uncorrected and corrected data is plotted in Figure C-1.
First, the incremental uncorrected data were plotted (squares). The same data
were then multiplied by the corresponding scaling factor to obtain a corrected
homogeneous data sample for |75 years (triangles). Finally, the corrected
cumulative number of earthquakes was obtained (circles). These last points were
used, together with other information, to estimate the intercept value "g" for
the region considered in these areas when the experts did not (themselves)
provide a value.



TABLE C-I
CORRECTION RATIOS TO |75 YEARS

Stable Years Scaling Factor
Central Eastern MM| Central Eastern
U.S‘ U.S. U.S. U.S.
70 70 v 2.5 2.5
100 100 v .75 1.75
100 100 Vi 1.75 1.75
150 150 Vil o b bi b ¥
175 200 Vil 1.0 0.88
175 200 I1X /.0 0.88
175 200 X 1.0 0.88
175 200 X .0 0.88




NUMBE Y OF FARTHOQUAKES IN 175 YEARS
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SYNTHESIS OF RESULTS

We first present a theoretical model for combining individual-expert hazard
estimates and then introduce the combination rule used in this study.

Theoretical Mode!

Let AT be the maximum spectral ordinate at period T over a given time interval
and denote by AT p the P-fractile of AT, and by AT p the estimate of AT p

using information from the 1"’ expert. The estimation error

‘“wp. = Arp - AT,Pi ©-1)

is assumed to have mean zero and variance, @ T Py related to the expert's self-
ranking. One should expect errors (T p to be cor)eloted for different values of
T or P and also for different experts, due to commen factors (same seismic maps
and same earthquake catalogs given to all experts, common seisrnological
theories, same seismic hazard analysis procedure, etc.). For given T ond P,
suppose that the vector

. (N = number of experts)

Arp s | |
A




a convenient estimator of AT P is the so-called (unconditionally unbiased) linear-
minimum-variance estimator, AT P which is given by

! i
N (D-2)

and has estimation variance

N
TP S e T RN (0-3)

In the case when expert estimation errors are uncorrelated, HT p = diag
(cT P) and Equations D-2 end D-3 simplify to

At p = - (D-4)

and

In the even more special case when expert estimation errors are uncorrelated
and have the same variance o'z, one finds




N
A | A
Arp=wN ¥ ©BPF D-6)
i=|
2 2
g TSR ©-7)

These results are consistent with common intuition.

In this study, information could not be elicited directly on the error variances
and covariances. Rather, information we., obtained in the form of various self-
ranking coefficients. Then, a combina:iunrule similar to that used in Equation D-4
was used, i.e.,

ZWATP (D-8)
J-I

with weights

(D-9)

estimated as:

C

i T T
v ‘zi:";NRzij‘R R (D-10)

1 1

In Equation D-10, i is a zone index, R R and R are the self-ranking
parameters, and p is the fraction of seusmnc hozord contnbuted by i th zone,
according to expert je

D-3



The form of Equation D-10 is heuristically correct; e.g., as the self ranking of
one expert increases with respect to other experts, the associated weight

increases.

Of course, other schemes for combination are possible, within the format of the

same theoretical model.
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APPENDIX E
ILL USTRATION OF THE UNIFORM HAZARD METHODOLOGY

In order to illustrate the various steps of the p- ocedure in Section 4.0, a typical
site was selected in the Central Stable Region, and one expert's opinion was
processed for input to the analysis.

Application of the hazard procedure consists essentially of defining appropriate
input parameters for the source zonation, source seismicity model and attenua-
tion model, and of calculating values of ground motion parameters for various
exceedance probability levels. Hence, the output consists of a cumulative
probability distribution function for the peak value of each ground motion
parameter during a given interval of time. Equivalently, one can give the values
of each parameter that correspond to assigned return periods (200 years, 1,000
years and 4,000 years have been used in this analysis).

EXPERT INPUT

After reviewing the two base maps (Figures E-| and E-2), the expert generated o
third map (Figure E-3). Thus, a total of four sources modeled by eight zones
were considered to be potential contributors to seismic hazard at the site. Zone
numbers, names and areas are given in the first three columns of Tab'e E-I.
Column 4 quantifies, on a scale of 0 to |, the expert's degree of belief
(credibility) in the boundaries of each zone. Geometry and credibility of the
bac- sund sources were not supplied by the expert, since these are calculated
by compounding the answers from all experts on the various sources.

Only those events with (epicentral) MMI greater than or equal to IV /2 were
considered in the analysis, and a 1/2 unit was used as an increment of the
discretized intensity scale. (Discretization intervals are centered at IV 1/2, V,
etc.). Column 5 gives the cumulative number of events greater than MMI IV 1/4
over a period of 175 years.



i

——————

. .

HIT (I
| L
m | :__ it
il
...— w“mn

A

A
gt
" cl
uv k
i
# M.
,ﬁ

N
'
.

1l 3
1 4

FIGURE |

POSSIBLE SEISMIC SOURCE REGION

_— e 3 —

SEISMOTECTONIC MAF OF THE EASTERN UNITED STATES
»
Jurve B Radiey snd Jamen ¥ Devees

-

* s

e BEISMIC JOURCE REGION BOUNDARY

CONFIGURATIONS FOR THE
EASTERN UNITED STATES

FIGURE E-1

BASE MAP |



.-—
]
__ b
i
o-.-.
\

'
'
!

il

i
i

.\,
1
\-bo-‘
=
{ |
) ,
>
!
i
i
o R
& s
i ¢
:_ 3|
T
—;.».
¢
L

..4»5-“—‘

A Y'..ﬁUIK NAF
AOTECTONIC MAP OF THE EASTERN UNITED STATES

FIGURE 2
POSSIBLE SEISMIC SOURCE REGION

L

Jurvm B Hatiey wnt Josmes T Devese

SITES

—— SEISMIC SOURCE REGION BOUNOARY

CONFIGURATIONS FOR THE
EASTERN UNITED STATES

e

- - QOUNOARIES REPEATED FROM FIGURE |

FIGURE E-3

ZONATION MAP EXPERT 1|1

E-4



i

< ot T ~. s S=
D, - s
B e —————————
St CEeawSIR AUELESa ey ———y s . ¥ Mt
SEISMOTECTONIC MAP OF THE EASTERN UNITED STATES
e TES » FIGURE 2
Jurve B Nadiey sad James ¥ Devime

— S ISMIC SOURCE REGION BOUNDARY s POSSIBLE SEISMIC SOURCE REGION

SOUNDAR A FROM FIOURE | CONFIGURATIONS FOR THE

e e EASTERN UNITED STATES

FIGURE E-2

{%d\"‘-‘i'J Wi U“JLNH\L BASE MAP 2

E-3



Lore Z one Naome "
Number &
! New Modrid
4 New Modrid (Moditied
23 New Maodrid
poer KeweenNow
Arnma
New Modrid Do kg rourx y
Arna Bockground
entral Stable Reqior »

BN
A )4
Wi ¢

N v
1 A w i
Number
ed
F vents (
4 Than MM
¢ |
6 o F
K

Moagni tude )
MM
2- XV 1/2- XN
4 ! X
Vil ¢
2-Vii-Vh
vil | Vil
¥ | Y X
1" y
vii i Vil

"ona

Honking

Upper
MMl

B

Recur

rence

~4




The next two coiumns (6 and 7) of Table E-| provide information about
parameters of the MMI| distribution (slope and upper MMI cutoff). As can be seen
from the table, uncertainty on the slope is the same for all sources, whereas
uncertainty on the upper MMI cutoff (range and most probable value) is noi. The
last three columns give the se 'f-ranking by the expert regarding configuration,
upper MMI cutoff, ond occurrenx e relatioiship for each zone.

This expert provided no "a" or A value for any of the sources. Therefore, these
values were obtained by first correcting the data for incompleteness, then fitting
a fruncated exponential relationship, using the central b value given by the
expert (b = 0.5 in all cases). Figures E-4, E-5 and E-6 show the uncorrected and
corrected dota, and the analytical fit for three sources.

TREATMENT OF UNCERTAINTY ON THE DISTRIBUTION OF MMI|

Uncertainty on the slope parameter b was treated as described in Section 4.0.
Specifically, the parameters Ei and 7. of the beta distribution for the probabil-
ity content of the ifh intensity interval were obtained as follows. Given that an
event occurs, the probability that MMI| falls inside the interval centered at
VIl 1/2 (this value corresponds to my, = 6) is 0.0093, 0.0044, and 0.0020 for
b = 0.4, 0.5, and 0.6, respectively. Hence, the mean, the standard deviation and
the parameters £ and n for that interval are estimated as

mean probability content =  0.0044
variance of probability content = (0.00365)2
§= 1.43
n= 326

The parameter n is taken to be the same for all intervals, whereas ¢ changes,
being

fl = 326Pi

E-6
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for the i'h interval, with Pi the probability that the generic event has intensity
inside that interval if b = 0.5. Values of { abtained by the procedurz are listed
in Table E-2.

For Source |, the expert assessed the upper magnitude cutoff to be between
my 7.5 and 7.75, of which 7.5 is also the most likely value. lJsing the conversion
formula MMI = Zmb - 3.5, MMI becomes XI 1/2 - "Il. After fitting a triangular
distribution to this range, the following discrete probabilities were found:

2/3
1/3

P [Mmi,, = xi172]
P[MMIU . xu]

A similar procedure was used for the other sources. Finally, the values of the
parameter £ in Table E-2 were revised to account for the upper bound intensity
in each source.

L

CALCULATION OF PARAMETERS *, A

Following the procedure presented in Section 4.0, the seismicity is distributed
among alternative zones. The results are summarized in Table E-3. Zones 2
and 23 are treated together since they together represent one alternative to
Zone |. Columns 2 and 3 of Table E-3 present the credibilities of the zones and
their corresponding probabilities. The probabilities of the backgrounds are
computed as described in Section 4.0. Column 4 presents the number of events
assigned to each zone as a function of their probabilities. This number is then
modified proportionately to each zone's area to prevent double counting of
earthquakes when zones extend ‘mder ~ne another. (This is always the case for
the background.) Finally, a numbe: of earthquakes from the zones are allowed
into their respective backgrounds in proportion to the background's probability.
The resuviting number of events associated with each zone is tabulated in
Column 5. The earthquakes of Zones 2 and 23 are then distributed between

E-10



T R T L g —m———— g A
- . - » ’ -, - R T L p——— R — . N w—

TABLE E-2
DISTRIBUTION EARTHQUAKE MMI
Number
' A Qs of Events
4.5 427
! 5.0 80.3
5.5 45.1
6.0 25.4
I 6.5 4.3
i 7.0 8.03
7.5 4.51
8.0 2.5
8.5 I.427
_ 9.0 0.803
.5 0.451
10.0 0.254
10.5 0.143
1.0 0.0803
.5 0.0451
12.0 0.0254
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TABLE E-3
DISTRIBUTION OF SEISMICITY AMONG ZONES

Credi- Probo- X K
Zone bilities  bilities i i

| 0.6 42 142.8 101.4
2and 23 0.825 .58 197.2 185.1
New Madrid
Background 07 3
10 .2 .. 2.8 2.7
I .8 28 27.7
Anna
Background -2 6.9
Central e
Stable Region




Zone 2 and Zone 23 in proportion to their original seismicities (98.0 and 87.]
respectively).

The final seismic input is presented in Table E-4.

For the second zonation interpretation (no background), the only zones input in
the analysis are Zomes2, 23, 10, || and the Central ‘Stable Region. The
parameters used for these zones are the ones presented in Table E-1, and no
modifications are applied to them.

ATTENUATION

An attenuation mode! for the Eastern United States was developed, as described
in Section 4.0, and used uniformly at all sites and for ali experts. It is of the

form
'n(GM) = CI + C2|O + C3r + Ca Inr + ¢

in which GM stands for the ground motion parameter (PGA, PGV, or spectral
acceleration at one of nine different frequencies between 0.5 Hz and 25 Hz).
The details associated with this model are reported upon in the companion report
on results. The attenuation error, ¢ , is assumed to have normal distribution
with mean zero and variance o . The distribution is assumed truncated on eithe:
side of the mean at two standard deviations.

SEISMIC HAZARD CALCULATION AND SENSITIVITY ANALYSIS

Using the above information, probcbility distributions for peak values of ground
motion parameters at the site were calculated. For example, Figure E-7 shows o
plot of PGA versus return period. A uniform hazard spectrum for 5 percent
damping and 1,000-year return period is plotted in Figure E-8.
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h1-3

Zone No.
TERA  Expert
|
2 20
V]
I
23 23

*

For all zones.

Zone
Name

New Madrid

New Madrid
Upper Keweenaw
Anna

Mississippi

New Madrid
Background

Central Stable
Region

Anna
Background

TABLE E-4

CENTRAL U.S. - EXPERT NO. 11

No. of Events
4.25 MMI
in 175 Years

101.4
98.0
2.1
27.7
87.1

23.5

116.0

6.9

Slope
MM

0.50 + 0.1

Upper Magnitude Cutoff

MMI

X1 1/2-X1 1/2-XH
X1 1/2-X1 1/2-X11
VI 1/2-VII-VIIL 1/2
VEL/2-VIE H/2-Vinl 1/2
VI E/2-VIIE 1/2-1X 1/2
XE/2-X1 1/2-X1

VI 1/2-VIL H/2-VIIl 1/2

VI /2-VIE L/2-VIIE 1/2
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Results such as provided in Figures E-7 and E-8 depend on a num*.ar of factors
(source zonation, seismicity, attenuation) which are not precisely known. Sensi-
tivity analysis is a useful tool in assessing the importance of various sources of
uncertainty and in identifying the most important parameters.

SENSITIVITY ANALYSIS

Extensive sensitivity studies have been performed and are presented elsewhere.
The following comments ar= of a general nature.

Zonation

The sensitivity of the resuits to the "backgrourd" versus "no background"
zonation is a function of the credibilities assigned to the zones, the location of
the site and the attenuation law. If the credibility of any one zone modeling a
source is high, the probability of the background is low, few events are allowed
in it and its effect as a zone is marginal. On the other hand, if the credibility of
all the zones is low, the probability of the background is high and it may become
the major zone for that source. In the present analysis the background
probabilities were seldom greater than 20 percent.

When the site is located away from a major source, the introduction of the
background allows larger events to occur closer to the site, and increases .he
hazard. On the contrary, when the site is located within a highly seismic zone
the background, by allowing the distr’bution of the seismicity over a larger areaq,
decreases the hazard. All the sites considered in this study are located away
from major sources. The ground motion model has an effect, too, as slow
attenuation and large uncertainty introduce greater contribution of distant zones
to the hazard. In this analysis the background zonation gave higher results than
the no background zonation by a fac*or of 10 to 25 percent.
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Upper Magnitude Cutoff

The sensitivity of the results to the Upper Magnitude Cutoff is a function of the
site of the largest event, the slope of the recurrence relationship and the return
period of interest. |If the return period is short, the large events do not
contribute significantly to the hazard. Similarly, if the recurrence slope is steep
the probability of occurrence of large events becomes so low that an increase in
upper magnitude cutoff modifies the results only marginally. On the other hand,
for long return periods (greater than 5,000 years) and gentle b slope the
modifications become significant.

Ground Motion Model|

In all hazard analysis procedures, the form of the attenuation relationship and, in
particular, the distribution of the attenuation error are critical factors. The
shape of the attenuation is usually critical in the middle and far field in
determining the contribution of distant sources to the hazard. For the same
mean attenuation law, the results are also very sensitive to the uncertainty

distribution (sigma value and truncation).

For a fixed number of sigmas, a variation of the value of sigma has a
multiplicative effect on the results. Conversely, for a fixed value of 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 norma!
distribution,
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