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Recommendations for PSHA: Guidance on Uncertainty and Use of Experts

ABSTRACT,

|

Probabilistic Seismic Hazard Analysis (PSHA)is a methodology that estimates the likelihood that various
levels of eanhquake-caused ground motion will be exceeded at a given location in a given future time j

period. Due to large uncenainties in all the geosciences data and in their modeling, multiple model

| interpretations are often possible. This leads to disagreement among experts, which in the past has led to
disagreement on the selection of ground motion for design at a given site.

In order to review the present state-of-the-an and improve on the overall stability of the PSHA process, )
the U.S. Nuclear Regulatory Commission (NRC), the U.S. Depanment of Energy (DOE), and the Electric J
Power Research Institute (EPRI) co-sponsored a project to provide methodological guidance on how to
perform a PSHA.

The project has been carried out by a seven-member Senior Seismic Hazard Analysis Committee

| (SSHAC) supported by a large number other experts.

The SSHAC reviewed past studies, including the Lawrence Livermore National Laboratory and the EPRI
landmark PSHA studies of the 1980's and examined ways to improve on the present state-of-the-art.

The Committee's most important conclusion is that differences ir. PSHA results are due to procedural
rather than technical differences. Thus, in addition to providing a detailed documentation on state-of-the-
att elements of a PSHA, this report provides a series of procedural recommendations.

The role of experts is analyzed in detail. Two utities are fornully defined-the Technical Integrator (TI)
and the Technical Facilitator Integrator (TFI)-to account for the various levels of complexity in the

,

ltechnical issues and different levels of effons needed in a given study.
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SPONSOR'S PERSPECTIVE

Probabilistic Seismic Hazard Analysis (PSHA) has become an increasingly important tool for aiding
design and decision making at all levels in both the private sector and government. The level of
sophistication applied to PSHA has increased dramatically over the past 27 years since the technique,was
first introduced in the literature. As more and more people and groups implemented and used PSHA in
different forms, it became clear to the sponsors of the Senior Seismic Hazard Analysis Committee
(SSHAC) repon that the time had arrived to establish more uniform and up-to-date guidelines for future ,

PSHA studies. I

The need for such guidelines is threefold:

1. As the situation stands today,it is often the case that multiple PSHA studies are available for the same
geographic region. However, due to differences in implementation, results of these studies often
differ by substantial amounts for the same physical location. Further, because of the amount of
technical information and complex combination of techniques utilized, it is not always simple to
determine the source of these differences and which answer should be used.

2. Potential sponsors of a PSHA study are faced with the difficulty of determining the appropriate level
of a proposed PSHA to ensure stable results that meet the sponsor's needs.

3. The cost to perform a PSHA study can be quite large. The sponsors of this report expected that a
suitable set of guidelines could be developed to assist the potential user in choosing the appropriate
level of analysis consistent with the overall goals and resources available. Given the need to conserve
resources, issuing such guidelines to optimize future PSHA studies in accordance with the sponsor's
need takes on added importance.

Overall, the sponsors saw a need for more stability in the PSHA process, both for nuclear and non-nuclear
applications, in dealing with future needs for using PSHA to establish seismic hazard levels throughout
the United States.

Comparative evaluations have shown that the differences between PSHA studies are often not technical,
but due to the information gathering and assembly process used in the study. The integration of the
different types of information required in a PSHA (geologic, seismotectonic, probability and statistics,
information theory, and decision making) presents significant inter-disciplinary challenges and requires a
project structure and process that assure proper integration. The skills required to be a good integrator and

Ievaluator are not necessarily the same skills needed to be a good scientist. Our observation is that
although many PSHA practitioners are trained experts in one or more fields, the PSHA divergence issue
can partly be explained by a lack of integration and evaluation skills so imponant to the PSHA product.
We believe this is true at all levels of PSHA, and these skill requirements may be most acute at the

| simpler levels of seismic hazard analysis not associated with critical facility assessments where typically:

| the PSHA analysts must complete their work.
I

j This repon addresses the integration and evaluation issues that should be considered and focuses on the

| process of inter. ration required in a PSHA. The SSHAC's investigations have led to the conclusion that
technical facihtstwn and integration is a necessary component for the proper implementation of a PSHA

! in some instances. in most of these cases, it is anticipated that following the' approaches outlined in the

| report will bring about more consistent interpretations that are supported by the data or bulk of scientific
; thought. However, if an outlier interpretation persists, it is our firm belief-in agreement with the SSHAC
; -that the approaches outlined will allow for essential downweighting of that interpretation. This is
?

0
J
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preferable to the stiff adherence to an equal weighting scheme, which can result in the final seismic
hazard being driven by a single outlier input.

The issues that are raised and discussed in the SSHAC report, especially but not exclusively the process
issues, apply in varying degrees to any PSHA project, and should be at least considered by sponsors and <

'
analysts befcre undertaking a PSHA. While the primary focus of SSHAC was on siting critical facilities,
it is believed that all PSHA projects should attempt to achieve several primary objectives: 1) proper and
full incorporation of uncertainties,2) inclusion of the range of diverse technical interpretations that are
supported by available data,3) consideration of site- specific knowledge and data sets,4) complete
documentation of the process and results,5) clear responsibility for the conduct of the study, and 6)
proper peer review. Regardless of the level of the study, the goal in the various approaches is the same: to
provide a representation of the informed scientific community's view of the important components and
issues and, finally, the seismic hazard.

For these reasons, the sponsors believe that the SSHAC report is complete in terms of outlining the
process a principal investigator should follow to complete a PSHA. Indeed, the report provides for
technical flexibility where such flexibility is needed and, at the same time, encourages standardization of
technical approaches and procedures as much as is feasible.

|

The future utility of PSHA in decision making depends to a large degree on our ability to implement the
,

process in a meaningful and cost-effective way. Development of the SSHAC guidelines was planned with '

this goal in mind.

|
|

I

l

I
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1

EXECUTIVE SUMMARY

Probabilistic seismic hazard analysis (PSHA) is a methodology that estimates the likelihood that various
levels of earthquake-caused ground motions will be exceeded at a given location in a given future time
period. The results of such an analysis are expressed as estimated probabilities per year or estimated
annual frequencies. The objective of this project has been to provide methodological guidance on how to

]
perform a PSHA. The project, co-sponsored by the U.S. Nuclear Regulatory Commission, the U.S. i

Department of Energy, and the Electric Power Research Institute, has been carried out by a seven-
member Senior Seismic Hazard Analysis Committee (SSHAC), supported by a large number of other
expens working under the Committee's guidance, who are named in the following " Acknowledgments"
section.

The members of the Senior Seismic Hazard Analysis Committee (SSHAC) are.

Dr. Robert J. Budnitz (Chairman) President
Future Resources Associates,Inc.

Professor George Apostolakis Massachusetts Institute of Technology
previously at University of California, Los Angeles

Dr. David M. Boore Seismologist
U.S. Geological Survey

Dr. Lloyd S. Cluff Manager, Geosciences Department
Pacific Gas & Electric Company ;

Dr. Kevin J. Coppersmith Vice President
Geomatrix

Dr. C. Allin Cornell C. A. Cornell Company )
Dr. Peter A. Morris Applied Decision Analysis,Inc. I

!

The scope of the SSHAC guidance is intended to cover both site-specific and regional applications of
PSHA (more broadly, applications in both low-seismicity and high-seismicity regions)in both the eastern
U.S. and western U.S. Although the sponsors' primary objective is guidance for applications at nuclear i

power plants and other critkal facilities, the methodological guidance applies in whole or in part, on a
case-by-case basis, to a broad range of applications.

The SSHAC guidance involves both technical guidance and procedural guidance, with a strong emphasis
on the latter for reasons explained below. Therefore, the audience for the report includes not only analysts
who will implement the methodology and earth scientists whose expertise will support the analysts, but I

also PSHA project sponsors-those decision-makers in organizations such as private firms or government
agencies who have a need for PSHA information and are in a position to sponsor a PSHA study.

Note that our guidance is not intended to be "the only" or "the standard" methodology for PSHA to the
exclusion of other approaches, there are other valid ways to perform a PSHA study. Likewise, our
formulation should not be viewed as an attempt to " standardize" PSHA in the sense of freezing the
science and technology that underlies a competent PSHA, thereby stifling innovation. Rather, our
guidance is intended to represent SSHAC's opinion on the best current thinking on performing a valid
PSHA.
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The most important and fundamental fact that must be understood about a PSHA is that the objective of
estimating annual frequencies of exceedance of earthquake-caused ground motions can be attained only
with significant uncertainty. Despite much recent research, major gaps exist in our understanding of the
mechanisms that cause earthquakes and of the processes that govem how an eanhquake's energy
propagates from its origin beneath the eanh's surface to various points near and far on the surface, ne

)limited information that does exist can be-and often is-legitimately interpreted quite differently by
different experts, and these differences of interpretation translate into important uncenainties in the
numerical results from a PSHA.

The existence of these differences ofinterpretation translates into an operational challenge for the PSHA
analyst who is faced with (1) how to use these different interpretations properly, and (2) how to
incorporate the diversity of expen judgments into an analytical result that appropriately captures the
current state-of-knowledge of the expen community, including its uncenainty.

The SSHAC studied a large number of past PSHAs, including two landmark studies from the late 1980s
known as the " Lawrence Livermore (LLNL)" study and the " Electric Power Research Institute (EPRI)"
study, both of which broke important new methodological ground in attempting to characterize
eanhquake-caused ground motion in the broad region of the U.S. east of the Rocky Mountains. Most
imponant, the mean seismic hazard curves presented in the reports for most sites in the eastern U.S.
differed significantly. However, the median hazard results did not differ by nearly as much. We now
understand that differences in both the inputs and the procedures by which the two studies dealt with the
inputs were among the key reasons for the differences in the mean curves. At the time this was not !

understood and the differences between the mean curves caused not only considerable constemation, but !
launched several efforts to understand what might underlie the differences and attempts to update the
older work.

Ultimately, the inability to understand all of the differences between the LLNL and EPRI hazard results-
and the concomitant need for an improved methodology going beyond the late-1980s state-of-the-art-led
directly to the formation of the SSHAC to perform this project. However, although the Committee studied |
Soth the LLNL and EPRI projects carefully to obtain methodological insights (both positive and |

negative), it did r.ot undenake a forensic-type review to identify past " errors." Rather, it attempted to
draw more broadly upon the entire body of PSHA literature and experience, including of course the l

LLNL and EPRI projects along with many others, to formulate the guidance herein.

In the course of our review, we concluded that many of the major potential pitfalls in executing a
successful PSHA are procedural rather than technical in character. One of the most difficult challenges for
the PSHA analyst is properly representing the wide diversity of expert judgments about the technical
issues in PSHA in an acceptable analytical result, including addressing the large uncertainties. This |

conclusion, in cum, explains our heavy emphasis on procedural guidance. )
This also explains why we believe that how a PSHA is structured is as critical to its success as the
technical aspects-perhaps more critical because the procedural pitfalls can sometimes be harder to avoid
and harder to uncover in an independent review than the pitfalls in the technical aspects. Finally, this also
explains why one of the key audiencesfor this report is the project sponsor, who needs to understand the
procedural / structural aspects in order to initiate and support the desired PSHA project appropriately.

This Executive Summary will conclude with a brief overview of what the SSHAC believes are its most
important findings, conclusions, and recommendations in the procedural area. Because we recognize that I

several very imponant pieces of technical guidance concerning the earth-sciences aspects of PSHA will
not be discussed in this Executive Summary, the SSHAC requests that readers tum to the full repon to
review the technical guidance. The key procedural points follow:

1
1
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i

1) SSHAC identifies and describes several different rolesfor experts based on its conclusion that

'

confusion about the various roles is a common source of difficulty in executing the aspect of PSHA
involving the use of experts. The roles for which SSHAC provides the most extensive guidance

| include the expert as proponent of a specific technical position, as an evaluator of the various
positions in the technical community, and as a technical integrator (see the next paragraph).

| 2) SSHAC identifies four different types of consensus, and then concludes that one key source of )
difficulty is failure to recognize that 1) there is not likely to be " consensus" (as the word is commonly {
understood) among the various experts and 2) no single interpretation conceming a complex earth- '

sciences issue is the " correct" one. Rather, SSHAC believes that the following should be sought in a
properly executed PSHA project for a given difficult technical issue: (1) a representation of the
legitimate rang af te-hnically supportable interpretations among the entire informed technical
community, and (2) the relative importance or credibility that should be given to the differing
hypotheses across that range. As SSHAC has framed the methodology, this information is what the ;

PSHA practitioner is charged to seek out, and seeking it out and evaluating it is what SSHAC defines I
as technicalintegration.

3) SSHAC identifies a hierarchy of complexity for technical issues, consisting of four levels
(representing increasing levels of participation by technical experts in the development of the desired
results), and then concentrates much of its guidance on the most complex level (level 4) in which a i

panel of experts is formally constituted and the panel's interpretations of the technical information
relevant to the issues are formally elicited. To deal with such complex issues, SSHAC defines an i
entity that it calls the Technical Facilitator/ Integrator (TFI), which is differentiated from a similar '

entity for dealing with issues at the other three less-complex levels, which SSHAC calls the Technical
Integrator (TI). Much of SSHAC's procedural guidance involves how the TI and TFI functions should
be structured and implemented. (Both the TI and TFI are envisioned as roles that may be filled by one
person or, in the TFI case, perhaps by a small team). i

4) The role of technicalintegration is common to the TI and TFI roles. What is special about the TFI
i

role, in SSHAC's formulation, is thefacilitation aspect, when an issue is judged to be complex ;

enough that the views of a panel of several experts must be elicited. SSHAC's guidance dwells on
that aspect extensively, in part because SSHAC believes that this is where some of the most difficult
procedural pitfalls are encountered. In fact, the main report identifies a number of problems that have
arisen in past PSHAs and discusses how the TFI function explicitly overcomes each of them.

5) For most technical issues that arise in a typical PSHA, the issue's complexity does not warrant a
panel of experts and hence the establishment of a TFI role. Technical integration for these issues can
be accomplished-indeed, is usually best accomplished-by a TI. In fact, SSHAC has structured its
recommended methodology so that even the most complex issues can be dealt with using the less
expensive TI mode, although with some sacrifice in the confidence obtained in the results on both the
technical and the procedural sides.

6) One special element of the TFI process is SSHAC's guidance on sequentially using the panel of
experts in different roles. Heavy emphasis is placed on assuring constructive give-and-take
interactions among the panelists throughout the process. Each expert is first asked, based on his/her
own knowledge (yet cognizant of the views of others as explored through the information-exchange

| process), to act as an evaluator; that is, to evaluate the range of technically legitimate viewpoints
! concerning the issue at hand. Then, each expert is asked to play the role of technicalintegrator,

j providing advice to the TFI on the appropriate representation of the composite position of the
community as a whole.i

|

|
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Contrasting the classical role of experts on a panel acting as individuals and providing inputs to a
separate aggregation process, the TFI approach views the panel as a team, with the TFI as the team
leader, working together to anive at (i) a composite representation of the knowledge of the group, and
then (ii) a composite representation of the knowledge of the technical community at large. (Neither of
these representations necessarily reflects panel consensus-they may or may not, and their validity
does not depend on whether a panel consensus is reached.)

The SSHAC guidance to the TFI emphasizes that a variety of techniques are available for achieving
this composite representation. SSHAC recommends a blending of behavioral orjudgmental methods
with mathematical methods, and in the body of the report several techniques along these lines are
described in detail. A key objective for the TFI is to develop an aggregate result th. dorsed
by the expen panel both technically and in terms of the process used.

7) The TFI's integrator role should be viewed not as that of a " super-expert" who has the final say on the
weighting of the relative merits of either specific technical integretations or the various experts'
interpretations of them; rather, the TFI role should be seen as charged with characterizing both the
commonality and the diversity in a set of panel estimates, each representing a weighted combination
of different expen positions. SSHAC thus sees the TFI as performing an integration assisted by a
group of experts who provide integration advice.

8) Thus, the TFI as facilitator structures interaction among the experts to create conditions under which
the TFI's job as integrator will be simplified (e.g., either a consensus representation is formed or it is
appropriate to weight equally the experts' evaluations of the knowledge of the technical community at
large). In the rare case in which such simple integration is not appropriate, additional guidance is
provided. In the main report, guidance is presented on two possible approaches involving (i) explicit
quantitative but unequal weights (when it becomes obvious that using equal weighting misrepresents
the community-as-a-whole); and (ii) " weighing" rather than " weighting", in cases when the experts
themselves, acting as evsluators and integrators, find fixed numerical weights to be artificial, and
when it is appropriate to represent the community's overall distribution in a less rigid way.

9) The SSHAC guidance gives special emphasis to the importance of an independent peer review. We
distinguish between a panicipatory peer review and a late-stage peer review, and we also distinguish
between a peer review of the process aspects and of the technical aspects for the more complex
issues. We strongly recommend a participatory peer review, especially for the process aspects for the
more complex issues. This paper details the pitfalls of an inadequate peer review.
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1. INTRODUCTION

1.1 The SSHAC be attained only with significant uncertainty.
Despite extensive advances in seismic knowledge !In order to provMe technical guidance on the in recent years by a large and active community

subject of a muodologyfor Probabilistic of researchers around the world, there are still
Seismic Hat.ard Analysis (PSHA), a " Senior major gaps in our understanding of the
Seismic Hazard Analysis Committee"(SSHAC) mechanisms that cause earthquakes, and of the 1

was formed in early 1993 under the three-way processes that govern how an earthquake's energy |
sponsorship of the U. S. Department of Energy propagates from its origin beneath the earth to |
(DOE), the U. S. Nuclear Regulatory Commission various points near and far on the surface. These
(NRC), and the Electric Power Research Institute gaps in understanding mean that, when a PSHA is
(EPRI). The SSHAC has carried out this project performed, there are inevitably significant

1
as a working committee, and its members, the uncenainties in the numerical results. I

seven authors of this repon, are jointly
responsible for the report's contents. The uncertainties arise for a host of reasons, but

the most important is that even in the regions
To support the committee's work, a large number where eanhquakes occur fairly frequently so that
of experts on various technical subjects have been scientists have a basic understanding of the
working under the committee's direction on tectonic setting-such as in coastal Califomia-
specific topics integral to the effort.2 These the scientific data base (specific fault locations,
expens are listed in the Acknowledgments orientations, slip rates, energy dissipation I
section. mechanisms, etc.) is still limited. In fact, major

The specific objective of this project, which will new insights arise whenever there is another large

be discussed m more detail below, is to provide canhquake. In regions where large earthquakes

mnhodological guidance on how to perform a are very uncommon-such as along much of the
U. S. eastem seaboard or in the American GreatPSHA. Both techmcal guidance and procedural

guidance are provided, with a strong emphasis on Plains-the data base is even less able to support,

scientific understanding of what might cause
the latter. Why such guidance is necessary is
discussed below. earthquakes, because, despite significant recent

advances in knowledge, not even the sources or

1.2 Background mechanisms of earthquakes are well understood.

PSHA is an analytical methodology that estimates This lack of understanding has operational

the likelihood that various levels of earthquake- implications for the analyst charged with !

caused ground motions will be exceeded at a performing a PSHA. Specifically, there often j

given location in a given future time period. The exist wide differences oflegitimate scientific

results of such an analysis are expressed as opi n on many of the key inputs into a PSHA.

estimated probabilities per unit time or estimated The limited information from actual eanhquakes,

frequencies (such as expected number of events either observed by humans (with or without

per year). modem instruments) or inferred from the |
paleoseismic record, can be-and often is-

Unfortunately, this objective of estimating interpreted quite differently by different experts.
earthquake-caused ground-motion frequencies can These differences ofinterpretation translate into )

important uncenainties in the PSHA's numerical
I Some members of the ssHAC have been supported by NRC funds results, and make these results less useful for
directly some members by NRC through contracts with Lawrence many potential applications of PSHA.
Livermore harional Laboratory, and other members by DOE funds
through contracts with sandia National Laboratories. Operationally, a PSHA analyst is faced with how

,

2ContractuaUy these experts have been supported vanously by to use these different interpretations properly,
NRC, DOE. and EPRI

i
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|

|
incorporating the diversity of expert judgments crucial to the successful execution of a PSHA|

into an analytical result that appropriately project today and for the next several years.
captures the current state-of-knowledge including

! its uncenainties. Because our sponsors are m.terested m.
applications for siting and regulation of nuclear,

For the Committee, addressing this situation has power plants and other nuclear facilities, we have
been a challenge. In developing guidance for considered their interests throughout the project.

,

| performing a PSHA we have had to face two However, as discussed below, we believe that the
! different (although related) tasks: resulting methodology should be useful, in whole

or in part depending on the issues, for other
j (i) developing technical guidance, drawn from PSHA applications as well. In Chapter 3, we
| the earth sciences, concerning the scientific distinguish among four different levels of study in

,

| issues involved in performing a PSHA; and a PSHA.

| (ii) developing procedural guidance, drawn 1.3 Historymostly from disciphnes outside the earth

| sciences (although anchored in the specific The discipline of PSHA has evolved over several
|

details of PSHA and based largely on PSHA decades. Early empirical statistical methods (for
! experience), concerning how to cope with the example, Milne and Davenport 1969) have been

diversity of opinion among the experts about largely replaced by the analytical / numerical
j the techm, cal issues. models initiated by Cornell (Cornell 1968), and

further ref ed by many researchers in subsequentmBecause this situation was recognized from the
start, the three sponsors of this project (DOE, years.

NRC, and EPRI) established a broad-based Many site-specific and regional mapping )
committee, supported by a broad-based group of applications have been made around the world.

j other scientists and engineers, with expertise not The need to consider the uncertainty in
l| only in all of the major earth-science disciplines parameters and models was recognized early on.

but also in the other key areas. The resulting The SSHAC members have drawn on their
guidance in this report is comprised of a mix of extensive experience in such studies, both large
both earth-sciences guidance and procedural and small in terms of the resources expended.
guidance. If a successful PSHA project is to be
carried out, there is heavy emphasis on the The systematic, explicit incorporation of the |

importance of the latter. This is because it is often diversity of expert interpretations on a regional ;

more difficult to execute the procedural aspects basis was pioneered by a Lawrence Livermore |
properly (including how expert interpretations are National Laboratory study (Bernreuter et al.1981) |

| used) than the technical aspects, and because that examined several U.S. sites with operating )
| there exists far less procedural guidance in the nuclear power plants. The methods therein were

'

'

literature. later applied to several DOE sites. The expert
interpretation aspect of PSHA was then addressed

Note that our guidance is not intended to be "the more formally in two major PSHA projects in the
only" or "the standard" methodology for PSHA to mid-1980s, both breaking major new ground on |
the exclusion of other approaches; there are other several fronts. Today they remain significant
valid ways to perform a PSHA study. Likewise, landmarks. The "Livermore" and "EPRI" studies
our formulation should not be viewed as an included a PSHA on a broad regional basis
attempt to " standardize" PSHA in the sense of covering the entire central and eastern United i

freezing the science and technology that underlies States:
a competent PSHA, thereby stifling innovation.
Rather, our guidance is intended to provide not (i) The "Livermore" study (Bernreuter et al. .

. only up-to-date technical guidance for the analyst, 1989) was sponsored by the U.S. Nuclear
j but also procedural guidance that we believe is Regulatory Commission and executed by a

NUREG/CR-6372 2
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team at the Lawrence Livermore National implementation processes used but in many
Laboratory. Its objective was to develop substantive technical areas as well, and today both
seismic hazard curves for the 69 sites in the are key landmarks in the history of PSHA.
eastem U.S. (east of the Rocky Mountains) at However, for our historical purposes here, the
which nuclear power plants were then most important fact about these two studies is that
operating. It accomplished this by performing the Livermore and EPRI mean seismic hazard
a broad regional study, and then extracting the curvesfor most sites in the eastern U. S. di[fered
69 site-specific seismic hazards from the significantly. This led, for several years after both
regional PSHA information. It called upon a studies were published, to considerable

| large number of expens, whose consternation and several efforts to understand
interpretations of the earth-sciences what might underlie the differences. The reason
infonnation were individually elicited using a for the constemation was that the differences
formal expert-elicitation process and then between the Livermore and EPRI results had

|
combined together by the LLNL team to important implications for policy in a number of
produce the PSHA results. Separate elicitation areas. However, no completely satisfactory
processes were used for the seismic-source explanation for these differences emerged, despite

| characterization and the ground-motion several important studies (both Livermore-EPRI

| aspects. comparison studies and new PSHA studies at
'

various sites) that cast useful light on various
| (ii) The "EPRI" study (EPRI 1989) was technical and proceduralissues.

sponsored by the Electric Power Research
Institute. Its objective was to develop seismic Ultimately, although there was a strong feeling in
hazard curves for most of the sites in the the PSHA community that procedural issues
eastern U.S. (east of the Rocky Mountains) at rather than technical earth-sciences issues per se

|
which nuclear-power plants were then were an important reason for the differences, the

| operating, although a few of the sites covered inability to understand all of the differences
by the Livermore study were not covered. between the Livermore and EPRI hazard results
Like the Livermore study, the EPRI analysis led directly to the formation of the SSHAC to
was a broad regional study, which then perfonn this project. Originally, some of the

| calculated the site-specific seismic hazards sponsors and participants proposed that one key

| from the regional PSHA information. For the study objective should be to " resolve" the

| seismic-source part of the analysis, the EPRI differences between the Livermore and EPRI

| study utilized a large number of geoscientists studies. However, the Committee quickly realized
who were grouped into several different that the new project would be most useful if it
seismic-source teams whose interpretations of were forward-looking rather than backward-
the canh-sciences information were elicited, looking-specifically, if it could pull together
team-by-team, using a formal expert- what is known about PSHA in order to
elicitation process. The ground-motion part of recommend an improved methodology, rather
the analysis was performed using a weighted than specifically attempting to figure out which of
combination of models developed by the the two studies was " correct," or which specific
analyst team. The seismic-source and ground- problems with either study were most important
motion information was then combined in affecting that study's specific results.
together by the EPRI group to produce the

Therefore, although the Committee has carefullyPSHA results.
studied both the LLNL and EPRI studies (along

Although the Livermore and EPRI studies were with other past PSHAs) to obtain methodological
similar in many ways, both technically and insights, both positive and negative, we did not
procedurally, they also differed significantly in a undertake a forensic-type examination to identify

,

few areas. As mentioned, both broke important past " errors" or their implications. More broadly
new ground, primarily with respect to the speaking, the Committee has attempted to draw
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:

upon the entire body of PSHA literature and analysis who willimplement the PSHA.

experience, which is of course much more methodology (and for whom the specific
extensive than the LLNL and EPRI projects, as guidance has been written); j
important as they have been. '

,

The above discussion is a natural introduction to a upon by the analysts, and who will require an
presentation of the SSHAC project chaner and understanding of the entire PSHA process in i
objectives, which are discussed next. order to participate most effectively in a

'PSHA project;
1.4 Objective of the Project

technical reviewers who will be called upona
,

At the inception of the project, the three sponsors to review a PSHA study, eitha to advise a
(DOE, NRC, and EPRI) provided an " objective" study's sponsors of its validity or to provide
for the SSHAC effon, as follows: suppon for a regulatory decision;

.

"The objective is to develop PSHA project snonscq, meaning decision-.

implementation guidelines, including makers in entities such as private firms or -

a recommended methodology, government agencies, who have a need for
suitable for the performance of PSHA PSHA information and who are in a position I

for seismic regulation of nuclear to sponsor a PSHA study. Such sponsorship
power plants and other critical includes both financial and instiational

,

facilities." sponsorship, and we have both in mind.

Operationally, the SSHAC has taken its chaner to The first three audiences should be interested not
be: only in the broad guidance but also in the specific )

technical details. The fourth audience, althoughTo describe an up-to-date PSHA
methodology, including guidelines and Perhaps not as interested in the detailed guidance ,

about how to determine seismic sources orrecommendations, that can guide the |
gr und-motion attenuation, should be mterestedanalyst both technically and
in how the committee envisions that a PSHAprocedurally.
project must be put together, how the process ,si 4

Because PSHA results can be so important for expected to work for different levels of effon,
both engineering design and public-policy how to avoid the known pitfalls observed in past
decision-making, a goal of this project is that the studies, and how to set realistic expectations as to

IPSHA methodology will ensure the stability of the validity of the results.
Ithe numerical results for a reasonable period of

time (five to ten years) or until significant new 1.6 Conditions and Limitations on
technical information presents itself. the Guidance

This goal will be achieved by (i) ensuring that the In order to bound the scope, the Committee and '

assessment is based on unbiased interpretations of its sponsors decided on several conditions and
available data and information, and (ii) explicitly limitations that are imponant for any reader to
identifying and evaluating the uncertainties in the understand. The principal ones are:

,

PSHA inputs, including both data and model ;

inputs, and incorporating them in the composite Tynes of aonlications:In the past,.

measure of the uncertainty in the results. Probabilistic seismic-hazard analyses have
been used in at least four quite different ways.

1.5 Audience for the Report These different types of applications, all of |
which are contemplated in the SSHAC

This report has been written with four different guidance, are: I

audiences in mind:

:
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)

(i) to understand the seismic hazard at a U.S. and western U.S. (more broadly, in both
specific site in order to establish site- low seismicity and high-seismicity regions of

l
specific safety regulations; the country). Even though the specifics of |

implementation differ in detail in these two
(ii) to guide the establishment of specific

very different regions, the procedural aspects
critersafor the seismic design, ,yog;g y, ,5,5g,7, \

evaluation, and/or retrofit of a
facility; Probabilistic vs. deterministic seismic-hazard*

analysis This project addresses the
(iii) to provide the hazard m.put to a |methodology for performing probabilistic

comprehensive probabilistic seismic- seismic-hazard analysis. A number of non-, ,

risk assessment for a facihty, either
probabilistic approaches to understanding |

existing or in the design stage; and
seismic hazards are widely practiced and have )

(iv) to support development of regional considerable value in some applications. j

acismic-hamrdmaps used in broad These non-probabilistic methods are usually '

applications such as building codes. called " deterministic" methods. Although it
has been tempting to develop information

Of course, depending on the application, about the similarities and dittes.tes between
different levels of effort may be indicated. PSHA and some of the most widely-ted ,

deterministic methods, the Committee has |Breadth of app!ication: Although the.

eXP citly not done so at the direction of theli
emphasis in the formal statement of objective

Sponsors.is on " seismic regulation of nuclear power
plants and other critical facilities," the 1.7 Philosophy of the Project
SSHAC methodology can clearly be used
more broadly. In fact, SSHAC has Although there is general concurrence among
contemplated various broader applications PSHA practitioners regarding the purpose and |
from the start. Any attempt to apply the goal of a PSHA, experience has demonstrated the
methodology to regions, sites, or facilities that importance of establishing a sound philosophical
are significantly different from " nuclear approach for conducting the analysis. We believe l
power plants and other critical facilities" that a well-defined philosophy establishes the j
should evaluate the methodology's foundation for developing the rules and guidance '

applicability on a case-by-case basis, because that are provided here.
SSHAC's preferred approach may not always

We have identified five elements of ourapply directly to other facilities. However, the
issues that are raised and discussed here, Philoscphy that merit discussion in this

especially but not exclusively the procedural introductory chapter, and these will be discussed
"**Uissues, apply in varying degrees to any PSHA

project, and should be at least considered by The level of prescription.

sponsors and analysts before undertaking
Stabilityalmost any PSHA. (See Section 5.1 for a *

description of four study levels that SSHAC
The use of " experts" and the meaning of.

has identified.) " consensus"

Sjie-specific vs. regional annlications: PSHA.

Transparency*

can be applied not only to specific sites but
also to broad regions. Both applications are Performing a PSHA using different levels of.

contemplated in the SSHAC guidance. effort

East and west: The SSHAC methodology is The level of nrescription: The SSHAC has.

intended for application in both the eastern attempted to provide explicit guidance, and,

5 NUREG/CR-6372
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l. Introduction

where feasible, prescribed approaches for of the uncertainties in professional interpretations
performing a PSHA. Sometimes, our guidance of that information. As discussed below, SSHAC
will require a certain methodological approach, believes that without such an evaluation, the
while at other places we will recomn) sad, or user-whether the technical user or the policy
perhaps suggest, how the analyst should proceed, user-is not adequately served.
or in some cases we may merely allow a
panicular approach. This hierarchy in the The use of" experts" and the meaning of

guidance (" require," " recommend," "suggest," " consensus": In writing the guidance m Chapter

and " allow" and their opposites) is intended to be 3, the Conunittee has given careful attention to

as explicit as the Committee believes can be the role of" experts"in the PSHA process. As

supponed by the information available. We Chapter 3 describes, we have identified several

realize that, because we have developed this different types of experts and shi for experts,

guidance primarily with nuclear-power-plant and ranging fr m the narrow type (a substantive

other nuclear-facility applications in mind, the exPen in a very specific techmcal sub. ject) to the

hierarchical structure may not apply directly in very broad type (an expen with experience across

other applications. a technical field); and also ranging from the role
of proponent of a particular mterpretation to that

Sometimes, there will be several alternative of an evaluator of the full state-of-knowledge of a
approaches to a particular element in the PSHA subject. A given PSHA project will utilize various
methedology. Where the committee judges that types of expens in various different roles that
these are equivalent, the guidance has attempted SSHAC believes must be kept clearly separate,
to identify one approach among the alternatives even if the same individual often changes roles in
and to require er recommend it. This is not different phases of the same PSHA project.
intended to denigrate the validity of the
altemative approaches, but by narrowing the in Chapter 3, we also dwell at length on the issue

options we do intend to provide for a degree of f"c nsensus," identifying four different types of
uniformity, which will enhance the technical c nsensus and describing how each plays its

community's ability both to compare the work of Specific role in a PSHA project. The SSHAC

different PSHA practitioners and to review it believes it imponant to emphr here that, given
more easily. The SSHAC wishes to avoid the the existence of differing inte . * .tions of the

implication that using PSHA approaches other technical information input in 'SHA, there is

than the one recommended here would be invalid. n t likely to be a " consensus" .s that word is

Nevenheless, the Commi. tee believes that the c mm nly understood by lay readers) among the

issues raised and dealt with herein should be vari us experts that a single interpretation of the

considered by every PSHA sponsor and analysis earth-sciences information is the " correct" one.
team. This is the case for both seismic sources and

seismic ground-motion attenuation.
Stability: By following SSHAC's guidance, a
PSHA practitioner should be able to provide Rather, the following should be sought in a

reasonable assurance that the numerical hazard Pr Perly-executed PSHA project for a given

results will be stable for a reasonable period of technical issue: (i) a representation of the

time following the completion of the PSHA legitimate range of technically supponable

(unless significant new seismic information, interpretations among the entire informed

which could occur at any time, calls for a major technical community, and (ii) the relative

revisitation). This stability is imponant to both the imp nance r credibility-read " weight" even if

technical and the policy-making community, and n t a numerical weight-that should be assigned
t the differing hypotheses across that range. Asis achieved by ensuring the integrity of the

process, involving two crucial elements: (i) SSHAC has framed the methodology (see the

completeness of the canh-science information detailed discussion in Chapter 3), the PSHA

used in the analysis, and (ii) a thorough evaluation practitioner is charged to seek out this
infomiation, whether by " sampling" a sub-set of
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!

the community of experts or, if financially elements of a PSHA that are essential to its '

restricted, by drawing upon only the literature and success-that Egg be incorporated-from those
his/her ownjudgment. elements where it may be feasible to compromise, !

accepting more uncertainty (and concomitantly, lTransparenev: The results of a PSHA serve a
less confidence in the results) as the result of arange of users with different needs. To assure that
smaller project scope. In any case, the basic

all of these needs are met, the mformation that is
constituent elements of a PSHA are the same in

generated as part of the PSHA must be
all applications, even if the process is different.

documented in a transparent way. Transparency
of the PSHA, including not only the input data The committee emphasizes, however, that
and models used but also the process employed wherever we have indicated that certain types of
and the results obtained, satisfies the needs of(i) compromises are acceptable, we nevertheless
the eanh scientist who is interested in insist that there be no compromise in the rigor
understanding the scientific issues, (ii) the with which the PSHA is undertaken. Only the size
engineer who must understand how the ground of the residual uncertainties (which in any event
motion predicted at a given site has been derived, will be large, even for the most expensive ,

and has been related to the magnitudes and PSHAs) may be compromised; and even here, our I
'

distances of the contributing earthquakes,(iii) the conunittee requires that a careful characterization
technical reviewer who must be satisfied with the of both the source and size of the uncertainties be
completeness and scientific integrity of the earth- part of any PSHA. i

science interpretations and of the PSHA process, i

and (iv) the decision-maker concemed with the 1.8 Uncertainties in PSHA
stability and integrity of the results as a whole.

In the m.troductory section 1.2 above, we

Documenting the PSHA, including both the nationed that the results of PSHA, as defined for

methodology and the results, in a transparent way the purposes of this report, are expressed in terms

allows all of these users to see how the constituent oflikelihoods-estimated probabilities in a given
parts of the assessment fit together.This will time period or estimated frequencies-that ,

reduce the apparent level of complexity generally earthquakes producing various sizes of ground |

associated with these assessments, motion will occur at a given site or in a given

Performine a PSHA usine different levels of
effon: We have concentrated our methodology. The SSHAC has adopted a probabilistic

development work on guidance for a sponsor and formulation for dealing with seismic hazards that

analysis team whose financial and personnel embeds uncertainties in the core of the

resources would be sufficiently large that they methodology. This has forced the Committee to

would not significantly limit the scope of the try to deal directly with all of the various

PSHA. This is appropriate as a starting point, uncertainties that characterize our current state-of-

because some applications are so important that knowledge.

the sponsors can afford to devote upwards of a
Although the optimism of science in general leads

million dollars or more to the PSHA and the
s me to believe that nearly all of the

science upon which it is based.
"uncenainties" in PSHA that we will deal with in

However, the committee recognizes that some this report are ultimately amenable to reduction,

sponsors may not be able to devote such vast we recognize that for practical purposes many of

resources to a PSHA project, or may not even them cannot be thought of or dealt with in this

| require a PSHA assessment of very large potential way. We define two different classes of 1

j ground motions that would be associated with uncertainties: i

I very rare events. In these cases, a scaled-down
Those that we will call epistemic are lack-of-

.

*

I approach may be appropriate. To assist such
knowledge uncertainties arising because our

i sponsors, we have attempted to differentiate those
l
|
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scientific understanding is imperfectfor the appropriately with both the epistemic and the
present, but are of a character that in principle aleatory uncertainties must be considered
are reducible through further research and inadequate.3 j

E" "E * * * # * *'
This exhonation does not imply that every PSHA

Those that we will call aleatorv " random"in study must undertake a highly refm' ed uncertainty-

character-are uncenainties that for all analysis in order to be valid. Depending on the
practical purposes cannot be known in detail application, the uncertainty treatment may be
or cannot be reduced (although they are adequate while relying largely on experience in
susceptible to analysis concerning their similar situations and thejudgments of the
origin, their magnitude, and their role in analysts for its support. However, the SSHAC
PSHA). approach emphasizes that unless the realysis team

. . deals with the major uncertainties instead of
In the setsnue case, it is helpful to consider a

" ducking" them, the PSHA results will not be
mental model in which some thousands of years

complete, and the full description of the problem
of an earthquake catalog and site-specific ground-

faced will not have been communicated to the
motion recordings were made available. In this

users of the results.
case, the former epistemic uncertainty would be
reduced to near zero, whereas the forecast of the 1.9 Introductory Comments on a
maximum ground-motion at the site in the next Few Other Issues
year would remain subj,ect to aleatory uncenainty.

. Reculatory annlications: Another SSHAC
The division between the two different types of
uncertainty, epistemic and aleatory, is somewhat objective is to develop a methodology that

arbitrary, especially at tne border between the satisfies, when necessary, NRC requirements for I

two. This is because, conceptually, some of the nuclear-power-plant siting, including the ability to

processes and parameters whose uncertainties we be reviewed by the NRC staff and adjudicated in

will characterize here as aleatory (" random") may an administrative hearing. Meeting this objective I
'

be partially reducible through more elaborate will allow the methodology to be used in other

models and/or further study. However, for our s milar regulatory or quasi-regulatory settings,

purposes here, we wil! rehnquish such a hope or iruluding those contemplated by DOE for its
reactor and non-reactor facilities,

expectation, and will treat some of the
uncertainties in various processes and parameters However, SSHAC has not given significant

.

as unknowably aleatory. attention to the specific ways in which PSHA |

The conceptual difference between epistemic and results have been used in the past, or may be used

aleatory uncenainty is an important element of n the future, in the regulatory arena. Each

SSHAC's approach to PSHA. In the chapters of sponsor of a particular PSHA study must work

this report that follow, we will provide together with the project team to direct the

methodological guidance that incorporates project's efforts at those applications-regulatory

uncertainty analysis at the core of the approach, or otherwise-that are that study's intended use.

and that therefore cannot be implemented without This includes such crucial issues as the scope of'

an understanding of how uncertainties of both the project, any special documentation

types are dealt with. Especially m light of the fact requirements, the relative emphasis on mean or,

that our knowledge of canhquake phenomena is median hazard results as the more important (if

still so incomplete, which necessitates that the appropriate), and so on. In particular, it is not

PSHA analyst must deal with diverse expen known to us whether the results of a given PSHA

interpretations of the insufficient information that
3

does exist, we wish to reinforce here, in the in certain applicati ns. the objective a.s sirnply the DCan annual
|

hazard (that is, the expected value with respect to epistenue
introductory chapter, that a PSHA that follows the uncertaintn In this case, the result is not sensitive to the distinction

o

rest of our guidance but that does not deal bdween thMu o uncertainty types, but both rnust still be captured to
obtain the correct valae.
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1. Introduction

performed using the SSHAC guidance will be For this to be true, we believe (as discussed

useful for nuclear-power-plant regulatory above) that the uncertainties in the methodology
purposes. must be confronted and dealt with head-on. No

. . PSHA analyst should attenpt less, and no PSHA
Seismic hazard expressed in terms of cround

sponsor should accept less.
motion: The SSHAC has thought about seismic
hazards principally in terms of the ground motion Furthermore,if the results of two such studies
that would occur at a given site. This ground turn out not to be " comparable," following the
motion can be expressed in many different ways guidance herein will provide a framework within
(response spectral ordinates, peak acceleration, which the differences can be identified and
etc.) that are discussed in detail in the body of this debated in a structured manner.
report. Generally, the results of a PSHA are
expressed in terms of the likelihood in one year 1.11 Road Map to the Report

! that a certain level of ground motion may be
The report is organized into several Chapters.

exceeded, usually called the " probability of
Following this Introduction, Chapter 2 contains an

exceedance . overview of the PSHA methodology. Next,

j Seismic hazard at a rock outcron vs. local site Chapter 3 provides the cruckl guidance on

effects: Local site effects must be considered in structuring a PSHA project, including how

any site-specific application to a facility, and experts are used and how the peer review process

some guidance on them is provided here. should be structured. The next two chapters

However, the SSHAC sponsors decided early in present the methodology for characterizing both

| the effort that the principal emphasis should be on seismic sources (Chapter 4) and ground-motion
,

i recommending a methodology to obtain the attenuation (Chapter 5). This is followed by a

| seismic hazard (ground motion) at a hypothetical discussion of the methodology for producing the

| (or actual) hard-rock outcrop at a given site. PSHA results (Chapter 6) and guidance on j

obtaining insights from the results and on !

Uncertainly; As discussed above, the Committee documenting the project (Chapter 7). A glossary
believes that a PSHA that does not deal with the rad comprehensive list of references complete the

; various uncertainties properly is not useful for report. ,

|nearly all the contemplated applications.
Therefore, the Committee has given special Material too detailed or outside the scope of the

attention to guidance on this subject, which has main report can be found in the Appendices.

tumed out to be one of the major issues in the
project.

1.10 Criterion for Success of the
SSHAC Project

With PSHA, even cookbook-type methodological
guidance allows flexibility in implementation. Of
course, such flexibility means that different teams
inevitably willinterpret and apply the
methodology differently. Early in the project, the
Committee agreed that a key criterion for success
of the SSHAC project would be that the
recommended PSHA methodology, when,

| independently applied by different groups, would
i yield "comparrb,:" results, defined as results
j whose overlap is within the broad uncertainty

bands that inevitably characterize PSHA results.
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2. Overview of the PSHA Methodology

- 2. OVERVIEW OF THE PSHA METHODOLOGY

2.1 The Basic Probabilistic Model variability (event to event and site to site)
observed in ground motien data is represented by

The model of the randomness (or aleatory a Gaussian distribution on inA with standard
uncertainty) of the behavior of the emi that deviatio's o. o is often assumed to depend on m.
underlies virtually all probabilistic i tzard analysis

iFor any b ven source of seismicity, the modelis by now ve.y familiar to scientists and engineers
working in the field. The SSHAC endorses this assumes that earthquake events of" engineering

model for all but cenain uncommon cases where interest," i.e., those above a magnitude threshold

the information available may permit or require such as 5.0, occur with a mean annual rate v.

specific deviations. As with any effective Funher we assume that these events occur at
representation of nature, the model below relative frequencies, fgm). This probability

represents a compromise between complexity, density function has a corresponding CCDF

availability ofinformation, and sensitivity of the (complementary cumulative distribution
results. function), Gu(m), which is the fraction of events

with magnitude m or greater. The common
The objective is to estimate the mean frequency assumption is that the form of fy(m) is
per unit time or, altematively, the probability in a exponential:
given future time period that a specified level r.f
some ground motion parameter will be exceeded fy(m)oc e* for m 5 ms m (2.1)o o

at a site ofinterest. For example, the result might
in which m is the lower threshold and m is the
. . .

be the annual probability that the I hertz spect.ral o u

acceleration at the site exceeds 0.3g. In general, YPer bound magnitude, the largest magnitude

one will seek this probability for a range oflevels, that this panicular source is capable of producing,
while is the parameter that determines thei.e., as a function of the ground motion pararacter

value. Also, a suite of different ground motion relative frequency oflarger to smaller events.

descriptors will be studied, e.g., spect al This parameter is, within a constant, the

accelerations for several different oscillator traditional b value of the familiar Gutenberg-

frequencies. We will focus here, however, on the Ricnter relationships: = In(10)b s 2.3b . In
simplest case. certain applications this exponential magnitude

frequency distribution may be supplemented by a
The components of the aleatory model are those " characteristic magnitude" distribution; this
that (i) characterize the seismicity in the vicinity implies superposing a " spike" or narrow '

of the site, and (ii) represent the ground motion rectangular bar of frequency density at or about
prediction of the effect at the site should an the value of this characteristic size; this size is
eanhquake of given size (magnitude) occur a usually m -u
given distance from the site. These two general
subjects will be dealt with in great detail in Finally the assumption that the source is spatially
Chapters 4 and 5. For our purposes here we homogeneous implies that any point within that
presume that the seismicity is represented by a set source is equally likely to be the hypocenter of the
of s independent " sources" each with spatially event. From this knowledge and the geometry of
homogeneous seismicity and that the ground the source relative to the site, one can deduce a

function f (r) that describes the relative frequencymotion prediction is characterized by a function R

g(m,r) that yields the mean value of the (natural) of different site-to-earthquake distances. In plan
log of the ground motion parameter, InA, given view the geometry of the source may be a line
the magnitude, m, and the distance, r, of the (fault) or arbitrarily shaped area. The rupture may
event. To a first approximation, this function be considered to be simply a point or a line (a
increases linearly in magnitude and decays fault in plan view) of a length that depends on the
logarithmically with distance. Funher, the magnitude. In the latter case the distributioa ca
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2. Overview of the PSHA Methodology

distance (defined typically as the closest distance interest in PSHA problems the value of A(a)t is
between site and fault) would also depend on small relative to unity, in which case the
magnitude, f (r I m). probability in Eq. 2.3 is approximately equal to !R

simply A(a)t. In different words the annual '

Then, of all those events of magnitude m at probability is approximately equal to the mean
distance r from the site, the ground motion annual rate. Therefore the two phrases are used

'

assurr.ptions above imply that the fraction that virtually interchangeably in common PSHA and
causes ground motion grea:ct than or equal t in this repon.
level a is

In certain problems it may be important to
e- (In a - g(m,r)) recognize that some of the events, such as the

o " characteristic" events, are not Poissonian in their

in which @'(-) is the CCDF of the standard unit
temporal stochastic behavior. In this case it is
usually sufficient (Comell and Winterstein 1988)normal. Therefore the fraction of all events on the
to mplace th mean rate v of sud nents by tMsource that equal or exceed a is
time interval average of what is called the hazard

,

r function h(T) which is a function of the time
--

*'
ina-g(m,r)'

f (rlm)fg5(m)dtdmR elapsed since the last such event on the source. It
~~ ' '

is in this case that one must distinguish carefully
The mean annual frequency of such events is between the probability (Eq. 2.3) and the mean
simply this fraction times v, the mean rate of all rate (Eq. 2.2). Theprobability is the appropriate
events, item to calculate and repon.

Then, to consider all s sources, we need simply Funher, it should be recognized that the spatially
sum the mean rates from each source leading to homogeneous areal source model used in many
the following expression for A(a) the mean annual applications is not a physical characteristic of the
rate of events with site ground motion level a or earth but a simplified mathematical representation
more: of a field of seismogenic structures that the earth

scientist believes can be approximated adequately
A(a)= f v , ,C' I"8-8(5 f),

for hazard estimation purposes by such a model.
'

i 1. . s a s (2.2) Its application in practice will be discussed in

f (rlm)f35(m)drdm Chapter 4.
R

in which the subscripts on all the factors within 2.2 Primer on Uncertainties
the sum (v, f , f , and even possibly g(m, r) andR ht gg ;
c) are deleted for simplicity. This is the basic
equation of probabilistic seismic hazard analysis. The purpose of this section is to introduce several
It is the simple algorithm by which the many concepts and the associated terminology essential
important pieces of the total puzzle are finally to the framework adopted for PSHA. We discuss
integrated. both the nature of physical models ("models of

the world")-recognizing that they can be either
Under the additional assumption that the events in

deternumstic or probabihstic depending on the
every source follow independent Poissonnian

hAPP cation-and our knowledge and ability to
processes, the mean rate A(a) can be used to

m del the phenomena (the "world") of interest.
compute the probability of exceedance in any

We then acknowledge that models themselves, astime interval oflength t:
well as the parameters appearing in them, may be
uncenain and we introduce probabilities to

P[A > a in time t]= 1 -e*** (2.3)
express these uncertainties. The uncenainties that

in which PH is read "the probability of the event are part of the model of the world, if any, are
that." Note that for the small probabilities of usual called aleatory uncenainties (other names are
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|
'

i ,

| " stochastic" or " random" uncertainties). Even rin a- g(m,r)' I

; under " perfect information," i.e., when the model Pr( A > a) = $ (2.4)
'

has been validated and the numerical values ofits
parameters are known, these aleatory where Q' (.)is the CCDF of the standard unit
uncertainties are still present (for a given model). normal.

The uncertainties that stem from our lack of The interpretation of this probability is the
knowledge concerning the validity of the models following: if we consider very many earthquakes
and the numerical values of their parameters are all at a distance r from the site and of magnitude
referred to as epistemic uncertainties (in the m, the fraction of es ents leading to a ground

I literature, they have been referred to as simply motion parameter A (the " random variable" of
" uncertainties"). As information is collected, the this problem) exceeding a given value a will be
epistemic uncertainties are reduced. We prefer to very close to this probability.

,

use the terms aleatory and epistemic because they
have a unique interpretation; alternatives (e.g., The uncertainty described by the model of the

w rid is sometimes referred to as " randomness,"
" uncertainty" for "epistemic") has e multiple
meanings. r " stochastic" uncertainty. Stochastic models of

the world are also called aleatory models
We also discuss in this section the concept of [ aleatory: of or depending on chance, luck, or |

model uncertainty in more detail, as well as the contingency (Webster's 1988)]. |
display and communication of the various types

In addition to the two examples from the modelof uncertainty.
,

I

for ground motion cited above, we recognize that
2.2.2 Deterministic and Alcatory Models the representation of seismicity by a number of 1

of the World " sources" each with a specified mean rate of |
seismicity along with eq. (2.1) for the magnitude l

The "model of the world" is the mathematical distribution of an earthquake occurring in a given
model that is constructed for the physical sitntion source is an pleatory model.

| of interest, such as the occurrence and impa.t on a
system of a physical phenomenon. TM "world" is 2.2.3 The Epistemic Model
defined as "the object about which the person is

There are two additional types of uncertainties
.

concerned" (Savage 1972). Occasionally, we will
ass ci ted with a (deterministic or aleatory)

refer to the model of the world as simply the
. model of the world.The modelitself(or, the

model, or the mathematical model. Constmeting
hypotheses behind it) may involve

and solving such models is what most physical
approximations, so that its predictions deviate by

. scientists and engineers do. There are two types of
a fixed but unknown amount from observedmodels of the world, deternumstic and

. . values of the predicted quantity. The second type
probabihstic. A simple example of a determimstic

, is associated with uncertainties about the
model is the function g(m,r) that yields the mean

numerical values of the parameters of a given
value of the logarithm of the ground motion

model, e.g., the parameter of eg. (2.1).
parameter at a specified site given the magnitude,,

| m, and the distance, r, of the earthquake (see The epistemic probability model represents our
Section 2.1). knowledge regarding the numerical values of the

parameters and the systematic over- or under-
Many important phenomena cannot be modeled

predictions of the model [epistemic: of or having
by determimstic models. For example, the actual

to do with knowledge (Webster's 1988), see also
ground motion parameter A can not be predicted Pat 6-Cornell and Fischbeck (1992); in risk
precisely. We then construct models of the worig assessment, this probability distribution function

;

that melude this uncertainty. A simple example is
, (pdf) is also referred to as t " state-of-knowledge"the normal distnbution (Section 2.1), i.e.,

pdf(Kaplan and Garrick 19b1)].

13 NUREG/CR-6372
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2. Overview of the PSHA Methodology

The epistemic model for the deterministic model probability distributions, would be part of the
of the world that consists of seismic sources (aleatory) model of the world. The moments (or
al ows altemate boundaries for each source. Each other parameters) of these aleatory distributions
alternate map is associated with an epistemic would, in turn, be assigned epistemic probability
probability, The upper-bound magnitude muf distributions. Having made this distinction clear,o

each source is assigned its own epistemic we must follow common engineering practice and
probability distribution. Similarly, for the ground call these quantities " parameters" of the models.
motion model, eq. (2.4), the function g(m,r) itself Thus, a parameter in an engineering model may
is uncertain (epistemic model uncenainry); have re'ated to it both aleatory and epistemic
multiple alternatives are often considered. The probability distributions. We still, however, make
value of the standard deviation o of the aleatory a distinction between, on one hand, quantities that
model is also uncertain (epistemic parameter deal with model uncenainty (see, for example, the
uncertainty). discussion on D below), and parameters, such as

Aa, on the other. The term "model uncertainty" is
We note that the probability distributions that used for the fonner, while " parametric
reflect epistemic uncenainty are the ones that are uncertainty"is reserved for the latter. As an
" updated" as empirical evidence is rathered. For a example, Table 5-2 in Chapter 5 shows this
given model, the updating of the epistemic classification in the context of ground-motion
distnbutions of ia parameters is done usmg models.
Bayes' theorem, as shown in numerous references,
e.g., Lee (1989), Benjamin and Cornell (1970), We point out that, even though we have discussed
Winkler and Hays (1975), and Apostolakis probabilities appearing in the model of the world
(1990). It can be shown that, when the empirical and the epistemic model, and we have given them
evidence is very strong, these epistemic different names, leading philosophers of science !

distributions become delta functions about the and uncertainty (e.g., De Fmetti 1974; De Groot
exact numerical values of the parameters. At this 1988) believe that, conceptually, there is only one
point, no epistemic uncenainty about the kind of uncertainty; namely, that which stems |

numerical values of the parameters exists and the from lack of knowledge. Aleatory and epistemic
only uncertainty in the problem is the aleatory uncenainties are a convenient way to distinguish
uncenainty in the model of the world. The latter between uncertainties that cannot be reduced (for
can never be removed (unless, of course, we a given model) and uncertainties that can be
happen to change the model of the world). reduced as new knowledge is acquired.1

1The types of uncertainty that we have presented 2.2.4 More on Model Uncertainty
are defined from what can be called the
"probabilist's" point of view. We have associated Consider the case of a single deterministic model

epistemic uncertainties with models and their f the world which calculates the quantity yc-

parameters only, while aleatory variables appear Furthermore, we know that there are significant
m del uncenainties associated with this

,

in the model of the world. Unfortunately, this
clear distinction cannot be maintained in PSHA, prediction. One way to describe this situation is to

because the engineering use of the term intr duce a parameter D into the model of the

" parameter" is not consistent with this w rid which may be multiplicative or additive.
F r examP e, we may assen that the actual valuelformulation. For example, the stochastic ground

motion model (Electric Power Research Institute
1993) includes what are called these parameters, I The distinction between aleatory and episternic uncertainty rnay at

such as the stress drop, Aa, that are assumed to nrst appear inconsistent with the Baysiapiew of probabihty, but. in
fact,it is entirely consistent with this view, Alcatory uncertainties

have both kinds of uncertainty. rnay be thought of as frequencies of a set of exchangeable events or :
as frequency distnbutions of an exchangeable set of continuous |

In the formulation that we have presented, randorn vanables. If the frequencies or frequency distribuoans are
""''''^i"' i' '"'''' P*''*"' 'ense t assess pr babihty distnbutions

9uantities such as Ao would be called aleato0-
<

over the unknown frequencies or pararneters of the unknown
variables and they, as well as their assumed frequency distnbutions.

NUREG/CR-6372 14
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2. Overview of the PSHA Methodology *

!
.

may be obtained as ya = Dyc. In this case, the model and parameter uncertainty was formalized |
parameter D is multiplicative (this is, for example, by Abrahamson, Somerville, and Comell (1990). !

how the EPRI stochastic ground motion model
| treats part of model uncertainty). This parameter The issue of model uncertainty has been |

may be interpreted as the ratio of the true value investigated in other applications of risk

over the predicted value (by the model). Note that assessment also. An example from fire risk i

we still may assign both aleatory and epistemic assessment is given in Siu and Apostolakis (1981 j

uncertainty distributions to the parameters of the and 1985),in which the updating of the !

(eP stemic) distribution of D is also investigatedi rdeterministic model that produces yc.
usmg Bayes' theorem.

l The quantity D is a deterministic parameter of the :

model of the world. However, its numerical value Alternate formulations of model uncertainty have |
may be uncertain, therefore,in the epistemic als been propose.d. In one such formulation

(A ostolakis 1990 and 1993), a number of modelsPmodel we represent this uncertainty by a
calculatmg y

,

;
correspondm, c,j.J=1,....n, are consic'ered

,

probability density function (pdf) g(d).
j g to a set of n hypotheses Hj,

Let us consider again the implications of this j=1,....n. In the context of ground rnotion
formulation in terms of a thought experiment. prediction, these alternative hyretheses may |
After even one observation, the exact value of D represent empirical attenuatica equations derived i

will be known (since all epistemic uncertainty by different investigators usag somewhat
will have been eliminated) and it will represent different data sets and functional forms,

;

the systematic bias of the model prediction yc. attenuation equations derived using different
This systematic bias is due to the incompleteness methods (e.g., empirical vs. stochastic), or

,

I(or other shortcomings) of the deterministic attenuation equations derived using a stochastic
model. model and varying some key assumption or

,

Parameter in a discrete manner. i
The EPRI (1993) engineering model of ground
motions is an example of this formulation. The Another example of discrete hypotheses is in the ,

ground-motion amplitude (peak acceleration or specification of seismic sources (or seismic |
spectral acceleration at a certain frequency) is source maps). A certain tectonic feature may or

'

given by may not be active (according to an activity
probability, P ). If it is active, uncertainty abouta

In A(m,r) = g(m,r)+ C, + E, (2.5) its true geographic extent is typically represented

where g(m,r) represents a median attenuation by multiple alternative geometries with associated
|

equation, e is an epistemic variable with zero weights.
e

mean, and Ea is a zero-mean aleatory variable. In Discrete hypotheses with weights are used
,

this example, the additive quantity Ee plays the frequently in PSHA because they are flexible and i
role of D and it represents lack of knowledge they are intuitive. Under certain assumptions, a
about the difference between g(m,r) and the set of model weights can be developed that reflect
logarithm of the true median amplitude for this the relative forecasting accuracy of approximate
magnitude and distance. The aleatory variable ea models. In Appendix J, we develop this view in
represents event-to-event and site-to-site scatter more detail in the context of some simple opinion
due to smaller-scale details of the earthquake aggregation models that are useful for gaining
source processes and of wave propagation insight.
through a heterogeneous crust. Note that in terms
of actual observations, the observed scatter is due An alternate interpretation of model uncertainty is

! to both epistemic and aleatory uncertainty and one offered in Winkler (1993) and Morris (1971). The
! observation alone would not suffice to remove all outputs from a number of models are viewed as

epistemic uncertainty. This treatment in terms of information that is to be processed using Bayes *
Theorem. This formulation avoids the issue of;

i

15 NUREG/CR-6372 3 -
l

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



i

2. Overview of the PSHA Methodology

developing probabilities regarding the
* * .acceptability of models; this approach has not yet |

'
been used in risk assessment. The difficulty lies in '*

its implementation, as Winkler states.

2.2.5 Communication of the Uncertainties ,-uv * '
. _ _ _

1Having discussed the concepts of the model of the
,

world and of the epistemic model, we must now ,

address the question of how to communicate these v -- - q so,- u
results to others (possibly, decision makers).

|

To make the discussion concrete, let us consider I i

the (aleatory) probability of no events in the i
"interval (0, t) [see also eq. (2.3)], i.e., , - " ' ----

l !

P[no occurrences in t]= exp(-At) (2.6) '
'

t* t

Funhermore, suppose that the rate A has a discrete
.

epistemic distribution given by the following set Figure 2-1 A family of aleatory curves displaying
of doublets: { l0-2,0.4} and {10 3,0.6), i.e., we epistemic uncertainty

^

judge that this rate can be either 10-2 per year
with probability 0.4 or 10-3 per year with The simple example presented above captures the ;

,

probability 0.6. The probability'of zero essence of the uncertainties that we have ,

occurrences in a period (0, t) can be calculated considered. Other, more realistic, cases can be
;

using eg. (2.6) and is given by a set of doublets: easily constructed. For example, let us assume j
{e401t,0.4} and {c-0.001t,0.6}. The two terms in that the aleatory model is still given by eq. (2.6), r

these doublets resulting from the use of eq. (2.7) but now the epistemic distribution of A is a ;

represent aleatory uncertainty, while the continuous pdf. It is then customary to display a |

probabilities 0.4 and 0.6 represent epistemic family of curves for various values of A (Kaplan
uncertainty. and Garrick 1981). For example, Figure 2-1

A frequently used " point" e:;timate is the mean shows three curves produced from eq. (2.6) with

value of the probability af no occurrences,i.e., A being equal to the 10th,50th, and 90th

(0.4e-0.01:+ 0.6e400lt). 3 s is called the Percentiles ofits pdf. Also shown are three values ;

predictive probability of zero events in a period of the aleatory probability for a given t'(the ]
(0,t). Note that we have not considered any model analogy with the doublets discussed above can be j
uncenainty in this example, seen). The interpretation of the curves is as

,

follows: after a very long time, all epistemic l
We note that the use of the average (predictive)
value for decision making can create problems, uncenainty will have disappeared and the value of !

i

especially when the epistemic uncertainties are A, and, therefore, the actual curve e-xt , will be j
very large, as is frequently the case with model known. At the present time, wejudge with
uncertainties [see eq. (2.6)]. This is because the probability 0.90 that this "tme" curve will be !
average value can be greatly affected by high below the curve labeled "0.90" in the figure. '

values of the variable, even though they may be :

very unlikely. The average value is only a )
summary measure of the full uncertainty, which is
expressed by the set of doublets. In particular, ;

when the epistemic uncertainty is very large, it I

would be incomplete to report only the average to
the decision maker. In our example, reporting all
the doublets to the decision maker communicates
the full epistemic uncertainty.

NUREG/CR-6372 16
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2. Overview of the PSHA Methodology

Figure 2-2 shows the results of a PSHA in this these variables are independent and identically
format. The interpretation is just as above. For distributed. De Finetti's theorem states that,if the

X are binary variables, the predictive distributionexample, we are 0.85 confident that the "true" j
seismic hazard curve will turn out to lie below the of r "I's" (for example, r " successes") in n
curve labeled "85th." exchangeable trials is given by

P[r "I's" in n tnals] = ((?)0'(1-0)"dF(0)(2.7) !ir'

where F(6 )is some proper cumulative '

'r' - distribution function on (0,1). Funhermore, the l
'

limit of the relative frequency (r/n), as n becomes

.,7, .

large, is 6. This equation shows that the
predictive distribution of r " successes" in n

i exchangeable trials may be obtained as if the j
" '*"**

trials were independent conditional on 6. In ourdir

s previous terminology, we would sef that the

j
'

this case) and it is obviously aleatory. The
,

model of the world is the binomin.i distribution (in'"' , , , , , , ,

|

epistemic model is the mixing distribution F( 6 ). |
* * " " ",re . It is this distribution that is updated as evidence

becomes available. This theorem can be extended
to general random variables and is the cornerstone

'r'
, of the subjectivistic (Bayesian) theory ofa . . . , . .

^ = * * " * " * ' " ' ' probability.

Figure 2-2 A typical family of seismic hazard While this theorem is fundamental, it does not tell
curves us how to separate aleatory from epistemic

2.2.6 Further Comments on the uncertainties in actual applications. In the above

Distinction between Aleatory and example of binary variables, e.g., the familiar

Epistemic Uncertainties coin-tossing experiment, it is fairly obvious that
the assumption of exchangeable trials is

A recent paper by Veneziano (1994) questions the reasonable, therefore the natural candidate for the
value of distinguishing between aleatory and model of the world is the binomial distribution
epistemic uncertainties. The author claims that appearing in eq. (2.7). In a practical situation, the
this distinction is ambiguous for geologic hazards assumptions that may be used in the model of the
and raises the issue of the time-dependence of this world may not be obvious. It is useful to briefly
formalism. Veneziano argues further that what discuss what really happens in practice.
really matters to decision making is the total
uncertainty, that is, what we have called the In modeling a physical situation of interest, we do

predictive distribution in the last section. n t decide apriori how to separate the
uncertainties. In fact, the question does not even

j To address these concerns we note that there are arise. What we do is build the best model that we
| both theoretical and practical reasons for this can making assumptions that are defensible. If we
! distinction. The theoretical foundation was decide that certain aspects of the problem require

provided by de Finetti in 1937 (de Finetti 1974; a probabilistic treatment, we introduce the
^

Press 1989). He first introduced the concept of appropriate models that capture our knowledge |,

exchangeability; an infinite sequence of random about these uncertainties. This is what physical|

variables X -,X) . . is said to be exchangeable, if scientists do,i,

the joint distribution of any finite subset of these
variables is invariant under permutations of the After the model of the world is completed, the,

i subscripts. A special and familiar case is when formalism that we have adopted requires that the

17 NUREG/CR-6372
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2. Overview of the PSHA Methodology

analysts answer several questions, such as. "Are y
the basic assumptions of the model valid?""Are * * " " * * * " "

there altemate assumptions that one may adopt?"
"

"Are the numerical values of the parameters of *

the model known?"In the simple example of eg. weiomo "
(2.7), the only question that is asked is the last * es . *

one. It is at this point that a new set of $2'

uncertainties may be identified. Recognizing this c.o g ,
reality and to facilitate communication we - -

o

introduce the term epistemic uncenainties for this * Zi#d$ *
new set and we refer to the uncenainties in the
model of the world n aleatory. From this

. . Figure 2-3 Weighting Factors for Containmentperspective, we can now say that this distmetton
Capacity for Low Temperature Conditions

occurs naturally and it is not made in advance. [NUREG/CR 4551/ Volume 3, Figure 4-1]
Therefore, a clear prescription as to how to ,

separate the two types of uncertainty (other than Figure 2-3 shows the expert-supplied probabilities

what we have already said) cannot be given a (" weighting factors") for the containment failure

priori. Furthermore, the different terminology is Pressure (given cenain conditions). Five pressure

not intended to imply that these uncertainties are values are being considered. This model of the

of a fundamentally different nature, w rid implies that one of these pressures will
actually turn out to be the true one and, at this

i
The benefits from the fonnalism are far greater time, we do not know which value it will be, i.e.,
than just the facilitation of communication. By the model of the world is deterministic. It is stated i
demanding that the analysts ask the preceding in Appendix A of the report that there might be
questions, this approach imposes a discipline on some randomness about each value and that
the analysis that has been found to be invaluable "there was a great deal of discussion conceming
in practice. The interpretations of aleatory and this issue due to the difficulties in defining the
epistemic unce:tainties that we have discussed in meaning of the failure pressure distributions !
earlier sections are new to most modelers and derived for this issue. Each reviewer had a

{practitioners and using these concepts forces the somewhat different interpretation of the input that '

analysts to really delve into the details of the was being required, as well as of the use of the |

models and consequences of various assumptions. input in the Limited Latin Hypercube sensitivity
An example from the NUREG 1150 studies will analysis." This means that the experts debated the
clarify this point. validity of the assumption that the model of the

In studying how large power reactors behave m. world was deterministic (that only one value was
& hih h was finally decidedpostulated accidents, one important issue is the

internal pressure that would cause the large that the aleatory variability was " generally small"

containment building that surrounds the reactor t and it was dropped from funher analysis. We note !

fail catastrophically. In the NUREG-1150 study that, if the group had decided to include aleatory I

i

of the Peach Bottom 2 reactor, a boiling water uncertainty in the model, the question asked of the
|

reactor, the approach to understanding at what expens would have been "what is the fraction of
,

'

h hi h e a d of h p s e ipressure the containment would fail was to ask a
group of experts to provide tbtrjudgments and what is your uncenainty m>ut this fraction?",

(Amos et al.1987). The results of Fig. 2-3 are responses to a different
question, i.e., "what are your probabilities that the
true failure pressure will be one of the five values
shown in the figure?"

i
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2. Overview of the PSHA Methodology

The predictive distribution contains all the and one must start with new models of the world
uncertainties and is the one that is used in formal and ask, again, the above questions to assess the
decision theory to evaluate the expected utilities. epistemic uncertainties associated with these new
What the presented formalism does is allow for models. Thus, the new predictive distributions
the systematic assessment of this distribution. In will be evaluated in the same manner as before. It
practice, the epistemic uncertainties themselves is evident, therefore, that models used in present

| may suggest possible actions, such as delaying the analyses may be used only for a limited time
! actual decision and doing more research to reduce depending on how sound their assumptions are. i

! the magnitude of the epistemic uncertainties. For example, the models for PSHA that this report
presents and the associated s;uidance for hazard

As discussed in previous sections, new
assessment are expected t. useful for the nett

info mation is used to update the epistemic model several years. When new scientific advances
using Bayes' theorem. This is based on the

necessitate a significant change in the models of
fundamental assumption that the models of the'

the world, then the structure of the analysis will
j world with which we begin the analysis do not change and the formalism that we have discussed

change. This is not the way engineering models, will apply to this new stmeture.
especially the ones employed in risk assessments,
evolve in time. New evidence and advances in
science very often lead to new models. In these
cases, the old formulation does not apply anymore

1

l
i

!

I

!

|
|

|
,
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i 3. STRUCTURING AND IMPLEMENTING A PSHA !

! 3.1 Introduction Regardless of the scale of the PSHA study, the
i'

goal remains the same: to represent the center, the {
The success of a PSHA project is principally body, and the range of technicalinterpretations '

determined by how it is structured and . that the larger infonned technical community
implemented to derive inputs; in particular, how would have ifthey were to conduct the study.
this structure and implementation account for
different technicalinterpretations of the available 3.1.2 Principle 2: A Clear Definition of
evidence and uncertainties. Despite the Ownership
importance of these issues-that is, how the

Another principle defined by the Committee with
PSHA is conducted, rather than what goes into the

respect to deriving inputs is that it is absoh.tely
analysis-very little written guidance has been

necessary that there be a clear definition of
developed. Such guidance should not only ownership of the inputs into the PSHA (and hence
incorporate the evolving concepts related to ownership of the results of the PSHA). Therefore, !
uncertainty treatment and expert elicitation .in '

this precludes the PSHA being performed by an
general, but, perhaps more importantly, should analyst who simply accumulates inputs (either idraw on the experience base developed over the from the literature or eliciting the judgments of '

past decade or more in carrying out seismic one or more experts; without establishing his/her
hazard analyses.

responsibility for and ownership of aggr gated

PSHA inputs involve multiple issues, e.g., ground results. That is, it is important that the analyst be

motion models, ground motion uncertainty, an integrator in the sense of establishing his/he,r

seismic source identification, seismicity ownership of the results.

parameers, etc. The complexity, importance and The number M > e of PSHAs conducted over
diversity ofjudgments within the appropriate the past dece M very much like an
scientific community regarding any one of these earthquake recta e curve: hundreds of"small-

'

issues vary between study location (east vs. west
magnitude" hazara studies are conducted annually

U.S.), range of the study (site-specific vs. to evaluate ground motions at the sites of new or
regional), and other factors. existing conventional facilities (e.g., buildings,

P Peline terminal facilities, hospitals); tens ofi3.1.1 Principle 1: The Basis for the Inputs
" moderate-magnitude" studies are conducted for i

A basic principle defined by the Committee is that more critical facilities (e.g., iiigh-rise buildings, '

the underlying basisfor the inputs related to any nuclear production facilities, offshore platforms);
of these issues must be the composite distribution and a few large-magnitude studies have been 8

of views represented in the appropriate scientific conducted over the past decade for highly critical
community. Expert judgment is used to represent and/or highly regulated facilities (e.g., nuclear
the informed scientific community's state of power plants, high-level waste repositories). ;

knowledge. Of course, it is impractical-and Given the nature of the "PSHA-experience
unnecessary-to engage an entire scientific recurrence curve," our collective experience base
community in any meaningful interactive process. is decidedly skewed toward the smaller-scale
Decision makers must always rely on a smaller, studies. However, the sponsors of the SSHAC

,

'

but representative, set of experts. Thus, we view project are interested in guidance that is skewed
an expert panel as a sample of the overall expert toward application for more critical facilities.
community and the individual Technical !

Integrator (defined later) as the expert " pollster" Despite an emphasis on large-scale studies for |

of that community, the one responsible for critical facilities, SSHAC has devoted

capturing efficiently and quantitatively the considerable time and effort in reviewing past

community's degree of consensus or diversity. PSHAs of all scales and applications in order to
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3. Structuring and Implementing a PSHA

learn which processes have worked, the pitfalls, 3.1.3 Definitions and Roles of Technical
and the processes that appear to hold the most Integrator (TI) and Technical
promise in future application. One example of Integrator /Facilitator (TFI)
SSHAC's research effon is the Seismic Source
Characterization (SSC) Workshop (see Appendix To outline clearly the Committee's recommended

H),in which the focus of the discussions was on approaches to the PSHA input issues, it is
,

process issues: the manner in which SSC experts necessary to define some important terms and ,

should be elicited, the degree of expert interaction concepts.

desired, the value of workshops, methods for 3.1.3.1 Project Sponsorship and Leadership
combining the interpretations of multiple SSC
experts, etc. In SSHAC's ground motion The Project Sponsor is the entity thata

workshops, concepts related to facilitation of Provides the financial support for the project,

workshops, roles and interactions of experts, and hires the study team (including the project

aggregation of expert interpretations were leader), and " owns" the study's results in the

" tested" through a real application. sense of property ownership.

| The two basic SSHAC principles discussed The Project Leader (often one individual, but*

above--(1) inputs should represent the composite Possibly a small team) is the entity that takes

distribution of the informed technical community managerial and technical responsibility for

and (2) ownership of inputs established by an organizing and executing the project, overseesi

integrator-SSHAC recommends that the all ther project participants, and " owns" the

derivation ofinputs be conducted by one of two study's results in the sense of assuming

| approaches, either by a Technical Integrator (TI) intellectual responsibility for the project's

| approach or a Technical Facilitator/ Integrator verall technical validity. The Project Leader
'

(TFI) approach. Appropriate definitions of these makes decisions regarding the level of study

f articular issues (discussed below). japproaches and SSHAC recommendations of the P

| structures of these approaches as a function of the 3.1.3.2 integrators
importance, complexity, diversity of views and,

'

contentiousness of an issue is the subject of Two types ofintegrators are considered:

j Section 3.1. Sections 3.2 and 3.3 outline the TI
TechnicalIntegrator (TI): a single entity,

'

and TFI approaches, respectively. Because it has
(individual, team, company, etc.) who is

never been fully implemented, hence not
documented, the TFI discussion in Section 3.3 responsible for ultint.tely developing the

. composite representation of the informed
(and Appendix J)is more comprehensive. Section i

technical community (herein called the |;

3.4 discusses peer review and summarizes
community distribution) for the issues usiog iSSHAC recommendations with regard to peer
the TI approach. As discussed later, this could |review of the TI and TFI approaches to deriving
involve deriving information relevant to an |inputs on any issue related to PSHA. It should be

'

ssue from the open literature or through I
noted that detailed guidance for implementing the

discussions with experts.
| TI and TF1 approaches for seismic source

| characterization are found at the end of Chapter 4 Technical Facilitator/ Integrator (TFI): a*

i and detailed guidance for implementing the TI single entity (individual, team, company, etc.)
and TFI approaches for ,,round motion who is responsible for aggregating the
assessment is given at the end of Chapter 5. judgments and community distributions of a

panel of experts to develop the composite
'

distribution of the informed technical
j community for the issues using the TFI
| approach. The key differences between the TI

and TF1 approaches are (i) the facilitator role:

of the TFI in which he/she is responsible for
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,

l
|

|

facilitating the discussions and interactions sets, complete documentation of the process and I

between expens and (ii) the use of results, clear responsibility for the conduct of the
" evaluator" expens, who act as individual study, and proper peer review.
integrators, in the development of the
community distribution. It is recognized that PSHA can, and should, be

conducted for a wide variety of reasons and at
In the context of these discussions we use the various scales. There is nothing inherently
term interpretation to denote a technical " wrong" with the calculated results that come
hypothesis (i.e., without epistemic uncertainty), from a modest hazard analysis con;lucted by a
and evaluation to denote a weighted set of single contractor; nor does the use of multiple
hypotheses or interpretations. The evaluation expens in a large-scale project guarantee that the i
process, then, is focused on epistemic hazard results are more defendable (particularly if i

uncertainties. done poorly). They are, however, more likely to
capture accurately the scientific community's3JJJ PSHA Inun
information. The choice of the level of PSHA is

By reviewing past hazard studies and often driven by the level of uncertainty and
experimenting with "new" approaches, SSHAC contention associated with a particular project, as
has formulated a spectmm of approaches to well as the amount of resources available for the
structuring a PSHA. It is concluded that all study. It is further recognized that particular
approaches attempt to achieve several primary components or issues of the PSHA (e.g., the slip
objectives. These objectives include: proper and rate on a panicular fault, the maximum
fullincorporation of uncertainties, inclusion of a magnitude, or the amplitude of near-field ground
range of diverse technical interpretations, motions) may have variable degrees of contention
consideration of site-specific knowledge and data and/or uncenainty.

~

Table 3-1 Degrees of PSHA Issues and Levels of Study

ISSUE DEGREE DECISION FACTORS STUDY LEVEL

A 1

Non-controversial; and/or TI evaluates / weights models based on
insignificant to hazard literature review and experience; estimates

community distnbution

B * Regulatory concern 2j

Significant uncertainty and * Resources available TI interacts with proponents & resource
,

diversity; controversial; and experts to identify issues and interpretations;I

,p g g
complex estimates community distribut2on

C 3

Highly contentious; significant TI brings together proponents & resource
to hazard; and highly complex experts for debate and interaction; TI focuses

| debate and evaluates alternative interpretations;
estimates community distribution

4

TFI organizes panel of experts to interpret and
evaluate; focuses discussions; avoids
inappropriate behavior on part of evaluators;
draws picture of evaluators' estimate of the
community's composite distribution; has
ultimate responsibility for project
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As used here, an issue may be one or a 3.1.3.4 Experts

combination of input issues, e.g., an issue may
Because oflimited data, it is often necessary to

only be ground motion models for median values,
interact with experts to derive necessary

or an issue may melude both the ground motion
information regarding an issue. For purposes of

model for the median as well as the aleatory
PSHA issues, three types of expens, not

uncertainty in the ground motion. Table 3-1
necessarily mutually exclusive, are identified:

illustrates the process of identifying the key
proponents, evaluators, and resource expens. An

technical PSHA issues and deciding the level of
important distinction is made here in the roles of

study that should be devoted to addressing the
, expens as " proponents," as " evaluators," and as

issues. It is assumed that individual issues or
" resource expens." A proponent is an expen who

components of a PSHA can be evaluated
advocates a particular hypothesis or technical

separately, although, commonly m the past, the
position. The proponent role is common in

decision regarding the level of study has applied
science, whereby an individual evaluates data and

to the entire hazard analysis. In the left-hand
develops a particular hypothesis to explain the

column of the table, the degrees ofissues are
data. The proponent's position is then challenged

shown as A, B, and C. In deciding the degree of
technically by his peers in professional debatesan issue, there are several considerations such as:
and in the literature to see if it stands up to a

the significance of the issue to the final results variety of observations. The proponent of the*

of the PSHA hypothesis detaches himself professionally from
the success or failure of the hypothesis; that is,

the issue's technical complexity and level of although he argues for the viability of the
*

uncertainty hypothesis, he recognizes that it may ultimately

the amount of technical contention about the be proven wrong. With time, the hypothesis will '

*

issue in the technical community g in increasing support with additional data or
,

will lose favor m the scientific conmunity.
,

imponant non-technical considerations such
. I

*

as budgetary, regulatory, scheduling, or other An naluator is an expert who is capable of
evaluating the relative credibihty of multipleconcerns.
alternative hypotheses to explain the observations.

Degree A issues are non-controversial and/or The evaluators are expected to evaluate all
, have no significance to the seismic hazard results; potential hypotheses and bases of inputs from

Degree B issues are more controversial, complex, proponents and resource experts and provide 1)
and significant to the hazard results; Degree C their own input and 2) their representation of the |

issues are often highly contentious, complex, and community distribution. The evaluator recognizes
i

most significant to the hazard results. Obviously, that the evaluation occurs at a particular point in
there is a continuum of degree so that the three time and, as a result, the viability of any particular
levels identified represent a coarse panition of the hypothesis is uncertain and may not be proven
range of issue degrees. Some judgment must be until some time in the future. To evaluate the
made when classifying any panicular issue for a alternatives, the evaluator considers the available
given study. data, listens to proponents and other evaluators,

questions the technical basis for their conclusions,
For each issue (or for the PSHA as a whM a and challenges the proponents' positions. In the
decision must be made regarding the leve; *

end, the evaluator is able to assign relative
study that will be conducted to address the 133 .

credibilities to the alternative hypotheses. He iThe decision usually , volves factors such as the
,

m
recognizes, too, that no single hypothesis is likely I

regulatory framework, the resources (money and '

to be the ultimate truth-it is only a current
time) available to conduct the study, perceptions

representation. Therefore, he finally may, for
(including both the pubhc and other stakeholders)

example, assign a smooth continuous (epistemic) Iof the irnportance of the project, and scheduling Iuncertainty distribution over that parameter (e.g.,constramts.
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the median peak acceleration of a magnitude 6 at In the context described above, the Level 2-4
10 kilometer distance or the long-term slip rate on analyses involve the input from proponents who
a fault) to which each hypothesis have developed technical interpretations
(model/ interpretation / data set) assigns a unique regarding particular issues of importance to
value, and for which a finite set of weighted PSHA. Levels 2 through - Nfer in the degree to
hypotheses would imply a simple discrete which these proponents are questioned directly

,

uncertainty mass function. and/or are given a forum for expressing their
'

. views. In Levels I to 3, the TI plays the role of
A resource expert is a techm. cal expert with the " evaluator." In Level 4, a group of expert
particular knowledge of a particular data set of " evaluators"is identified and theirjudgments are
importance to a PSHA. Commonly, a resource

. elicited. The TFI is responsible for identifying the
expert will have site-specific experience that will roles of the proponents and evaluators and for i

be of use to the evaluators. For example, a ensuring that their interactions provide an
resource expert for a site-specific hazard analysis opportunity for focused discussion and challenge.
might be a geologist who has mapped and
evaluated nearby faults. A resource expert might It is important to note that in all four levels of
also have expertise in particular methodologies or hazard analysis, the responsibility for the success
procedures of use to the evaluators. For example, or failure of the analysis rests with the TI or the
a resource expert may have developed new TFI. In the Level 1-3 analyses, the responsibility
procedures for evaluating the completeness of is clear inasmuch as the TI develops judgments
earthquake catalogs or for processing catalogs to and hazard inputs based on information gathered
identify foreshocks and aftershocks. from others. In the Level 4 analysis, resources

Permit and the situation dictates multiple
3.1.3.5 Study Level

evaluators and hence a TFI to take responsibility
Table 3-1 summarizes four levels of study to for the aggregated product. The TFI must
address issues, which are shown roughly in order organize and manage interactions among the

of increasing resources and sophistication. The TI proponents and evaluators, must identify and
and TFI roles are outlined for the various levels. mitigate problems that might develop during the
Because the TFI, by definition, involves the course of the study (e.g., an expen who is i

" facilitation" of multiple experts, the TFI role unwilling or unable to play the evaluator role), |

does not appear until the Level 4 analysis. The TI, and must ensure that the evaluators' judgments are I
on the other hand, varies in his/her role from properly represented and documented. In both the

basing judgments on his own experience and TI and TFI approaches, proper peer review must
literature to obtaining input from communication be conducted to review the process and substance

with other experts. of the study.

| The roles and activities associated with the TI In the TI approach, it is clear that the intellectual
show increasing input from technical experts with responsibility for the study lies with the TI.
increasing level. For example, at Level 2, the TI Intellectual responsibility is defined as the
reviews the literature and contacts those responsibility not only for the accuracy and
individuals who have developed interpretations or completeness of the results, but also for the

who have particular site experience. At Level 3, process used to arrive at the results. In the TFI
however, the TI gains additional insight by approach, both the TFI and the experts have

bringing together the experts and focusing their intellectual responsibility for the results. The TFI
interactions. In these sessions, the experts could has a further burden of ensuring that the process is

have an opponunity to explain their hypotheses properly implemented. In most cases, peer
;

j and data bases. Further, proponents or advocates reviewers are expected to provide an endorsement

of particular technical positions can defend their of the process and results of the study. An
4

positions to other experts. endorsement is an affirmation that the particular

:
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project meets his/her standards of quality, applications, the specified inputs are developed
thoroughness, and validity. and therefore owned by the single entity, that is, a

TI or Technical Integrator. In most of these
Regardless of the level of the study, the goalin applications there has not been a formal elicitation
the various approaches is the same: to provide a of expertjudgments. The single entity is the sole
representation of the informed scientific

evaluator of the information available-either
community's view of the important components published, as espoused by proponent (s) or
and issues and, finally, the seismic hazard.

described by resource experts-and, hence, is sole
(" Informed" in this sense assumes, hypothetically developer of the representation of the community
perhaps, that the community of experts were distribution. This feature applies to all three levels

~

provided with the same data and level of
of study ar.o is one of the distinguishing

interaction as that of the evaluators). This is done differences between the TI approach and the TFI
by the TI in the Level 1-3 studies, with various

approach in which a formal panel of evaluator
levels of input from representatives of the experts is used jointly as (i) sources of their
community and their literature. In the Level 4

personal inputs, and (ii) source of representation
analysis, multiple evaluators provide their review of the community distribution. The distinction
and synthesis of the available data and formulate

between the three levels of study using the TI
mterpretations that represent their assessments approach is a matter of level of resources used by
and uncertainties. As will be discussed in Section the TI to develop his/her representation of the
3.3.4, the evaluators will be asked to represent community distribution.
both their own interpretations and uncertainties
(Stage I elicitation) and their view of the informed In modest (Level 1) studies, the TI utilizes the
community's composite interpretation (Stage II interpretations found in the published literature, l

elicitation). In the latter sense, they are supplemented by informal discussions with other
themselves each acting as integrators in researchers. For example, consider a site-specific
evaluating the community's views. PSHA for a bridge site in southeastern Illinois

whereby the engineers are interested in evaluating
Because there have been relatively few Level 4

~

the integrity of the structure when subjected to
studies (EPRI and LLNL are examples), there is 500-year ground motions. The TI should review
not a large experience base on which to build the literature foi previous hazard studies that have i

guidance. Further, the adoption of the TFI process been conducted in the area (e.g., the EPRI and !
mtroduces certain new ground and processes for

LLNL studies, the national hazard map by the
structuring expert interaction for which detailed

USGS, studies by the Illinois Department of
guidance must be developed. For this reason a

Transportation, recent studies of seismicity in the
large part of this chapter is devoted t

New Madrid seismic zone, recent paleoseismic
implementatiog advice for the TFI. In contrast, studies in the Wabash Valley, etc.) The goal in
the TI process is much more common and these reviews is to understand and, in turn,
founded in application. Therefore, the discussion

represent in the hazard analysis the present level
devoted to the TI approach is more limited and of knowledge and uncertainty in the seismic
based on numerous examples.

environment of the bridge site. Peer review for a

3.2 The Technical Integrator (TI) Level I study can be quite modest (say 10% to
20% of the total effon), but still serves theppmach
valuable function of providing review of the

3.2.1 Introduction process followed and review of the data and
interpretations.

PSHAs in which a single entity is responsible for
specifying all inputs into a PSHA, as well as Assuming that the study was a Level 2 study

performing the necessary calculations, uncertainty (which implies additional resources), the TI

analyses, and documenting the process and results w uld communicate with the authors of published

have considerable precedence. In most of these studies and other local experts who have expertise
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in the region or in regional ground motions. The hypotheses and would attempt to encourage active
goal in these interactions would be to hear and interaction of the advocates of various technical
understand the technical positions taken by positions. The result of this process would be a
various proponents of particular hypotheses. For representation developed by the TI of the
example, the TI might probe the basis of diversity of interpretations and their uncertainties.
interpretations taken by a paleoseismologist who
is advocating the view that his data set in the A key aspect of the TI approach is the use of peer

Wabash Valley suggests that large-magnitude review to assure that the process followed was

earthquakes strike the region on the average every adequate and to ensure that the results provide a

250 to 500 years. What is the basis for identifying reasonable representation of the diversity of views

the paleoeanhquakes? What evidence suggests f the technical community Peer review has long

that these events are large? What are the been a cornerstone of quality assurance

uncertainties in the age estimates? What do others Procedures for PSHA. Usually peer review is

think about these data and conclusions? In the conducted in the final late-stages of the project

course of these exchanges, the TI would evaluate and mvolves the review of draft and final project

the viability and credibility of the various documents. In recent years, through large projects

hypotheses with an eye toward capturing the such as the Diablo Canyon Power Plant Long

range of interpretations, their credibilities, and Term Seismic Program, DOE's New Production
Reactor studies, and the Caltrans Seismic Hazarduncertainties. In effect, the TI is acting as an

" integrator" of the various interpretations and is Evaluations for the San Francisco Bay Area

attempting to provide an overall assessment that bridges, the process of a participatory peer review

would represent the informed scienryic has been developed and implemented. In this

community's view of the subject, if the community PProach, the peer reviewers are actively myolved

were to make such an assessment. This goal in reviewing the project throughout its

should be common to all Levels of PSHA, implementation. In this way, the peer reviewers

whether a Level 1 TI approach or a Level 4 TFI are able to provide advice regarding changes in

approach. the course of the study as it evolves. They are thus
in a better position to evaluate the process of the

To complete the example, assume that the bridge study and not just the final results. Of course, this
in Illinois is the largest suspension bridge in the entails some loss ofindependence of the
Midwest and that the issue oflarge-magnitude reviewers (see Section 3.4 for a more detailed
paleoeanhquakes has been deemed by the U.S. discussion of peer review).
Department of Transportation as a critical issue

In APP cation, the TI approach has been mostli| that must be addressed in order for the state to
liC mm nly APP ed to site-specific seismic hazardqualify for federal retrofit funds. In this case, the

project sponsor / project leader may conclude that analyses, and less commonly to regional seismic

this issue is a degree "C" issue, following the hazard analyses. Often, site-specific analyses

categorization discussed previously. Funber, he include site-specific data that have been

may chose to conduct a Level 3 study focusing on developed with the particular purpose of|

. the paleoseismic issue, feeding into a Level 1 evalu ting the seismic hazard. For example, the

PSHA for the remaining issues. To conduct the PSHA for the Diablo Canyon Long Term Seisnue

Level 3 analysis, the TI would bring together the Program and the PSHA for Rocky Flats DOE site

technical experts and proponents of various both meluded geologic or geotechmcal data'

hypotheses for debate and interaction in, perhaps, gathered with the specific purpose of evaluating
,

one or more workshops. The TI would focus the the site ground motions. Because of this focus on

debates in a way that would highlight the issues of site-specific mformation, the TI approach has

most significance to the PSHA (e.g., indicators of been well-suited to directly incorporating this'

the magnitude, location, and recurrence of inf rmatio:. into the hazard analysis through a

paleoeanhquakes). The TI would probe the thorough revn by the responsible TI. The TFI

viability of the arguments for and against the approach, which includes the assessments by
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l

multiple experts, requires the review of all Peer reviewers, particularly those involved in a
|

| pertinent data sets by the multiple experts in order " participatory peer review"(see Section 3.4), l

| for them to make an informed assessment. The should be prepared to question and provide |
I additional resources required to do so are usually meaningful guidance to the Project Leader and the

'

not available and/or the project sponsor decides TI (or TFI) on both the process being followed
that value gained for the additional resources are and the technical substance of the project. The
not required for the particular project. project should be conducted such that the peer

3.2.2 The TI Process reviewers will endorse the process and the
substance of the project at its completion.

| This section summarizes the recommended Step 2. Identify available information and design
; process that should be followed according to the analyses and information retrieval methods !

TI process. The guidance provided here is general !

and is not elaborate. This reflects the fact that the The TI is responsible for assembling all relevant !

TI approach has common application and is well- technical data bases and other informationi

tested. Detailed guidance is provided for seismic important to the hazard analysis. This includes

source characterization and ground motions any site-specific data that may have been gathered

applications in Sections 4.4 and 5.6, respectively. SPecifically for the hazard analysis (e.g., geologic

In the following discussion, the steps of the maps, results of fault studies, geotechnical

process are presented with an assumption of a PmPerties of soils, etc.). The TI also identifies

moderate ,cale (Level 2) analy sis. The reader can technical researchers and proponents that he/she

infer that a Level 1 analysis would involve lesser intends to contact during the course of the study
| activity and a Level 3 analysis would involve to gain insight into their positions and
I additional activities, particularly with regard to interpretations (in a Level 3 analysis, the TI

I the communication with experts within the identifies those individuals that he intends to
'

technical community. assemble for discussions and interactions). In
addition, the TI defines the procedures and

| Step 1 Identify and select peer reviewers methods that will be followed in conducting the ,

The Project Leader, perhaps in conjunction with hazard analysis.

the Project Sponsor, is responsible for identifying Step 3. Perform analyses, accumulate information
and selecting peer reviewers. Selection criteria for relevant to issue and develop representation of
the peer reviewers includes such attributes as the community distribution
following:

This Step is the heart of the TI work. Specifically,
i

| Earth scientist having a good professional the TIis responsible for understanding the entire
'

*

! reputation and widely recognized competence Spectrum of technical information that can be

based on academic training and relevant brought to bear on the issue at hand. This includes

experience. the written literature, recent work by other
experts, and other technical sources. In advanced |

,

Understanding of the general problem area*

through experience collecting and analyzmg technical work, it is always the responsibility of
the investigator to learn about the most recent

| research data for the same or comparable
advances in the field, often by direct contact witha nments,
other expens via personal correspondence,

Availability and willingness to participate as a personal meetings, telephone conversations, and
=

named peer review panel member, including a so on. In a Level 3 study, members of the
commitment to devoting the necessary time technical community are also brought together
and effort to the project. and the TI orchestrates interactions and, possibly,;

} Personal attributes that include strong workshops to focus the discussions on the*

{ communication and interpersonal skills, technicalissues of most significance to the hazard
flexibility and impartiality, and the ability to and to be sure that he is aware of the diversity in

'

simplify and generalize. interpretations for these key issues. The TI uses
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all of this information to develop a community the TI be attentive to the documentation guidance
distribution of the range of uncertainty for the in Chapter 7. -

panicular issues being addressed.
3.3 The Technical

Step . Perform data diagnostics and respond to4 Facilitator/ Integrator (TFI)peer renews
Approach

Interactive peer review during the analysis is very
'

important. The TI can use the peer review team as 3.3.1 Introduction
a sounding board to learn whether the full range . .

of technical views has been identified and In a sigmficant enhancement to current practice,

assimilated into the project. If key aspects are we intr duce the concept of the Techmcall

! difficult to resolve because different technical Facilitator/ Integrator (TFI). The TFI is a single

views exist among respected experts, the peer entity who has the responsibility and is
,

!

reviewers are vitally important. Peer review of the empowered to represent the composite state of

process depends on the type of peer review used inf rmation regarding a techmcal issue of the

(see Section 3.4). If panicipatory peer review is scientific community. In the TFI process, the
~

applicable, on-going review would occur after selected experts act, not as proponents of one

steps 2, 3, and 4 with appropriate response to the Specific viewpmt, but as informed evaluators of

reviews, a range of hypotheses and models. Separately, the
experts on the panel also play the role of

The fact that experts are not brought into the integrators, providing advice to the TFI on the
process in a formal sense, as in the TFI approach, appropriate representation of the composite
means that the TFI guidance on " expert buy-in" position of the community as a whole.
does not apply directly. However, it den apply .

indirectly, and that aspect of the TFI guidance The TFI process is centered on the precept of

should be studied (subsection 3.3). Specifically, if thorough and well-documented expert interaction

the TI develops a controversial interpretation that as the prmeipal mechanism for integration. Much
,

represents an integration of diverse technical f the " work"in the TFI process occurs m the

views of differing expens, it is very important that context of face-to-face expert mformation and
,

an attempt be made to obtain the views of the Viewpoint exchanges that take place over a series ;

specific advocates of the various technical f carefully structured meetings and workshops. |

positions involved. The peer reviewers can verify In contrast with the classical role of experts on a i

that this contact has been fulfilled and that the panel as individuals providing inputs to a separate
various interpretations are properly represented. aggregation process, the panel is viewed as a
In SSHAC's opinion,if these experts can " buy team, with the TF1 as team leader, working
into" the process that the TI has used to integrate together to arrive at, first, a composite
the different views, the credibility of the ultimate representation of the knowledge of the group and,
result of the TI's effort will be significantly second, a composite representation of the
strengthened. knowledge of the community at large (these

A variety of sensitivity analyses should be carried representations may or may not reflect panel

out and shared with the peer reviewers to consensus). The process is transparent to the

understand the most significant issues, sources of experts at all stages in contrast with previous

uncertainty, and data sets used to address the PSHA studies m which some experts have
C mP ained that the aggregation process was alissues.
" black box."

Step 5. Document process and results
The TFI conducts individual eh. . tions and

.

cita
This step is vital to an understanding of the study group interactions, and with the help of the
by third parties. Although relatively experts themselves, integrates data, models, and i
straightforward, it is important to emphasize that interpretations to arrive at the final product-a
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full probabilistic characterization of seismic panel estimates, each of which may itself
hazard. Together with the experts, the TFI " owns" represent a weighted combination of proponent
the study and defends it as appropriate. models and positions. The TFI can be viewed as

performing an integration assisted by a group of
The TFI is a special role that only comes into play experts who provide integration advice.
in a Level 4 analysis in which an issue is complex
and controversial enough to warrant the challenge TFI Responsibilities
and expense of a suite of multiple integrators. The

In carrying out the two roles, the TFI conducts a
advantages of brmg, g mereased wisdom andm

systematic process, which entails a number of
experience to bear on a difficult problem come at

specific responsibilities:
the cost of having to aggregate, or in some way
represent, the judgments of a set of diverse Facilitator-structures and documents full.

experts-a problem that has been a source of information, data and judgment exchange;
major difficulty in past PSHA projects. On future stages effective, professional face-to-face
projects that warrant Level 4 analyses, the TFI debates and interactions in critical areas;
process described below offers some new and ensures that the group identifies all strengths
unique advantages over previous PSHA multiple- and weaknesses of key data and modeling
expert processes. approaches; elicits fonnal evaluations from ;

. each expert; creates conditions that enable a
The distinction between the novel roles of experts

, direct, non-controversial integration of the
as evaluators and integrators and the traditional

experts' judgments.
role of experts as proponents of a particular
scientific point of view is fundamental to the TFI Integrator -<levelops a final compositea

process and is not well-defined in current assessment (in explicit probability
'

multiple-expen use literature and applications. distributions that can be incorporated in the
The TFI methodology does rely heavily, however, PSHA calculations); explains and defends this

;

on relevant published decision science research, assessment before the panel; obtains feedback !

and incorporates our best understanding of state- and concurrence (to the maximum degree
of-the-art methods for eliciting and aggregating possible); explains and defends the composite
expert judgments. Moreover, the TFI concept is representation to the outside, i.e., to other i

based on a detailed review of the problems and experts, the peer reviewers, and all interested
issues of past studies, particularly the large EPRI parties (e.g., policy makers and regulators).
and LLNL PSHA studies of the late 1980's and

It is clear that the TFI must have the stature andearly 1990's (discussed in Section 3.3.2.2 below). i

expertise to deal authoritatively with the !

The remainder of this section focuses on two multiplicity of disciplines and individuals. It is
unique TFI roles: I) the TFI as a Technical doubtful that one individual can be identified who
Facilitator who structures and guides the will possess all of the qualities required of a TFI.

,

interaction of a panel of expens, each of whom It is more reasonable to anticipate that the TFI i

evaluates the full range of models and will consist of a small group of individuals, !

interpretations, supported by expert proponents typically, two or three. At least one individual
who explain and defend specific models and should have " substantive" knowledge of the |
interpretations, and 2) the TFI as a responsible subject matter, e.g., seismic source
integrator whose objective is to develop a characterization or ground motion modeling; as a
composite characterization for the expert " specialist," he or she should be at least as
community based on the panel's inputs. The TFI qualified as the members of the panel on the
Integrator role is not that of a " super-expen" who technical issues. Another role (often another
has the final say on the weighting of the relative individual) will be that of a "PSHA expen" who
merits of a set of(proponent) models and knows how PSHA works and how the experts'
positions; rather, the TFI attempts to characterize inputs might affect the final results. One of the
both the commonality and diversity in the set of
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: !

substantive expens must be comfortable in the depends critically on the objectives of the exercise
role of group facilitator (defined below). Finally, and on the specific issue being addressed. For
one member of the TFI team should be an example, while consensus and equal weights are
" elicitation" expert (sometimes called a highly desirable, they are only appropriate under !

" normative" expert),i.e., an expert on individual- certain conditions (described below). However,
and multiple-expert elicitation processes, as well these conditions can be controlled and SSHAC
as in decision analysis and probability theory, believes that equal weights, at least, can usually
especially on methods for processing evidence. be attained with sufficiently structured intensive

# ## "' # #
Goals of the TFI Process '

different types of consensus, each of which has an
In applications and presentations of the TFI a priori different likelihood of being achievable.
process, observers have often asked the following . .

questions,' Notice carefully that each expert, as m Level 3,
documents and takes technical responsibility for

Does the TFI process always result in a his or her personal interpretation. The TFI is I

consensus among experts? ultimately responsible for (" owns") the composite

If not, are the expert judgments equally representation of the expert community, which is .

weighted? based on the individual expert evaluations as well
as the expert-as-integrators estimates of the

If, for some reason, the expert judgments community distribution. The TFI is responsible
aren't equally weighted, then what? for documenting and defending how the 1

Who chooses the weights and how? composite repre:entr. tion was developed, be it by |

These questions are natural because most if not all equal weighting of the individual expert estimates

existing multiple-expert processes have a single of the community distribution or, if necessary, by

objective, such as " achieve consensus," or, " elicit means more appmpnate to the panicular
ciremnstances.and then equally weight individualjudgments,"

or, "have the principal investigator choose the Thus, rather than pre-specifying the outcome of 1best judgment or even the best model." the integration process, the TFI as Facilitator :

In contrast, the TFI pro;ess does not operate with stmetures interaction among the experts to create {
a single preset objective but rather proceeds conditions under which the TFI's job as Integrator

through a pushdown list of objectives, attempting will be easy (e.g., either a consensus

to achieve the simplest, least controversial end representation is formed or equal weights are
,

state possible. In designing the TFI process, we aPPmpriate). In the rare case in which simple

recognized that the answer to each question integration is not appropriate, additional guidance
is provided.

Expert Roles

Title Individual Resource
Evaluator Integrator Proponent Expert

Product Individual Estimate of Presentation TFI
Interpretation Community of a Model Assistance

Distribution
i

.

I
: !

i
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|

Reader's Guide potential TFI's who need detailed how-to-do-it

The TFI process includes four separate expert instructions, and for expert-aggregation specialists

roles. As previewed above, the two primary roles uho wish to delve more deeply into the expert- )
for panel members are " Evaluator" and aggregation issues underlying the TFI approach.

" Integrator," but both panel and non-panel 3.3.2 Historical Context 1

member experts will, on occasion, be asked to
play the role of " Proponent," and an imponant To place the TFI approach in perspective, it is

non-panel member expert role is that of useful to review existing approaches to the use-of-

" Resource Expert" who assists the TFI in a experts problem. We stan with a brief overview

number of important activities (described below). of general schemes and then focus on previous
To assist the reader, the table below summarizes PSHA studies, highlighting some of the lessons

these roles and their products: learned that led to the TFI approach. This section j
is a condensed version of Section 1 of Appendix I

The remainder of 3.3 and its companion J, which goes into greater depth and includes
Appendix J are written at two levels with some specific references to related work.
intentional redundancy. The first three
subsections provide a basic understanding of the 3.3.2.1 General Expert Use Approaches

TFI process and its rationale. They are organized Historically, two basic types of expert use
as follows: processes have been used in general practice,

3.3.2 Historical Context and Motivation for * Stly focusing on the problem of aggregating
|thej. dgments of multiple experts:uTFI Approach ;

3.3.2.1 General Approaches to Expert Use Mathematical Schemes. in which expert I-

inputs are combmed using a mathematical
3.3.2.2 Historical PSHA Approaches to formula, and

Expert Use -Lessons Learned
Behavioral Schemes. in which aggregation is+

3.3.3 Underlying Logic of TFI Process accomplished through consensus building or
. some type of qualitative judgment by an

3.3.4 TFIEh.. citation Processj individual or negotiated group decision

An imponant adjunct to this section, Appendix J, A great variety of mathematical schemes have
provides additional guidance, including been proposed and reviewed in the decision
background on the principles underlying the TFI science literature, ranging from linear and
process and presentation of a set of specific

logarithmic opinion pools, equal and non-equal
implementation tips and traps. It is organized as

,

weights on expert probability distributions, |follows:
weights on the parameter values of underlying

Appendix J. Guidance on TFI Principles and Probability distributions, and Bayesian models

Procedures (references are provided in Section 1 of Appendix !
"

J). Most behavioral schemes are centered around
Section 1. Guidance on Historical some type of group facilitation process in which

Approaches to Expen Use the group, through either structured or

Section 2. Guidance on Facilitation unstructured interaction, is given the objective of
| reaching complete agreement on some techmcal
'

Section 3. Guidance on Integration issue.

Section 4. Guidance on the Two-Stage Mathematical aggregation has several advantages.
Elicitation Process The logic is transparent and completely

checkable. Combination formulas can isolate and
Appendix J's additional guidance is written at a separate specific assessments of dependence,
more techmcal level and is "must reading" for expenise, and overlap, so that sensitivity studies
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3. Structuring and Implementing a PSHA

are straightforward. Unfortunately, given the 3.3.2.2 Historical PSHA Approaches to Expert Use
i

current state of the an, there are several -Lessons Learned 1

substantial disadvantages to mathematical In seismic hazard analysis, both mathematical and
aggregation. Mathematical models are not behavioral schemes have been used. The analysts
advanced enough to include all the factors that are typically decide at which level aggregation will
important. take place (e.g., at the ground motion prediction

Classic consensus-building processes are usually level and/or at the overall seismic hazard level)

designed to encourage a group to reach consensus and they employ mathemetical combination

on a technical issue, such as the best estimate of f rmulas, either explicitly (e.g., equal or unequal

f median ground motion for a region or the annual weights on expert probability distributions), or

| frequency of characteristic magnitudes for a fault. implicitly (e.g., Monte Carlo sampling, implying

The major advantage of this type of scheme is equal weights, perhaps after removing an outlier,'

that, if the information exchange is full and implying a zero weight).

unbiased, and if the result truly reflects each Motivation for TF1 Approach
expert's state ofinformation, then the consensus
result is appropriate, credible and non. The previous PSHA exercises most relevant to the

controversial. Unfortunately, there are several multi-expert situation were the large EPRI and

problems with such methods. The overriding LLNL studies (Chapter 5 on Ground Motion

concern is whether the result is a true consensus describes relevant aspects of these studies).

that accurately reflects the diversity of education, SSHAC was fonunate to have the extensive

experience and reasoning within a group, or cooperation of project leaders and participants in

whether it is more the result of negotiation and both studies. They openly and willingly discussed

; strong personalities. There is also the risk of the strengths and weaknesses of those projects;

| understating the appropriate range of uncenainty indeed, many of the key EPRI and LLNL

by suppressing discussion of differences and Participants made substantial contributions to this

focusing on points of agreement. report. The successful ideas from these projects
'and other sources, such as (Otway and von

Should consensus on a technical issue be an Winterfeldt 1992); (Meyer and Booker 1991),
objective? In theory, where there is substantial (Cooke 1991 ) and (DeWispelare, Herre, Miklas
uncertainty, this type of consensus should rarely and Clemen 1993 ), provided much of the [
occur. In practice, technical consensus is better foundation for the SSHAC TFI approach.

i

viewed as a convenient result, not as an objective. However, detailed analysis of the previous studies
For example, in the SSHAC ground-motion also pointed to some areas for potential
workshops, the experts, even after thorough group improvement, which led directly to the TFI
interaction, had diverse judgments about which concept:
ground-motion model they would use if they had
to use only one (for a given magnitude, distance Overly Diffused Responsibility Previous*

and frequency). However, when asked to assign studies sometimes lacked a well-defined

weights to the range of models, the weighting single entity, responsible for the composite

schemes were remarkably similar. results. Responsibility was typically diffused
over a large group of experts, analysts and

SSHAC believes that it is very imponant, stakeholders in a nebulous way. In contrast,
whatever process is used, not to force the TFI has explicit overall responsibility for
unwarranted technical consensus that appears to the final PSHA product. In all cases, of
be agreement but that does not reflect the state of course, the individual experts are responsible
information of any single reasonable individual. for their own interpretations and evaluations.
The SSHAC process is oriented towards potential

Insufficient Face-to-Face Exoen Interactia*consensus of a very different sort, that is.
consensus on the best composite representation of Previous PSHA studies have sometimes not'

| the knowledge of the scientific community. involved sufficient, nor sufficiently
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3. Structuring and Implementing a PSHA

structured, expert interaction. While experts Imprecise or Overly Narrow Obiectives*

were queried and interviewed, there was Previous PSHA studies (and, again, virtually
insufficient time for intensive face-to-face all previous multiple-expert studies) have
technical interaction among experts, and little generally not distinguished well between the
opportunity for stmetured technical ultimate objective of a composite
discussions to clarify issues, challenge and representation of the panelitself and a
defend positions, and resolve unintended composite representation of the expert
differences. Past projects demonstrate that the community as a whole. This distinction can
expens' limited experience with probabilistic be crucial with respect to important issues,
models and statistics requires a strong such as how to deal with panel experts with
facilitator to probe into technical details to outlier opinions. Fortuitously, representing
avoid unintentional characterizations of the overall community is not only a more
expert interpretations, and also to detect and desirable objective, but is actually more likely
correct an expert who is acting as a proponent to be an achievable one.
rather than an objective evaluator.

Out!ier Exnens Previous PSHA and multiple-+

In the EPRI and LLNL studies, some experts expert studies have dealt awkwardly or not at
felt dissociated from the final results. all with the contentious issue of" outlier
SSHAC's workshops confirmed that emphasis expens," expens who make interpretations
on expert interaction as the principal that are significantly different than the those
mechanism for integration helps to ensure that of the rest of the panel and that are not well,

both the panel and the TFI feel " ownership" supported by logic or data. Treatment of
of the composite results-all major outlier expens can have a major impact on the
agreements and disagreements are represented final hazard distribution; indeed, this issue
explicitly. was a primary motivation for the TFI process.

Inflexible Accrecation Schemes Previous Insufficient Feedback Following the- *

PSHA studies (as well as most other major elicitation of expen judgments-but prior to
studies employing multip'e-expert elicitation) finalization of the assessments-the expens
have generally not taken sufficient advantage should be presented with the results of their
of state-of-the-art concepts and principles evaluations. This feedback is in the form of
from the fields of expen elicitation and the calculated final results, interim results,
aggregation. For example, most PSHA studies and numerous sensitivity analyses. As an
have made a priori decisions to apply equal example of past problems, it has been shown
weights to multiple-expenjudgments. As we in some studies that the assessment of
shall discuss below, equal weights are both earthquake recurrence parameters (a and b-
desirable and often appropriate, but only if the values) without feedback can lead to
expert-interaction process is carefully problems. This is because, in addition to
designed to ensure appropriate conditions for uncenainties in the values of the two
equal weights, and only if a careful check is parameters individually, the parameters are
made after the interaction to ensure that these usually correlated with each other and this
conditions have been met (in some prior correlation needs to be specified (e.g., the
studies, the conditions for equal weights were probability that high values of a should occur
clearly not met). Although there are no with high values of b). Feedback could
universal algorithms or recipes for include the range of recurrence curves derived
aggregating judgments, SSHAC's from the assessment of a and b values and
recommended process incorporates key derived recurrence intervals for panicular
principles from the large body of helpful magnitudes.
research and practice in expen aggregation
into guidelines for the TFI.
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3. Structuring and Implementing a PSHA

3.3.3 Underlying Logic of TFI Process process outcomes, we highlight some especially
useful working principles for the TFI to apply at

We summarize here the basic structure of the ieach stage; the reader should be aware,5 owever,
basic TFI process. Figure 3.1 provides a that in application, the TFI can "mii sd match" I
"roadmap" for the process logic. Reading left t

the principles throughout the process. Also, these
right, the tree mdicates mereasmgly less desirable !

, and other process guidelines are described in
| final process outcomes. Paths with an arrowhead

more detail in Section 2 of Appendix J.
j mdicate desirable (and expected) process

,

j outcomes. The TFI's job is to organize a process ;

that will exit the tree at the earliest possible point,!

j*#*while at the same time making sure that this is a g ,

j legitimate stopping point. %
'

/+; s
The TFI's Fundamental Objective'

, ,

To understand the " tree" TFI process and its ep**
potential outcomes, it is essential to understand %

the unique objective of the SSHAC process: that %d*fs.,
| is, to use the panel to represent the overall

scientific community's state of knowledge. The " " "'" **$" " " =

underlying premise is that the primary objective Figure 3-1 TFI Process Logic
for public policy making is not capturing the Outcome 1: Consensus
judgment of any individual expert (inchiding the
TFI), nor even capturing the composite judgment The most desirable end state is consensus among i

of any specific subset of experts (including the the expert panel, but only if the experts truly j

panel), but rather, capturing as best possible the agree after a full and intensive information !

composite judgment of the overall scientific exchange and interaction. There are two equally ;

community of informed experts. Characterizing inappropriate outcomes the TF1 must avoid: 1) the I

the panel's own knowledge is an essential group achieving an artificial consensus that is not
intermediate goal, but not the final product. real (unintentional agreement) and 2) the group

,,, . , appearing to have substantial disagreements that
Of course, it is impractical to engage an entire are caused only by semantics and confusion rather
scientific community (often hundreds or even than by substantive scientific differences
thousands of scientists for a given issue) in any (unintentional disagreement).
meaningfulinteractive process. Decision makers
must always rely on a smaller, but representative, Types of Consensus

set of experts. Thus, the panel is viewed as a A key question we must address before
sample of the overall expert community. proceeding is, " Consensus on what?" Consider

Section 3.3.4 describes a two-stage elicitation the following possible types of consensus:

process in which the panel members are asked in Consensus Tyne 1:
Stage I to represent their own positions as

-

|

independent evaluators of data, models and Each expert believes in the same deterministic !
interpretations (the traditional role of a scientist); model or the same value for a variable or j

and in Stage II, to play the role ofintegrators who model parameter.
attempt to represent the composite position of the j

Tlu.s could reflect agreement on a scalar
-

community as a whole. This two-role distinction
may appear subtle at first, but it has important Parameter like the speed oflight or density of the

practical implications for the process outcomes. canh's cmst, or agreement on a determmistic
, ,

model and its parameters (e.g., ground motion
| The following oiscussion is organized around the attenuation as a function of distance), or

tree in Figure 3-1. In describing the possible sometimes just agreement on a functional form
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3. Structuring and Implementing a PSHA

(e.g., the attenuation curve is logarithmic). an expert panel to achieve more traditional Type 1
| Importantly, this could reflect agreement within or 2 technical consensus. In the TFI process, the

practical limits such that the final hazard issue is not consensus on scientific issues, which
distribution is insensitive to differences. This type is almost impossible to achieve; acting as
of technical consensus represents the common use integrators, the experts only have to agree on the
and meaning of the word, but is often an artificial appropriate composite representation of the
objective and difficult to achieve. overall scientific community. As demonstrated in

the SSHAC workshops, it is far easier for a groupi

Consensus Tvoe 2:'

of experts-when they have legitimate scientific

Each expert believes in the same probability disagreements-to agree on how to represent thei

| distribution for an uncertain variable or model informed community's legitimate diversity of

parameter. opinion about a seismicity or ground motion
issue, than it is for the experts to agree on specific

This could reflect agreement about a probability technical issues.
judgment, the probability distribution resulting
from a single model, or agreement on appropriate Here are some process principles especially sse"ul

weights for a range of probabilistic models or in the early stages of the TFI process:

positions. This type of technical consensus is als
Ems as Evaluators. not Prononents Viewing

difficult to reach, but may be achievable for some
the experts as evaluators (Stage I) who provide

issues after removal of unintentional differences both interpretations of a range of data and models
by an appropriately facilitated TFI process (see

for the TFI is an attractive alternative compared to
below). viewing the experts as proponents, advocating

Consensus Tvoc 3: their own models or assessments. Although the
TFI might sometimes ask a panel expen to act

All experts agree that a particular composite temporarily as a proponent, this is solely for the,

probability distribution represents them as a purpose of explaining a particular model, not for l

group. the purpose of creating a permanent advocate.

Note that a group may agree on their composite Emnhasis on Excen Interaction The TFI must
representation, even if individuals have different conduct stmetured, facilitated discussions among

'

positions. This type of consensus is generally the panel experts in which the focus is on
easier to achieve than Types 1 and 2, especially if underlying models and hypotheses, not on

;
the experts recognize that substantial diversity individual experts. The process evolves in stages,

'

among individual panel estimates tends to imply a and in each stage there are intensive group
wide range of overall uncertainty, interactions preceded and succeeded by TFI

Consensus Tvoe 4: interaction with individual expens. Guidelines for I

how to conduct this interaction were developed |

| All experts agree that a particular composite and tested in the two SSHAC ground motion {
probability distribution represents the overall workshops (these are documented in Chapter 5 l

| scientific community. and Appendices A and B).

SSHAC seeks Type 4 consensus, which is Isolate Sources of Disagreements Experts may
potentially the easiest type of consensus to disagree: about underlying scientific hypotheses
achieve. In the process of seeking Type 4 and principles; about interpretations of different
consensus, a useful intermediate step is to seek available data sets; about the values of model |

Type 3 consensus. Parameters; and, even with agreement on models, {i data and parameter values, about the ranges of the li There is reason to be far more optimistic that the epistemic uncertainties that affect seismic hazard.
TFI process can achieve legitimate Type 3 or 4 Paradoxically, isolating and focusing discussion Irepresentational consensus than one would be for

about the different potential types of disagreement !

l
1
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may actually move the group toward agreement It is essential for the TFI to understand clearly
on scientific issues. In the SSHAC workshops, the when equal weights are appropriate and when
process ofisolating sources of disagreement they are not. As we shall discuss, intensive
uncovered many common points of agreement interaction is perhaps the most effective way to I

'

and revealed a number of points of unintended create conditions under which equal weights are
disagreement. One panicipant remarked at the appropriate. In past seismic hazard and other
end, "It is astonishing how much everyone now public policy studies, equal weights were often
agrees." used without this intensive interaction and

. . .
without careful analysis of whether equal weights

Active Listenmg A useful facilitation modelis the were appropriate. This can be dangerous in the |

concept of" active listening," m which a person's seismic hazard arena: because of the logarithmic
reasoning is not considered fully understood nature of key components of the seismic hazard
unless each listener, whether or not they agree calculation, equally weighting an indefensibly
with the reasoning, can explam it back to the high probability given by one outlier expert can

,

person who made the pomt. It is extremely (as it has in some studies) swamp out the impact
important for the TFI to summanze points of of all the other experts. The result is an answer

'

i

agreement and disagreement, encouraging active that no one, not even the outlying expen, believes
listening and frequently playing back a clear is representative of the overall community.
summary of the conversation during the meeting.

. .. In the classic expert-use problem (see Appendix J
Tone of the Interaction It is entical for the TFI as for details), there are two fundamental conditions
a facilitator to set the nght tone. Two elements are that must hold for equal weighting to be i

entical: first, establish that the purpose is not t appropriate: first, the experts must either be !
choose the best model or answer. The TFI concept completely independent -i.e., rely on
is founded on the premise that there is no one independent data bases and models (this is
correct model or answer, no smgle "wm, ner" or virtually impossible), or be equally
loser. Second, the purpose is not to achieve interdependent (expert dependence is more

consensus (of any type, but especially Types I carefully defined in Appendix J). By exposing the
and 2). Consensus may occur, but it is important expert panel to all models and data bases, the TFI
psychologically for the panicipants not to feel that process encourages equal interdependence. I
the process is failmg if everyone does not agree. Second, the experts must be equally credible. In

Outcome 2: Equal Weights the TFI process, experts are methodically
screened for their ability to be excellent scientific

When the panel members do not share the same evaluators (see Section 3.3.4 for details on panel
composite representation of the community, the selection).
TFI must define the composite distribution. The
TFI is neither constrained to use any fixed The Committee's methodological goal of

aggregation formula nor, in particular, to weight representing the state of knowledge of the overall

all expen inputs equally. Nevertheless, equal community of experts imposes another important

weighting has significant advantages and the TFI coradition that must be satisfied for equal weights

process is explicitly designed to create conditions to be appropriate. A set of n equally weighted

under which equal weights will be appropriate, experts, in order to represent the informed

The attraction of equally weighting expert diversity in the whole community, must reflect an

| judgments is that it avoids at least two extremely unbiased sample of the overall expert population.

j difficult issues. First, one need not make what can If for example, an expert evaluator insists on
i be a very charged-and difficult to defend in the giving weight to only one model, thereby acting

regulatory arena -judgment (Who is the best as a proponent rather than an informed evaluator,

expert?), and second, one need not make what can giving that expert equal weight among the n
be very difficult assessrrents (If not equal experts overrepresents the strength of his or her

weights, what?) position in the community. To understand this,
i

|
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|

suppose that the group could be expanded to the basic approaches, rather than on variations of the
size of the entire community by adding (n 1) new same approach. There should be more dialogue at
experts (i.e., the size of the community is (2n-1)). the level of structure than at the level of numbers. J
Then, the proponent would still be the only one This avoids disagreement over small numerical j
holding his or her position, and weighting the issues local to the specific panel, and focuses on i

experts equally would result in the appropriate community-levelissues that matter. As the
weight for this position of 1/(2n-1). On the other interaction evolves, numbers become increasingly
hand, assuming that the (n-1) original useful to the extent that they show how different |
representative expert positions are replicated by modeling approaches work over ranges of,

| the new experts, equally weighting the non- applications and data and how much |

| proponent experts results in a weight of 2/(2n-1) disagreements matter. A related lesson from the ;
| for each of the unbiased positions, twice that of SSHAC workshops is that it is crucial to l

the proponent's weight. (Note that changing an investigate early issues involving data underlying )
individual expert's weight from 1/n may or may a model or its parameter values in order for the

'

not change the composite representation group to understand well the different model
significantly depending on how strongly hazard results and expen positions. '

! estimates based on his or her position deviate . . .'

Sensitiv;ty Analysis There is,no reason to down-from the hazard estimate based on the composite
| distribution of the other n-1 experts.) Outlier weight an expert's composite representation if the

,

experts are discussed further below. IInal answer is insensitive to the weight given to ),

his or her position. If the expen's answer is not
.'

Panel Selection and Removal For a Level 4 dramatically different than the average of the
study, it is critically imponant to select a diverse other positions, or if it results in a lower-than-

, group of experts, large enough to ensure that all average hazard probability (the hazard calculation

| credible points of view are represented, including is logarithmic), then it will likely not have an !
| all fundamental interpretations and modeling appreciable effect on the overall hazard
! approaches. Using equal weights implicitly calculation, especially the mean hazard cun e. In

| assumes that each expert is " standing in" for a this case, even if the TFI feels an expert's position
'

much larger community of equally qualified is over-represented" by an equal weight,it is not |

| experts. Thus, it is important that the set of worth the time, energy and possible controversy
| expens be capable of representing the overall involved to down-weight that expert.

expert community as a whole.
Outcome 3: Explicit Quantitative Weights

Two of the most serious practical problems occur
In any practical project, the number of experts

|
1) when a expert behaves as a proponent, rather

(call it "n") is small relative to the larger
than an evaluator and 2) when an expen is not

. population of equally qualified experts. lf the TFI
j prepared and m some way does not live up to his

believes that if the panel were expanded to the
| or her professional time and work commitments.

size of the overall community, an expen'sCareful panel selection using explicit selection
position would not be representative of 1/n of the

entena will greatly reduce the chance of
community, then to give that expert's positionencountering these problems. Nevertheless,
weight 1/n would misrepresent the diversity in the

SSHAC also recommends strongly that the TF1
overall community. In this case, unequal

develop and discuss in advance with the panel
weighting may be appropriate. The situation need

formal criteria for dropping members from the
not be contentious and should be viewed as

panel (see Section 3.3.4 for more details). In the
primanly a process issue. The relevant question

event of a problem, a determination is made by
i "Is the expert's position, which is already a

the TFI m, close consultation and with the suppon
weighted combination of models, representative?"

of the overall panel,
not the more personally threatening question,"Is

Structure before numbers The focus in initial the expert's scientific position correct?" The
interactions should be on the logic of different Committee believes that in the rare case in which
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the representativeness issue arises, the expen Expert Ageregation Checklist Section 3 of
should be given every opportunity to defend his Appendix J reviews a set of basic issues relevant
or her position as being representative to the other to both expert aggregation (directly relevant to the
expens and peer reviewers (especially TFI) and model aggregation (relevant to the TFI
panicipatory peer reviewers). in guiding the experts as evaluators). The TFI

. should be aware of and carefully consider each
The issue of unequal weights is, of course'

aggregation issue at each stage of the process l

pertinent to the mdividual experts who will almost before final decisions are made concerning issues i
certainly want to give different weights t Ilike equal or non-equal weights.
different models. In this case, the expert j
aggregation literature has some useful guidelines Outcome 4: " Weighing" rather than " Weighting" |

the TFI can pass on to the experts for how to . .

Rarely, even after extensive mteracticn, will a
determine these weights (Appendix J).

situation call for some type of asymmetric
Outlier Experts The issue of outlier experts has treatment of expert-as-integrator representations.

been especially contentious in past multiple- More commonly (but still relatively rare), the
expert studies and deserves extra attention here. experts themselves,in their role as evaluators of
For our purposes, an outlier expert is defined by models or proponent positions, may find simple

two conditions: a) he or she makes an fixed numerical weights to be inadequate. An
interpretation far different than the rest of the example is in the ground motion arena in which

panel and b) the expert cannot support the many experts believe that the weights on different

interpretation with solid data or reasoning (from models should be a function of magnitude,

the points of view of the TFI and the other panel frequency and distance (see the Ground Motion

members). A past PSHA study provided an appendices). But there are even rarer situations in

example of an expert who attached probability of which explicit model weighting of any type is
unity to Modified Mercalli Intensity (MMI) XII artificial, in which case an expert must " weigh"
earthquakes throughout the Nonhwestern U.S. If alternative models in a more general sense. A

the objective were limited to developing a simple example will help to explain this concept.
composite representation of, say, a five-person Two proponents have provided a TFI with their
panel, then the TFI is in a logical " trap" since the probability distributions on a scalar quantity y. !

outlier expert does,in fact, represent 1/5 of the These cumulative distribution functions (CDFs) |

panel. Moreover, the outlier expert was selected are shown in Figure 3-2. The experts A and B |
carefully as being a priori as equally qualified as have also supplied the reasoning (qualitative
the other expens. Common sense says that the arguments) underlying their CDFs. If the TFIis
MMI XII expert should be down-weighted, but constrained to use equal weights, he or she will do

how can this be justified after the fact without what the NUREG-1150 methodology required
superimposing the TFI's own scientific judgment (Hora and Iman 1989) and will produce the curve
on the process? labeled EW. For each value of y, the EW ordinate

is one-half the sum of the ordinates of the curves
The perspective of developing a composite A and B. The qualitative arguments that the
representation of the overall community of experts have supplied play no role in this
scientists affords a way out of the logical trap. aggregation scheme, except, perhaps, to give
When asked to identify other supponive experts, legitimacy to the individual distributions.
the outlier may even agree that he or she is the
only one out of a hundred seismicity experts who
would attach significant probability to a MMI XII
earthquake. To represent the overall community,
if we wish to treat the outlier's opinion as equally
credible to the other panelists, we might properly
assign a weight of 1/100 to his or her position, not
1/5.
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The Committee believes that while a " weighting"
approach is not required of TFI's or 'ITs, explicit
equal or unequal numerical weighting is highly

...___..... _______ ... desirable (if feasible) for several reasons: 1)to

[ ' ,
' '', _ .....

Explicit weighting provides a decomposition in
which different evaluations can be explicitly4 -

,
'

compared,2) requiring explicit weights from-
,

'

%- experts tends to lower the possibility of eliciting
'

'

extreme non-defensible opinions, and 3) there are*,'m probabilistic models (see Appendix J), albeit'

'

simplified, that provide theoretical underpinnmgsno
Y

to the weighting process (as applied to either

Figure 3-2 An Example of Behavioral Aggregation expens or models).

Suppose now that the TFI studies these arguments 3.3.4 The TFI Process
carefully and finds that the reason why the two

We describe below a seven-step process for the
curves differ is the disputed applicability of a TFI to follow to bring a multiple-expen project
piece of evidence: Expen A believes that this from problem definition to a successful
evidence is convincing, while Expen B believes conclusion. The seven steps are rather traditional,
that it is not relevant. The experts are fully aware but some imponant novel aspects of the
of this disagreement, and have discussed each

implementation are specific to the TFI process.
other's rationales, but they are not willing to
change their curves. Let us funher assume that the In particular, the goal of forming a composite
TFI reaches the conclusion, based on the expens' representation of the scientific community
interpretations, that the disputed evidence is most suggests a natural two-stage clicitation procedure.
likely irrelevant at very low values of y, but We review this first because it provides useful
cannot be completely dismissed for moderate context for not only the elicitation step, but for the
values. The TFI, therefore, produces the curve expen selection, training, and aggregation steps as
labeled "TFI" to reflect this state of knowledge, well.
This curve is presented to the expens and their

Two-Stage Elicitation Procedure
subsequent arguments are evaluated by the TFI
who may adjust the composite curve to reflect this A useful conceptual model of the expen panel is
feedback. Fmally, the TFI repons the composite that it is an informed, independently-thinking
curve and the reasons that have led to its sample of n evaluators who are representing a
derivation (which, cf ;ourse, includes reponing much larger community of N similarly informed
the individual curves and arguments, so that evaluators (more precisely, representing the
others mayjudge the validity of the whole communitv's position if all in the community
exercise). His concept is consistent with Kaplan's were equally informed, where " informed"
idea of a " skillful user" (Kaplan 1992 ). It is easy includes a full understanding of relevant site -
to see why requiring the TFI to use explicit spe :ific details). He TFI's problem is to collect
weights for this aggregation scheme would be infonnation from the size n sample (n < N) in
anificial. Funhermore, this approach can mitigate order to estimate the characteristics of the hrger
contention based on different parties' compirints size N population. In many ways this is a classical
that their positions were not understood, because problem in statistics, and many statistical insights
the explicit issues will have been explained and apply directly. Section 4 of Appendix J presents a
the TFI's reasoning documented, so that simplified mathematical version of this
discussions on the merits can occur in an open conceptual model.
Context.
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The conceptual model suggests a two-stage Stage II Panelists as Integrators, Representing the
process in which the expert panel members play Overall Expert Community

two distinct roles. Here we highlight the In this stage, the panelists act as integrators (see i

elicitation process for each role. Appendix J Section 3.2), providing two types of nssessments,
provides for each stage a specific suggested list of based in large measure on what they learned from
the estimates and probability assessments required f rst-stage interactions with the other panel
of the experts. Appendices A and B provide members:
implementation details in the context of the two
SSHAC ground-motion workshops, a) Each expen provides an estimate of what the

composite mean of the entire informed
Stage I Panelists as Independent, Informed
Evaluators, Representing Themselves community would be; that is, assuming that

an extensive clicitation were performed m.
Typically, the objects of a given elicitation are the which the community were provided the same
parameters of an aleatory model, such as the mean information base and opportunity for
rate or rupture velocity during an event or the interaction as the panelitself.
median ground motion for a given distance and
magnitude or even the (aleatory) standard b) Each expen assesses an estimate of what the

I deviation of the ground motion. The expens are composite uncertainty m the community
,

w uld be if an extensive elicitation were i

,

! asked to provide two types of assessments:
performed,

a) Each expen provides his or her best estimate
(e.g., mean value). This is based on an The Stage II assessments provide the TFI with

evaluation of the full range of models, inf rmation a) about each expert'sjudgment ,
,

evidence, data and proponent positions in the about how well his or her individual interpretation
! community. The assessments are performed represents the overall community (it is entirely

( in the context of thorough facilitated reas nable for a expen to saz," lower than the
I recognize and

can defend that my estimate isinteraction (including sharing of all relevant
local or site-specific information) as e mmunity average"), and b) about whether the

described in Step 6 (analysis, aggregation, Panel believes its composite judgment is biased

and resolution of disagreements). relative to the overall commumty.

b) Each expen assesses his or her epistemic The Stage II elicitation, since it is based largely

uncenainty in the mean estimate. This is also n inf rmation generated in Stage I, should

based on thorough interaction; in particular, e nsume substantially less resources and time

each expert is exposed to the full range of than the Stage I clicitation.

other panel-member estimates, which should Seven-Step Process
often lead to appropriately wide distributions
if there is substantial disagreement. The TFI must be involved in all aspects of a

multiple-expert project in order to be able to takei

| If the TFI's goal were to represent the panel's responsibility for the final product and to ensure
'

composite knowledge, the elicitation would stop that the involved expens take intellectual
here (after sufficient interaction, iteration, etc.). In responsibility for the results. Based on their
fact, it is useful at this stage to constmet an initial NUREG-1150 experience, Keeney & von
composite representation of the panel, but this is Winterfeldt (1991) describe a seven-step process:,

an intermediate product. A second stage builds
'

! additional information useful for extrapolating Step 1 Identification and selection of the j
from the panel to the overall scientific techmcal questions ;,

j community. Step 2 Identification and selection of the experts

Step 3 Discussion and refinement of the issues
;

i
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Step 4 Training for elicitation seismicity and ground motion sections of this |

report). Some of the questions may be resolved by
Step 5 Group interaction and individual

simply proposing a answer and soliciting
elicitation

comments from peers. The TFI should seek |

Step 6 Analysis, aggregation, and resolution of outside advice, e.g., from the study's sponsors and

disagreements selected expens, when the questions are selected.

Step 7 Documentation and communication Step 2. Identification and Selection of the Experts i

Step 5 in Keeney and Winterfeldt's process was Attempting to define precisely who is an expert is j

labeled " Elicitation." We have general'ized the n t fruitful. In general, a candidate panelist must I

step to accommodate our special focus on group have a good professional reputation among his or l

interaction. her peers. In some recent studies (Trauth, Hora, |
and Guzowski 1993), a nomination process has |

Most of the discussion in the literature on been adopted, in which a long list of potential )
multiple-expen applications, e.g., in Otway and candidates is developed by consulting the archival i
von Winterfeldt (1992): Meyer and Booker literature and by asking technical societies, I

(1991) and Cooke (1991), can be accommodated government organizations, as well as
by this list of seven steps. In a project similar in knowledgeable expens to submit names. of
spirit to the SSHAC project, DeWispelare and researchers and practitioners. SsiAC suongly
others (DeWispelare, Herre, Miklas and Clemen recommends this type of formal nomination
1993) implemented an analogous formal expen process, and the development of a formal set of
elicitation process in their Yucca Mountain criteria for both selecting and potentially

,

|

future-climate study. removing potentia! panel members.
,

We shall use the seven-step paradigm as a For example, the following criteria were used to j
convenient way to structure our discussion of the select the seismic source characterization experts

'

TFI process; however, we pay special attention to for the ongoing Yucca Mountain seismic hazard
,

the most unique SSHAC step, Step 6, where the analysis: 1

TFI must act as both a facilitator for expen
interactions (Step 6a) and as an integrator (Step Strong relevant expenise as demonstated by.

6b) esponsible for producing a final composite pmfessi nal reputation, academic training,

representation of the expert panel. relevant experience, and peer-reviewed
publications and reports

Step 1. Identification and Selection of the Technical
Willingness to forsake the role of proponentIssues .

. . of any model, hypothesis or theory, and
For our purpose here, a techm. cal question is one perform as an impanial expert who considers
that must be answered by the formal elicitation of all hvpotheses and theories and evaluates their
expen judgments. Examples of questions from relative credibility as determined by the data
PSHA are the definition of the seismic source
boundaries and the value of the maximum Availability and willingness to commit the.

canhquake magnitude for each source in the time required to perform the evaluations
seismicity portion of the study, and the median of needed to complete the study
the ground motion variable (PGA or spectral
velocmes) m the ground motion ponion of the Specific knowledge of the Yucca Mountain.

study. Clearly, such questions must have area, the Basin and Range Province, or

significant impacts on the results. Depending on Fround motion characterization

the scope of the analysis and given the expense Willingness to participate in a series of open.

involved in a formal exercise, the TFI must workshops, diligently prepare required
develop criteria as to how the questions will be evaluations and interpretations, and openly
selected (relevant guidance is given in the explain and defend technical positions in
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interactions with other expens participating in A formal, well-documented selection and removal
the project process can be extremely useful in highly charged

. politier.1 arenas in which the TFI must anticipate
Personal attributes that melude strong charges of bias. The TFI should play the principal

a

communication skills, interpersonal skills, role in creating nomination and removal criteria
flexibility and impartiality, and the ability t and in selecting the group, supported by the
simplify and explam the basis for sponsors and possibly an advisory committee of ,

interpretations and techmcal positions.
|experts.

In the same study, the following guidelines have
It is important to ensure that the final group

been established for the removal of an expert represents a broad spectrum of scientific
from the panel: expertise, technical points of view, and

"The need to consider removing an expen can organizational representation. There are additional .

only arise for failure to perform according to the considerations as well. In the TFI process, I

commitments and demands of the project as stated evaluation ability and experience is especially

in the expert selection criteria." important for the expens as informed evaluators.
Also, the selection process should be influenced

One or more of the following could prompt the by the way the elicitation of the judgments will be
need to consider removing an expert: handled. If the TFI plans to interact with the

experts individually, it is important to select1) The person demonstrates unwillingness to
experts who are (or, are willing to become) jperform as an expert evaluating credible

models, hypotheses, or theories relative to the s mewhat famihar with the big picture, i.e., what !

PSHA is all about and how their input will bedegree they are opported by data. This might
be considered to be demonstrated if a person

utilized. If, on the other hand, the TFI plans to
f nn several teams of experts and interact with

becomes a proponent of a single model,
each tesm as a sub-group, then the concern should

theory, or hypothesis to the exclusion of all
be *g sure that ech team meludes all the

others, or is unwilling to be guided by the
necessary disciplir.es, e.g., for seismic source

,

data in making interpretations or expressing
charactenzation issues, seismology, geophysics

,

uncertainty.
and geology. The need for each expert to have a

2) The person is unwilling or finds it impossible broader perspective is not as pressing in the team
to commit the time required to perform the case.

evaluations needed to complete the study. . .

This might be reflected in the person The advantage of forming teams is that, in highly
multidisciplinary problems, each team can be

consistently being unprepared for workshops
chosen to have the necessary expertise to handleor interactive meetings with the Facilitation
the problem. A drawback may be the presence ofTeam and/or consistently failing to meet
a strong personality who forces his or herestablished schedules for deliverables.
Judgment on the team, although an effective TFI

3) The person is unwilling to interact with other will discern this and intervene to prevent it from
members of the project in an open and happening. Furthermore, the presence of several
professional manner. This might be teams provides additional assurance that a
demonstrated by the person assuming a representative spectrum of scientific judgments
hostile and aggressive posture toward other will be obtained (i.e., assurance that the teams

members of the project or being themselves can act as evaluators and integrators).
uncooperative and disruptive in the In multidisciplinary problems, individual experts

| workshops or interactions with the could have access to a supporting staff. Of course,
Facilitation Team." the more elaborate the structure of the expert

panels, the more costly the process. In the end, the

i
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TFI will bear responsibility for both the selection for the TFI to discuss with the experts the
process and the expen-panel stmeture. concepts of aleatory and epistemic uncenainty

(see Chapters 1 and 2 of this report). Such
Step 3. Discussion and Refinement of the Technical
Issues conceptual subtleties must be discussed so that the

expens will have a clear understanding of the
The TFI will hold a first meeting with the experts issues with which they are dealing (the Ground
to discuss the technical questions that have been Motion appendices document such discussions).

| selected in Step 1 and to make sure that everyone
; understands them as intended (more meetings Keeney and von Winterfeldt (Ref.1991)

may be held, if necessaiy). The TFI need, to rec mmend, and SSHAC agrees, that after the

make sure that all experts have access to major first meeting the experts should be given time to
reflect on the issues and on the discussions that

! sources of relevant data. An interaction of this
kind is very important, because experience, for will have taken place at that meeting. They should

then provide feedback to the TFI.example, in the Ispra Benchmark Exercises on
probabilistic assessments (Amendola 1986 ), has Besides the obvious benefits of eliminating
demonstrated that a major contributor to apparent misunderstandings, this step also influences the
disagreements is misinterpretation of the problem degree to which strong disagreements will surface
and its boundary conditions. Past experience in during the processing of the judgments (Step 6,
the LIRIJEPRI and other PSHA projects was discussed below). We expect an informed group
similar. SSHAC workshops on seismic source of expens that has debated the issues prior to the
characterization and ground motion confirmed actual elicitation to be more likely to cooperate
that the participating expens felt strongly that with the TF1 in the formulation of the final
detailed discussions and exchange of information composite judgment.
prior to the actual elicitation were critical to the Step 4. Training for Elicitation
success of the exercise (see also the discussion on
Step 6a below). This step of the process is carried out by the

elicitation expens of the TFI Team. The basic
Through these interactions, the expens have an

premise is that domain or substantive expens, i.e.,
opponunity to provide input to the formulation of

experts on the relevant physical sciences, are not
the techmcal questions and the precise

necessarily experienced at producing probability
formulation of the elicitation questions that will

distributions that reflect their true state of
be asked. This formulation usually involves the

knowledge. The language of probability may be
decomposition of an issue into other issues that

foreign to them or they may be susceptible to
are judged to be easier to analyze. For example,

various biases (Tversky and Kahneman 1974;
| one may wish to ask questions directly about a

hieyer and Booker 1991, Cooke 1991 ).
specific ground motion parameter or one may

Moreover, they should be familiarized with
decide to consider several alternative models that

problem-structuring tools, such as influence
estimate the parameter value, formulating the

diagrams (Shachter 1988; Oliver and Smith 1990;
| issues in the context of these models,i.e., asking

Call and Miller 1990 ) and logic trees
1 questions about the numerical values of the

(Coppersmith and Youngs 1986; National
parameters of these models, such as the expected

Research Council 1988).stress drop.
. . . . The reluctance of some experts to speak in

The TFI's role m. this step is pnmanly one of a
probabilistic terms may be overcome by

techmcal facilitator (for more details on this expla ning what probabilities are designed to do
|

subject, see Step 6a below). The TFI takes a
and by discussing some simple rules and

proactive role by collecting and disseminating,

, exercises. The distinction between aleatory and
relevant information and by raising questions and

epistemic uncenainty should be further explained
encouraging all expens to learn the PSHA

in terms of concrete examples.
language and panicipate in the process. For
example, this meeting offers a good opportunity

,

|
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ne possible biases may be characterized as being The actual elicitation process should be conducted i

motivational or cognitive. Of course, the with in-depth, face-to-face individual interviews, !

possibility of an expen having a motivation to possibly supplemented by (but not replaced by)
| distort his or herjudgments deliberately should the use of preliminary questionnaires. When
'

have been a factor in the selection of the experts expert teams are employed, it is imponant to elicit
(Step 2). Note that this does not necessarily mean the team as a group, possibly supplemented by
that the TFI team should ignore candidates with preliminary individual interviews. The stmeture
motivational biases, just that these experts should of the questions to be asked depends on the
properly play the role of proponents, not subject and will be developed by the TFI by
evaluators; in fact, the arguments that such taking into account the relevant literature.

! proponents advance may be very useful to the -
. .. .

panel's deliberations, even though the expen is A relevant point here is that the decision analysts

known to be biased. The facilitation process literature advises that the expens should be asked

described below is explicitly designed to expose to express opinions only on observable (at least in
!

and eliminate bias among panel members insofar Principle) quantities. In particular, this advice
|

as possible. says that questions on event rates and moments of |
distributions should be avoided , because they are |

,

| Cognitive biases, such as overconfidence and not " observable." Such a requirement would not
| location bias, i.e., the reponing of narrower-than- allow the TFI to ask questions about the rate of

justified probability distributions and the occurrence of earthquakes in a seismic source, nor
j systematic over- or under-estimation of scalar about the logarithmic standard deviation of the

quantities, have been discussed extensively in the ground motion variable. This would be a mistake!

cited literature. The TFI should explain to the in the PSHA context, because the experts are very
,

| experts the existence and nature of these biases in comfortable with these quantities. Asking the
| the hope that their impact will be minimized. expens questions on " observable" quantities is

based on the assumption that this would help
Step 5. Group Interaction and Individual Elicitation

them work with quantities that are easier to
An important aspect of the TFI process is the visualize and understand. In the earthquake

individual elicitation of probability judgments community, long experience with data and

from individual experts. It is important to note, analyses have made the experts very comfortable
however, that the individual elicitations should be with the quantities cited above, so that related

preceded by and followed by an important set of questions are meaningful to them,

group interactions. We first address some An important element of the process, regardless
individual elicitation issues and then discuss the of whether or not expert teams are formed, is the
relationship of individual elicitation to the group extensive use of consistency checks and providing
interactions. feedback to the experts regarding the possible

We will not devote much space to individual implications of their judgments. The idea is to

elicitation here only because it is dealt with challenge the experts and to invite self-semtiny as

extensively elsewhere (including the references much as possible. This is a key function of the

cited above). However, we do not want to TFI both as an informational resource to the

minimize the importance of obtaining an accurate expen group and as a facilitator of the group

probability statement from each individual expert interactions and is discussed in detail in Step 6a

on all uncertainties of interest. Such a statement is below.

useful, not only for characterizing each expen's Before and after the individual elicitations, a,

; position in a form usable for seismic hazard number of types of group interactions need to take
I analysis, but also for ensuring full and place. Chapters 4 and 5 present specific examples

| unambiguous communication among the expert ~of types of workshops and meetings that enable
; panel. these interactions. Here, we review briefly some

j generic interactions that are essential to success:

|
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l
Information Meeting stmetures interaction among panel members, |

specialists and proponents, facilitates debate and
There need to be informational meetings of at

keeps the group focused on the sensitive
least three types (although not necessarily parameters and issues. 1

separated in time): )
It is also imponant to provide the experts with a 1

1. Background on objectives of study and detailed review of existing data and literature. The
overview of TFI process

expens should be permitted to request additional |

The experts need to understand the TFI data summaries and additional reports and papers.

process and their different roles in it. The Post-elicitation Feedback and Interaction
experts must also understand clearly the
distinction between the Stage I elicitation The TFI should summarize the result of the
objectives and the Stage II elicitation individual elicitations and provide this
objectives (as described above and expanded information as feedback to the entire panel.
in Section 4 of Appendix J). In particular, Panelists should be encouraged to amend their
assessing the possible scientific positions of estimates, if they wish, after observing the other
the overall expert community will require a expens' judgments. Finally, it is often quite
new way of thinking for most experts, so beneficial to conduct a post-elicitation group
special care must be taken to ensure that the interaction to enable the experts to ask questions
questions are well-defined, meaningful and or address important differences or new issues
thoroughly explained. arising out of the individual elicitation. Also,it is

useful to stmeture group interaction to exchange
2. Background on the specific problem

viewpoints in preparation for individual expert-as-

Depending on the scope of the study, the integrator assessments of the community

panel needs to be briefed by site or regional distribution (Stage II) which must logically follow

specialists who provide local or problem. after the Stage I expert-as-evaluator assessments.

specific knowledge that the panel members Step 6. Analysis, Aggregation,and Resolution of
will not generally have. Also useful are Disagreements
presentations by local proponents and,
possibly, site visits to give the panel first- This step is where the SSHAC process deviates

hand familiarity with the study area. The most from prior PSHA studies and the multiple-

experts should be encouraged to interact and eXPen-use literature. Recall that the TFI has two
exchange ideas and interpretations with the fundamental roles: that of a Facilitator whose job

specialists. it is to ensure that the knowledge, data and
models of the expen community are fully and

3. Background on Hazard Analysis accurately elicited, and that of an Integrator
. whose job it is to ensure that the diverse

To be maximally effective, the expens must
information is integrated into a form useful for

understand how thetr judgments will be used.
decision makmg that is a consistent and accurate

They should be provided with a review of
representation of the state ofinformation of the

basic hazard methodology, the role of
probabihstic judgments and the importance of expen community. Because aggregation, if,

necessary, must follow the analysis ofsensitivity analysis.
disagreements, it is natural to divide Step 6 into

Issue Interaction and Data Needs Review two successive steps: Step 6a,"The Role of TFI
as a Facilitator," and Step 6b, "The Role of TFI as

'Ihe expens should work together to define and an Integrator."
discuss the important issues on which uncertainty

Step a. The Role of TFI as a Facilitator6;' needs to be quantified-i.e., those variables that
will require individual elicitation. Using the The TFI facilitation process is designed to
process described in Appendix J, the TF1

encourage both the TFI and the expens to
t
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i

understand explicitly the data bases and reasoning 2. If it is determined that non-equal weights or
upon which different model estimates and expen " weighing" of the experts-as-integrators
interpretations are predicated. Moreover, it also composite representations is the appropdate
demands explicit understanding concerning the integration procedure, the aggregation issues
rationale underlying each expert's uncertainty and models provide useful information for
assessments. how to do the non-equal weighting or

# E'SSHAC believes that successful integration is
best achieved through proper facilitation of 3. For experts acting as individual evaluators
intensive interaction; hence, in the TFI process, who must weight scientific models and
the facilitation role of the TFIis paramount. A interpretations, the aggregation issues and
number of facilitation tips were provided in the associated aggregation models can be directly
previous sections. A longer list with more useful. Since the expens are unlikely to be
comprehensive discussion of facilitation familiar with aggregation concepts, the TFI
principles and guidelines for potential TFIs is will need to use the aggregation issues and
provided in Section 2 of Appendix J. models to guide the expens in defining and

*# E # EStep 6b. The Role of TFI as an Integrator

We emP asize that the TFI does not need to useh
There are no cookbook formulas for integration

any Prescribed, ngid combination formula, such(see Section 3 of Appendix J), but there are many
as a fixed weighting scheme. Nevertheless,

useful concepts and models that can be used by
the TFI. Even in the facilitation role, it is critical mathematical expen aggregation models have an

imPonant supportmg mle m the TFI process. Afor the TFI be aware of certain key expen
aggregation issues. Appendix J summarizes a set number of simplified expert-aggregation models

are Presented in Appendix J, Section 3. Alsoof fundamental expert-aggregation issues,
meluded is a new mathematical modelincluding:
specifically relevant to the TFI process. The TFI

Different Degrees of Expertise utilizes these models to check the implications of*

various assumptions, so that the ultimate
Outliers*

aggregation (even if purely behavioral) will be

Non-Independent Experts s und and defensible. For example, the TFI may*

choose to process some disputed evidence using a
Equal Weights number of aggregation models to illuminate the-

numerical impact of specific assumptions. This
Non-Equal Weights-

approach was used in Chibber, Apostolakis, and
,

Level of Aggregation Okrent (1994) to estimate the pressure incrementa

in the Sequoyah nuclear power plants
The SSHAC process requires the TFI to be containment vessel breach. The inputs from three
familiar with these issues and models, and to experts, as reported in NUREG-1150 (Hora and
review them at each stage of the process (hence Iman 1989 ), were processed using Bayesian
the need for an elicitation expen as pan of the TFI methods under a number of assumptions
team). There are three basic reasons for this: regarding the degree of dependence among the

1. The TFI must have a basic understanding of experts, as well as the amount of their systematic
biases.expert-aggregation issues in order to steer the

expert interaction process to result in the Step 7. Documentation and Communication
j simplest possible (e.g., equal weights)

| integration procedure. Moreover, the issues The primary incentive for the formal elicitation of

!' provide a checklist for the TFI to use in expert judgments is to supply credibility to the

determining when it is appropdate to halt the study. It is evident, therefore, that an essential
element in accomplishing this is carefully and

| process,
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thoroughly documenting every step of the some cases use individual peer reviewers not
I process, as well as the results. It is imponant that assembled into a panel. For example, in a Level 1

each expert panel member document not only his analysis a review by a single peer reviewer may
or her own scientific position, but also his or her be sufficient to assure reasonable quality.
estimate of the community position. These

We will also assume that the peer-review paneldetailed records will also prove mvaluable when
reports are addressed to the Project Sponsor or thethe TFI presents and defends the study to third
Project Leader, depending on the sponsor's lparties, including regulatory agencies.

. desires, provided that the peer reviewers can act,
Documentation is discussed in more detail in

and feel that the? can act, to provide indenendent
Chapter 7.

comments.

3.4 Peer Review 3.4.3,3 participatory vs. tot,. stage Peer Review

SSHAC recommends that peer review be In order to lay the foundation for our
conducted in both the TI and TFI processes. The recommendations, we differentiate between two
purpose of the peer review is to provide assurance different types of peer review:
that a proper process has been followed, that the

A pan m. .patory wn www n an ongomg
. . .

+

study incorporates the diversity of views
prevailing within the technical community, that review that provides the peer reviewers with

.

uncertainties have been properly considered and full and frequent access throughout the entire

incorporated into the analysis, and the Project. The process is structured to seek

Peue w connents at smuous stages,documentation of the study is clear and complete.
Peer review has a long history of application in and includes peer-review interaction with

quality assurance for scientific endeavors both the study team and, if appropriate, with

including seismic hazard analysis. Classically, the consultants and/or expens whose input is

peer review is conducted by 1) one or more imp rtant to the final product. The principal

technical peers of the study participants who are benefit of a panicipatory peer review is that, I

if roblems are discovered, the opportunityP" independent" of the study, and 2) at the end of
exists for a nud-course correction without thethe project. In recent years, experience on several

large projects has shown that the active need for work to be substantially redone at the i

. . l

" participation" by peer reviewers throughout the end. One Itmitation: peer reviewers might ;

course of the study can provide valuable input to I se their objectivity as they interact vath the l

Project over time. Ithe process being followed and can serve to
define mid-course corrections that can improve A late-stage neer review is a review that j*

the quality of the final product. This experience occurs only after the project has been almost
and these concepts are described in the guidance completed. Usually, such a review takes place
provided below, when e draft of the final report has been j

3.4.1 Structuring the Peer Review Process P2 Pared, or when the project's bottom-line
results are close to bemg m final form.

If a PSHA project is to be successful, the crucial Sometimes. a We-stage peer review can
need for a strong peer review process cannot be examme 2 , mtermediate stage result when it
overemphasized. What this means, in practice, is has been almost completed. The principal
that the peer reviewers must be " peers" in the true characteristic of a late-stage peer review is
sense: recognized experts on the subject matter that, if major problems are discovered, the i

under review. In the discussion below, we will work may need to be substantially redone,
assume that the Project Sponsor has assembled a without the mid-course-correction benefits of
peer-review panel, headed by a chairman who is a participatory peer review. The use of a late-
responsible for writing the panel's repons (with stage review is, therefore, a " gamble"-
the provision for the expression of minority views usually an informed gamble, of course-on
if appropriate). However, the Sponsor may in the part of the sponsois that major problems
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will not be discovered. A late-stage review subject matter:*

has the benefit of a perception of complete
techm. cal peer review*

independence.
Process peer review*

Although these types of peer review are discussed
separately here, it is possible for any given PSHA We also have described two different approaches
to include both a participatory and late-stage peer to address the complex technical issues involved
review. in a PSHA project, the TFI and TI approaches.

There are 4 different combinations of peer review
3.4.1.2 Technical Peer Review vs. Process Peer

structures to discuss for each of the twoReview
approaches. Table 3-2 contains a summary of our

In the context of a PSHA project, we also need to guidance concerning peer review.
distingmsh between two different PSHA areas

Rationale: SSHAC's rationale for the peer-reviewthat require peer review:
guidance in Table 3-2 is as follows:

Techm. cal neer review is the review of the*

earth-sciences aspects of a PSHA study: When structuring a peer review for the TFI

seismic-source characterizations, ground. approach, SSHAC recommends a participatory

motion models, the completeness and quality Peer review over a late-stage peer review. When

of the data set used to derive these inputs, etc. structuring a process peer review, SSHAC

It also includes review of the PSHA strongly cautions that a late-stage review can be

calculation methods, the final seismic-hazard very risky because accomplishing the process

results and the sensitivity studies analyses. correctly is vital, and there are many process

P tfalls that could benefit from a mid-courseiReviewing this aspect requires expertise in
the relevant earth sciences and calculational correction. In a technical peer review, SSHAC

methodologies. recommends a participatory review; however, this |
| is not a strong recommendation-we believe that !

Process peer review is the review cf how the a late-stage technical peer review can be
* |

PSHA study is structured and executed. sufficiently effective, because the interactions
Because a PSHA must rely so heavily on among the various experts during the elicitation
expert interpretations of the admittedly process,if done correctly, can provide many of
madequate earth-sciences information, the the benefits of a participatory technical review.
process peer review must concentrate on
assuring that consideration of the When stmeturing a peer review for the TI

| uncertainties and the elicitation and approach, SSHAC believes that a participatory

incorporation of expen judgments is done Peer review is strongly recommended, if not'

well. Reviewing this aspect requires expertise essential. This recommendation holds for both the

in expert elicitation, statistical analysis, and technical peer review and the process peer review. ,

i
related disciplines, as well as adequate Although the process aspects using the TI

familiarity with the technical issues and approach may often be uncontroversial, SSHAC's

methods involved in a PSHA project. reasoning is that, because the TI is conducting the
entire analysis "in-house," there are significant

3.4.2 Recommendat, ns Concerning Peer opportunities for problems with both the technicalm
Resiew and process aspects, and a late-stage review can

We have described two different methods for peer be risky. For the technical aspects, the risk can

review, and two different subjects that require sometimes be smaller (and more manageable)

peer review: than for the process aspects, provided that the
t chnical issues are not too contentious. For rp

peer-review methods: process aspects, SSHAC believes that the nsks
*

panicipatory peer review associated with a late-stage review are likely to be*

E#***'late-stage peer review*
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|

| Table 3 2 SSHAC Recommendations on How to Structure the Peer Review Process
|

|

APPROACH SUBJECT METHOD SSHAC RECOMMENDATION |
MATTER '

|

Technical Panicipatory Recommended

TFI Late-stage Can be acceptable |
Process Panicipatory Strongly recommended j

| Late-stage Risky: unlikely to be successful

Te chnical Panicipatory Strongly recommended j
TI Late-stage Risky but can be acceptable !

i

t _
:

Prteess Participatory Strongly recommended !
|

| Late-stage Risky but can be acceptable
t
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4. Methodology for Characterizing Seismic Sources

4. METHODOLOGY FOR CHARACTERIZING SEISMIC SOURCES

4.1 Introductian Earthquake recurrence Earthquake*

recurrence is the frequency of occurrence of
This chapter summarizes important considerations earthquakes having various magnitudes.
in characterizing seismic sources for PSHA. Recurrence relationships or curves are
Seismic Source Characterization (SSC) refers to developed for each seismic source and reflect
the component of PSHA in which the locations, the freq ency of occurrence (usually
size, and frequency of future cardiquakes are expressed on an annual basis) of magnitudes
estimated. Because it is not yet possible to predict up to the maximum.
the location, size, and timing of the next
earthquake, analysts attempt to determine the The methods that are used to assess these three

average rate of canhquake occurrence and use elements are different and, as a result, the three-

this rate as an indication of the likelihood or Pan subdivision above will be used in the

probability of future earthquake occurrence. The subsequent discussions of methodology.

indication of rate, then, is a distinguishing feature The purpose of this chapter of the repon is
of PSHA and a kry parameter to be assessed for

twotold: (1) to summarize the seismic source
canhquake somes. characteristics that are required for PSHA, and (2)

SSC is a multi-disciplinary activity that entails to review approaches that can be used to
*

various aspects of the earth sciences including characterize the epistemic uncenainties in SSC.

seismology, geology, and geophysics. The multi. These two sections of the chapter are not intended

disciplinary nature of source characterization to be discussions of the "how-to" of seismic

means that a variety of expertise is required. source characterization. The published literature

Funher, because of the limited knowledge of Provides reasonably complete discussions of the

earthquake processes, the judgments of canh methods and scientific bases for characterizing

sciences experts (either formally or informally sources for PSHA (e.g., Schwartz,1988; Reiter,

elicited) are required. 1991; Coppersmith,1991). These methods will be
briefly summarized here. Likewise, variousi

' The three key elements of seismic source methods have been used to quantify the epistemic
characterization are uncertainties in the elements of SSC and require

only summary mention. Effort will be made,
Se.ismic source locations / geometries*

however, to distinguish among alternative
Seismic sources are depicted in map form and

, methods for characterizing uncertainties, to
represent locations within the earth s crust that

, recommend preferred approaches, and to note the
have relatively uniform seismicity

pitfalls of these methods.
I characteristics. Variations in the estimates of

'

the geometries of sources reflect uncertainties Section 4.4 of this report contains recommended
in the spatial distribution of future seismicity. methods for implementing SSC that incorporatee

The probability of activity is assessed for expen judgment in quantifying uncertainties. Thet,

| each seismic source. Seismicity parameters section is a principal focus of the SSC discussion
(recurrence and Mmax) are specific to each because very little documentation of such
seismic source. methodologies exists in the literature. Further, it is j

the responsibility of SSHAC to review the i
Maximum earthquake magnitude+

methodologies and to make recommendations that
Maximum magnitudes (Mmax) are the largesti

are particularly appropriate to PSHA and its: magnitudes that a seismic source is capable of
various components, including SSC.

generatmg. Mmax is the upper-bound,

i magnitude to the earthquake recurrence A challenge in developing guidance for SSC is i
i (frequency-magnitude) curve. the requirement that the SSHAC-recommended )
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4. Methodology for Characteriziag Seismic Sources

tr.cthods be appropriate for all parts of the United Therefore it is useful to consider first the types of
States.The approaches to source seismic sources that might be defined and then
characterization, perhaps more than any other center the discussion on methods for these
aspect of PSHA, depend upon the canhquake particular types of sources. Seismic sources can
environment being considered. (Note that this is be categorized into four basic source types, shown !
not strictly a function of"eastem" versus in Figure 4-1:
" western" U.S.; most of the westem U.S. is
characterized by low rates of seismicity, and some Type 1 Faults, represented as lines or planes

areas of the eastern United States are seismically Type 2 Area sources enclosing concentrated

active). In highly active areas of the western zones of seismicity
United States, the locations and geometries of Type 3 Regional area sources
seismic sources (in this case faults) are usually Type 4 Background area sources.
tess uncertain than the recurrence rates
appropriate for the sources; in turn, the recurrence use soume Wpes

rates are almost exclusively based on geologic
'"' '#*data. Seismicity data play an important role in

identifying sources and specifying the recurrence
of small-magnitude events. In the low-activity .

'et.castem United States, geometries of seismic p -

sources (typically area sources) are often highly
uncertain and recurrence rates are derived almost %
exclusively from observed seismicity data, which

,
' '

are mostly small-magnitude earthquakes. Detailed
'

, , , , , , ,

l
analyses and procedures required for '

characterizing source geometries and recurrence, y ,s Tm4 ,

eastern United States versus westem United I
*~

States will not be enumerated; rather, this chapter
will focus on methods for addressing the

,

uncertainties associated with each and, in this
|so- * - so- o

way, find some common ground. The discussion i

of seismic sources is divided along the lines of
various source types, as opposed to tectonic ? na ? P
environments, which should assist in the
application of the methods.

Section 4.2 summarizes the seismic source Figure 41 Diagrammatic representation of the
characteristics that are required for PSHA, and four general types of seismic sources discussed in

Section 4.3 discusses methods for characterizing the text. Type 1 is a fault source and Types 2 - 4 are
. crea sources. Type 2 is a source whose boundary

epistemic uncertainties in SSC. Section 4.4
encloses a zone of concentrated seismicity; Type 3 is

presents recommended methods for incorporating a source defined by regional seismotectonic
expert judgment in source characterization. characteristics; and Type 4 is a regional I

background source (note scale).
4.2 Seismic Source Characteristics

Although these categories are arbitrary, they areRequired for PSHA.

useful in discussing the various data and methods

The seismic source characteristics that must be used to characterize them. The basic source

assessed for probabilistic seismic hazard analysis characteristics for all source types are the same

are described below. The types of sources and the (i.e., location, maximum magnitude, and

means of characterizing their earthquake behavior recurrence); however the particular parameters

varies with the seismotectonic environment. and data sets that are used to define these
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|
'

characteristics may be quite different. For activity (defined below) are assumed to be
example, slip rate is an important parameter for a uniform within a seismic source.
fault source, but it is not applicable for a regional

Each seismic source must be defined by itsarea source.
location in order for the distance distribution to a

Although this section presents the source site of interest to be calculated in the hazard
characteristics required for PSHA, it does not analysis. In theory, the level of detail necessary to
present a detailed description of the manner in describe the location and geometry of sources can
which these characteristics can be assessed. For be uniform for large regions. In practice,
comprehensive descriptions of methods and the however, the level of detail in specifying the
scientific basis for characterizing earthquake locations and geometries of seismic sources can
sources, refer to the published literature (e.g., vary as a function of distance from the site.
Schwartz,1988; Reiter,1990; Coppersmith, Because the amplitude of ground motions
1991). attenuates with distance from the source, at large

, distances even large-magnitude eanhquakes will
The following discussion is divided into the three

, not result in significant ground motions at the site.
Prmespal components of seismic source

From the standpoint of seismic hazard analysis, !
characterization: source location and geometry, this means that the inclusion of these distant
maximum earthquake magnitude, and earthquake

sources in the analysis is not required because
recurrence. It should be recognized that, because ;

they do not contribute to site ground motions.
oflimitations in data, it will not be possible to
assess all of the characteristics described below as This means that there are distances beyond which
pan of any given seismic hazard analysis. For detailed source chaiacterization is not necessary. !
example, paleoseismic data may not be available For example, for a site in the western United )
to evaluate recurrence rates for a particular States (with its attendant attenuation), it is likely l

seismic source. However, the discussion here is that sources more than about 300 km from a site
given in terms of a reasonably complete set of ofinterest do not need to be considered;
alternative approaches. It is recognized that other " detailed" source characterization need only be
characteristics besides those discussed are likely carried out within, say,100 km from the site. !
important to earthquake ground motions (for " Detailed" source characterization would include j
example, dynamic stress drop and the coseismic specifying the mapped location and three-
distribution of slip on a fault). However, these dimensional geometries of faults. At greater
characteristics are not yet commonly included (at distances, the effect on hazard from faults and
least explicitly) in probabilistic seismic hazard area sources is similar. Thus faults and small area
analysis. sources at larger distances can usually be

generalized as large area sources. Further, if fault
4.2.1 Seismic Source Locations and

, ,

sources (or Type 2 localized area sources) are
Geometries

nearby they will likely be most important to the ,.

A seismic source is a construct developed for hazard results and will, therefore, preclude the 7 4-

seismic hazard analysis as a means of need to characterize sources in detail out to large J + -

approximating the locations of earthquake distances.

occurrences. A seismic source is defined as a
To provide guidance on this issue, the following

region of the earth's crust that have relatively
, source-to-site distances are suggested for detailed

uniform seismicity charactenstics, and is distmet source characterization and source identification,
from those of neighboring sources. It is possible

as a function of whether or not nearby faults are
to allow for some variation of seismicity

present:
parameters (a- and b-values) within a given
seismic source. Typically, however, the
distribution of Mmax and the probability of

I

|
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l

Western U.S. Soume-to-Site Distance (km) |
i

Maximum distance for source identification 300 j

Distance for detailed source characterization

Faults within 50 km of site 100

No faults within 50 km of site 150

Eastern U.S. Source-to-Site Distance (km)

Maximum distance for source identification 500* ;

Distance for detailed source characterization I

Faults within 50 km of site 200

No faults within 50 km of site 300

* In certain cases, where a highly active distant source is present. capable of generating large-magnitude
earthquakes (e.g., New Madrid), distances up to 1,000 km may need to be considered.

i

For example, for a site in the eastern United Faults may be represented as "line" sources using
States that has faults (or localized sources) within the fault maps or, if sufficient information is
50 km of the site, seismic sources should be available, by three-dimensional fault planes. The i

characterized out to distances of about 200 km of need to characterize the three-dimensional
the site. The difference between the western and geometry of a source is greatest where the source-
eastern U.S. is related to differences in the ground to-site distance is small. For example, if a fault is
motion attenuation between the two regions, less than 10 km from a site, the direction and

amount of dip away from or toward the site can
The "westem U.S." is defined roughly as the have a large impact on the source-to-site distance.
region of Mesozo,c-Cenozoic deformation of thei

eWs cmst lying west of the Rocky Mountain A primary geometric characteristic is the dip
front. The definition of locations and geometries angle, expressed by convention as 90 degrees for
varies with source type between faults (type 1) vertical faults and decreasing as the fault
and area sources (types 2-4), as discussed below, approaches the horizontal. The direction of dip

Fault Locations and Geometries (Source Type 1)

At a minimum, the location of fault sources must The updip and downdip extent of the fault within

be identified in map view. Usually a fault map the seismogenic crust must also be specified for
three-dunensional faults. Because seismic hazarddepicts the line of intersection of faults with the

ground surface. In the case of blind faults that do analysis attempts to portray the canhquake

not intersect the surface, the location of the generation process, a three-dtmensional rupture is
_

shallowest extent of the fault should be indicated assumed to occur during canhquake generation.
The area of this mpture, as measured on the faulton the fault maps. With the occurrence of the

1983 Coalinga earthquake and the 1994 surface in square kilometers, is directly

Nonhridge earthquake has come an increasing Proportional to earthquake magnitude. Empincal
,,

recognition of the important contribution that relati nships, such as that given by Wyss (1979)

blind or buried faults can make to seismic hazard, and Wells and Coppersmith (1994) describe the~

particularly within regions of compressional area of mpture for given magnitudes. In order to

tectonics' m del the occurrence of earthquake mptures for
hazard analysis, an estimate must be made of the
downdip extent of the fault within the
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.

seismogenic part of the crust. Such an estimate is particularly if the depth is anomalous relative to t

commonly developed by considering the other regions. Also, the expected style of faulting
maximum focal depths of seismicity in the should be evaluated. Uncertainties in source
vicinity of the fault or in the region. boundaries are incorporated into the hazard

. analysis through the identification of alternative I

Another charactenstic of faults that must be
source configurations, each with its own relative

assessed is the style of faulting, generally defined
weight or credibility.

as strike-sh,p, normal, and reverse faulting. This
assessment can come from geologic studies of the Data Used to Define Source Locations and
fault, focal mechanisms from associated Geometries

seismicity, or tectonic considerations
The identification of seismic sources is a critical(Coppersmith,1991)-
part of seismic hazard analysis and involves a

Area Source Locations and Geometries (Source wide range of data types and scientific
Types 2-4) interpretations. The purpose of this section is to

. . identify the types of data that can be used to
It is universally true that earthquakes are the
result of differential slip on faults. However, in develop source interpretations and to provide an.

indication of the relative usefulness that variousmany areas, such as most of the eastern U.S., the
types of data may have in making source

identification of the causative faults giving rise t
assessments. No requirement is being made thatseisnucity is problematic. To accommodate this
all data discussed be developed for all hazard

uncertainty in fault location, area sources were
, analyses-some hazard studies may require more

mvented and have common apphcation m PSHA.
It is recognized that a homogeneous area source

data than others depetiding on the scope of the
analysis. It is a requirement, however, that all

used in PSHA is not a physical characteristic of
available data of the type indicated be considered

the earth's crust but is a simplified representation
in characterizing seismic sources. Gathering

of one or more seismogenic structures whose
additional data is a function of their importance to

location is unknown. The area-source boundaries
the analysis, potential benefits to be gained from

enclose regions that earth scientists believe are
further reducing uncertainties, and the like.

relatively uniform with respect to the PSHA
application. Table 4-1 summarizes the types of data used to

define each of the four types of seismic sources
Although the data used in their identification can

and the relative usefulness of each data type.
be s,gnificantly tifferent, the depiction of areai

Relative usefulness in this context means the
sources is essentidy the same for all source types

degree to which that particular type of data
discussed. Seismic sources are defined by their

provides a strong technical basis for the source
boundaries shown on maps. Although these

definition. For example,if fault sources are being
boundaries may be considered " fuzzy" boundaries

identified, a map of young (Quatemary) faults is
(Bender 1986), most commonly they are assumed

judged to provide a strong basis for defining fault
to be sharp and to define differences in the

sources in hazard assessment, whereas a map of
maximum magnitude and recurrence rate between

older (pre-Quatemary) faults is judged to provide
one zone and another. (An exception is variation

a relatively weak basis for defining fault sources.
in recurrence parameters within an area source).

Likewise, the nature and spatial pattems of
|

As discussed previously, area source boundaries
instrumental seismicity are most important in

can be defined by a variety of characteristics defining Type 2 and 3 area sources, while various
mcluding concentrations of seismicity, changes m.

types of geological structural data play a lesser
tectonics, and geologic boundaries.

role. Note that, in real application, the quality of

Although the source map is the only required various data can vary significantly. This variation

product, an assessment be made of the depth can have an important impact on its usefulness m

distribution of seismicity (which defines a source definition,

seismogenic volume)is also recommended,
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Table 41 Data Used to Assess Seismic Source Locations and Geometries and Their Relative Usefulness

TYPE OF SOURCE DATA / BASIS FOR SOURCE RELATIVE i

USEFULNESS/ |
CREDIBILITY

(1: high,3: low)

Type 1: Mapped fault with historical rupture 1

Faults

Mapped Quaternary fault at surface 1

Mapped localized Quaternary deformation, inferred fault 2

at depth

Borehole evidence for fault, especially in young units 2

Geophysical evidence (e.g. seismic reflection) of fault at 2

depth

Map of pre-Quaternary faults 3

Type 2: Concentrated zone of well-located instrumental seismicity 1

Concentrated Zone

Mapped fault (s) at surface or subsurface in proximity to 1

scismicity

Zone of historical /poorly located seismicity 2

Structural features / trends parallel to seismicity zone 2

Focal mechanisms / stress orientation 3

Rapid lateral changes in structures / tectonic features 3

Type 3: Changes in spatial distribution / concentration / density of 1
i

RegionalZone seismicity

Regions of genetically-related tectonic history 1

Regions of similar structural styles 2

Changes in crustal thickness or crustal composition 2 |

Regions of different geophysical signature 3 i

Changes in regional stresses 3

j Changesin regionalphysiography 3 ;
'

1

Type 4: Regional differences in structural styles / tectonic history 1 |
Background Zones

|

Major physiographic / geologic provinces 1

i

Changes in character of seismicity 3
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4.2.2 Maximum Earthquake Magnitudes (e.g., rupture length, rupture area, displacement
per event) and a magnitude estimated for each.

The maximum canhquake magnitude that a Paleoseismic data regarding the number of events
seismic source is capable of generating defines and rupture dimensions are usually associated 1

the upper bound to the earthquake recurrence with considerable uncertainty. The final
'

| relationship. Because the assessment of the maximum magnitude estimate for a fault source
maximum magnitude often meludes approaches should be a distribution of magnitude values. The
different from those used to evaluate the distribution should reflect the uncenainties in the
remainder of the recurrence relationship, estimates of rupture dimensions and their relative

'

maximum magnitudes and eanhquake recurrence credibilities. Any constraints provided by the )i

assessments are discussed separately. historical seismicity record can also be included

Faults (Source Type 1) in the maximum magnitude distribution.

There are two basic approaches to assessing Area Sources (Source Types 2-4) !

| maximum magnitudes for fault sources: The assessment of maximum earthquake
constraints provided by histoncal seismicity and magnitudes for area sources is panicularly 1

provided by estimates of maximum dimensions of difficult because the physical constraint most I

rupture. In most cases, the histoncal record for important to the assessment-the dimensions of
mdividual faults is shon relative to recurrence fault rupture-is not known. As a result, the
intervals for the largest eanhquakes; thus the primary methods for assessing maximum 1

probability that the historical record includes the canhquakes for area sources usually include a !
maximum event is usually small. However, if the consideration of the historical seismicity record

'

historical record includes a significant earthquake and analogies to other sources. 1

that can be associated with the fault (say, a
'

surface-rupturing event such as the 1857 In assessing the maximum earthquake, the
,

earthquake on the San Andreas fault),it may historical seismicity record takes on great |

provide an estimate of the maximum magnitude. importance-panicularly in terms of the locations
In cases where the historical event was associated and sizes of older earthquakes. Extensive studies ;

with coseismic rupture, the extent of that rupture of the distribution ofintensities, and relationships
can be evaluated geologically relative to other between isoseismal distributions and magnitude,
constraints on the maximum rupture dimensions. have been initiated with the ultimate goal of using

them in evaluating the size and location of older
Eanhquake magnitude is well-correlated with events.
rupture dimensions. It follows that if rupture
dimensions associated with a maximum Studies of the sizes of historical eanhquakes
earthquake on a fault can be estimated, the associated with the area source ofinterest should
maximum magnitude can be assessed. Fault be made. It is possible that, after the historical
rupture parameters that have been shown record has been examined, it will be concluded

empirically to be correlated with canhquake that the record provides no panicular constraint
magnitude include rupture length, rupture area, on the estimate of maximum earthquake for the

,

maximum surface displacement, and average source. Altematively, the maximum historical I

surface displacement (Siemmons,1977; Bonilla earthquake for the zone may be assessed as a
and others,1984; Wells and Coppersmith,1994). lower bound or best estimate of the maximum |
The evaluation of these parameters for an magnitude for the source. In cases where the )
individual fault includes palcoseismic maximum historical eanhquake has not been j

! investigations of the extent of past ruptures and assessed to be equivalent to the maximum ;

other geologic constraints (see discussions in possible earthquake, past practice has included

| Schwartz and Coppersmith,1988: Schwartz, adding an increment of one-half magnitude unit or
1989; Coppersmith,1991). Commonly, a number one intensity unit to the maximum historical !

of potential rupture dimensions can be estimated earthquake. This practice implies that, because the |
|
|
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I

historical record does not include the maximum 4.2.3 Earthquake Recurrence
event, the recurrence interval for the maximum |

| possible event is longer than the historical period. Earthquake recurrence relationships express the

Thus, the addition of a magnitude unit is annual frequency (which is usually assumed to be ;

equivalent to a shift to longer recurrence intervals constant in time) of earthquakes having various

on the recurrence relationship for the source (an magnitudes up to the maximum magnitude and

approximate recurrence interval of 10 times the they must be developed for each seismic source.

historical record, for typical b-values). The methods for developing these relationships j
are usually different for fault sources than for area

Other considerations in assessing maximum sources.
earthquakes for area sources are analogies to other
sources. The source ofinterest may be Faults (Source Type 1)

tectonically similar to another source such that The development of recurrence relationships for
their maximum earthquakes are also deemed to be fault sources can include information from both
similar. For example, in past practice in the the historical seismicity record and the geologic
eastern U.S., the tectonic association of certain record. Typically, observed seismicity provides
large-magnitude historical earthquakes, such as constraints on the frequency of small-magnitude
the 1886 Charleston earthquake, was evaluated events and the slope of the recurrence curve; the
relative to the possibility that such an earthquake geologic record provides the frequency of larger-
could occur in other sources having similar magnitude events.
tectonic characteristics. At present, the tectonic
characteristics that are most important to To use observed seismicity to estimate earthquake

controlling maximum earthquakes are not well. recurrence first requires that an assessment be

known, but could include whether or not the made of which events can be associated with the

source is characterized by past rifting or extension fault of interest. For instrumentally recorded

(Johnston and Kanter,1990). Recently completed earthquakes, a corridor around the fault should be

studies (EPRI,1993) have examined the possible specified that accounts for the dip of the fault and

tectonic constraints on maximum earthquakes the epicentrallocation uncertainties. Associations
i

within sources in stable continental regions. with older historical earthquakes must consider |

uncertainties in epicentral locations.
In some cases, it may be possible to incorporate
considerations of possible rupture dimensions into The use of observed seismicity for recurrence

assessments of maximum magnitudes for area assessment, for either faults or areal source zones,

sources. The lengths of zones of concentrated must account for incompleteness in the catalog as

seismicity (source type 2) may be assessed to a function of magnitude, location, and time. The

represent maximum lengths of rupture. The recurrence rate that is needed for seismic hazard

dimensions of tectonic elements within a source analysis is the rate of independent main shocks,

may also provide physical constraints on which are typically assumed to be distributed

maximum earthquakes. For example, a source that randomly in time. Therefore, dependent events

is defined as including a region of crustal (f reshocks, aftershocks, clusters) must be

deformation may include a consideration of the removed for use in the hazard analysis.

dimensions of faults within the deformation zone. In plotting recurrence from observed seismicity

The uncertainties associated with the assessment (f r example, Figure 4-2), it is helpful to indicate

of maximum earthquake magnitudes for area the average or mean frequency at particular

sources must be incorporated into a probability magnitudes as well as to indicate the statistical
! distribution for each source. The technical basis variability of the frequency estimate for that

I for the assessment and the associated data must be magnitude (e.g., Weichert,1980). Such a plot,
I fully documented. expressed for example with 5- and 95-percent

confidence limits, typically shows the
i progressively larger errors with increasing
!
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magnitude. This is directly due to the occurrance rate of release of seismic strain energy. (See
of progressively fewer events as the magnitude Coppersmith,1991 for discussion of the use of
increases. slip rate for recurrence estimation.) To use the slip

rate, it must be panitioned into various earthquake

gag magnitudes according to a magnitude-distribution
rect w c style c/ model. Two alternative models are the truncatedmp

S'7'88 R'8*** #"#F (segrees) exponential model and the characteristic
earthquake model (Youngs and Coppersmith,
1985). The characteristic earthquake model

so appears to be more valid for describing the

/
(0.7) recurrence behavior ofindividual faults (e.g.,

Schwartz and Coppersmith,1984; Youngs andNormal

(0.7) } others,1993). Both the exponential and the
\ B0 characteristic eanhquake model require an

Extensional (0.3) estimate of the b-value in the exponentially
(0 6) distributed pan of the recurrence cun e. This

estimate is commonly derived from the average b-
Strike-Slip 90

value in the region based on observed seismicity.
(0.3) 40) The uncertainties in slip rates and magnitude-

distribution models should be incorporated and
doc 2mented.43

/ (0 6) A suggested representation of earthquake
Rwse recurrence relationships for individual faults is to

\g indicate the frequency of observed eanhquakes,(U'6)

with associated statistical error bars, the
compressional (0.4)

recurrence intervals from paleoseismic data, and
(o.4)

the mean recurrence curves derived from the slip

strike-siip _ 90 rate and magnitude-distribution model (Figure 4-
!

(0.4)
'

(1.0) 2).

Area Sources (Source Types 2-4)
Figure 4-2 Example logic tree illustrating the
manner in which assessments of the tectonic model The assessment of earthquake recurrence for area
can affect assessments of seismic source sources commonly relies heavily on catalogs of
characteristics such as source geometry. In the observed seismicity. To maximize their utility,
example, the assessment of the tectonic model (in seismicity catalogs should be reviewed for
this case the nature of the regional stress regime)
affects the assessments of the expected style of uniformity in designation of magnitudes and for

faulting and, in turn, the dip of faults. completeness as a function of magnitude,
location, and time. The association of older

Geologic data often provide valuable information historical events with particular seismic sources
regarding the recurrence oflarger-magnitude should be assessed bearing in mind the location
earthquakes. Paleoseismic data can provide uncertainties. For example, whether a large-
assessments of the recurrence intervals associated magnitude historical earthquake, such as the 1886
with earthquakes that have ruptured the surface. Charleston earthquake, occurred in one source or
In using paleoseismic data, the uncenainties the another may be important to estimates of
recurrence intervals and the magnitudes of the recurrence within those sources.
paleoseismic events should be included. Another
type of geologic constraint on earthquake The observed seismicity rates can be plotted as
recurrence is provided by the fault slip rate. The mean frequencies for each magnitude, along with
slip rate can provide an estimate of the average the statistical uncertainties due to the number of
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events within each magnitude bin (e.g., Figure 4- seismogenic or capable of generating significant
2). Using these observed data, with the maximum earthquakes. This assessment is most commonly
magnitude estimate, a recurrence curve is fit. A made for individual faults, but has also found
reasonable method for curve-fitting is the application (for example, in the EPRI eastern
maximum likelihood method because it accounts United States study)in assessing panicular area
for the decreasing number of points as magnitude sources interpreted on the basis of various
increases. The result is a recurrence curve that tectonic features. In many cases, there may be
expresses the recurrence rate for various- uncertainty regarding whether or not seismic
magnitude earthquakes up to the maximum. sources shown on source maps are active. Hence
Various methods for expressing the uncertainty in an assessment of the probability of activity must
recurrence curves are discussed in Section 4.3. An be made. An equivalent assessment is the
appropriate magnitude-distribution model for area probability of existence of a panicular source
sources is a truncated exponential distribution. zone.

The degree of variation, or " smoothing," of the a- The activity of fault sources is commonly
and b-values within an area source can be assessed using the criteria developed from
specified. Uniform a and b throughout the source regulatory experience. For example, the concept
represents maximum smoothing, and different of fault " capability," which is given in NRC's
levels of smoothing can be identified. Guidance geologic siting criteria for nuclear power plants
on the use of spatially varying recurrence (10 CFR Pan 100, Appendix A),is a common
parameters within a seismic source is given in basis for assessing activity of faults. Fault activity
Section 4.3.5. assessment usually involves criteria that are

believed to provide an indication of the potential4.3 Characterizing Epistemic for future earthquake occurrence. Such criteria
Uncertainties in Seismic Source include spatial association wia ast canhquakes,w
Characterization evidence for geologically recent displacement,

structural association with other active faults, and
Section 4.2 presented the basic elements of the like. The relative usefulness of these various
seismic source characterization that are required criteria is often quite different and should be
for PSHA. All of the elements discussed are identified.
uncenain and this epistemic uncenainty can be
addressed in a variety of ways. In this section, The probability of activity of source zones has

approaches to characterizing the uncenainties in been evaluated in two alternative, equally

SSC are discussed. credible, ways in the EPRI and LLNL studies for
the eastern U.S. In the EPRI approach, tectonic

4.3.1 Seismic Source Location and features that might be seismogenic were identified
Geometry and their probability of activity assessed. The

Two basic approaches have been commonly
criteria for assessing the activity of a feature are,

first identified and defined. Criteria include suchapplied m characterizing the uncertainties in
source location and m specifying the activity of attributes as spatial association with large- or,

sources: altemative maps of seismic sources each small-magnitude earthquakes, evidence of
geologically recent slip, orientation relative to the
'*E regime, and the 1 e relativeon r ti of s urce ac i ted eigh or lati

with a relative weight or probability of activity.
Both of these approaches are acceptable and the assessing the probability of activity is evaluated

preference for one or the other depends upon the
generically in a " tectonic feature matrix." Then
these criteria are applied to each feature to assess

exPen-
its probability of activity.The seismic sources

Probability of activity is an expression of the interpreted from the tectonic features (i.e.,
likelihood that a particular seismic source is " feature-specific source zones") are then assigned

1NUREG/CR-6372 60 '

__



_

4. Methodology for Characterizing Seismic Sources

a probability of activity equivalent to that of the as a function of each particular tectonic model. |
feature. The resulting altemative tectonic models can be

'

summarized in a logic tree format (see example in
In the LLNL study, the probability of activity is Figure 4-2). 4

defined as the probability of" existence" of a |
particular source zone. In practice, rather than Uncertainties in all of the parameters defining the )
making the assessment on a source-by-source geometry of individual sources can be i

basis, alternative source maps are developed- characterized using weighted altemative l
'

each map having its own probability of existence parameter values or estimated continuous
or credibility. The hazard calculations include this distributions. These parameters include maximum

,

probability in combining the attemative maps. depth of seismogenic cmst, focal depth !
'The probability of activity / existence expresses the distribution, fault dip angle and direction, total

uncertainties in the locations and geometries of fault length, and updip and downdip extent (for
seismic sources for the PSHA. In all applications blind faults).
of the probability of activity or existence, the
criteria for making the assessment must be 4.3.2 Maximum Earthquake Magnitude
documented, the relative value of the criteria must Maximum earthquake magnitude is a parameter
be evaluated, and the basis for the assessments for each seismic source. As such,its uncertainty
must be documented. can be defined by discrete alternative values with

In expressing the probability of activity it is relative weights or using a continuous probability
distribution. In addition to direct assessments ofimportant to specify clearly the criteria that are

being used to evaluate the activity and the relative Mmax,it is also common to display and

weight that the criteria have in the evaluation. In inc rPorate the uncertainties in the parameters
nd models that were used to derive the maximumthe EPRI procedure, the criteria and their relative

weight were specified using a " tectonic feature earthquake as well. For example, maximum

matrix" and were used to evaluate a large number magnitudes for fault sources are typically
estimated based on estimated maximumof features. In addition, dependencies among

sources may need to be indicated. In some cases, dimeaions of rupture, including maximum

for example, one interpretation of the surface mpture length, subsurface rupture length,

configuration of a seismic source may be judged maximum displacement, and average

to be mutually exclusive with another displacement. These rupture dimensions are, in

configuration, or one interpretation may be judged tum, empirically related to earthquake magnitude.

to depend on other interpretations. In these cases, For a given fault having data related to each of

additional assessments that describe these these dimensions, it may be useful to express the

dependencies need to be made in order to relative weight to be given to each of the them in |

properly combine all of the sources in the seismic assessing the maximum earthquake. In addition, if |
, ,

""3lti le segmentation models are used to.Phazard analysis (EPRI,1989).
estimate rupture length, these models should each

Another way in which tectonic interpretations are be associated with a relative weight. Clearly, a
1

linked with seismic source geometries is through logic structure is a convenient way to express the i
considerations of tectonic models. Altemative relative weights applied to various approaches |

tectonic models for a region may imply different and parameters used to assess the maximum
source geometries. For example, alternative magnitude. Using a logic tree format, the
tectonic models for a region may imply that maximum magnitude distribution for the source is
mapped faults are either high-angle strike-slip simply a probability distribution of the type
faults or low-angle thrust faults. The uncertainty shown in Figure 4-3. The discrete Mmax
in tectonic models should be treated first in terms distribution can be used directly in the seismic
of alternative models, each with its relative hazard analysis.
weight. Then the alternative source geometries
that are implied by these models can be developed
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_c worldwide. In the procedure, a prior distribution. , , , , , , , , _
,

"",'* e of Mmax is assessed based on a statistical
analysis of the global data base, and this, u

/
distribution is updated based on source-specificP-o2 " on

no w n information.sa. a.
,

\f P = 0.8 P*0JD 'P*0A

f \ 43.3 Earthquake Recurrenceioo - u
M F=0J P * GAS

Earthquake recurrence for individual seismicmm u
a- / " o' " ''' sources is defined by the a-value (also called the
"" T '

'a] y,',, activity rate), b-value (slope of the recurrence
,

curve expressing relative number of exponentially
distributed small- and large-magnitude

.) t.ove T= of sv.iu.ime u==imum u onitude & W Mm M hmW b Me
4.2, alternative magnitude distribution models are
often important for describing the recurrence
behavior of individual faults. The goal of, ,

uncertainty characterization for recurrence is to
* - -

define the range of variation of the frequency-
magnitude distribution. There are several ways to
do this, depending on the type of seismic source.

I* ~ ~

Consider first area sources, for which the basis for

recurrence estimation is observed seismicity. The

| g first source of uncertainty is the magnitude of
o,., ,', earthquakes contained within any catalog. Asu o

m- me== =" discussed in Chapter 5, the preferred magnitude '

% , ,,, % ,, , for PSHA is moment magnitude and, until the
eastem United States catalog can be translated to

Figure 4 3 Example logic tree showing the manner m ment magnitude, Nuttli magnitude (mbLg} ID |
In which assessments of fault rupture dimensions, the eastern United States, most of the catalog of ;
and associated uncertainties, leads to a probabilistic instrumental earthquakes is given in terms of '

distribution of maximum magnitude. In the Nuttli magnitude, although the M>4.5 historical I
example, the sense of slip on the fault is uncertain
and the expected maximum displacement per event earthquakes have been convened to moment

is assessed conditional on the sense of slip. Each magnitude using isoseismal areas (Johnston and
displacement value is related empirically to others, in EPRI,1993). Johnston and others
earthquake magnitude. The probability associated provide uncertainty estimates in the moment
with each magnitude on the end branches is the magnitudes for each of the historical eanhquakes
product of the probabilities on the branches of the

in Johnston's catalog. Likewise, EPRI (1989)logic tree leading to the end branch. The result of
the analysis is a discrete distribution of maximum considered the uncertainty in the mbLg estimates
magnitude, which can be used directly in the PSIIA. in the catalog and propagated that uncertainty into ;

the recurrence analysis. Commonly, recurrence
For assessing the Mmax of area sources, the curves for sources are fit to observed data using a
procedures discussed in Section 4.2 are used, and maximum likelihood procedure, to account for
a distribution of Mmax is usually assessed variaticas in the number of earthquakes in each
directly. An approach for assessing Mmax for magni.ude bin. The statistical variability in the
sources in the eastern United States has been mean recurrence within each magnitude bin can
proposed by EPRI(1993), which is based on be defined using Weichert's method (1980). Based
tectonic analogies between the eastern United on the observed earthquake counts (accounting
States and other stable continental regions for catalog incompleteness) and based on the
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,

assumptions above, a plot can be developed Two altemative approaches have been used to
showing the observed counts by magnitude, the describe the uncertainties in recurrence
variability in mean rate at each magnitude bin, relationships (e.g., Savy et al.1993). (Again, we
and a maximum likelihood fit to the observed are discussing an area seismic source and assume
data. An example is shown in Figure 4-4. If the an exponential magnitude distribution). In the first
seismic source is very active and has generated a approach, uncertainties in a-values and b-values
large number of earthquakes throughout a range are defined, including the correlation between the
of magnitudes, then the recurrence relatic nship two parameters. Experience in the 1989 LLNL
derived directly from observed data may be audy (and corrected in the 1992 study) has shown
sufficient to describe the uncertainties in that unintentional combinations of a- and b-values
recurrence for the source. Unfortunately, this is can result if the correlations between a and b are
rarely the case. Typically, the observed not defined. For example, suppose that one
earthquakes are few in number and small in expresses the mean and uncertainty in a-value ard
magnitude. Hence, additional effort is required to the mean and uncertainty in b-value for a
assess the uncertainty in recurrence parameters. particular source. Unless the correlation between

the two variables is specified, there may be,

,j combinations of a- and b-values that lead to
unintended recurrence rates (e.g., a high a-value*

.1 E2c5 t U imo may be combined with a low b-value, resulting in2 "

' - ~

high rates for large-magnitude earthquakes).
5=

y In the second approach, frequencies or recurrence'
,

[ , . ,
_ intervals are assessed at particular magnitude

t levels. In the LLNL (1992) approach, these
b

.3 I
frequencies were elicited at two levels: at lower

| _

o magnitudes where observed data are present and

4 ,, at larger magnitudes close to the maximum. The
g d uncertainty in the frequency estimate can be

i x2 described by a best estimate and a range of
3 *'

~ '

values. The net effect of this approach is also to

f** eliminate unintentional extreme recurrence
distributions that can result from assessing a-So2

values and b-values independently."c' - '

.0005

The choice of the magnitude distribution modelis,

usually based on the type of seismic source being,, , , ,
' 2 2 ' ' ' 7 considered: the exponential magnitude

wymtude distribution is commonly considered appropriate
for area sources (which presumably contain

Figure 4-4 Example recurrence curve and multiple faults), and the characteristic earthquake
observed seismicity for an area seismic source. The model is commonly considered appropriate for
curve is the maximum likelihood truncated individual faults. There may be cases where the
exponential recurrence relationship. The dots choice of the magnitude distribution model is
denote the mean annual frequency of observed uncertain. For example, a relatively small area
earthquakes and the vertical error bars denote the .

90% confidence interval on the cumulative rate of source that mcludes a highly active zone of

| observed earthquakes (corrected for completeness). seismicity (e.g., the New Madrid seismic zone)

! The parameters of the truncated exponential may be characterized by either an exponential
! recurrence relationship are the cumulative annual distribution (because of its areal extent) or a
I frequency of events larger than magnitude 0 (the a- characteristic distribution (because the seismicity

value), and the slope of the log 10 requency.f
may be dominated by a single fault).

| magnitude recurrence curve, b.
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For fault sources, the uncertainties in eanhquake Three-dimensional geometries for faults and*

recurrence are generally related to uncertainties in associated uncertainties. ,

the models and parameters that are used to make |
the assessment. For example, a common approach Maximum magm.tude distribution for all j

*

s urces.to assessing earthquake recurrence is the use of j

fault slip rate, whereby the fault slip rate (which is Designation of an earthquake catalog for each.

uncertain)is multiplied by the area of the fault source. Time periods over which the catalog i
(also uncertain) and the rigidity of crustal rocks to is complete (either zero or fractional). |

arrive at a total average seismic moment rate. This
Choice or approval of a magnitudeseismic moment rate is then partitioned into *

earthquakes of various sizes according to a distribution for each source. Where
magnitude distribution model such as the appropriate, multiple models should be

characteristic earthquake model. Alternative SPecified with weights, or distributions of 1

approaches to estimating fault-specific recurrence Parameter values should be given (if one
are the use of paleoseismic recurrence intervals model is used). If the exponential model
(having uncenainties in both the intervals and the

(Log N = a - bM) is used, an a-value and b-
sizes of the paleo-events) and geodetic strain data

ivalue must be specified, and the expen should
(uncenainties much like slip rate data). In all of

use either:
these cases, a logic tree procedure is an effective
way to sequence the models and parameters -pairs of values with weights
leading to the recurrence estimates and to
propagate the uncenainties into the recurrence -j int distributions of a and b with the
distributions. For fault sources, the observed correlation specified

seismicity is usually too sparse to provide a strong The magnitude distribution may vary in space
constramt on the recurrence rate, but, for more

within a source area. 1

active faults, could control the recurrence rates in I

the lower magnitude part of the distribution. For fauks, the expert may specify the*

distribution as :.bove, or may use slip rate, b-4.3,4 What SSC Information is Elicited
value and magnitude distribution to specify

and What is Calculated? the recurrence rate. These parameters can be

The purpose of this section is to summarize readily transformed to magnitude recurrence

information that must be elicited from SSC inf rmation by the analyst. As is the case for

expens and describe which information can be areal sources, either discrete or continuous

calculated by the hazard analyst. The goal here is distributions may be used, but correlations

to provide an idea of the types of task.s that SSC must be specified. i

experts should be prepared to accomplish. 4.3.5 Considerations on the Spatial
;

At a minimum, the SSC expens should be Variation of Seismicity Within a Seismic ;
prepared to provide the following: Source Philosophical Basis and

|Implications of the Assumption of !

Seismic source map and alternative maps or Homogeneous Seismicity*

alternative source configurations and the
probability of activity for each. It has been assumed in many seismic-hazard )

studies that seismic sources of types 2,3, and 4
Any source activity dependencies (i.e., the have homogeneous seismicity; i.e., that the a-*

assessment that one source is active if another value and the b-value are the same for all points
is active). within the seismic source. According to this

" * " * " # '* 8 **Focal depth distribution for all sources.*

, y g g bs m
the same density of canhquakes (events per unit
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area) in any small area within a given source. This assumption of homogeneity is not consistent with
assumption has two very important implications the data, and the source is a significant contributor
on the calculated seismic hazard, as follows:

(>30%) to the hazard at the site, the source sgld
. be sub-divided into more homogeneous sub- |

1. On the mean hazard. All sites located within a sources or the assumption of constant rate and b
homogeneous seismic source (and sufficiently throughout the source must be relaxed by using
far from the source boundary) will have the the EPRI approach (see EPRI 1986; VanDyck j
same mean hazard due to this source,

1986) or a similar approach.
regardless of the spatial distribution of
historical earthquakes within the seismic Statistical Tests for Homogeneity ,

|* " ' ' * *
The following simple statistical test indicates |

I

2. On the statistical uncertainty in hazard. The whether the assumption of homogeneous

activity rate and b value for this seismic seismicity is consistent with the spatial

source are calculated using all the historical distribution of historical seismicity within a
eanhquakes in the source. The statistical seismic source. The test consists of the following

uncertainty in the rate and b value are lower five steps:

than they would be if this source was sub-
1. Sub-divide the seismic source into smaller

divided into two or more smaller sources.1
sub-sources using, for example, the 1-degree

,

These two effects are panicularly important for or 0.5-degree grid used by EPRI (1986). I

large seismic sources of regional or tectonic-
, 2. Calculate the observed historical canhquake

providence dimensions (i.e., source types 3 and
rate in each sub-source.

4).
. . 3. Calculate the expected number of earthquakes

The assumption of homogeneity is almost always
using the homogeneous modelin each sub-

made for the sake of simphcity (i.e., fewer
source, considering the sub-source area, the

Parameters are required) and is driven more by
length of the catalog, and the catalog-

ignorance than by a firm beliefin homogeneity
completeness assumptions.

(e.g., the expert does not sub-divide this large
source because he/she does not know how to sub- 4. Compare the expected and observed numbers
divide it, not because he/she thinks it has of eanhquakes in each sub-source and flag
homogeneous seismicity). If a seismic source those .sub-sources with statistically significant
(panicularly sources of types 3 and 4) is defined differences. Figures 4-5 and 4-6 illustrate this
on a basis other than patterns of seismicity (see test. Figure 4-5 shows the source and its
Table 4-1), there is no reason for the assumption historical seismicity; Figure 4-6 shows the
of homogeneity to be valid. flags associated with the 10% and 2%

. significance levels.
In any seismic hazard analysis, the assumption of
homogeneous seismicity must bejustified and 5. Examine the number and pattem of flags to
alternative assumptions may have to be included determine if the assumption of homogeneous
in the model of seismic sources. As a rainimum, seismicity is con >inent with the catalog. If
one must confirm that the assumption of a is the significance level used in step 4, one
homogeneous seismicity is not inconsistent with would expect approximately a fraction a of
the spatial distribution of historical seismicity, the sub-sources to have the associated flags.
using the statistical tests to be described below or Too many flags indicate that the assumption
other appropriate statistical techniques. If the of homogeneous seismicity is inconsistent

with the catalog; too few flags indicate that
As a rule of thumb, the coefficient of vanation in the acuvity rate is the catalog is too limited to provide anyI

appronmately n % here n is the number of carthquakes in th- indication about spatial patterns of seismicity.4

( seismic surce. The standard deviation in the b value is also Even if the number of flags is not unexpected,M
j proportional to n
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the concentration of positive or negative flags

'] " * +g y @ 9 -" '~gj. [ [)Tin a certain portion of the source is an
l indication that the assumption of gf ' i

( homogeneous seismicity is inconsistent with *~~f % Y : 42 |

. d !i..)-+-f" +"-r"the catalog (at a spatial scale larger than the -4 +-.j..l..i i | I i

.
clearly indicates that the assumption of .-.a l_..; i._. M; M . ... _.2.2 d I

;
'

grid size)2. In Figure 4-6, the number of flags
..

i

-

, .. . .! .: .. < . |
! homogeneous setsnucity is not consistent

.
, ; . i.. ...y'...,.....

;

1 en. ., ._.. i
, . .

'
.

yy ; i L. '

with the spatial pattern of seismicity in the h_ l 'T~""' .? r i i
"

t

catalog. "~I~~ ? ~ Q f'"
l

| . I' ~ [ iThis test is implemented in the EQPARAM code
~

- , _ +. i .; . 4. . , . 4. 4 * -T "y -

i ! < '! |
'

.

,

developed by EPRI (EPRI 1986). The code 9.
f-

; . |

g-""{ I + " ""4 " "I
iestimates seismicity parameters under [~ ._ i ~ f ~~4~" ~

.* 1~*assumptions of homogeneous or spatially varying

3M t+ 4
- :~"c-

parameters, but it may be easily used to perform - .. L '
,

these tests only. Also, this test is relatively easy to - %D : 1. kJA W

implement as a stand-alone code. |

Figure 4-6 Diagnostic flags from the statistical test
of hamogenalty of seismicity for the source shown
in Figure 4-5. "+" (" ") indicate that the observed... m .- n. .. ,.. , . . u. ,,.

.p.+..*-. count in a sub-source is significantly higher (lower)- 7,.f y . . . . . . .

7
- ; " + _.;

, _ .
_

' " '2" than predicted at the 10 % significance level; ">"*
;

'

i ?mL p/ ("<") indicate that the observed count is :
- -

4.. ..

;p ;,, ;.tv .7 = D
y-}'i significantly higher (lower) at the 2 % level,

~

gi.E, , j .. . _2.s** *
Approximately 8% (Le.,10-2) of the sources should7 .,

L.5- . . . t.t f .H-o p have i flags; 2% of the sub-sources should have ">" l

m - (; a_ 3 ,..j.... ,
!.. ;..-.+ L or "<" flags.=

,

[!|. g.*N
.. ; 17 Special Circumstances Requiring Models with

Spatial Variability )ft,w. . ... .4
* em. . .,

..
._ _

. . . .+.. ~ T Even if the above statistical tests do not reject the
"= |. - g ; .|._. , y..j.. . a_, +.~4

-

assumption of homogeneous seismicity, there
"

i, ,. 1 % g.E -- 4- - may be situations where this assumption alone .

.u.,.. jn- -

.._... .. j. 4 . ....;.._......5....+.. ::= may not be sufficient for the characterization of""

..L : .- 0",';'" seismic hazard and its uncertainty at a site. The.

,2. = following two criteria are proposed in this regard.W.m ... .;. u; .;. 7.. u.

Spatial variability should be considered for a
Figure 4-5 Map showing a background source for seismic source, even if the assumption of
the southern Appalachians and the historical homogeneous seismicity is not rejected,if the i
seismicity la the EPRI catalog. I

following two conditions apply:

1. Earthauake count in the source. The
i

earthquake count is very small, so that it |
provides little indication about the spatial
distribution of seismicity in the source (e.g.,
some sub-sources contain one to three events,

2This test is not a really a spatial-homogeneity test. Rather. it is a
others contain none).

'

series of umvanate sigmficance tests. Thus.the test requires some
interpretation from the expert or analyst in Step 5. On the other hand.
the test is easy to implernent, intuitive, and very informative. Other and
tests for spatial bornogeneity are available in the htcrature (e.g..
Ripley 1981).
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2. Percent contribudon to seismic hazard at the historical activity within a given source. This
site (based on preliminary seismic-hazard approach constitutes a moderate departure from
results). The source contributes more than traditional seismic hazard analysis, in the sense
30% of the seismic hazard at the site (for any that it assumes (or can assume) a relatively
exceedance probability or ground-motion smooth spatial variation of the activity rate. Also,
measure ofinterest), each sub-source retains all the properties of the

, seismic sources of traditional seismic-hazard
analysia. This model may be considered as

' "
intermediate between historical and conventional"'
seismic hazard analysis.u

is ' In order to avoid problems with sub-sources that"*

" have low or no earthquake counts, and to reduces
" u' the uncertainty in the estimates of a and b,

"'

'm , * smoothing assumptions are introduced, which
,4 impose dependence between the seismicity==

"=m parameters in adjacent sub-sources. Thus, thea2

seismicity parameter in one sub-source depends,
to some extent, on the earthquake counts inFigure 4-7 Spatial distribution of rate (mb>3.3) per

2 adjacent sub-sources within the same source.
unit area (events /yr/deg ) for the source of Figure
4-5, obtained with the assumption oflow smoothing Conceptually, the smoothing assumptions may be
on a and high smoothing on b. interpreted as prior distributions on the degree of

spatial roughness of a and b within the seismic
The motivation for requiring the use of spatial source. Because this is not an easy concept,
variability, even though it is not required by the experts typically soecify multiple values of the
catalog, is that the objective of a seismic-hazard smoothing parame'ters, with associated weights, as
study is to quantify both the mean hazard and its an indication of their subjective uncertainty about
uncertainty. the appropriate prior distribution.

ly Varying Seismicity Parameters: EPRI
Smoothing is specified separately for a and b. The
smoothing assumptions range from full smoothing

The EPRI model for spatially varying seismicity to no smoothing. Full smoothing on both a and b
'

parameters is presented here as one possible is the same as assuming that seismicity in the
model for rtlaxing the standard assumption of source is homogeneous; no smoothing on both a
homogeneoua seismicity parameters throughout and b is the same as treating each sub-source as a
the seismic source. Another possibility is simply separate source. Typically, b is assumed to be
to sub-divide the seismic source into a few sub- smoother than a, because b has been observed to
sources, so that the seismicity becomes more be more geographically stable. The statistical test
homogeneousi described earlier provides guidance for the

s1 tim of smmthing assumptions.
The EPRI model sub-divides the seismic source
along a one-degree latitude-longitude grid, The seismicity parameters a and b for each sub-
resultiag in sub-sources of dimensions of one source are estimated using maximum penalized
square degree or less. Values of a and b are likelihood, where the penalty terms represent the
estimated for each sub-source. This model can smoothing assumptions. The result is a pair of
accommodate observed spatial variations of " maps" for a and b within the source. As an

example of the type of results obtained, Figure
3one potential probiern wnh the approach of sub-dividing the source 4-7 shows the activity rates for the source in
into a few sub-sources is the choice of where to subdivide. Unless Figure 4-5, calculated under the assumption of
there are sharp contrasts in seismicay or obvious boundaries
suggested by the the geology or geophysics, the choice of boundanes low smoothing on a and high smoothing on b.
may lead to biases. Because the equivalent number of parameters
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being estimated is larger than when homog:neity efficient way possible. To this end, it is important
is assumed, the associated statistical uncenainty is to eramine which SSC parameters contribute
higher. This uncenainty depends on the significantly to seismic hazard, and to detennine
ea:thquake counts in the various sub-sources and when changes in those parameters make
on the smoothing assumptions; lower smoothing significant differences to the computed hazard.
leads to more uncertainty in seismicity The identification of imponant parameters can
parameters. This higher uncertainty is not then be made on an informed basis so that
necessarily undesirable, because it may be more maximum effon can be guided toward evaluating
realistic. those SSC parameters that make the most

"
Analytical calculation of the statistical uncertainty

4 in the seismicity parameters is difficult because The real benefit in considering which parameters
the smoothing introduces correlation. One simple contribute to significant changes in hazard comes
way to quantify this uncenainty is by using a from being able to concentrate on the evaluation,

technique known as " bootstrapping," where ofimportant parameters (both in the sense of the
E artificial catalogs are generated (using the actual best estimate and of the uncertainty) while

catalog or the estimated seismicity model) and neglecting, or treating in an approximate fashion,
maps of a and b are calculated for each anificial other parameters that are not significant or are '

catalog. One then propagates this uncertainty into only marginally significant. Thus, consideration
hazard space by calculating the seismic hazard of significant parameters involves both an
associated with each alternative map of a and b. evaluation of what drives the seismic hazard in

.
the sense of the best-estimate hazard, and what

The statistical uncenainty m the hazard-due t contributes significantly to uncertainties in
statistical uncertainty in spatially varying models hazard.
of seismicity-must be quantified as part of the
hazard calculations as described above. In fact, To these ends, the Committee has formulated a
this statistical uncenainty may often be more procedure to guide the evaluation of which SSC
important than the uncenainty about the proper parameters deserve the most scrutiny. The
level of smoothing. procedure is presented in Appendix G. Also given

in Appendix G are a series of hazard analyses
The EQPARAM software package (EPRI 1986) conducted by Risk Engineering and LLNL for a
performs all the calculational steps described

set of conditions related to source-to-site
above, including bootstrapping. Some funher

distances, focal depth distribution, maximum
enhancements to these techniques have been

magnitudes, earthquake magnitude distributions,
proposed and tested (Veneziano and Luna Pais

byalues, and a-values (activity rate). The goal of
1986; Veneziano and Chouinard 1987), the most

these analyses was to determine the relative
sigmficant enhancement is the optimal selection

importance of certain SSC parameters and
of smoothing parameters. These enhancements

combinations of parameters relative to the best-
are not currently implemented in EQPARAM.

estimate hazard and the contributions to the

Appendix I contains detailed examples showing uncertainty in the hazard (as a function of the

the a and b maps obtained under different structural period of the ground motion estimate

smoothing options, the associated statistical and probability level). Some of the important
uncertainties, and the effect of these uncenainties conclusions of these analyses (which are given

on the calculated seismic hazard. fully in Appendix G) are the following:

4.3.6 Significant Changes in Hazard due to Uncenainty in fault location causes a*

Seismic Source Characteristics moderate sensitivity for most sites for high-
frequency ground motions, and less

A significant amount of effort must go into sensitivity at low frequencies. For source
seismic hazard analysis to obtain meaningful zones, this applies to sites located outside the
results, and this effort should be used in the most
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l

i source, but especially near the source level (1-4) will depend on the scope of the study
boundary. and the expected complexity and contentiousness

Sensitivity to depth distribution is negligible*

except at small source-to-site distances (less The approaches discussed below are consistent
than 50 km). with the general guidelines and concepts

. regarding the TFI and TI approaches discussed
Sensitivity to maximum magnitude is largest* '

previously in Chapter 3. However, the procedures
at large source to-site distances. It increases

and methods discussed in this section are specific i

with grourA motion amplitude, and is largest
to SSC and differ somewhat from those

when the mean Mmax values are lower. (The .!procedures outlined for incorporating judgments
sensitivity is greater when the mean Mmax is related to ground motions (Section 5.6). For
6.0 rather than 7.5 for fixed a- and b-values). example, an essential and first step in seismic

Sensitivity to the b-value is moderate, except source characterization is the identification of i*

at small source-to-site distances (less than 25 seismic sources. In most regions of the U.S., the

km). interpreted geometry of seismic sources will vary
wi: i the source characterizer and, therefore, each

Sensitivity to whether an exponenti.tl or expert's map of sources will be different. The.

characteristic magnitude distribution is used subsequent characterization of these sources (e.g.,
depends on whether a slip rate constraint or a by recurrence parameters) will be specific to the
seismicity constraint is used to fix the rate of particular interpretation of the expen. Because of
activity (a-value). If a slip-rate constraint is this, there is no easy way to compare the results of
used, the maximum sensitivity occurs for very the characterization from one expert to the next
close or very distant sites. If a seismicity directly. More importantly, there is no easy way
constraint is used, calculations at all distances to iniggrate the results of the analysis at an
are sensitive to the choice of the model. intermediate step (say, the seismic source maps),

nor can the final results of the seismic source4.4 Specific Expert-Elicitation
.

characterization be readily combined, other than - i

Guidance on Seismic Source at the final step of the seismic hazard analysis. An !

Characterization exception might be in highly active tectonic
environments in which the seismic source maps i

4.4.1 Introduction among various expens (reflecting active faults)

Seismic source characterization involves might be very similar. Also,it may be possible to

assessment of the location, rates, and maximum arnve at a consensus source map that a group of

size of future canhquakes, which are variable, i.e., experts can all endorse. In this case, the

have aleatory uncertainties. Also, there is sparse uncenainties in scalar quantities (e.g., the slip rate

historical evidence in most areas as well as n a particular fault) may be amenable to

limited understanding of the mechanisms integration across multiple experts. In the future it
,

associated with earthquake occurrences. Thus, our may be desirable to move SSC m a direction that

ability to model earthquake occurrences is subject all ws for more m, tegration at intermediate levels

to epistemic uncertainty. Because of the limited f the analysis; for example, through the

experience and understanding there is a diversity development of consensus seismic source maps

ofinterpretations of seismic source characteristics f rregi ns f the U.S.

within the informed technical community and, for A SSHAC-sponsored workshop designed to
| purposes of PSHA, it is necessary to capture the examine the pros and cons of SSC expen
! community distribution of source characteristics. elicitation methodologies (see Appendix H) is the

Thus, as discussed in Chapter 3, SSHAC resource for the following discussion. The
. recommends using either the TI or TFI approach participants at the workshop were SSC expens

( to derive the SSC inputs for a PSHA. The study who themselves have been elicited as pan of
!
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;

|

several seismic hazard analyses. As such, their Alternative seismic source maps and*

experience represents a unique data base from distributions of seismic source characteristics
which to draw conclusions about which SSC from each expert representing his/her SSC |
elicitation approaches " work" and which " don't with uncenainty |
work." Many of the elements of the recommended |
SSC expert elicitation methodology find support i

in the conclusions drawn by the experts at the Altemative seismic source maps and !
.

workshop, as well as reviews by SSHAC of distributions of seismic source characteristics
several PSHA projects conducted for both describing each expert's view of the informed ;

regional and site-yecific applications. technical community's distribution of seismic |

In discussing the recommended methodologies for s urces and seismicity.

incorporating SSC expert judgment, the section An important TFI function is to facilitate during
begins with recommended approaches to the workshops prior to the elicitation and involve
quantifying SSC expen judgments using either proponents, resource expens, and evaluators. ;
the TFI approach or the TI approach, then These workshops must include discussions of the
considers how the approaches may vary as a historical data bases of earthquakes, geologic and
function of the resources available for the project tectonic models regarding the localization of
(resource-intensive versus modest resources) and seismicity, models of seismic source
the application (site-specific versus regional interpretations, frequencies and distributions of
hazard assessment). magnitudes of earthquake, as well as methods and |
From the standpom.t of seismic source procedures for analyzing and summarizing the

characterization for PSHA, the Committee historical data for use in developing SSCs. )
i

concludes that either the TFI or TI approaches can Another important pan of the TFI process is the !
be used to quantify SSC characteristics and elicitation of inputs from the evaluator experts. j
uncertainties, depending on the expected Because the expens need to provide descriptions <

contentiousness of SSC in the region ofinterest. of aleatory uncertainty and to describe their !
Because of SSHAC's emphasis on capture of the epistemic uncertainties in providing these
diversity ofinterpretations within the informed descriptions, it is essential that the elicitation
technical community, we will emphasize Study involve individual interviews. It is also important
Levels 3 and 4, discussed in Section 4.4.3 and that expens be educated and trained in the

4

4.4.2 respectively, based on the use of multiple concepts of aleatory and epistemic uncertainties
experts as the primary sources ofinputs. as well as in ways of formulating and quantifying :
Modifications, assuming only limited resources their epistemic uncertainties. The basic steps in |and site-specific versus regional studies, are the recommended methodology for SSC are given
discussed in Section 4.4.4. below in terms of the specific application to SSC.

4.4.2 The TFI Approach 1. Conduct careful exoert selection The process j

The TFI approach to den. .vmg SSC inputs for a of expen selection should be based on a clear

PSHA is to be used for those studies m which set of criteria aimed at capturing a full range

there is considerable diversity of interpretations of of diversity of.;xpert mterpretations.
.

. .

the seismic sources and/or the seismicity in the 2. TFI rolThe technical facilitator/ integrator
region of interest. Use of the TFI approach is should play a strong role, nmning workshops

! based on the premise that representation of the and expert interactions, monitoring the
community distribution of SSC's is best derived behavior and participation of the experts,
by eliciting inputs from a panel of experts, acting conducting calculations and sensitivity,

I as evaluators and individual integrators. The analyses, documenting the final results, and
products of the elicitation are: taking intellectual responsibility for the;

results of the project.
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1

3. Provide a uniform data base to all experts expens were selected according to a set of criteria
SSC-related data sets, as defined by the that ensure high-caliber, equally-qualified experts.
experts themselves, should be provided to all
of the experts in formats most useful to the Two equaHy acceptable alternatives for expert

selecti n are that it be carried out by the TFI or by
experts.

the project peer panel. In either case, the entire
4. Conduct multinle exnert interactions expert selection process must be thoroughly

Interaction among SSC experts is strongly documented, such that an independent third party I

recommended, through such vehicles as could review and understand the procedure j

workshops, small working meetings, etc. followed based on the documentation.

5. Elicit SSC iudgments from exnens Individual The criteria for selecting the SSC experts must be
expert elicitations should be conducted established and documented. Imponant criteria
through person-to-person interviews. should include: geologist or seismologist with a
Elicitations of expert teams is also acceptable. strong professional reputation and widely

recognized competence based on academic
6. Conduct sensitivity analyses and submit

training and relevant experience, tangible
feedback to exnerts Following the elicitations, evidence (e.g., peer-reviewed publications and
extensive sensitivity analyses should be reports) of relevant studies and experience, and
conducted by the TF1 and provided to the availability and willingness to commit the full
experts. They then should interact again as a time and effort needed for the study. In addition,
group to review their mterpretations. the individual must be willing to forsake the role

7. Finalize SSC intemretations and combine at of a " proponent" espousing a particular

hazard level Integration / aggregation of SSC hypothesis for that of an " evaluator" who

interpretations usually occurs at the hazard considers all viewpoints and evaluates their

level. The TFI should create the proper relative credibility. In addition to selection criteria

conditions, through the application of I for individuals, the project leader should ensure

through 6 above, to combine the expeit that the experts as a group represent diversity in

judgments using equal weights. Allor a technicalinterpretations, areas of technical

should be made for cases where unequai eXPenise, and institutional and organizational

weights are appropriate (see .".rtion 5.3). backgrounds.

If the SSC elicitation will be conducted with I
8. Peer review An active or " participatory" peer

review should be conducted throughout the teams rather than individuals, the experts should

study with the particular focus of the process be selected such that a diversity of views and

that was followed in conducting the SSC expertise is represented across the teams. In

assessment. addition, the experts should be informed that they
will be working in a team environment.

Each of these components of the methodology is
,

|

discussed below. Following development of the selection criteria, a
large pool of potential experts should be

Expert Selection Because the TFI approach identified. This can be done by identifying a few
nlies on the direct judgments of SSC expens as potential experts first and then asking each of
basic input to the PSHA, the selection of the them for their nominations. Altematively, an
experts is very important. Further, a desirable independent panel may nominate potential )
outcome of the SSC expert elicitation procedure is experts. The large pool is then narrowed down to
to develop a strong, defendable basis for equally a smaller number (about 7 to 15 expens for
weighting the interpretations of the SSC experts regional studies, perhaps fewer for site-specific
when combining the assessments for the hazard studies) depending on the range and diversity of
analysis. A key part of that basis is that the views. These individuals should then be contacted

and informed fully of the purpose of the study, the
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specific assessments that they will be asked to role of the TFIin integrating the interpretations of
make, the manner in which their assessments will the SSC experts occurs primarily through the .

be used in the PSHA, and the time and effort that process of selecting, training, and interacting j
they will need to devote to the project. Either lack among the experts (i.e., the seven key elements of
of availability or insufficient motivation to the TFI approach discussed earlier). Because there
commit to the required level of effort are is, as yet, no apparent way to combine SSC
sufficient grounds to exclude that expert from expert's seismic source maps (except, perhaps, in

i

consideration. highly active areas where the fault locations might I

be agreed upon, or other cases where a set of
At the start of the project, the TFI should establish

sources can be chosen), there is no way to, in turn,
and discuss with the experts the criteria that develop a distribution of recurrence parameters
would be used to remove an expert from the

that properly expresses the range of I
panel. As discussed in Section 3.3, these criteria

interpretations across the expens. In contrast, it I

would include such problems as the lack of
may be possible to develop these types of

commitment on the part of one of the expens t distributions on ground motion values for a given
devote sufficient time to the project, an expert set of magnitude and distance combinations.
who refuses to forsake the role of a proponent for Thus, the role of the TFIin the ground motion
that of an evaluator, an expert who lacks the case can include an appropriate ' weighing' of the
interpersonal skills to mteract with the other

alternative interpretations to arrive at a
experts in a professional manner. The distribution for certain parameters. In SSC, each
responsibility for monitoring the performance of expen develops a set of seismic sources and
the expens lies with the TFI and he, along with associated parameters (and their uncertainties).
the Project Leader and Sponsor, are responsible These assessments can only then be combined at I
for the removal of an expen from the panel. the end or hazard level, and such combination will

Role of the TFI ' Hie TFI role implies proactive require a " weighting" of the interpretations from

participation in dealing with the SSC experts and the various experts. The TFI is responsible for |
their elicitation. The TFI team includes a selecting and implementing the scheme for

technical peer of the expens and can take a integrating the SSC expen's interpretations.

leadership role in selecting the experts, organizing Recommended methods for this integration are I

and directing the workshops and other expert discussed further below.

interactions, facilitating expert interactions, and Despite the differences in detail of the TFI |monitoring the participation of the experts. approach for ground motions and SSC
'

Behavioral approaches to achievmg mtegration
.

assessment, they are founded on the same
melude active panicipation m workshops, premise: a fundamentally important component to
challenging the interpretations of the experts, the integration of multiple expert judgments is
looking for areas of consensus among the experts, interaction among the experts. Interaction is a
weeding out differences of opinion due t mechanism for resolving unintentional |
misunderstandings or defim,tions, etc. As an

disagreements, presenting interpretations, I
example, the TFI should be responsible for challenging the interpretations of others, !developing the sensitivity analyses and feedbacks

reviewing data bases, and, ultimately, for assisting
that are provided to the expens following their the experts in their evaluations. Expert interaction
clicitations but prior to finalization. This is an '

is discussed further below.
opportunity for the TFI to focus the discussion on
the implications of the assessments to the hazard Data Bases A major responsibility of the TFIis
results, and the technical basis for the diversity of to provide a comprehensive and uniform data base

,

interpretations. to the experts. Early in the study, the expens and
the TFI should identify a comprehensive set of

The TFI approach as applied to SSC may differ
technical issues that will need to be addressed in

somewhat from the TFI approach outlined for
the source characterization. The data needed to

ground motions (Section 5.6). In particular, the
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address those issues should then be identified by their assessments will be used in the seismic 1

the experts in a workshop fomm. Formats should hazard analysis
be specified, responsibilities assigned for data

*
. . )

retrieval, and a realistic schedule established for Train the experts on expert elicitation

data compilation. Depending on the wishes of the Procedures j

experts, much of the data base may be amenable Review, technically challenge, and defend |
.

to compilation and transfer in digital form to the SSC hypotheses and interpretations
experts. Care should be taken to clearly define the
data needs in terms of" raw" data and any Complete behavioral integration of expert*

processing that is required by the experts. Any interpretations

data processed according to the request of a single
Include observation by those not directly,

expert should be made available to any other
. involved in the elicitations (e.g., sponsors,

expen who may desire it. The obj,ective of this
regulators, etc.)

effort, which for large regional studies can be
very resource-intensive, is to provide all of the The discussion and challenge of interpretations in
experts equal access to the data that are most SSC varies with the topic being considered. For
pertinent to the assessments that they will need to example, seismic source maps developed by ,

make. Although most of the data base effort will expens in the eastem United States are commonly )
occur early in the project, provision should be quite different. In a workshop setting, experts can
made to allow for additional data requests or data discuss the technical basis for the configuration of
processing later in the project. their source zones. However, because the sources

drawn by any two expens are different, it is !
Expert Interactions Interaction among the SSC '

difficult to directly compare and challenge the
experts is a fundamentally important aspect of the

interpretations. Likewise, because recurrence )SSHAC methodology. Time for expert interaction
parameters are associated with particular seismic

should be allowed m workshops, small group
sources, it is often difficult to challenge the

meetings, and . informal communication. Source
parameter values for a given source zone. In

characterization expens are few m number, often
contrast, the seismic source maps in active areas

rely on the same data bases, and interact
. . . are often quite similar among multiple experts.

frequently as part of their professional activities.
For example, the major faults are usually depictedTherefore, the mteractions recommended here are
and characterized. In these cases, the SSC experts

a natural scientific extension of the way that earth
are able to discuss and challenge the SSC

scientists formulate their ideas about seismic
interpretations made for particular faults, and to

s urces.
directly compare alternative interpretations. For

The purposes of SSC workshops are the example, the slip rate and recurrence intervals on

following: the San Andreas and Hayward faults could be
discusse.d and debated in a workshop

Identify technical issues of greatest environment.*

importance to PSHA
The number of workshops and their content will

Specify the data needed to address these vary with the particular study but must cover, at a-

issues minimum, the following areas: 1) identification of
technical issues and data bases to address them,2)

Educate the experts on the available data and=

seismotectonic interpretations (resource available data and seismotectonic interpretations

experts, who themselves are not elicited, may relevant to the study region,3) available
i

! make presentations at the workshop) Procedures and methods for defining seismic
sources, specifying earthquake recurrence,

Educate the experts on the methods and estimating maximum magnitudes, and*

procedures that are available to characterize characterizing the uncertainties in these
I seismic sources and clearly specifying how assessments,4) procedures that will be followed
f
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in eliciting expert judgments and for monitoring degree of comfort in the process, it is
the performance of the experts, and 5) feedback of recommended that individual expens be elicited

i

preliminary interpretations and sensitivity in small interview sessions. Present at the sessions
analyses. should be the expert, the TFI team consisting of

the technical expert and an elicitation expert with
The schedule, content, and conduct of SSC

experience in subjective probability assessment. It
workshops are the responsibility of the TFI. is also acceptable to have other " resource |Ample time must be provided to prepare for each specialists" (say, with specialized knowledge of
workshop. Responsibihties for presentations statistics, tectonics, etc.) available to provide
should be given well in advance, and written

information to the expert. Every effort should be
materials should be provided prior to the made to put the expert at ease in the elicitation
workshop. During the workshop, the TFI should and to maintain flexibility in the questioning to !

lead the technical discussions and ensure that all allow the expert to express his/her interpretations
topics are given adequate time for consideration. ar. t uncertainties in his/her own way. The
It may be useful to have " proponents" advocating el utation is not a final examination; the expert
panicular hypotheses or viewpoints present their may bring any resource material that he/she feels
technical arguments. The TF1 must maintain a will assist in making the assessments.
balance between ngid control and free-wheeling
discussion. Less-vocal participants should be It is important for the individual being elicited to
encouraged to voice their opinions. The goal of be discouraged from playing the role of a
the workshop is communication, education, and " proponent" who advocates a single hypothesis or
reduction of unintentional disagreement. viewpoint. The role of an " evaluator" is to

evaluate the technical merits of all hypotheses and
In addition to workshops, other small meetings to assess the relative credibility of each. In doing
may be held to ensure progress and assist the

so it is expected that multiple hypotheses will
experts. Individual experts may wish to work as

have some level of credibility to the expert, and
small teams to develop their interpretations and t

the credibilities can be readily quantified using
get feedback from their peers. The TFI may need

subjective probabilities. As discussed in Section
to provide guidance regarding SSC-related

3.3,it is useful to have t /o stages of elicitation: a
procedures. If a team approach is being followed,

Stage I elicitation in which the expert plays the
these small meetings will likely be conducted

role of an evaluator who represents his own range
wnhin the team.

of knowledge and uncenainty, and then a Stage II

Workshops are effective mechanisms for the free clicitation in which the expert is asked to

exchange of data and interpretations. They are not represent his/her assessment of the diversity of

recommended as a vehicle for performing the views that result from questioning the larger

actual elicitations. However, it may be useful to infonned technical community. A purpose of the

conduct " example clicitations" in a workshop or second clicitation is to identify those cases where

meeting format to illustrate the manner for an expen may recognize that his interpretation is

eliciting expen judgments, the procedures for significantly different from his perceptions of the
quantifying uncertainties, and the methods for interpretations that the scientific community
documenting the assessments. would have if they were similarly informed.

;

Elicitations of SSC Experts The clicitation of Elicitation of SSC expert judgments using written |
either individual experts or of teams of expens is questionnaires is not recommended. Experience !

acceptable, although the procedures for doing so has shown that they are often subject to different )
differ somewhat. interpretations and can be confusing. It is '

acceptable and even desirable, however, to |
Assuming that the experts have received training provide a written questionnaire to the expert prior

'

in clicitation procedures and, as appropriate, have to an interview session for information purposes
undergone example elicitations to provide a
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|

only as a means of focusing attention on the experience, the expert could use sources defined
I pertinent SSC issues. by the other experts. If the expert declines to
. provide certain parameters for his/her sources, an
| The elicitation must be carefully documented,

agreed-upon ' default' methodology for estimating
including both the interpretations and'

the parameter should be invoked. Obviously, this
uncertainties expressed by the expert and the

is a difficult problem in the SSC area, but because
' techmcal bases for the interpretations. A

of the multi-disciplinary nature of the problem,is
j recommended procedure is for the TF1 to record

one that should be anticipated. The use of multi-
| in writing the elicitation and, subsequent to the

disciplinary expert teams is one way to mitigate
session, provide the written documentation to the

the problem. !

expert for review and revision. Acceptable, but
less preferred, alternatives are to record the In some cases, the expen may prefer to specify a

| session electronically and provide a summary of methodology or procedure for calculating a l

| the transcription to the expen, or to require that particular parameter, rather than provide a direct
the expert fumish the written documentation assessment of the parameter value itself. This is

; following the session. Experience has shown that acceptable and provision should be made for the
'

these alternatives are not as efficient as the TFI to conduct the calculation in a timely manner
l preferred approach. (if possible, at the interview session itself) then

* #' * "'
It is possible that the interview session, which is
usually an exhausting experience for the expert, Despite the small experience base on which to
will not cover the entire source characterization make the recommendation, it is advised that
required for the analysis. Alternative, equally teams of experts be elicited in the interview
acceptable, remedies for this problem are the session. Questions will be posed to the team m a
following: conduct a follow-up elicitation session whole and the team as a unit will be responsible

; to complete the assessment, or allow the expen to for developing a consensus interpretation and
complete the assessment privately and provide the uncertainty distribution that captures the diversity
results at a later time. In order for the latter of their individual views. Clearly, depending on
approach to work, the elicitation session must the questions being asked, some members of the
have covered the entire spectrum of source team will defer to others at different points in the
characteristics for several sources in the interview assessment and this is acceptable. It is the

| session (presumably the sources of greatest responsibility of the TFI to lead the team through
! significance to the hazard). The expert can then the assessment and to emphasize that the team's

complete similar assessments for the remaining responsibility is not to reach agreement on each

| sources. issue, but to develop a range of assessments (e.g.,

| altemative seismic source configurations,
|

Another expected circumstance is the case where
distributions of recurrence parameters) that

an expen may feel uncomfortable with answering effectively captures the thinking of the team as a
a particular element of the assessment, usually whole. It is expected that the team elicitation will
because of a lack of experience or expertise in a be more time consuming than individual
panicular area. It is recommended that the SSC

interviews and may require multiple sessions to
analysis allow for the expert to decline answering complete. Documentation must be conducted in
questions in these areas. To do so, the SSC

the same manner as for individual interview
analysis should, prior to the clicitation, have made sessions.

j every effort to select the proper experts and to
'

educate the experts. Failing this, procedures Feedback and Sensitivity Analysis Following
should be established for dealing with the the clicitations and prior to the final seismic
problem and these should be communicated to the hazard calculations. the preliminary results of the
expens prior to the elicitation. For example, if the elicitations and a variety of sensitivity analyses
expert declines to define seismic sources in should be prepared by the TFI, provided to the
geographical regions remote from his/her past experts, and discussed in a workshop format. The
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!

purpose of this exercise is to (1) allow each expert unless the expert is educated by the TFl. These
to see the preliminary interpretations made by the assessments are discussed in Chapter 3 on |
other experts, (2) understand the implications that Seismic Source Characterization. One example is j
the assessment has to the seismic hazard the assessment of the recurrence parameters a and
calculations, (3) identify the key SSC assessments b. Assignmerit of values to these parameters (and
that are most important to the hazard results, and their uncertainties) without consideration of the
(4) compare the " predicted" seismic source correlation between the parameter values can lead !

characteristics to " observed" data. The following to some unintended combinations of a and b- I

examples show the types of results that might be values and their associated recurrence rates. It is ;

provided to each expert in advance of the the responsibility of the TFI to identify possible
feedback workshop: problem areas and, through questioning the

expen, ensure that there are no unintended results. |Seisnue source maps and seismicity*
j

parameters for all experts At the feedback workshop, each expen should be '

provided the opponunity to discuss his/her
Mean and fractile seismic hazard curves*

interpretations and evaluations with the other
based on the assessments of each expert

experts focusing on the technical basis for the

Plots showing the relative contributions of assessment. The TFI is required to lead aa

each seismic source, magnitudes, and constructive scientific debate, to look for areas of

distances to the mean hazard consensus, to resolve misunderstandings or
different assumptions, and to assist the experts in

Plots showing the contributions of various making explicit assessments. The experts are
*

SSC uncertainties to the total variance in the expected to challenge and defend different i

seismic hazard results interpretations. The TFI should focus the

Comparisons of the predicted recurrence rates discussions on those aspects of the interpretations-

for each source with the observed seismicity that are most important to the ietsmic hazard !

for various completeness periods results (for example, the recurrence rate per-
square-kilometer for the " host zone" containing

Comparisons of the total predicted regional the site). As in previous workshops, the feedback l
+

recurrence rates with the observed seismicity workshop is vital to ensuring interaction among
rates the experts, which in turn is a key mechanism for |

the behavioralintegration of the experts'
Sensitivity analyses showing the variaoility in+

assessment.
; mean hazard as a function of assessed ranges

of seismicity parameters. At the workshop, it should be emphasized that the
assessments are preliminary and, following the

The TFI should review the results with each workshop, the experts will be encouraged to make
expert and identify possible problems or any changes that they feel are appropriate in light
inconsistencies. For example, an expert's of the discussions and feedback that they have
interpretations might predict that the rate of received. It should be emphasized by the TFI that |
seismicity (say, the number of M>5 eanhquakes there is no nevd nor any desire for the experts to
per year) is significantly larger than or smaller

agree with each other after having seen where
than the observed rate from historical seismicity. their assessments stand relative to the other
The TFI should review the technical basis for the experts' assessments. Rather, it is important for
expert's assessment, ensure that the expert is each expert to understand the technical reasons
aware of the difference between his estimate and why his evaluations fall where they do relative to
the historical record, and provide an opportunity the others and to be sure that these reasons make
for the expert to revise his assessment if desired.

sense to him.
There are certain key assessments in SSC that are
subject to possible misinterpretation or " error" Finalize SSC Assessments and Integrate

Following the workshop, the experts should
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finalize their interpretations and documentation. It Obtained explicit agreement from each expert*

is unlikely that another clicitation session will be (or team) that the other experts' (teams')
required to do so, but it may. The TFI should take interpretadons are understood and are valid
the responsibility for ensuring that the finalization alternative interpretations /represe itations,

| is done properly and in a timely manner.
If the above recommended criteria have been met,

Two mechanisms are used to integrate the the TFI should have created the proper conditions
interpretations of the SSC experts: (1) beha~ioral to apply equal weights to the SSC expert
integration related to interactions of the experts evaluations. However, it is recognized that certain
throughout the project, and (2) weighting of the circumstances may arise that would signal the
expert interpretations. The first mechanism should need for unequal weights (see discussion in
be the primary mechanism for integrating SSC Section 3.3). If these or similar conditions arise, it
interpretations. Further, it is desirable for the TF1 is the responsibility of the TFI to communicate to
to be in a position to combine the SSC the expert the concern and provide an opportunity
interpretations using equal weights, unless forimproved performance.
compelling reasons exist for unequal weighting.
To integrate SSC expert interpretations properly, The goal in the procedures desen. bed in Section

the TFI should have accomplished the following 3.3 and applicable to SSC is no.i to arbitranly
,

during the process: assign unequal weights to SSC evaluations. In
fact, it is anticipated that m most cases the

Selected highly qualified experts assignment of equal weights will be highly*

defensible. However, the procedures are designed
Established the commitment of each expert t to provide the TFI a mechanism to deal with

*

the project and worked to motivate the expert particular " problem" circumstances where i

throughout the project unequal weighting is more appropriate. As

Disseminated a comprehensive and uniform discussed, the procedure should only be applied in*

data base to all of the expens cases where unequal weights leads to significant
differences in the hazard results. The calculated

Educated the experts in all aspects of seismic seismic hazard results for both the equal weights-

source characterization, including areas of and unequal weights must be documented as part
limited expertise, and trained the experts in of the SSC report.
elicitation methodologies |

Facilitated interaction of the experts such that is that the active interaction of SSC experts*

a free exchange cf data and interpretations provides for a de facto " peer review" of the
occurred as did scientific debate of all technical substance of the SSC assessment. The
hypotheses TF1 approach is designed specifically to

encourage the presentation and technical
Allowed for experts to decline answeringa

challenge of hypotheses. In addition to th,s
,

i
certain elements of the assessment for which

inf rmal techmcal peer review, it is also
they did not feel qualified

recommended that an explicit process peer review
Provided feedback and sensitivity analyses to be conducted. The focus of the peer review woulda

the experts, checked for unintentional errors, be the implementation of all approaches and
and facilitated discussion and challenge of methods for the SSC assessment, including

preliminary interpretations selecting the experts. compiling and distributing
data, eliciting experts, etc. The recommended peer

Provided an opportunity for each expert to review procedure is a " participatory" peer review,
*

|
modify his assessments in light of feedback whereby the peer reviewers interact with the TFI
from the TFI and interactions with the other throughout the study and gain first-hand

|
expens knowledge of the assessment through this

! interaction. A " late-stage" peer review, although
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acceptable, may not be sufficient to identify any provide written comments on the draft report
necessary mid-course corrections in the project. keeping in mind their charge to verify a full
The results of the peer review should be range of alternative interpretations.
documented and included with the final report.

6. Review comments are addressed by the TI

4.4.3 TechnicalIntegrator(TI) Approach Written responses to peer reviewer comments
are prepared by the TI and changes are made

The TI approaches (Study Levels 1 through 3) for to the analysis. The TI report is finalized. The
deriving SSC inputs have been applied, in the peer review panel submits its endorsement of
past, primarily to site-specific studies. The the final report.

|
'

panicular level used depends on the amount of
published information available and/or the Each of the above steps is discussed below. j
diversity of interpretations within the informed . l
technical community about the seismic sources 1. Peer Reviewer Selection Because they will -

and seismicity relevant to the region of interest. actively participate in reviewing the elements of
the SSC analysis and will be asked to endorse the

,

For parallelism with the TFI discussion (Section process and results, peer reviewers should have
4.4.2), the discussion below describes a Level 3 the same high qualifications that are required of j

study. 'Ihe basic elements of the TI approach to the experts in the TFI approach. Likewise, in
SSC, assuming a participatory peer review, are large cc,mplex studies, the peer reviewers should |
the following: agree to a significant commitment of time and

effort. Therefore, the peer reviewers should be
I. Select oeer reviewers A panel of peer selected by the sponsors in the same manner as |

reviewers is selected by the sponsor in the discussed previously and, as a group, it is I
same way that the group of experts was desirable that they be similarly balanced.
selected following the " expert" approach.

2. Data Bases and SSC Procedures SSC-
2. TI assembles all data bases and defines SSC

related data bases should be compiled and |

procedures SSC-related data bases are
formatted in the same manner as the TFI -

compiled by the TI (for site-specific studies approach. The peer review panel can be
this may involve collecting new data). instrumental in helping to define data needs and

'

Methods and procedures are selected for the availabilirf. In site-specific studies, various types
SSC analysis and reviewed by the peer

of site /.ata may exist and may need to reviewed
'

reviewers.
and evaluated for their accuracy and pertinence to

3. TI conducts SSC analysis The TI conducts the SSC analysis. For example, geologic mapping

the source characterization with the and boreholes may exist in the site vicinity but

requirement that a wide range of technical may not have been gathered for purposes of

interpretations be represented and included. earthquake evaluation. Their usefulness will need
to be evaluated by the TI. In some circumstances

4. Peer reviewers interact with TI The peer for site-specific studies, certain critical data may
reviewers meet frequently with the TI to need to be gathered in order to reduce |

review and criticize the compiled data base, uncertainties in the SSC and seismic hazard I

the procedures to be followed, and the analysis. For example, if a fault has been
interpretations being made on source identified in the immediate site vicinity, but no
characteristics. data are available to evaluate its activity, the peer

5. Peer reviewers submit written review of reviewers can assist the sponsor in deciding

preliminary analysis A draft SSC analysis, whether new data collect on is required.
,

which fully documents all of the assumptions, The methods and procedures that will be used to
methods, and assessments, is submitted to the characterize seismic sources and to quantify
peer review panel. The peer reviewers uncertainties should be identified. These can then
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be reviewed by the peer reviewers prior to makmg advantage of a participatory peer review process
assessments. is that by this stage of the project, the peer

reviewers are thoroughly familiar with the data
3. Conduct of SSC Analysis The TI takes the

bases available, the SSC procedures being used,
responsibility for conducting the source

and the technical basis for the assessments made.
characterization assessment and is responsible for Likewise, the 'n is aware of potential concerns
representing the mformed techm, cal community's that the peer reviewers may have and has sought
full range of credible interpretations of the source to address them in the draft report. Much of the
characteristics. To achieve this, the Tl must be

review will focus, then, on how effectively the
famihar with and document all published or documentation captures the assumptions mrf'e
otherwise available interpretations of and analyses carried out. One or more meetmgs
seismotectonics that might affect SSC;

should be held with the peer reviewers and the TI
acknowledged experts should be contacted t to clarify the comments made on the report to
obtain their views on possible interpretations; and minimize the need for subsequent review / revise
any available site-specific data should be factored cycles.
into the assessment. Throughout this process, the
TI should be receiving input from the peer 6. Resolution of Review Comments and
reviewers on possible alternative interpretations. Finalization of Report The normal resolution
The entire SSC analysis should be documented process for peer review comments should be
fully in a draft report, including the technical followed, which includes addressing each
basis for all assessments and their uncertainties. comment, revising the repon and, if necessary,
The draft report should include sensitivity the analysis, and preparing written documentation
analyses that display the results of altemative SSC describing the manner in which each comment
interpretations. has been addressed. Again, interaction with the

peer reviewers will have served to clarify the
4. Interactions with Peer Reviewers The peer basis for each comment and provide for a clear
reviewers should meet frequently with the TI t resolution of remaining concerns. The final SSC
review all aspects of the an11ysis. Their role is t repon is then submitted to the sponsor.
inform the TI of aveiU. N data and interpretations
being made that ici:M hee an impact on the SSC The final step in the peer review approach is a
analysis, to express their own interpretations as written endorsement of the SSC study by the peer
expes, m examine rad suggest refinements to review panel. Their endorsement should extend to
methods anci pmcedures being followed by the TI, those aspects of the study where they were able to |

and to ensure that a wide range of technical provide a direct, substantive review of the j
in'erpretations is being represented. In reviewing procedures and results.
the 'iTs work, the peer reviewers may reconunend

4.4.4 Modifications to the Recommendedto the sponsors that sigmficant new data be
gathered or new analyses be undertaken that will Approaches

strengthen the technical basis for the conclusions The recommended approaches (TFI and TI 1

drawn. If such data are gathered, the peer approaches) discussed above for incorporating
reviewers may assist the TI in designing the data SSC expertjudgments are appropriate for most
collection or analysis effon and in reviewing the seismic hazard applications that SSHAC
results. anticipates for the sponsors of the study.

5. Peer Review of Draft Report Upon However, it is possible that the approaches may
be modified to accommodate different needs. Forcompletion of draft documentation of the SSC
examP e, the approaches discussed above arelanaly3is, a repon is submitted to the peer
res urce-intensive (Level 3 and 4 studies) and are,

reviewers. Here, standard peer review procedures
should be followed to prepare written comments therefore, most appropriate for large-scale studies

f r entical facihties.that relate to the process, assessments, and
documentation prepared by the TI. The clear
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To provide some guidance for altemative existing canhquake catalogs). Data I
applications, the following discussion considers processing might be reduced. i

how the approaches might be modified for more i

modest studies and for regional or site-specific The reduction in scope discussed above would !

result in less of the desirable attributes of the TFI
analyses,

approach itself: use of multiple experts to i

4.4.4.1 Resource-Intensive versus Modest represent the technical community, intensive |
Resources interaction of the expens to resolve unintended j

This issue recognizes that some seismic hazard disagreements and review / challenge

analyses will need to be conducted under limited interpretations, and formal elicitation of a j

budgets and time constraints (particularly, for representative sample of the informed technical 1

less-critical facilities or for applications where commumty.
]

there is interest in only higher probability levels). The focus of the TFI approach would remain one
The trade-off in conducting more modest studies of using the judgments of expens directly to |
is not in the quality of the SSC assessment, but in characterize seismic sources and to quantify the
the ability to verify the level of quality using uncertainties.
multiple representatives (experts) from the SSC
community. For example, a key attribute of the TI Approach )
recommended approaches is assurance that a full, Reduction in the number of peer reviewersa

documented representation of the range of and less panicipation. A " late-stage" peer )
scientific interpretation is incorporated into the review process could be adopted whereby the 1

SSC assessment. Any seismic hazard analysts, of reviewers do not interact with the TI during i

any scale, must strive to achieve this goal. the course of the study, but review and |
However, the more modest SSC analyses will comment on the draft report.
provide less assurance to an independent third- ;

No new data collection or data processing.party reviewer that, in fact, the goal has been |a

achieved. The Tl would base the SSC assessment on
available data only and would not gather new

In gerieral, the levels of analysis discussed in data. Data processing might be reduced.
Section 3.1 (Levels 1 through 4) scale with
resources available. Therefore, a TFI approach, Other reductions in resources could, perhaps, be
which is Level 4, requires considerable resources accomplished in the analysis itself. For example,
in most cases. However, we here discuss some of the number of sensitivity analyses could be
the ways that both a TFI and a TI approach might reduced. In no case, however, can the

,

be modified to account for modest resources. quantification cr incorporation of uncertainties be !

significantly reduced in scope. Even the more
TFI Approach modest seismic hazard studies must attempt to

Reduction in the number of expens who will incorporate uncertainties.a

conduct the analysis (say 3 to 4 experts). 4.4.4.2 Regional versus Site-Specific Studies

Reduction in the number of expert The application of the seismic hazard analysis can
*

interactions. The number of workshops could be for regional seismic hazard assessments (e.g.,
be reduced, or eh,mmated altogether and contours of hazard levels over regional scales) or
replaced with smaller workmg meetings t for site-specific applications at particular
review data bases, interpretrtions, and facilities. The recommended approaches are
Preliminary results appropriate for either application. However,

Reliance on readily available data bases. experience leads us to provide preferences for*

Published and readily retrievable data bases Particular applications.

could be made available to the experts (e.g.,
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For the following easons, large, regional studies have a limited program of new data collection,
(say, of the eastem U.S.) might best be conducted although processing of existing data can require
using the TFI approach; site-specific studies significant effort. Conversely, site-specific SSC
might best be conducted using the TI approach. In studies usually include at least a limited, focused
terms of source characterization, seismic sources program of new data collection. For some site-
are commonly identified based on regional data specific studies (e.g., Diablo Canyon Long-Term
sets (seismicity maps, fault maps, tectonic maps, Seismic Program), " scoping studies" (preliminary
geophysical maps). Because local small faults and hazard analyses based on existing knowledge)
sources do not have much significance in regional have been carried out with the specific purpose of
hazard results, detailed characterization of small- identifying the data collection activities that will
scale features is usually not attempted. Experts for have the most importance to the hazard results.
regional studies, therefore, are required to have a

An ther circumstance to consider is the casestrong knowledge of seismotectonics over
geographically extensive areas. Although they where a site-specific study is being conducted

may have detailed knowledge of specific local within a region for which a regional seisnue
,

areas, their regional knowledge is most important. hazard study has already been completed. An

In contrast, experience with site-specific hazard example might be a facility site in eastern Oregon,

studies has shown that the hazard is often where a regional seismic hazard map has recently

dominated by a few local sources. Further, a few been completed for the state. Because the focus of

key characteristics of these local sources are often the regional map was, in fact, on the regional
vanation of seismic sources, it is unlikely that

,

the most important (e.g., fault slip rate,
1 cal faults and sources have been considered. Ingeometry). As a result, expens for site-specific

studies are required to have a detailed knowledge these cases, enher the TFI or the TI approach
could be used first, to review the basis and

of the local seismotectonics and otherwise
" minor" local sources. The need for this local applicability of the regional sources identified for

knowledge limits the number of possible expens. the regional study, and second, to identify and
characterize the local seismic sources ofCommonly, a TI takes the responsibility of

assembling all of the available data sets and imPonance to the site. If the results of the site-

making the assessments. In doing so, the TI can Specific study differ significantly in seismic
s urces or charactenstics (and thereby hazarddraw on site-specific knowledge and expenise

from, for example, scientists who have worked in values) than the regional study, it is important to
document the reasons for those differences. Thethe site area. The peer review of these TI ,

assessments should entail a review of both the differences may be due to an evolution m

methodologies used by the TI as well as the use understanding of earthquake sources (e.g., the

that has been made oflocal site-specific data sets. identification of a previously unknown source) or
to differences m the manner in whichHence, even if the peer reviewers do not have the

site-specific expenise of the TI, they can uncenainties have been treated. A goal m, seismic
, ,

contribute to the overall quality of the hazard hazard analysis should be, over the long term,
stability in estimates of setsnue hazard bothanalysis.
regionally and locally. As the science evolves and

In past studies, there have been significant new findings are incorporated into the hazard |
differences in the amount of new data that have analysis, the differences in the resulting hazard |

been collected to provide a basis for the SSC values should be understood and documented.
assessment, ranging from no new data collection
to extensive programs, including geologic field
studies (designed to focus on significant seismic
sources and to reduce uncertainties in their

characterization). Differences in data collection
| appear to be tied to the regional versus site-

specific issue. Regional hazard studies typically
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5. METHODOLOGY FOR ESTIMATING GROUND MOTIONS ON ROCK

5.1 Introduction The Committee recognized at an early stage that it
could not recommend a particular model or even a

This chapter discusses the estimation of ground particular class of models. It is very likely that the
motions for use in probabilistic seismic hazard models will change with time, as new data
analysis. The chapter is divided into two major become available and as methods are refined to
portions. The first portion comprises Section 5.2 account better for existing data and for
through 5.5 and discusses the ground-motion improvements in our understanding of how the I

measures considered in PSHA, the explanatory earth works. We felt it more valuable to {
variables in current use, the various methods for recommend procedures for obtaining the ground !
prediction of ground motions, and the treatment motions, procedures that will be as applicable ten 1

of uncertainty. The recommendations from this years from now as they are today.
portion are summarized in Section 5.6. The
second portion comprises Section 5.7 and The scope of this chapter includes ground-motion

discusses issues of expert clicitation regarding estimation on hard-rock sites throughout North

ground motion models. The calculation of site America, for distances, magnitudes, and

response is not discussed,in spite ofits frequencies of relevance for engineering design

importance, because this issue is outside the scope and stmetural response. Generally the magnitudes
,

of the SSHAC study. of interest will be above 5.0, the distances will be '

up to several hundred kilometers, and frequencies
Computations of seismic hazard require a of response will range from 0.5 Hz to several tens
specification of earthquake occurrence and size, of Hz. ,

discussed in the previous chapter, and the ground
shaking from canhquakes as a function of, at Although SSHAC considers site effects to be one

least, magnitude and distance. Unlike most of the most important factors affecting the i

deterministic studies, PSHA requires the ground amplitudes and durations of ground motions

motion as a continuous function of magnitude and (aside from the earthquake magnitude, of course),

distance. Furthermore, in general it is not enough the project scope was restricted to motions on

to give the expected median value of the ground rock sites. We assume that site-specific

shaking; the aleatory uncertainty of the shaking, applications will consider the expected

as well as the epistemic uncertainty in the median modifications of the ground motions for the local

value, must also be specified. This chapter site conditions. Local site conditions include the

discusses the estimation of ground shaking for use geologic materials below the surface as well as

in PSHA. topographic irregularities of the ground near the
site. The model for site effects should consider

in many situations, there are not enough soilnonlinearity,if appropriate.
recordings of ground motion to allow a direct
empirical specification of ground shaking. As a In discussing ground-motion prediction, it is

result, estimates are based on a variety of common to divide North America into two

methods, using different assumptions and models regions-western and eastern. It is also important

that are calibrated and verified using various data to divide North America on the basis of the

sets. This can lead to widely differing motions for availability of ground-motion data, because this ;

a particular magnitude and distance. In the face of determines the preferred methods for ground- j

such diversity, an important task in our study is to motion prediction. In this sense, what is often

recommend a methodology for obtaining ground loosely referred to as western North America is j

motions that adequately capture the uncertainty in actually coastal California, from which most

the estimates and is defensible in a regulatory strong-motion data have been obtained. Ground-

arena. motion prediction in other parts of California or
western North America suffers from the same (or
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even a greater) lack of data as does eastern North however, PGA is very sensitive to processes that
America (in fact, a large number of useful can alter the high-frequency cc ntent, such as local |

Iground-motion recordings have been obtained geologic conditions and instrument response, and
from southeastern Canada and the northeastern furthermore is not easily related to any particular l

United States). Predictions of ground motions in range of ground-motion frequencies; in any j
regions lacking sufficient data for a direct earthquake, the PGA can be controlled by
empirical estimation must be based on similar different frequencies at different distances from ,

Imethods, using different parameter values to the earthquake. In addition, the frequencies that
represent differences among geographic regions. dominate the peak acceleration in a particular
For this reason, we emphasize methods more than record are often not in the range of those most
regions in our discussions, important for structural response. Peak

accelerations in excess of 5 g have been measured
We have organized this chapter along traditional from rockbursts in mines, but these motions were 1

lines, first discussmg measures of ground motion,
dominated by frequencies near 400 Hz. For these j

followed by sections on explanatory variables and
reasons we recommend that PGA not be used to !

methods for obtaining ground motions. We have
determine design spectra for most applications. A |

not attempted to give a comprehensive and m-
much more useful measure of ground motion is

depth treatment of these subjects. This is aqt a
the response spectrum.

textbook for predictmg strong ground motion; we i

have provided references for those interested in Response spectra describe the response of a i

the details of the prediction methods. single-degree-of-freedom damped elastic
oscillator to ground shaking. A number of

The heart of SSHAC's ground-mon.on
different measures have been used, referred to by

contribution to PSHA is given m the final tw
a confusing variety of symbols and terms. The '

sections of this chapter. Section 5.5 discusses the
, one most conunonly used for PSHA is the peak

defhution and estimation of uncertainty in spectral acceleration, PSA, defined as:
ground-motion predictions, and section 5.7
contains SSHAC's recommendations for obtaining 2

PSA =
y-

estimates of strong ground motion for PSHA . Sd (5.1)
<T>

5.2 Ground-Motion Measures where S is the maximum displacement of thed
Although a time series of the ground shaking is mass of an elastic, viscously-damped, single-

needed for an exact analysis of nonlinear, degree-of-freedom oscillator with undamped

dynamic behavior of stmetures or soil deposits, natural period T, relative to its point of attachment

most PSHA studies characterize ground shaking to the ground. In most appb, cations, the damping

in terms of a few ground-motion measures. The is taken to be 5 percent. When PSA is plotted as a

most common measures are peak ground function of frequency or period, the result is a

acceleration (PGA) and a few (typically 6) response spectrum. Because the response of many

ordinates of the response spectrum. This structures can be well-approximated by that of a

characterization is sufficient for most single-degree-of-freedom simple harmome,

applications. damped oscillator, the characterization of ground
shaking as a response spectrum is immediately

Peak ground acceleration is defined as the useful. Once a response spectrum is defined, the
maximum absolute amplitude of a ground maximum acceleration, and thus the force, to

| acceleration time series. It is easy to obtain from which a structure is subjected is easily determined
! analog records and is used to define lateral forces by scaling the appropriate value off the spectrum.

and shear stresses in equivalent-static-force Because ofits simplicity, the response spectrum,

procedures (e.g., those specified in building has been universally adopted as the standard
codes) and liquefaction analyses. Being controlled method of defining earthquake motions for
by the highest frequency content in the spectrum, purposes of performing dynamic analyses of
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simple elastic and inelastic stmetures. actual ratio may dapend on the frequency of
Funherraore, we anticipate that future editions of motion, the local site conditions, the focal
building codes will use response spectral mechanism, and the distance from the event (e.g.,
ordinates at a few selected periods, rather than Atkinson 1993a; EPRI 1993). If important, we
peak acceleration, as a basis for seismic zonation recommend that vertical motions be obtained
(Algermissen et al.1991). from independent analyses, in the same manner as

. for the horizontal motions (e.g., Abrahamson and
In spite of their usefulness, response spectra have

Litehiser 1989).
some limitations. First, they provide the response
of a linear oscillator. Studies of nonlinear 5.3 Explanatory Variables in
response require a more complex representation Ground Motion Models
of the ground shaking (e.g., Kennedy et al.1984;
Sewell 1988; Krawinkler et al.1991; de Bejar and 5.3.1 Introduction
Ganapathi 1992). Second, although PSA can be
calculated for any frequency, a non-zero PSA This section discusses the quantities that serve as

does not imply ground-motion energy at the input to ground-motion attenuation models. The

frequency of the oscillator. For example,if shaken discussion focuses on the current state of practice

by ground motion with frequencies no higher and on anticipated developments over the next

than, say,5 Hz, the response of a 100-Hz five years. These explanatory variables in ground-

oscillator will simply reproduce the ground motion attenuation equations fall into three

acceleration. Finally, because of the process by general categories, as follows: (1) size and other

which they are constmeted, response spectra do characteristics of the canhquake (typically

not have the same properties as Fourier spectra. In magnitude),(2) location of the site relative to the

particular, the ratio of two response spectra is not earthquake (typically distance), and (3) site
,

charactenstics. lthe same thmg as the ratio of Fourier spectra. For
example, ratios of response spectra from the same 5.3.2 Background j
event do not cancel the effect of the source.

In general, the addition of a new explanatory
The ground shakes in both horizontal and vertical variable X in the ground-motion model is justified
directions, and m addition spatial variations can from the point of view of seismic hazard analysis
produce rotations of the ground. Generally, PSA if the following three conditions are satisfied:
are only computed for the horizontal ground
shaking. It is not sufficient, however, simply to 1. Introduction of X in the ground-muion model
specify that the PSA is for horizontal shaking, results in a significant reduction in the scatter |

since the shaking can be in two spatial directions. of the ground-motion residuals (observed

Usually the specification is for either the minus predicted amplitudes), as measured, for

geometric mean or the larger of two horizontal example, by a 10 percent reduction in the

orthogonal components of motion placed residual standard deviation.

randomly with respect to the orientation of the
2. There is the ability to characterize the

.

fault that produced the motion. It is important to
Probability distribution of parameter X for

be specific about the particular definition, for
future earthquakes affecting a given site.

there are systematic differences in the motion
between various definitions (e.g., Boore and 3. The prc.baMlity distribution of parameter X in
Joyner 1988). future earthquakes affecting a given site must

be significantly different from the distribution
Less emphasis is usually placed on the vertical

in the sample data used in the development of
component of motion. The vertical component is

the ground-motion model. If the two
often estimated from the horizontal component
using a rule-of-thumb, for example, where the gistributions are similar. the exph, cit

,

intr duction of parameter X m the ground-
vertical is about 2/3 of the horizontal. Such rules

m tion model and in the seismic-hazardshould be used with caution, however, for the
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i
1

! mtegration will not have an effect on the discussed in numerous references (see Johnston et
hazard. This condition is somewhat less al.1993; EPRI 1986).
critical than the other two. One may be
justified in introducing parameter X because Current practice as to the choice of magnitude

,

it makes the model more robust, or because it scale for seismic hazard analysis is different for!

! may allow for future site-specific updating of different regions of Nonh America and for

i the hazard if the site-specific probability different canhquake sizes.

| distribution of X becomes better known. East of the Rocky Mountains, Nuttli's (1973).

There is a relationship between the number and mbLg (also called mLg or mN) magnitude is

I type of explanatory variables in an attenuation the most commonly used magnitude (e.g., this

equation and the associated uncertainties (both is the primary magnitude in the EPRI 1986,
'

aleatory and epistemic). This relationship will be catalog). This is the magnitude in current use

discussed in Section 5.5. by seismograph networks in the region. Pre-
instrumental eanhquakes have been converted

533 Characterization of the Earthquake to mbLg using empirically-based relations
Source that use intensity as the fundamental

bservable (e.g., EPRI 1986). The choice ofS.3.3.1 Magnitude
alternative conversion relations for pre-

Magnitude is the most commonly used measure of instrumental earthquakes is one potential
- earthquake size for the purpose of seismic hazard source of differences among seismic hazard

analysis. There are a large number of magnitude studies (see Toro et al.1992). There are

| scales in use. It is imperative that the ground- several deficiencies in current procedures for
'

motion attenuation equations and the source calculating and reporting mbLg. For instance,
characterization use the same magnitude scale. no distinction is made in some catalogs

Most magnitude scales are instrumental. between mbLg and teleseismic mb. Also, no

| Magnitude is calculated from the peak amplitudes account is taken of the instmment types (for

and distances from the earthquake sources to instance, American stations typically!

seismographs of a certain type that recorded the calculate mbLg usmg short-period WWSSN

earthquake (the process is analogous to applying seismographs, which peak near 1 Hz, while

an attenuation function in reverse, solving for Canadian stations use ECTN seismographs,
,

magnitude given amplitude and distance). which have a broader bandwidth). There are'

Moment magnitude, unlike instrumental also variations in observatory practice, as

magnitudes, has the advantage that it is related to some stations use Nuttli's (1973) equation,

a well-defined physical characteristic of the while others use variants of that equation. All

earthquake source (i.e., the seismic moment). In these factors lead to moderate but systematic

practice, seismic moment is not observed directly regt nal biases in mbLg estimates.

| and, like instrumental magnitudes, it must be For western Nonh America, the locala

calculated from indirect observations (e.g., magnitude ML or an approximation to that
seismograph recordings, geologic or geodetic

.

magnitude has been used since its
measurements), and the calculation of seismic

ntroduction by Richter in 1935 (Richter
moment from these observations often requires . 1935). In the last 15 years, however, Hanks
assumptions about seismological models and their g ;,s (1979) moment magnitude M
Parameters. has been commonly used and is now the

Magnitudes for pre instrumental earthquakes are Pieferred magnitude for moderate and large

determined from macro-seismic measurements earthquakes. 'Ihe moment magnitude
such as epicentral intensity, felt area, or the extent generally correlates well with other
of liquefaction, using empirically derived magnitudes over limited ranges of eanhquake
conversions. Issues of magnitude conversion are size. For magnitudes between about 3 and 6,
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M is approximately equal to the ML through statistical analysis of events for which
magnitude used by seismograph networks in both mbig and M are available. This uncertainty
California (Hanks and Boore 1984). For large, involves both uncertainty in the conversion of the
but not great, earthquakes, M is earthquake catalog to moment magnitude
approximately equal to the surface-wave (especially for large earthquakes with no
magnitude Ms The issue of determmmg M instrumental data) and in the attenuation
for historical earthquakes is of less equations. Regarding the first issue, recent work
importance in the west because the historical on the characterization of large intra-plate
catalog is shorter than in the east, and because earthquakes (Johnston 1995a,b,c, in press) has
there are more instmmental data as a result of provided estimates of moment magnitude for the
higher activity rates. tectonically-stable region of North American

earthquakes above M 3.9 for pre-instrumentally
There is a trend towards the use of M in central recorded earthquakes (for which only intensity
and eastern North America. This trend is

data are available) and above M 3.5 for
motivated by several factors, as follows: (1) the nstrumentally-recorded events. The scatter in
deficiencies in the calculation and reporting of these relationships is generally lower than for
mbLg mentioned above, (2) the preference for

conversions to mbLg. Regarding the second issue,
predicting ground motions using the stochastic

attenuation functions in terms of mbLg and of Mand physical ground-motion models, in which the have comparable scatter (as charactenzed by the
seismic moment is a fundamental model residual standard deviation) for high-frequency
par: meter (e.g., Atkinson and Boore 1995; EPRI ground-motion measures (i.e., f > 2.5 Hz), and the
1993)1, and (3) the benefits of using one M-based equations have lower scatter for low-
magnitude scale for all of North America, thereby frequency ground-motion measures (EPRI 1993;
eliminating a non-physical distinction between Atkinson 1995). In conclusion, there are
east and west. significant advantages in converting to moment

In addition, moment magnitude is the magnitude **E"Itude as the measure of earthquake size for
.

used for the GSHAP (Global Seismic Hazard
seismic-hazard analysis and we recommend a

Analysis Program 1993) worldwide seismic- gradual transition towards the use of M for

hazard study. seismic hazard studies m all regions of the United
,

States. Appendix C contains a more complete
The conversion to moment magnitude for seismic discussion of these issues. i

hazard studies isjustified if the overall . I
uncertainty in the calculated seismic hazard is Another intuesting ahemative to the use of mbLg I

reduced; this may be verified quantitatively is the high-frequency magnitude m recently l

proposed by Atkmson and Hanks (1995). The i

main advantages of this magnitude scale are that
1Physical and stochastic models use seismic rnoment as the basic it is (1) more directly related to high-frequency
measures f the size f the carthquake. Thus,in order to predict

ground motions for a given mggusing these models.one needs a
ground motions than are the other magnitude

rehtionship for seismic rooment given g. often, these scales, and (2) it correlates very well with felt
relationships are obtained using the model itself. by predicting the area, thus allowing reliable estimation of
amphtude recorded at a bypothetical seismograph at a cenam magnitude for large, pre-instrumental events.
reference 6 stance. and then applying Nuttli's (1973) equation to

calculate mg, as a function of amphtude and distance. The Although we consider this scale to have much
.

resulting relanonship is sensitive to the assumptions of the model Promise for use in PSHA, we cannot recommend
(particubriy e. the choice of seismograph, and the choice of its use at this time; it must be better understood
reference distance. An alternative is to derive the relationships

between m Lgand seismic moment empincally. Unfortunately,
and accepted before it is used as the magnitude |

..

b
these two approaches can lead to large differences for large scale for seismic hazard analysis.
earthquakes. The empirical data can be fit well by a linear relation in
the range for which data are available. The model-based 5.3.3.2 Other Source Characteristics
relationships agree wnh the empirical relationships in this region. but
predict curvature for larger canhquakes. sufficient data are lackmg Another source characteristic that affects ground
to resolve the differences at the larger magnitudes. These differences motion is the tectonic regime where thecan translate into large differences in predicted ground motions.
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earthquake occurs (i.e., intraplate, plate margin, or surfac. prowen of mptur.
subduction zone). This characteristic is not ~

o3 statwn
typically included explicitly (as a parameter) in i D2
attenuation equations because most attenuation Epic.nt.r 4D4
equations are applicable to a single tectonic -

'

I E3regime. Instead, tectonic regime is used implicitly
as an explanatory variable by the selection of the ( ,_ ,,,,,, ,,,,

attenuation equations applicable to the region of s,poc.nt.rF rouit ruptur.
interest. If a site is affected by earthquakes from

'

different tectonic regimes,it may be required to
use different attenuation equations for the source Distance Measures (from recording station)

!
zones associated with the different types of D1 - Hypocentrol.

eanhquakes. D2 - Epicentrol
D3 - Closest distance to high-stress zone

Other source characteristics that affect ground- D4 - Closest distance to fault rupture
motion amplitudes are focal mechanism (strike os - Closest distance to surfoce projection of rupture :

slip, reverse, or normal), and source depth. Focal |
mechanism is typically not used as an explanatory

'

variable, although it has been used in some Figure 51 Diagram illustrating different distance '

attenuation functions for California (e.g., measures used in predictive relationships (from ;

Shakal and Bernreuter 1981).
Campbell and Bozorgnia 1994; Sadigh 1993). ,

Depth is seldom included explicitly as an If the dimensions of the canhquake mpture are of ;

explanatory variable. the order of ten kilometers or more, point-source 1
|

5.3.4 Characterization of Site Location idealization of the seismic-energy release may

Relative to the Earthquake become inappmpriate. In these situations, some ;

form of closest distance to the mpture should be j
5.3.4.1 Distance used. Figure 5-1 illustrates the shortcomings of

Figure 5-1 illustrates the most common the hypocentral and epicentral definitions of

definitions of distance used in attenuation distance when the rupture is long. Of the three ;

functions and in seismic hazard analysis. definitions of distance that consider the spatial ,

extent of the rupture, the distance to the sh,pped |For small and moderate earthquakes, the fault (also called distance to the seismogenic |
dimensions of the canhquake rupture are '

mpture), and the closest horizontal distance from
negligible compared to the distance from the the station to the point on the earth's surface that
earthquake to the site (except, perhaps, for lies directly over the mpture are commonly used.

lcanhquakes m the host source zone). In this case,
These definidons of distance are consistent with 1

two definitions may be used: hypocentral (or the use of fault seismic sources with extended
focal) distance, and epicentral distance. These tw ruptures. Consistency must also be maintained
definitions of distance are consistent with the use between the definition of distance and the
of areal source zones in seismic hazard analysis. geometric representation of earthquake
Consistency must also be maintained in the

occurrences. Attenuation equations that use
treatment of depth. If the attenuation function

distance to the surface projection of the rupture
uses epicentral distance, the areal source zones

require (as a minimum) line models of the fault
must be specified as having zero depth. If the trace. The other definitions require three-
attenuation function uses hypocentral distance,

dimensional models of the fault plane. 1
the seismic source must have a non-zero depth ;

(or, preferably, a probability distribution of 5.3.4.2 Other Characteristics
depth).

At least one seismic hazard study has considered j
the location of the site relative to an earthquake 1

with a reverse focal mechanism, under the
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assumption that ground motions are different for Some attenuation equations include terms
the up-thrown and down-thrown blocks (PG&E describing site conditions (see Joyner and Boore
1988). In addition, some attenuation equations 1988, for a review). Initially those terms consisted
under development predict different amplitudes of dichotomous variables (rock or soil; e.g.,
for the up-thrown and down-thro vn blocks McGuire 1978; Joyner and Boore 1981). Other
(Somerville and Abrahamson 1995,in press). studies distinguish among different soil depths by

.. . considering the depth to basement rock (Trifunac
| Directivity is the theoretical tendency for higher and Lee 1979; Campbell 1987). Boore et al. (1993

ground-motion amplitudes when the rupture 1994a) consider the combined effect of soil depth
i

propagates toward the site. Some empirical and soilimpedance by using the average shear-
studies show evidence for directivity effects (e.g., wave velocity over the top 30 meters of the soil

,

|
Boatwnght and Boore 1982; Campbell 1987), but column.2

| these effects are usually not seen at the
frequencies ofinterest in this study (i.e., f > 0.5 Other studies have developed amplification
Hz). Directivity effects are often obvious in data factors for various soil types and depth categories
from large earthquakes at lower frequencies (e.g., (Bernreuter et al.1989; Boore and Joyner 1991;
Benioff 1955; Gutenberg 1955; Kanamori et al. EPRI 1993). These amplification factors are used
1992; Somerville and Graves 1993; Velasco et al. to modify the rock attenuation functions or the
1994) and may be imponant in seismic-hazard rock hazard results.
studies for low-frequency structures such as base-

Note that it is important to be precise about what
isolated stmetures, suspension bridges, or tall

constitutes a rock site. For exainple, for the
,buildings. Attenuatiorcequations in current use do

SSHAC elicitation of ground motion (Appendix
not include directivity effects as an explanatory

B), a rock site was defined to be one whose time-
variable, although to the extent that such effects

weighted shear velocity in the upper 30 m is 2800are in the data, they will be included implicitly as
m/s. A hard-rock site such as this may be

,

scatter in empirically-based equations. Theoretical
appropriate for glaciated portions of eastem Northmodels often show directivity effects, and
America, but for many other sites what is

simplified theoretical models, such as the
c mm nly taken for mck will have much lower 1

commonly-used stochastic model, might
shear velocities m the upper 30 m. In such cases, |incorporate directivity implicitly in deriving
C^f*f"I c nsideration of differences in local rock

model parameters from empirical data (e.g.,
vel cities must considered before importing

.

Boore and Joyner 1989).
results from other regions; a " site effect" may

5.3.5 Characterization of Site Response have to be developed for the rock. For example, a
sample of California sites that were classified as

Site effects are best treated on a site-specifi rock (based on their geological description) had a
basis, because these effects may substantially geometric-average shear-wave velocity of 650
change the amplitude and frequency content of g
ground motion and because data on the dynamic
characteristics of the site are always gathered for 5.3.6 Introduction of Other Explanatory
important facilities. Guidance on methods for site- Variables into the Hazard Analysis
specific evaluation of site effects is beyond the Calculations
scope of this report; the reader is referred to EPRI

Magnitude and distance are the only ground-
(1993), Martin (1994), and other engineering

m ti n eXP anatory variables used in a majority ofl
literature on site-response calculations, including

seismic hazard studies and the availablethe treatment of soil nonlinearity. Nevertheless, a ,

calculational methods are designed to mtegrate
short discussion of the generic characterizations

ver the aleatory (i.e., random) distribution of
of site response is included here because these
may be of use for preliminary studies or for

2Actually, the quantity used is the harmonic or " time-weighted"
studies mvolving low-n. k facih. . ties. average of the velocity. i.e 30 m divided by the travel time through

. .

s

the upper 30 m of the profile.
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earthquake magnitudes and locations. These computed,is referred to as a "model." These
calculational methods also consider epistemic "models" often are associated with the names of
uncertainty (i.e., ignorance) about the true form of the authors who derived the model. For example,
these distributions. Toro and McGuire (1987) and Boore and

. Atkinson (1987) are two models using the
Additional explanatory variables have been used

stochastic method.
in ground-motion models for recent seismic
hazard studies. This practice will become more By focusing on the components of models, we
widespread as more data become available and have removed the temptation to judge, rank,
ground-motion models become more recommend, or advise against particular models.
sophisticated. If the value of an explanatory This is more properly the task of the elicitation
variable applicable to the site (or to a site-source process discussed in Section 5.7. References to
pair) is not known (either because the value is specific models and some discussion of their
anticipated to vary from event to event or because advantages and disadvantages can be found in the
of incomplete knowledge), it is important to discussions of the workshops held during the
consider that uncertainty explicitly. If the value is course of this project (Appendices A and B).
expected to vary from event to event (i.e., aleatory

.

uncertainty), one should integrate over the values We first start with a description of methods that

of the explanatory variable in the calculation of rely n data. Next, we discuss aspects of methods

the exceedance probabilities (as is done with that must rely on a mix of theory and data; models

magnitude and distance). Because the standard based on these methods are currently the most

calculational methods for seismic hazard analysis c mm nly used procedures forpredictions of

do not integrate over variables other than gr und motions outside of coastal California. We

magnitude and location, it is usually easier to conclude with remarks regarding the use of

perform this integration prior to the hazard scaling spectral shapes to obtain ground motions.

analysis. This integration will change the median This last subsection is the only one in this section

prediction of the ground motion and the containing any significant recommendations-in

distribution about that median. If the uncertainty general we recommend that the use of scaled

about the explanatory variable is epistemic, it is Spectral shapes be avoided. Even though the

easier to incorporate it in the conventional Spectral shapes are usually determined from

seismic-hazard analysis. analysis of empirical data, we placed this section
last because the peak acceleration needed to scale

5.4 Methods for Predicting Ground the shapes can come from any method-empirical

Motions r theoretical.

This section contains a brief discussion of the For those readers seeking more details about

various common components that must be vari us methods, we recommend consulting the

included in ground-motion prediction models riginal research papers, as well as reviews such

(other than those based strictly on data). Any as Joyner and Boore (1988), Atkinson and Boore

particular model can be built from the various (1990), Reiter (1990), and Boore et al. (1994b). In

elements that are cascaded together to make the addition, the quadrenmal reviews of strong

Predictions. motion seismology published by the American.

Geophysical Union can be very useful (e.g.,
A matter of terminology must be cleared up now. Joyner 1987; Anderson 1991).
By " methods" we mean a general class or way of
predictmg ground motions. A particular 5.4.1 Empirical Methods

application of a method to derive ground motions. This topic divides naturally into those methods
either explicitly in the form of a table of values or that use instrumental data and those that use
equations, or implicitly as a procedure or intensity data. We discuss the use ofinstrumental
algorithm from which ground motions can be data first.
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Methods that Use Recorded Ground Motions regions characterized by low seismicity, seismic

In some site-specific and deterministic intensity has been used in the past to predict

applications, ground motions can be determined ground shaking in future canhquakes (see, e.g.,

directly by choosing a suite of motions from Trifunac and Brady 1975; Veneziano 1988). The

earthquakes of similar size, fault type, and present consensus that emerged from the ground-

distance from the site. If the data are available, m ti n w rkshops (see the Appendices)is that

nothing more need be done. This use of observed intensity should no longer be used as the principal

data is not particularly relevant for PSHA, which ** ".s for obtaining ground motions. TheI

requires the prediction of ground motions for a Principal weaknesses are that intensity is a fairly

continuum of magnitudes and distances. In this crude, quahtative measure of ground shaking, and

situation, the obvious choice is to use regression the correlations between intensity and ground

analysis to fit a functional form to the set of shaking, needed to derive equations for spectral or '

s

ground-motion recordings. Details about this Peak accelerations, are very poor. This leads to

method can be found in a number of places, S'E*ficang uncertainty m the motions. Also, these
.

including Boore and Joyner (1972), Campbell relationships between intensity and instrumental

(1985), Joyner and Boore(1988), Boore et al. gr und motion are region-dependent, magnitude- |
.

,

(1993 1994), Sadigh (1993), Campbell (1993), dependent, and distance-dependent. In addition,'

and Campbell and Bozorgnia (1994). Even with there am pidalls m the process of substituting one
,

similar data available, differences can arise in the '*EI*S8'" ** "" 0u, as required m order to
.

; results because of different data winnowing, constmet an auemanon equanon foMA or

different choices for the explanatory variables, response spectra from intensity attenuation

; and different assumptions regarding the functional equations (e.g., Cornell, Banon, and Shakal 1977; |

form. The equations are directly useful when the Y'"**i"" I988; Risk Engineering 1991). These'

PSHA is being performed in the region for which Imutations nught be overcome to some extent if
.

the data were obtained, and the results are also gr und motion and eanhquake magnitude never

useful as a means for checking and calibrating *".**'*.dthe picture. This would be the case if
,

theoretical methods. The method suffers from seisnucity were expressed in terms of epicentral

several weaknesses, all related to the lack of data intensity and if the product of the analysis were
hazard curves for various intensities. Th,is

for various magnitudes and distances. It is well
known that few data are available at close scenari , however, is not applicable to the PSHA!

studies ofinterest to SSHAC because adistances for large events, but perhaps less well
characterization of seismic hazard in terms o'known is the limitation at distances beyond about

100 km. The ground motions at these distances intensity is of no practical use m. setting des.ign
levels r m seismic PRA studies. This scenario isare small enough that not all operational

instmments are triggered, even for large events. applicable to earthquake loss studies, which
, g ; g g g7;9 ;

This can lead to biases m the regression results
and uncertainty in the form of the attenuation Intensity data and intensity attenuation equations
equations for the greater distances. For use in are useful, however, as consistency checks for the
PSHA, the equations must be capable of predictions (especially for large magnitudes)
predicting motions beyond the distance at which obtained from attenuation equations based on
the bias might appear, and therefore the modeling and/or instrumental data.
attenuation equations determined strictly from
empirical data may have to be extended using The use of intensity has recently experienced a

theoretical models or data from small earthquakes renewal of interest as a means for estimating

recorded on sensitive seismological networks. seismic moment (e.g., Hanks and Johnston 1992;
Johnston 1995b; Bollinger et al.1993) and high-

Methods that Use Intensity Data frequency Fourier spectral levels of the ground

Because it is often the only information related to shaking (Atkinson and Hanks 1995); see also

the ground shaking from large earthquakes in section 5.3.3.1. These approaches make use of
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data from events for which both intensity simulations are required to estimate the
observations and instrumental magnitudes are parameters of the statistical distribution of ground
available. Thus, this process ensures consistency motion. This can be a computationally intensive
with relationships such as that of Nuttli and exercise. This approach will become more viable
Herrmann (1984). These estimates of source as data from more eanhquakes are accumulated
strength can then be used with theoretical models and as computing power increases.
of the ground shaking to obtain predictions of
ground shaking that potentially have less Pieces of the Punle. The methods usually break

uncertainty than those produced by the direct use the task of estimating ground motions into three
P eces: the source, the path, and the site (theiofintensity. We think that this very promising use , ,

division between the latter two is somewhatofintensity has an imponant role in PSHA in ,

many regions of Nonh America. artificial-the site is usually that part of the path
within a few kilometers of the point at which

5.4.2 The Components of Non-Empirical ground motion is predicted or observed). Later in
Methods this subsection we discuss the various ways that

these pieces are treated.
Introduction

I'** * . It is clear fr m I kingFor most applications, sufficient data are lacking .

at bserved ground shaking that the motions are
to be able to use the purely empirical methods.

usually chaotic, particularly at high frequencies.Instead, ground motions are predicted by methods
Simp e models m which a fault with umform sh,pl

that generally combine theoretical and empirical
aspects: the theory gives functional forms with is embedded in a constant-velocity half space do

parameters that are determined from data, if n t produce enough complexity m the motions

possible, or are specified by analogy with other (although such models have been used for many

regions or from experience. years in studies of motions at periods much longer
than of concem in engineering). A key issue is

Hind- vs. Fore-Sight Prediction. Before how the various methods incorporate the
continuing, we poini out that for the ground. complexity and randomness in the motions. Some
motion component of PSHA, the fundamental methods attempt to model the actual complexities
task is to predict the statistical distribution of of the earth, while others might be classified as
ground motion for future earthquakes as a phenomenological models with functional forms
function of magnitude and distance (at the least, that are guided by insights from physical models
this would be the mean and the standard deviation and parameters that can be adjusted to fit data. A
of the ground-motion measure). Many fundamental precept of the latter methods,
seismological studies are focused on hind-sight whether or not explicitly stated, is that the earth's
predictions of ground shaking in individual dynamics and stnicture are too complicated to
earthquakes for which records of ground motion model deterministically, particularly for a future
have been obtained. The purpose of these studies event.
is usually t:,inSr the details of the seismic
source-the nometry of the source and the Low vs. High Frequency. Before embarking on a

.

#

distribution of slip across the fault as a function of discussion of the pieces of the puzzle, we remind

space and time. When done for enough the reader that the applicabihty and necessity of a

earthquakes, the results or such studies can be method are often related to the frequency of the

used to develop statistical distributions of the m tions that are being predicted. As mentioned

source propenies that might be used for the type earher, simplified models of the source and path

of ground-motion predictions needed by PSHA. are a equate 1% long periods are being

Funhermore, the methods used to construct m deled, motions whose wavelengths are much

synthetic seismograms can be used in a forward greater than the size of the earthquake source and
m st f the earth's heterogeneities. This frequencysense to predict motions from future earthquakes,

but to be useful for future earthquakes, many regime is of no interest for PSHA. On the other
hand, motions with periods of several seconds
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| may be of interest, and for these motions referred to, in the literature, as " stochastic
deterministic models of the propagation path can models," describes the radiation from a fault in
be adequate, although even for this case terms of ground-motion spectra whose amplitude
unknowable complexities of the source may and shape are given by smooth, relatively simple |

require a probabilistic treatment of the source. functions, and whose phase is quasi-random, such l

i that the motions are distributed in time over a l
| 8"#**

duration related to the size of the source and the I

Introduction. The seismic source is described distance from the source to the site (e.g., Hanks
fundamentally by the specification of the slip and McGuire 1981; Boore 1983; Toro and
across the fault plane as a function of space and McGuire 1987). The amplitude spectra can be
time. This information is never available for obtained by fitting functional forms to data (e.g.,,

| future earthquakes, and therefore the methods for Atkinson 1993b), but more often are taken from
treating the source use various approximations to physically-motivated seismological models of the {
obtain the seismic radiation from faults. One class source. The most common is the single-corner

'

2of methods sums subevents over a finite fault, and frequency, co model; this model is usually, but
another represents the fault by an equivalent point not completely accurately, referred to as the
source. The latter can still be applied to faults of "Brune" model (after Bmne (1970)). Joyner
moderate size as long as the source (1984) has published a two-comer extension of
characterization and the distance measure used in the model to account for a breakdown in the self
the hazard calculations are consistent with the similarity of seismic sources. No attempt is made
method for predicting the ground motions. in the equivalent point-source models to account

. for the distribution of motions around a fault of a
Summations Over a Fim.te Fault. In methods

particular orientation; usually a simple scalar
treating the source as a fault with finite, nonzer

factor, taken from studies such as Boore and
extent, the motions are generally calculated by

Boatwright (1984), is used to represent the effect
summing and lagging the motions from many

of rays leaving the source in many directions.
subevents distributed over a fault plane with a

Because a randomization is not needed for many
panicular orientation and size. In the sense of a

subevent distributions over a given fault plane and
Monte Carlo study, the motions for many

for many orientations of the fault plane, the
realizations of the subevents can be combm.ed t

computational requirements of the equivalent
provide the ground-motion distribution needed for

po nt-source methods are almost trivial.
PSHA. These subevents can be defined in a
number of different ways. Some methods use Path
records from actual earthquakes as the subevents
(e.g., Somerville et al.1991; see also Appendix As seismic energy leaves the source, it is subj.ect

.

t m dification enroute to the site. In some
E). A number of others generate a random slip
distribution with prescribed properties (many methods, this modification is captured by using

emP rical Green s functions-recordings of smalli
studies have done this, a recent example is

events at a site that have traversed the specified
Herrero and Bernard 1994). Finally, some

Path. Such Green's functions are of little use formethods do not attempt to simulate a physical
PSHA, however, for seldom are sufficient Green's

distribution of slip over the fault plane, but
instead use simple subevents, with the needed functi ns available for a specific site ofinterest.

Instead, most often the modification is
, ,

complexity contributed by adding together the
Parameterized by the multiplication m the

,

motions from a distribution of these subevents
frequency domain of two factors. The first is a

,

(many small ones and a few whose dimensions
simple geometrical spreading (often frequency-

are comparable to that of the target event; e.g.,
mdependent) to model the elastic wave-Zeng et al.1993).
propagation effects. The simplest form of this

, ,

Eauivalent Point Source. This popular subset of model assumes propagation in a uniform whole
models of the Stochastic Models method, often space and predicts a decay proportional to 1/r; a
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straightforward modification makes this decay complexities not included in the computational

proportional to at distances greater than models (e.g., Horton 1994).

100 km to account for multiple reflections of At long periods (which are important for base- )
waves trapped in the earth's crust (Herrmann isolated structures, suspension bridges, or tall :

1985). The second is a representation of anelastic buildings) the full-wave methods become more |
| attenuation, usually given by a function of the attractive because the path is more deterministic 1

form exp (-n f r/ Q c), where e is the shear wave at this larger scale (see Helmberger et al.1993). A j'

velocity and the quality factor Q can be frequency hybrid approach, which uses a full-wave method I

dependent: for long periods and a more stochastic method for
short periods has been utilized for this purpose

| Q = Qo(f / fg)9 (5.2) (Saikia and Somerville 1995).

where usually fo = 1. The parameters for the Anelastic attenuation has only a moderate effect

anelastic attenuation are usually obtained from n PSHA for frequencies below 10 Hz, especially j
in the central and eastern U.S. where anelasticstudies of wave propagation in the region of j

interest. attenuation is lower. Although geometrical
!

spreading and anelastic attenuation are treated as ;

IMore realistic models of geometrical spreading separate phenomena, they are strongly coupled in
are now in use. For example, somewhat more practice, because ground motion is affected by |
complicated functional forms than 1/r can be fit to both. Given the amount of data and their scatter, it
existing data (e.g., Atkinson and Mereu 1992). is typically impossible to resolve the two effects

IAnother class of models uses wave propagation in all that is known is their combined effect.
a layered earth to account for the path

SII'complexities. These include computationally-
rapid high-frequency approximations that try to As mentioned earlier, site effects can have a first-
capture the essential modifications due to the order effect on ground motions. This can be the
earth's layering (e.g., Ou and Herrmann 1990; case even for sites that are nominally founded on |
EPRI 1993), generalized ray theory (Somerville hard rock. In fact, at least one study suggests that
1992), and full-wave calculations that compute there is more ground-motion uncertainty in rock
the complete wave motions for a layered earth sites than in soil sites (Abrahamson and Sykora
(Saikia 1994). The latter two methods are 1994). It is very important in elicitation of ground
computationally intensive, and the basic motions to be specific about what is meant by
assumption of plane layering is in many cases a "hard-rock"; in our workshops, we specified this
very gross approximation to reality. Furthermore, to be sites underlain by material for which the
even if the earth were plane-layered, it is unlikely time-weighted shear velocity exceeded 2800 m/s.
that the properties of the layering would be
known in sufficient detail to account for Examples

propagation of high-frequency waves. For these Because each piece of the ground-motion puzzle
reasons, the motions computed for full-wave can be treated in so many different ways, many
methods, although mathematically precise, may ground-motion models can be obtained. It is
not give a priori predictions of ground motion because of this diversity that a well-developed
that are any more accurate than the methods that elicitation process is necessary to obtain the
treat the path in a much simpler manner. ground motions needed for PSHA. We devote
Recognizing that full-wave methods may not Section 5.7 and a good pan of Chapter 3 to this
produce sufficient complexity in the motions, need. Some discussion of the strengths and
some recent studies are adding an empirically- weaknesses of a number of specific models for
determined filter to the simulations to account for the predictions of ground motions in the central,

'

the scattering of waves due to geologic and eastern U.S., circa 1994,is contained in the
discussiens of the ground-motion workshops held
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during the course of this study (Appendices A and
B).,

| ...o.,i. ...n.r

| 5.4.3 The Use of Fixed Spectral Shapes _d=0sono
| Anchored to PGA i - r.ock 2

_

- .

Introduction : - 50|| -

,

|M_
! One of the approaches for obtaining a / ''

.

| representation of seismic hazard as a function of /, - , '7,5 ,
stmetural frequency is to perform the seismic 100 - #

_::
hazard calculations for PGA only and then use an "N

"

6N .5 "independently obtained spectral shape or a : {
standard spectral shape to convert the PGA to - - -

spectral accelerations or velocities at all h -

frequencies of interest. This approach maybe E ,

viewed as assuming a ground-motion model in 10 5.57
j which spectral acceleration at any frequency f is i

~

l given by C(f)xPGA(M,R), where C(f) is - - |

| independent of magnitude and distance. This
" -

'

approach was commonly used in the past.
" -

I ' '''' ' ' ' ' "
'Ihis section begins by describing the main facters

O.I 0 |

that affect 6e spectral shapes of earthquake PERIOD . SEC
ground motions. Considerations about these
factors are then used to support the

I recommendation that fixed spectral shapes not be Figure 5 2b Predicted pseudovelocity response
Spectra for zero epicentral distance and several

used in seismic-hazard analysis (excePt for values of moment magnitude. Source: Joyner and
studies of limited or very-limited scope). Boore 1988.

Factors Affecting Spectral Shapes

station . Macnitude
,M S

~

M8 Larger earthquakes generally break a larger
4 3 portion of the canh's crust and have longer
./gj rpicontn

durations than smaller earthquakes. As a result..
.

I High stress zone larger earthquakes are more effective at producing
! lower-frequency ground motions and have a,

. surfsee of fault suppage higher proportion oflow-frequency energy
relative to the high-frequency energy than smaller,

' '
Hypooenter canhquakes. Figure 5-2 shows the effect of

I DIslance Measures (from recerding atation) magnitude on spectral shapes. The effect of
| magnitude on spectral shapes is also obvious byg,,g,,,,,,,,,,
I M2 * Epicentral exanunmg the magnitude coefficients m

us - Dist. to enercetie zone attenuation functions for spectral acceleration and
M4 * Diet. to slipped f sult for PGA (e.g., Boore et al.1993; Toro et al.
Ms - olst. ta suriace oroleerion of fsuit

| 1995): the coefficients for 1 Hz spectral
: acceleration are approximately twice as large as

those for PGA.Figure 5-2a Diagram illustrating different
distance measures used in predictive relationships.

(from Shakal and Bernreuter 1981).
!

l
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As an illustration, consider the calculation of shape (with its higher PSA(IHz)/PGA ratios) with
seismic hazard of a hypothetical 1 Hz structure a proper central and eastern U.S. PGA attenuation

located in a region with maximum magnitude in function willlead to overestimation of the hazard
the range of 6.0 to 6.5. If we use a spectral shape for the hypothetical I Hz structure in the central
based on earthquakes with magnitudes near 7.0, and eastern U.S.

we implicitly assume that the ratio
PSA(1 Hz)/PGA is the same for the earthquakes

,
,

affecting the site as for the magnitude 7.0
' '

a> cereat and east. n u. s.
earthquakes used to construct the standard
spectral shapes commonly used (we will return
later to the standard spectral shapes). We know A

from seismological theory and observation, i ' s.
however, that this ratio is lower for the h.3,
earthquakes that threaten our hypothetical \
structure, due to the effects of magnitude. %

%
.

High-Frequency Energy je : $,
.: %, <

Earthquake ground motions at rock sites in the 1,:, :

westem United States have little energy at
frequencies higher than 20 Hz (Hanks 1982). In ,

contrast, a number of grotmd-motion records '..i . . . . . . . i. ,

" ~ " ' "
obtained at hard-rock sites in the central and
eastern U.S. have significant energy at ,

~

frequencies as high as 50 Hz. This high-frequency
'

in w i.,n u. s.

energy affects the spectral accelerations at high
frequencies (f>20 Hz) as well as the PGA, but it / s.
does not affect spectral accelerations at lower / M.

' )-sfrequencies. These differences are generally i i

' \.explained as the result of less damping in the |
' , (N,,, ,

.

'

upper crust (Hanks 1982; others), but altemative A
,

interpretations have been proposed (e.g., i
Papageorgiou 1988). The shape of the power b ?.,g$
spectrum at high frequency is often parameterized j' :

by the frequency fmax (Hanks 1982) or the
attenuation time x (Anderson and Hough 1982).

As a result of these differerces in high-frequency ;
"' "* "'

energy, the high-frequency portion of the , , , " " , , , , , , ,

response spectrum is very different for these two
types of earthquakes as illustrated in Figure 5-3. Figure 5-3 Comparison of spectral shapes for the

central and eastern U.S. (CEUS) and the western
Considering a hypothetical structure with a 1-Hz U.S. (WUS) for moment magnitudes 6.5. Source:

Silva and Green (1989).resonant frequency in the eastern United States,
we note that earthquakes in the central and eastem Distance also has an effect on high-frequency
U.S. have similar 1-Hz amplitudes and higher energy, due to anelastic attenuation (i.e.,
PGA than California earthquakes of the same damping) in the earth's crust. High-frequency
moment magnitude. Thus, the PSA(1 Hz)/PGA waves go through more cycles as they travel a
ratio is lower (nearly 50% lower, according to certain distance, so they undergo more
Figure 5-3) for the the central and eastern U.S. attenuation. This phenomenon becomes important
earthquake. As a result, using a Califomia spectral

NUREG/CR-6372 96

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



. . . .

. _ . _ _ _ _ ______

|
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at distances of more than 50 km and has only a sites in California. As a result, these spectral
minor effect on seismic hazard. shapes may overestimate the PSA(1 Hz)/PGA

ratios for rock sites.
I ! Use of Spectra Associated with Certain Percentiles

A common practice in the development of
spectral shapes is to select representative records,
normalize or scale all records to a common PGA,

I i
''

' . . compute their response spectra, and calculate the-

'^
- /sj" . . , , , , , " " " " " normalized spectrum associated with the 84,

''

percentile. That is, at each frequency the# / calculated value of the normalized spectral
i
j acceleration is higher than the normalized spectral,

" '

/ accelerations in 84 percent of the selected records.
/ This practice was followed in the development of

/ the NRC Regulatory Guide 1.60 spectrum (U.S.
/ Atomic Energy Commission 1973; see also

', / .. -- Blume et al.1973).
,, . i is

""""*8* At frequencies associated with the PGA, there is

no scatter among the spectra because all spectra
Figure 5 4 Response spectra (5% damped) have been normalized to a common PGA. As one
recorded at Gilroy 1 (rock: solid line) and Gilroy 2 moves to lower frequencies (i.e., away from peak
(soil: dashed line) during the 1989 Loma Prieta acceleration), the scatter among the selected
earthquake (the log average of two horizontal spectra increases due to the effects of magnitude,
components is plotted). Sourre: EPRI 1993.

high-frequency energy, and site response
Site Responr,e discussed earlier. Rus, the 84 percentile spectrum

deviates substantially from the median normalized (Site responses may have a dramatic effect on
spectmm. Returning to the hypothetical 1-Hz

spectral shapes. Figure 5-4 illustrates the effect of
stmeture, the PS A(1 Hz)/PG A ratio is much

site response on spectral shape by comparing the
higher for the 84-percentile spectrum than for the

,

spectra from records obtained at two nearby 3median spectmm . This difference is not the resultstations: one on firm soil, the other on rock.
ofjustified conservatism in the face of

Deep-soil sites tend to amplify low frequency uncertainty; rather, it is the result of conservatism

motions (for which amplification effects are c mbined with a sub-optimal procedure for the
dominant) and to dampen high-frequency motions estimation of low-fmquency spectral accelerations
(for which damping effects are dominant). The net (see also Comell 1993).
effect on peak accelemtion is typically small, but
the effect on spectral shapes may be dramatic.

Not all standard spectral shapes in current use are

Shallow-soil sites have little effect on low-
associated with 84 percentiles. For instance, the

frequency energy and tend to amplify high-
NUREG-0098 median spectral shape (Newmark
and Hall 1978)is often used.frequency energy and PGA (for which clastic

resonance effects due to trapped energy are 5.4.4 Recommendations
dormnant).

It is recommended that the representation of
He data used to develop sorne standard spectral seismic hazard as a function of structurd
shapes (e.g., the NRC Regulatory Guide 1.60,
U.S. Atomic Energy Commission 1973 and
NUREG 0098, Newmak and Hall 1978) contain
a large number of records from deep-alluvium y D $ 3" $ c^rtIn$$"[[ Y ""'"*#"

,,
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l
,

frequency be obtained directly through attenuation equations or ground-motion models 1

attenuation functions (or equivalent formulations) used for this purpose must have sufficient basis
that predict spectral acceleration as a function of (either empirical or based on sound theory) for
structural frequency, rather than using a fixed predicting spectral accelerations at the magnitude,
spectral shape anchored to a value of PGA. This distance, and structural frequency of interest. This
recommendation implies that separate seismic- approach is also more economical than the
hazard calculations must be performed for each approach described above. i

frequency, but this is not a problem with today's 1

computational capabilities. This is also the only Standard spectral shapes may be used in studies

way to capture the manner in which the various f hmited scope only if they are shown to be

seismic sources contribute differently to hazard at consistent with the above conditions or if they are

the different structural frequencies. shown to be conservative, as long as this i

conservatism is not burdensome to the owner or i

The recommended approach also requires more operator of the facility,
input than a PGA hazard analysis, because it
requires attenuation equations for spectral Standard spectral shapes may be used in studies

accelerations at multiple frequencies. This is less f very linuted scope, without having to show
, ,

of a problem at present than in the past for the betr applicability.
,

following two reasons: (1) most ground motion 5.5 Characterization of Uncertainty
records of interest are routinely digitized and

in Ground-Motion Predictions
. . .

processed (makmg the response spectra
available), and (2) there has been significant 5.5.1 Types of Uncertainty
progress in the use of seismology-based models of |
ground motion, which can readily provide This section presents a description of the types of '

estimates of spectral accelerations, uncertainty in ground-motion predictions. The
taxonomy of uncenainty used by some ground- 1

In cases where the limited scope of the study motion analysts is somewhat more elaborate than
makes it necessary to use fixed spectral shapes, the one presented in Chapters 1 and 2. Although
these shapes should be developed on a site- this taxonomy should not be mandated, it is i
specific basis, using records that are included here because it provides useful insights
representative of the seismic exposure, x values, into the causes of uncertainty and allows the -

and soil conditions of the site.The site-specific quantitative calculation of that uncenainty.
spectral shape should be associated with a median -

normalized shape. Also, it may be desirable to use The distinction between aleatory and epistemic
spectral acceleration at some intermediate uncenainties was introduced in Chapters I and 2;
frequency, rather than PGA, as the reference it is repeated here for emphasis.
ground-motion measure used for anchoring.

Em.stemic Uncertainty. Uncertainty that is due to
.

In practice, it is nearly impossible to find a incomplete knowledge and data about the physics
sufficient number of records (i.e., more than 10) of the earthquake process. In principle, epistemic
that meet all the required conditions (the uncenamty can be reduced by the collection of
exception is portions of California and similar additionalinformation.
areas with high seismic activity and dense ..

network of strong-motion instruments). In Aleatory Uncertaintv. Uncertainty that is mherent
t the unpredictable nature of future events. Itaddition, the level of effort is not too different

from that associated with a seismic hazard represents unique detailt of source, path, and site

analysis for multiple spectral accelerations, response dat cannot p '..w
fled before the

earthquake occurs. Give. : model, one cannot
A simpler approach is to use existing attenuation reduce the aleatory uncertainty by collection of
functions or seismological ground-motion models additional information. One may be able,
to construct the site-specific spectral shape. These
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however. to quantify the aleatory uncertainty variability in the calculated bias that introduces
better by using additional data . uncertainty about the accuracy (or unbiasedness)4

. of the model (due to limited data) is epistemic
From the point of view of the ground-motion

modeling uncertainty. Similarly, the event-to
analyst who is using physical models, the total

event variation in stress drop is aleatory
uncenainty m predicted ground motions is often

parametric uncenainty, whereas the imperfect
panitioned m a manner that may be considered

knowledge about the probability distribution of
onhogonal to the above partition (see

stress drops from future canhquakes (e.g., What isAbrahamson et al.1990), as follows:
the median stress drop for M 7 eanhquakes?)is

ieP stemic parametric uncenainty. Table 5-1Modeline Uncertainty. Represents differences
between the actual physical process that generates illustrates this two-way panition of total

the strong earthquake ground motions and the uncertainty. The different types of uncenainty are

simplified model used to predict ground motions illustrated by way of a more concrete example.
(Abrahamson et al.1990, call this The Hanks-McGuire ground-motion model

modeling+ random uncertainty). Modeling (Hanks and McGuire 1981; Boore 1983, etc.) may

uncertainty is estimated by comparing model be used to predict spectral acceleration for a given

predictions to actual, observed ground motions, magnitude and distance and for given values of
the model's physical parameters; i.e.,

Parametric Uncertainty. Represents uncertainty in
InlAmP tude } = f(m,r: Aa,Q,fmax) (5.3)lithe values of model parameters (e.g., stress drop,

anclastic attenuation)in future canhquakes. where the stress drop Aa, the quality factor Q, and
Parametric uncertainty is quantified by observing the frequency fmax, are physical parameters of the
the variation in parameters inferred (usually in an model.
indirect manner) for several eanhquakes and/or
several recordings. When one applies this model to well-studied

events in well-studied regions (for which the
It is important to recognize that the distinction parameter values have been determined), and
between modeling and parametric uncertainty is compares predictions to observations, one
model-dependent. For instance, one may reduce

observes some scatter and possibly some bias,
the scatter in the predictions by making the model

addressed below, because the physical model
more complete, thereby introducing new

contains only a crude representation of source and
parameters in the model. Unless these new

path effects. This scatter represents aleatory I
Parameters are known a priori for future '

modeling uncenainty (i.e., observed scatter not
canhquakes and for the site ofinterest, there will

explained by the physical model). In order to
be additional parametric uncertainty, thereby

include this scatter in our prediction:,, the physical
transferring some modeling uncertainty into

model above is used to construct an aleatory
| parametric uncenainty, without varying the total model of the form

uncertamty.
In[ Amplitude) = f(m.r: Ao,Q,fmax) + Ealeatory modeling(5.4),

Both the modeling and parametric uncenainties|

| contain epistemic and aleatory uncenainty. For where c leatory modeling is a zero-mean randoma
instance, observed scatter that is not accounted for quantity that represents the observed scatter not
by the model and varies from event to event is explained by the physical model.
aleatory modeling uncertainty, whereas statistical

4An example may clanfy these definitions. Consider a Gaussian
random quantity X with mean p and standard deviauon c. The value
of p represents the deterministic component of X. The value of a
represents aleatory uncertainty in X. The probabihstic modeler's
uncertainty about the true values of p and o(due to a small statinical
sample or to alternative hypotheses about the nature of X) represents
episterruc uncertainty in X.
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|

| Table 51 Partition of Uncertainty in Ground Motion Prediction
!

Seismic-Hazard Analyst

Epistemic Aleatory,

1

Uncertainty about the Unexplained scatter
i em true model bias (i.e., to due to physical
| 5 what extent model has processes not included

j tendency to over- or in the model
2 under-predict

observations)
'

Uncertainty about the Event-to-evento
3 median stress drop for variation in stress drop
$ the central and eastern or focal depth, etc. '

Q U.S., depth
A distribution, etc.

,

Because we need to make predictions for future and epistemic parametric contributions are
h

earthquakes (for which the stress drop and other combined into c in Equation 2-5.e
model parameters are not yet known), those

Appendix F desen.bes how these concepts arepredictions will contain additional uncertainty:
alcatory parametric uncertaintv. Knowing the used in the context of the various types of ground-

aleatory, event-to-event and site-to-site, variation m tion models and how the various components

in the parameters, one can calculate the associated f uncenainty are estimated m practice.
,

1

ialeatory uncenainty in ground-motion amplitude The distinction between epistemic and aleatory
by using the methods of derived distributions

uncertainties is common practice in PSHA (see
(Benjamin and Cornell 1971) Referring to Chapter 2) and should be maintained throughout
Section 2.2, we note that the aleatory modeling the process of characterizing uncenainty in
and aleatory parametric contributions are ground-motion predictions. The distinction

,

'

combined into e,in Equation 2-5. between modeling and parametric uncertainties is

Epistemic uncenainty in the above prediction also a useft'l tool for the quantitative determination of

comes in two forms, as follows. The h. . d data' the epistemic and aleatory uncertainties m themite
and the scatter in these data, do not allow us t context of physical models, but it is not required.

quantify any systematic biases m the physical In fact, this latter distinction is internal to the

model's predictions for given parameter values, ground-motion modeling and is not carried

Small biases are obscured by the scatter in the downstream into the seismic hazard calculations. *

observations, unless one has observations from Site-Soecific Persoective on Uncenainty. In
!many events and sites. It may also happen that ground-motion studies, the limited availability of

most of the data fall outside the (m,r) ranges of data forces the investigator to use data from large
engineering interen. ~ihis uncenainty is epistemic 5geographical areas . Any undetected geographic
modeling uncertainty. In addition, the aleato 7 trends in the data are implicitly counted as pan of
distributions of the model parameters are not the aleatory parametric uncenainty. (Also, ;known exactly (e.g., What is the median stress undetected geographic variations in the model
drop for ENA earthquakes?); this introduces bias are implicitly counted as aleatory modeling
epistemic parametric uncenainty. Referring to
Section 2.2, we note that the epistemic modeling

sin physical models, data on different parameters may be collected
i

at diffennt geographical scales (e g one may use stress-drop data
t

from all of ENA, while using Q data from a smaller region).

.

NUREG/CR-6372 100



5. Methedology for Estimating Ground Motions on Rock

uncertainty). Thus, the scatter one obtains from predictions. This is tme for both soil and rock
regional data applies to a site chosen at random. sites, as there appears to be significant differences

, in the response of different rock sites.
In seismic hazard studies for a given site, one is
interested in ground motions from cenain seismic 5.5.2 Propagation of Parametric
sources (with their particular distributions of Uncertainties
stress drop and source depth and their preferred

Let X , X , X be aleatory quantities1 2 nfocal mechanisms), which are propagated through
a certain ponion of the earth's emst (over a radius representing uncertain parameters of the ground-

of say,100 km, with its panicular Moho depth, Q. motion model (e.g., stress drop, Q). Aleatory

and upper-crust velocity profile), and are further uncenainty in the values of X , X , . . Xn for a1 2

modified by the local geologic conditions beneath given event and site is represented by probability
6

that specific site (with its panicular amplification, distributions with parameters (e.g., means and

resonance, ic, and degradation properties). If one standard deviations) 0 ,0 ,6 Om-1 2 3

takes this perspective, much of the geographic Uncertainty in the values of Oj,0 ,6 , . Om2 3

variations that were implicitly counted as aleatory represents epistemic uncertainty, and is also

uncertainty should be counted instead as represented by probability distributions. Also let

epistemic, thereby decreasing the aleatory in[ Amplitude]= f(m.r;X ,X , Xn}+1 2
uncertamty and increasing the epistenu

,

Eepistemic modeling+Ealeatory modeling (5.5)
uncertamty.

represent the ground-motion model, including
If site-specific m. formation on any of these modeling uncertainty. The propagation of
parameters is obtained (from geophysical or parameter uncertainties into uncenainties in
geotechmcal studies, regional Q studies, weak- ground-motion amplitudes (i.e., finding the
motion recordings, etc.), the epistemic parametric distribution ofIn[ Amplitude] as a function of only
uncertainty will be reduced accordingly (and there m and r)is one of derived probability
will likely be a change in the central value of the distributions (see Benjamin and Cornell 1970) It
parameter). may be performed using logic trees, Monte Carlo

This site-specific perspective is, in principle, the simulation, or other appropriate methods. Because
CP stemic and aleatory uncenainties must be keptiproper perspective for all seismic-hazard studies,

regardless of the level of effort, and regardless of SCParate, this propagation m ist be performed in a

the availability of site-specific data. In practice, nested manner. The innermost step consists of

however, it may be difficult to quantify a priori calculating the distribution of )
how much of the aleatory parametric uncertainty In[ Amplitude (m,r)]for given values of Oj,0 , !

2

0 ,- Om, and c leatory meng. by integrating overin a parameter is associated with geographic 3 a

variation and should be treated as epistemic. all possible values of the aleatory quantities given
;

Oj,0 ,0 , . . Om, and c leatory modeling. In2 3 a
This site-specific perspective is particularly practice, one often calculates the mean and
important for site effects, because the site- standard deviation of In[ Amplitude (m,r)] rather
response parameters (shear-wave velocity profile, than the full distribution. The outer step is to
stiffness-and damping-degradation curves, and x) calculate the epistemic distribution of the mean
have a significant effect on ground motions. Also, and standard deviation calculated above, when
these parameters are determined as part of the Oj, 0 , 0 ,... Om, and c icatory modehng2 3 area
site-characterization studies for important allowed to vary based on their respective
facilities. Thus, one would expect a significant probability distribution. ;

reduction in epistemic uncenainty (and a |

significant, but unknown a priori, change in the !
median ground-motion prediction) when site- 6we use me woe paranmer.e two agemnt meamngs in tius 4

paragraph. The first time we mean a physical (or perhap< empincah j
specific site-response information becomes parameter such as stress drop (aleatory), the second time we mean a j

known and is used to update ground-motion parameter r a pr babihry distnbution such as median stress drop
(epistenuc).
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The result of this exercise is a model of a form has the advantage that one can calculate the
( that may be used in the seismic-hazard sensitivity of the seismic hazard to those uncertain '

calculations, i.e., quantities. i

in[ Amplitude (m,r)] = g(m.r) + Eepinenc + esecon One may also choose to calculate the full
epistemic distribution of c istemic; ande ,oywhere e, pig,,, and cge my have zero mean. We geI ep

rather than their first and second moments. Thesecan wnte the following expressions for the i

calculations would follow the same nested Iquantities appeanng in the above equanon.
structure shown above, although the computations

Mean value of In[ Amplitude (m,r)] and would be somewhat more demanding.*

| epistemic standard deviation of ground
motion amp'itude. 5.6 Recommendations

g(m,r)=Ee {Ex|e [f(m,r,x)]} Based on the discussion in Sections 5.2 through
5.5, the following recommendations are presented

Var {reE
(recommendations on elicitation are contained inf +c istemic = ye (m,r,x)ep
Section 5.7).

(5.6)

O epistemic modeling Ground Motion Measures

1. We recommend that PGA alone not be usedMean value and epistemic standard deviation.

for most applications. A much more useful
of the variance of edeamn: measure of ground motion is the response

o leatory = EefVarye{f(m,r,x))p, +
2 spectmm.

a,

'

2. We recommend that venical motions, if
2

0 aleatorymodeling important for the study, be obtained from
independent analyses, in the same manner as

=[Varg[Varde(f(m,r,x)]f +c2 for the horizontal motions.,

1 0 aleatory >

-1/2 Explanatory Variables
2Var 0 aleatory modeling (5.7)stat. 1. All data used to construct the attenuation

functions must be in the same magnitude
In the above equations, Ex [ ] and Var [ ]x scale and this scale must be the same as the
represent the expectation and variancp operators, scale used to define seismicity parameters.
O represents the vector of 0 ,0 ,0 , . Om, and1 2 3

i X represents the vector of X1, X , Xn, and we 2. Seismic hazard studies in the western United2
assume that c and E s Umst use de momd magnid sd.eemon modeung epistemic modehng

have zero mean. The last term in the last equation Although seismic hazard studies in CEUS
represents statistical uncenainty in the value of may use either moment magnitude or mbig ni
c2 the near term, we strongly recommend that an
nestebature h. The above equations show theae deh

these calculations, with the eff rt should be made to convert the CEUS
i conditional integrations over XIO on the inside earthquake catalogs to moment magnitude. At '

and the integrations over O on the outside. thy same time, the collection of macro-
I

seismic data from current canhquakes should
One may choose not to integrate over a few of the not be discontinued, in order to improve our
more important epistemic uncertainties, leaving understanding of the relationship between,

those uncertainties explicitly in the model (in macro-seismic effects and instrumental
which case one would have to provide the magnitudes. Because of its potential utility in
conditional values of the above four quantities). PSHA, we also recommend a detailed
Those uncertainties would then be considered evaluation of the newly-proposed high-
explicitly in the seismic hazard calculations. This frequency magnitude m.

NUREG/CR-6372 102

|
,



. __ _

,

.

5. Methodology for Estimating Ground Motions on Rock
i
!

3. Distance The definition of distance in the estimates and is defensible in a regulatory
attenuation equations must be consistent with arena is recommended in Chapter 5. i
the geometric model of canhquake i

occurrences. Attenuation functions in terms of 2. We recommend that the use of scaled spectral

distance to a point source (or a projection shapes be avoided.

thereof) are consistent with areal seismic Recoma endations on Uncertainty !
sources and are appropriate for source
dimensions less than 5 km. Attenuation 1. The estimates of total uncertainty in ground

functions in terms of distance to the rupture motion must be realistic and must include all

surface (or a projecdon thereof) are consistent sources of uncertainty. In panicular, one must

with fault-type seismic sources and are avoid the following two frequent situations:

required for source dimensions of 5 km or (1) very narrow estimates of uncertainty as a

greater. Consistency is also required for result ofignoring the existence of other

source dimensions of 5 km or greater. models or the possibility of alternative

Consistency is also required in the treatment interpretations of the existing data, or (2) very

of depth, which is imponant for the host broad estimates of uncenainty (which would

seismic source or for faults located near the allow for unreasonable ground-motion

site. amplitudes or which predict much more
,

scatter or bias than is observed in the data in j
4. Site Response If the scope of the study does (m,r) regions where data are available). l

not warrant a site-specific site response !

analysis, it is necessary to use attenuation 2. The partition of total uncenainty into aleatory

equations that are applicable to the conditions and epistemic, though sometimes arbitrary,

at the site or to use appr' priate amplification must be made carefully and in a manner thato

factors. The explanatory variables that is consistent with current practice.

characterize site conditions should consider 3. Ground-motion analysts are encouraged to
both the depth and dynamical propenies of use quantitative procedures for the
the site; the use of a soil / rock dichotomous

development of uncertainty estimates and to
explanatory variable is not sufficient.

follow the framework discussed here. This

5. For site-specific analyses, sufficient resources facilitates the exchange ofinformation and

should be made available to adequately should help resolve some of the differences

characterize local geologic and geotechnical between expens' estimates of uncertainty It

properties. is recognized, however, that there are limits to
the applicability of purely data- and model-

6. Additional Explanatory Variables In most driven procedures and that some subjective
situations, there is no need to introduce inputs are always required.
additional ground-motion explanatory
variables to represent earthquake 5.7 Specific Expert-Elicitation
characteristics or location of the site relative Guidance for Obtaining Ground-
to the earthquake. Additional explanatory Motion Values
variables may be introduced with adequate
justification, as discussed in Section 5.3.2. If The ground-motion information needed for PSHA
additional explanatory variables are is the probability distribution of the ground-
introduced, their aleatory and epistemic motion measure of interest, conditional on
uncenainties must be modeled explicitly. earthquakes of magnitude M occurring at distance

a a W 8 SPdeg rangey.Methods for Predicting Ground Motion
Usually the probability distribution is specified by

1. A methodology for obtaining ground motions giving the median value of ground motion and a
that adequately capture the uncertainty in the parameter related to the breadth of the distribution

function. In most cases, the ground-motion
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|

measure is assumed to follow a lognormal element of the general guidance applies to ground

distribution. He goal of the clicitation, then,is to motion specifically and is an integral part of the

obtain the median value and the breadth ground-motion elicitation process.

parameter for any M and R within the specified ,

5.7.1 HistoricalPerspective i
, ,

range. The elicitation must consider the
uncertainty in the desired parameters. For ground-motion elicitation, EPRI and LLNL

used fundamentally different procedures. EPRI
The procedure for performing the elicitation will

used one analyst (a few mdividuals in one
depend on the particular project. For projects that
do not involve critical facilities whose failure ? nsuhing company), who conducted several

mf rmation-gathering workshops and then
,

might cause a substantial hazard to the nation and
decided on particular models to be used in theits citizens, the elicitation might involve nothing
analysis. Weights were assigned by the analyst to

more than an analyst choosing an equation from
three specific models, and the hazard calculations

the literature. Elicitation at the other end of the
were performed for each of these three ground-

spectrum involves an intensive effort that
m tion models; the weights were used in

employs a group of experts. We will concentrate
here on this latter case. At the end of this section

aggregatmg the results.

we have a short discussion on the use of the LLNL used two different procedures. In their
contractor / peer review process outlined in the initial work (mid 1980's) they asked each member
previous section. of a group of experts to assign weights to a set of

In this section we will recommend a procedure for gmund-motion models. As in the EPRI work, the
hazard analysis was performed for each model in

obtaining ground motions that should be as
c mbination with the many different seismicity

applicable ten years from now as it is today, even
if a new generation of ground-motion models is models. The ehcitation procedure involved an

available by then. The bulk of this section will be information-gathering and dissemination

devoted to a detailed discussion of how to use w rkshop, but, by design, the interaction among ;

experts and the analyst team was mimmal. LLNL
multiple experts to obtain ground-motion values.
We imagine that such an exercise will be adopted the role of a " weak" integrator, for they

did not want to influence the experts in their
undertaken every 5 to 10 years, and will be

choice of models.
focused on ground motions to be used in regional
studies. For many projects, the results of such an In the early 1990's, LLNL again elicited ground-
elicitation can be used with or without motion information from experts, but in this case
modification. For site-specific studies, more what they did with the information-and to some
detailed knowledge ofimportant parameters such extent how they obtained the information- ,

as crustal stmeture, Q, kappa, and local basin and differed from their first elicitation. After a one-
soil properties might be available, and it would be day information dissemination workshop, LLNL ,

appropriate to modify the ground-motion values asked the experts, in individual interviews, to |
to account for these site-specific properties. provide ground-motion es:imates and associated !

uncertainties for a set of magnitudes and distances |This section begins with a short discussion of the
ground-motion clicitation procedures used in the (what we will refer to hereafter as points m (M, J

EPRI and LLNL studies. It then presents a brief R) space). These estimates were combmed to |

summary of SSHAC's recommendation for pmduce a " composite" ground-motion (
performing ground-motion elicitation. This is distribution which was used to compute the |

followed by a more detailed discussion of the hazard. LLNL again adopted the role of a " weak"

elicitation process. Further details and supporting integrator, and interaction among the experts,
although intended, was mm, imal. Lessons leamedinformation are contained in several Appendices.
from LLNL's experience is contained in R.

This section is designed to augment, not substitute Mensing's paper (Appendix D).
for, the general guidance in Chapter 3. Every
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) SSIIAC's Recommendations median that is a good fit through the elicited

On the basis of past experience with the LLNL (M,R) pairs.

and EPRI studies, as well as our experience in 3. A third approach, used by LLNL in 1992, is
two ground-motion workshops convened to test to perform a regression analysis to fit a
some of our ideas (Appendices A and B), we response surface empirically (i.e., some
recommend the following: convenient parametric mathematical function)

Compos.ite ground-motion estimator to the means of the (M,R) pairs.

SSHAC recommends that ground-motion Ee standard deviations (aleatory and
. ,

measures be estimated for a selected set of ePisterme) can be dealt with strmlarly; the

specific points in (M,R) space (as LLNL did in vanation over the (M,R) space is less strong,
however.

their second elicitation). The sections below ;

describe a process for eliciting these estimate 5. Use of a TFI
Here we discuss the question of how to use the
limited set of explicitly elicited (M,R) pairs to For reasons given elsewhere (see Chapter 3) we

produce the information necessary for the hazard recommend for multiple-expen applications that

calculation, namely a functional form that can be gr und-motion ehcitation be done by a TFI--one

used to estimate the ground motion for all(M,R) entity responsible for producing a composite,

pairs. gr und-motion estimator based on input and
interaction among experts and between the TFI

There are at least three basic ways to generate and the expens. In a very real sense, the TFI will
ground-motion estimates for an arbitrary point in have intellectual responsibility for the product.
(M,R) space: The TFI process is explicitly contrasted with other

alternate modes of using models, including using
1. If the (M,R) pairs were constructed using

only one model, using multiple models with
explicit numerical weights on multiple

explicit numerical weights, and using one core
models, the natural process is to form a

model with other models for support. We have
composite model equal to a weighted average

found that the TFI process, based explicitly on the
of the multiple models, and to use this

principle that there is "no one correct model,"
composite model to calculate ground motion

reduces the panicipants' tendencies to view
(the explicit numerical w;eighting approach is themselves as advocates and emphasize their role
discussed below; one of its advantages is the

as scientists and evaluators with different
attractiveness of this well-defined scientific hypotheses.
interpolation process).

We explicitly recommend against the use of a
SSHAC strongly discourages the use (without

" weak" integrator, who simply mechanically
scientific justification) of individual models

combines the expert's opinions and weights
with the same weights for all points in (M,R)

without feedback between the integrator and the
space. Thus, the TFI elicitation process may

expen. Furthermore, we strongly endorse an
often result m weights that are different (M,R)

elicitation process that involves significant
pairs. In this case a reasonable approach

feedback, iteration, and group discussion among
wou?d be to vary the weights smoothly (e.g., experts and the TFI. Most of the rest of the
linear interpolation) around the (M.R) space chapter contains an extended discussion of the
in such a way that the composite model fits TFI approach to elicitation.
through the elicited discrete set of points.

Use of a Technical Integrator (TI) to Develop the
2. Another process is to use one specific model, Ground-Motion Analysis

such as a stochastic model, and adjust the
parameters to provide a representation of the It is also feasible to use a Technical Integrator

(TI) approach for developing the ground-motion
part of the PSHA analysis. We will not develop
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detailed guidance here for this option, which is process and in structuring and conducting the
described in more detail elsewhere in this chapter. information clicitation.
However, much of the guidance that follows,
although directed towards the TFI approach, is It is also extremely useful to have someone on the

useful for the TI approach as well. Moreover, TFI team with detailed probabilistic seismic

acting as a TI-like evaluator of a range of hazard expertise. Such expertise can help guide
,

scientific viewpoints is one of the roles that each the facilitation process by focusing it on those
elements and data that most affect the final hazardexpert is asked to play in the TFI process.
calculation. It is rare to find the three types of

,

5.7.2 The TFI Team expertise in one individual; thus, the typical
minimal size team would be two or three. In the

The TFI has two primary roles:
SSHAC workshops, the TFI team was four to five

1. Structures and facilitates a high level of Persons for experimental reasons, but this is on

interaction among ground-motion experts. the high side. The TFI team must work together
very closely and meet often, so that increasing the

2. Integrates data, models, estimates and expert size of the team makes logistics difficult.
evaluations to produce a " final" full Additionally, the larger the team, the harder and
probabilistic characterization of ground more challenging it will be to achieve TFI
motion as a function of magnitude, distance consensus,
and frequency.

Another essential piece of the ground-motion TFI
| Figure 3.3, described in Chapter 3, illustrates the team are the resource experts, or "Implementers,"

different types of disagreement that may occur described in Chapter 3 who handle logistics,
among a group of ground-motion experts. The mailings, process expert information, take
figure also illustrates unintended disagreements technical notes, etc. At least one Implementer
due to incomplete communication and must be a ground-motion expert. It is worth
misunderstandings. repeating that it is essential that the Implementers

Following the general discussion in Chapter 3, the report directly to the TFI because of need to

TF1 for ground motion should be a small team respond quickly to logistical and technical needs.

that includes at least two essential types of 5.7.3 The TFI Process
expertise:

Figure 5-5 provides a road map of the ground-
Functional knowledge of ground motion motion elicitation process. This process is

*

(science, data, models and interpretations) explicitly based on the elicitation guidance in
. Section 5.7. There are 6 stages in the process, andKnowledge and expertise in eh. . citation* ~

methods in most stages, there are group interactions. Each
group interaction is preceded and succeeded by

The functional knowledge is essential in TFI interaction with individual expens. This
! clarifying, facilitating and leading scientific section is designed to supplement, not replace,

! interchange and in sununarizing points of Chapter 3, which provides detailed facilitation
! agreement and disagreement. The elicitation and integration guidance.

expenise is essential in designing the interaction

|
!

!

!
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Figure 5 5. Roadmap of GM Elicitation Process

The process begins with a design stage and ends preliminary schedule of group meetings to ensure
with an integration stage. The group interactions that the expens selected will be available roughly
are naturally organized into two group workshops when they are needed. Expen selection is
(illustrated by the dotted line boxes in the Figure) described in Chapter 3. The specific types of

| but the number of workshops is not as imponant experts needed are described in the following
; as ensuring that every type of interaction occurs subsections.

TFI interaction with individual experts is also I:

! essential at every stage of the process. He E must fuHy understand the process laid 1

out in the roadmap (Figure 5-5), as well as the ]
I

( The different stages of the TFI process are TFI principles in Chapter 3. Moreover, the TFI
described below. To help organize the discussion, needs to make sure there are adequate resources |

| consideration has been given in each stage of the in terms of people, time and money to implement j
! elicitation process to the purpose and goals of the the process. Also, the members of the TFI team .

| stage, the process involved in accomplishing the must be careful to check that they have the
j goals, and the products that will result from the necessary expenise;if they do not, the team

i
stage. should be altered or supplemented.

'

| State 1: Process Design In the design stage, the TFI must work closely

h the first stage of the process, the TFI works with the sponsors of the project. Then. the TFI

with the sponsor to lay out the objectives, must work with the Implementers to bring the.

,
.

I workplan, and time schedule. It is crucial early on nght set of expens onto the project and to make
'

to select and line up the Implementers to help sure they receive all the necessary m, formation

; with the logistics of the process. concermng their responsibilities and schedules.
.The TFI and Implementers must work carefully

It is also very imponant early on to identify with the sponsors to make sure that necessary
; potential expert participants and formulate a
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l
contracts are set up well ahead of any work that The product would be one or several sets of data 1

needs to be accomplished. against which to compare ground-motion
.

estimates at Stage 4 of the Elicitation Process.
The time frame for the Process Design will The data would have to be compiled into I
typically be on the order of several months machine-readable form, but this can be done after I

because of the large number of people that need t Workshop #1.
be contacted and assembled and because of the
complications and delays that are often Stage $ Review of Methods

encountered in setting up contracts for a large h p his g is fon WW
project. It is SSHAC's experience that a number large group of experts (from which a smaller
of TFI team meetings are needed to iron out the

group will be chosen for Workshop #2) and the
goals, details, and procedures for each stage. We TFI to understand the strengths and weaknesses of )
believe that the details provided in Appendices A '

the basic classes of methods for predicting
and B that desenbe the SSHAC ground-motion

gr und-motion measures. In addition, other goals
workshops will reduce the necessary preparation

of Stage 3 are to make sure that all reasonable
methods have been considered and to perform an

*

The product of the Process Design should be a initial screening of the methods. This is

carefully laid out workplan and time schedule, in accomplished by the following " required"

which every type of participant has a documented activities:
task list, a set of deliverables, a set of milestones,

Structuring and facilitating complete,
a

and a budget. It is particularly important to pre- information andjudgment exchange
arrange at least approximate dates for large group

Staging presentations by proponents ofmeetings so that the participants can block out the *

time on their calendars. different modeling approaches

Ensur;ng consistent databases and IStage 2: Review of Data *

terminology
A key lesson from the SSHAC workshops was the
importance of early attention to data issues in Staging debates in critical areas*

preparation for reviewing models and expert Heavy emphasis on structured discussion.

positions (refer to Chapter 3 for more details). We regarding basic aproaches rather than on
^

suggest that a single reviewer (e.g., the resource individual expert opinions.
expert) prepare a comprehensive white-paper
discussing the applicable data well in advance of Each activity above is an essential part of the TFI

the first group meeting (which we will hereafter Process. The centerpiece of Stage 3 is a carefully

call " Workshop #1"). This is a large job and structured group meeting involving intensive
adequate time and resources should be allowed interaction anang ecrts and the TFI. Prior to
for its completion. This paper should be the group meeting, several people with strong

i distributed to meeting participants in advance, knowledge of specific classes of methods for
| with instructions that the participants carefully predicting ground-motion measures should be

review the paper and be prepared to critically asked to play the role of reviewers and prepare

discuss the paper at the group meeting. presentations of the methods. At the group
meeting these people present the methods and

At the workshop, the reviewer would present the their strengths and weaknesses (without focusing
paper, and that presentation would be followed by on a particular model), with various types of
intensive discussion and interactions among the group discussions following the presentations (for
participants. As m, all group interactions, the TFI an example of useful types of discussions, see the
needs to guide the discussion to make sure that it agenda for the first SSHAC ground-motion
does not stray from the task at hand. workshop, presented in Appendix A).

.
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The meeting itself requires careful facilitation. It should ask expens who are not communicating to
is critical for the TFI to set the right tone for the try to state each other's positions clearly.
meeting. In doing so, two elements that bear
repeating from the general guidance in Chapter 3 As pan of the group meeting itself, the experts

are critical: should be asked to provide input on specific
points in (M, R) space that are most appropriate )

The purpose is n21 to choose the best 'model.' for constructing the composite ground-motion i
*

: The experts should be made to understand estimator. There needs to be a clear common
that the TFI concept is founded on the understanding of appropriate assumptions
premise that there is no one correct model, concerning magnitude scale and definitions of
and that the meeting will not be focused on distance. The TF1 should have already considered

-

trying to identify a single wirmer or loser. It is these issues, but if the expens are not involved in
,

very important psychologically to have the this initial stage, future analyses are likely to !

participants feel that they are not there to win contain conflicting assumptions and errors.
or lose, but to identify and clearly understand4

all imponant scientific and application issues. S me suggested, but not required, ideas and tools
are:

The purpose is nci to achieve consensus.*
.

Consensus may occur as a serendipitous Pre-meetine Contact with Experts - SSHAC

outcome, but it is imponant to state explicitly strongly suggests that the TFI meet with at I
.

that the meeting will not be a failure if least several of the ground-motion experts
consensus is not achieved. Rather, it should individually. This greatly aids in anticipating

be communicated that disagreement is not Potential confusions and problems, in

only expected, but acceptable. understanding the subsequent discussion at j

the group level, and in helping pre-structure
It is also important that the expens understand discussion topics and define key agenda
that, other than when they are asked to be items.
proponents (which occurs after the first
workshop), they are expected to act as Pre-meeting Contact with Reviewers - It is

independent, informed evaluators (and later as essential that the TFI communicate before the

integrators). An imponant aspect of the TFI meeting with the reviewers to make sure that

process is that the expens are asked to provide they understand their role and to promote a

input as to how they would integrate all the standardized format for their presentations.

models, data and information into a composite SSHAC's experience has been that without

representation of the overall expen community. If such structure and guidance, some proponents

the expens feel involved as evaluators, they will will give excellent presentations, while others

tend to be constructive, and rather than resisting will be either ill-prepared or hard to follow.

the process, they will assist it.
Influence diacrams - Influence diagrams are

The focus in this first interaction is on the logic of an invaluable graphical communication tool

different modeling approaches, rather than on f r describing basic relationships in a given

variations among similar approaches Initial focus modeling approach (see Howard and

should be on model logic rather than on numbers. Matheson 1981, for a general descript,on ofi

influence diagrams). Figure 5-6 illustrates an
It is essential for the TFI to isolate and play back influence diagram that was elicited from a
points of agreement and disagreement. This is ground-motion expen to describe how one
accomplished by playing back a clear summary of ground-motion model produces an estimate of
the conversation frequently during the meeting. A uncenainty. Such diagrams provide an
useful facilitation model is the concept of' active excellent context for understanding the
listening' (elaborated in Chapter 3). The TFI reasoning underlying a model or scientific

argument.
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be representative of the overall ground-motion ;
E", ,w.

"""o=* expen community. I

\ The general process of expen selection is
""'#**

described in detail in Chapter 3. Basically, it is
E. important to include enough expens at Workshop l

'

N #1 such that additional experts would not bring |
substantially different methods or interpretations |si *o

""'
to the table. When selecting among specific :

individuals,it is best to find specialists who are |
"''*7 articulate and clear-thinking. It is best to fm' d ]

generalists who are particularly well-respected l
n.e .,ou.w

*U and who are not perceived to be wedded to one
particular approach or interpretation. If possible. |

=>< mas
*""

it is desirable to include expens who are non - !
hostile and non-emotional; this contributes to

Figure 5 6. Influence Diagram better group dynamics and information exchange.
|

The key elements in the Stage 3 workshop are an However,ifit is necessary to choose between

initial session in which the workshop purpose and having a diverse set of experts and having a well - 1

the various roles of the participants are explained. behaved group, it is best to go for the diversity.

Second, presentations by expens designated as The SSHAC experience, buttressed by extensive

reviewers (who may or not be members of the decision analysis experience, suggests that if the
.

expen panel) of representative methods for meeting is stmetured appropriately and the goals

predicting ground motion form the basis for much are c mmunicated appropriately, the meeting can
)

of the interchange. Third, the methods should be Proceed without rancor, even if the expens

considered one by one to make sure that all points substantially disagree on scientific matters.

of confusion and areas of agreement and The group meeting can be conducted in two or I
disagreement are covered in detail. Since the three days. The TFI, however, needs several I
relative efficacy of the different methods depends months to design the meeting and the process, to l
on magnitude and distance, the discussion needs identify the experts, to solicit panicipants, and to 1

to be structured (M, R) point by (M, R) point. set up the necessary logistics for the meeting. The '

Fourth, it is imponant for the expens to document reviewers of the methods will require several
their post-discussion appraisals of the different months to prepare their papers. It is important to
approaches-this would typically be take into account the relatively small community
accomplished through a written survey (the of leading ground-motion experts. It is critical to
SSHAC Ground-Motion Workshop I survey is enlist the leading world expens, and this generally
describedin Appendix A). Finally,itisimportant necessitates a long lead time.
that the TFI document, for all panicipants, a
summary of the lessons learned from the meeting, Basic products of the Review of Methods stage
including conclusions about which representative include:

models should be run to provide numerical
estimates for the next workshop. A set of methods for predicting ground.

motions clearly understood by the TFI and
For Workshop #1, it is important to have a large experts

and diverse group of experts, both generalists and
specialists who are able to act as reviewers of A list of specific disagreements, not.

specific methods. The experts as a group should necessarily resolved, but which are clearly
understood and documented

have a comprehensive understanding of existing
data and models and their limitations and should
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A set of representative models to be used to The TFI needs to make sure that the data used by
*

forecast ground motion at specific (M, R) each proponent are summarized in a form so that
points easy comparisons can be made. The estimates are

The set of(M, R) points to be used in the displayed by the TFI (and/or resource experts) in,

' *

Stage 4 elicitation a consistent graphical format, along with the data
agreed upon in Stage 2. It is useful to include bars

A set of proponents identified by the TFI to representing epistemic uncertainty for each*

run the models to produce the Stage 4 Proponent.

Predictions The graphs and proponent documentation are
Stage 4: Elicitation of Ground Motion at Points in distributed, before Workshop 2, to a slightly
(M, R) Space larger group of experts. This larger group may

Stages 4 and 5 are the heart of the elicitation include the proponents, who would now be asked

process. They provide the basic material to be to wear a different hat, that of independent.

used by the TFI to produce the composite ground- evaluator. The experts-as-evaluators provide

motion estimator. This is done by concentratmg estimates for the same (M, R) pairs, using

ground-motion estimates and discussion on whatever combination of models they wish. Their
results are sent to the TF1 in advance ofspecific (M, R) pairs (determined during and after

Workshop #1). The stages are conducted at a Workshop 2. The TFI again prepares graphs

group meeting (Workshop #2), smaller than that showing the various estimates, but they do not

used for Stages 2 and 3. The workshop must be
have to be distributed before the workshop.

designed so that information is provided to the At Workshop 2, the agenda is organized around a
TFI in a way that promotes extensive feedback discussion of the ground motien estimates. Once
and discussion among experts. again, the TFI attempts to isolate and then focus

The process starts with a small group of experts in
on areas of strong agreement and disagreement.. .

the role of proponents who are asked to perform a The purpose is not to achieve consensus (although
that is a good outcome if it is a true consensus)

detailed ground-motion analysis based on a
but rather a detailed understanding of the rationale

specific model, and then to interpret the results.
for underlying differences so that the experts can

These proponents should be intimately famihar
with particular ground-motion models (generally,

each construct an informed composite

these proponents have published these models) representation of their own and the overall expert

providing ground-motion estimates at the (M, R) community's state of knowledge. The discussion
should illuminate and eliminate any unintended

pairs to the TFI m advance of the meeung, usm, g a
, disagreements. Typically, the experts will want to

specific model. The purpose of the proponent role
reconsider their estimates after the groupis not to create advocates, but to create a clear
discussion. This can be done informally (say

i understanding of each model and its results. The
overnight) at the workshop, but then needs to be

proponents also provide a written description of
done more carefully immediately after the,

| the assumptions and modeling details, as well as
workshop. Similarly, the TFI may need a round of

an explicit account of the dataset upon which the
individual interactions after the group meeting to

j estimates were based. If possible, proponents
make sure that the basis for the proponent and

j should provide numbers and pictures showing
expert assessments are fully understand.

| what the results would be-based on data only-

| and compare that to the model estimates. These Time needs to be allocated for enough iteration so
results may differ. For example, the median that the TFI can come to a full understanding of

!

ground-motion estimate for one distance may be the basis for the ground motion estimates. Several
the result of fitting a curve that applies to a range months at least are required before Workshop 2 is
of distances, whereas the data alone would apply held for the proponents to (1) perform the model
just to that distance. runs, (2) document assumptions and results, (3)

receive feedback from the TFI and the other
|
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|
|

'

experts, and then (4) react to the feedback and Ground-motion experts will not all be familiar
prepare for the meeting. The meeting itself will with the meanings of these different types of

; typically last two to three days (the SSHAC uncertainties, nor will many of them have much
meeting lasted two days). Roughly a month experience in or knowledge about probability
should be allocated afterwards for individual clicitation. Thus, individual interactions with the
interactions among the TFI and experts, and for experts are required prior to the group meeting to |
final estimates of the ground motion measures. provid; education and training in probability |

elicitation and to elicit probability distributions |The basic product of the model estimate
from the experts (this type of training is described Iinteraction is a well-understood median estimate in Chapter 3). |

of ground motion for each specified (M, R) pair, |

for each model, and for each expert. During and after the workshop, the TFI needs to I
make sure that the experts' probability iStage 5: Elicitation of Uncertainties
assessments accurately reflect their true state of

The assessment of uncertainty ranges for both the information about the uncertainties. At a
'

median and standard deviation of the aleatory minimum, two fundamental consistency checks
distribution on ground motion is naturally, but not need to be perfonned: j'
necessarily, done in conjunction with the median .

estimate interaction (Stage 4). Assessments by H an eXPen's me@y range 6or either the

each proponent and each expert need to be median or the aleatory uncertainty) is

encoded for at least three variables: narr wer than the range of estimates from all ;
expens, the TFI needs to make sure that the

Epistemic uncertainty in median estimate expert truly attaches little or no significance*

to the estimates falling outside the range. In
Best estimate of the aleatory uncertainty general, it is inconsistent to attach an

*

Epistemic uncertainty in aleatog uncertainty uncertainty band that is much narrower than i*

the estimates of the set of models and experts
If possible, and if there is sufficient time to make that are viewed as credible ~(this issue is
sure that all experts are sufficiently well grounded disussed in more detail in Chapter 3). This is |
in the concept, it may be appropriate to especially true when the expens are ,

decompose the assessments of epistemic and attempting to represent, not just their own j
aleatory uncertainties into whether they are position, but the composite position of the |
parametric or modeling uncertainties (see the overall community.

t

discussion in Chapter 2). Chapter 2 explains why I
2. It is also important to challenge experts ithese different types of uncenainties are needed

for a complete specification of the overall whose uncertainty ranges are far greater than |
uncertainty in ground motion. the range of model and expert estimates. Such ;

an assessment implies the forecasting error
i

The uncertainty-assessment interaction is based associated with the individual models is quite |
on the same paradigm as the median-ground- high-but this would imply that the observed
motion-estimate interaction. At the SSHAC tighter pattern of model estimates is an
Ground-Motion Workshop 2, the agenda was unlikely coincidence, unless the assessor
divided into three major interactions: believes that there is a great deal of

. correlation among the model forecasts.
Estimate of median ground motion*

eXPens need to be condonaW withEpistemic uncertainty in the median estimate*

probability assessment. For this, aammg m
,, ,

;

| Best estimate and epistemic uncertainty in probability assessment and an experienced elicitor*

| aleatog uncertainty is very important. In general, it is important that
I the variables being elicited are variables with

which the experts are intimately familiar.
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5. Methodology for Estimating Ground Motions on Rock

Generally, experience in other fields suggests that who are less familiar with probability elicitation
it is far better to assess real observable variables principles, is to see how each basic issue can
than parameters of complex models or moments affect the final aggregated probability
of probability distributions (e.g., mean and distribution.
standard deviation). Due to the way in which data

.

are processed and models are constructed, A useful step is for the experts to write down
exP citly theirjudgment about the relativeliground-motion experts seem to find that assessing

moments is more natural than specifying a f recasting abilities of the various models and
,

probability distribution directly on ground how much overlap or similarity there is between

motion. different classes of models. Verbal interaction
provides a great deal of information on the

The panicipants and time required for Stage 5 is rationale for why different expens place different
the same as for Stage 4, since the group meetings weight on different models, but it is important to
for both stages will be held during the same quantify these judgments both to ensure that the
workshop. TFI understands the various positions and to make

.
. . sure that the expens themselves are thinking

The basic product of the uncenainty interaction is
consistently about the issues. The survey for the

a set of probability distributions for each expert
Ground-Motion Workshop 2 provides a starting

on each of the three variables described above. If
point for such a quantification (the survey and its

the clicitation sessions generated influence
results are discussed in Appendix B), although the

di.tgrams and/or conditional distributions, the
questions need to be rephrased to be clearer for

conditioning and conditional probabilities should
the expens.

be specified explicitly. The TFI should fully
tmderstand each expert's rationale underlying the After the TF1 is comfonable that the basis for
probability assessments. The rationale should be each model and each expert's position is fully
documented by the experts themselves. understood, it is useful for the TFI to form a

preliminary position on the final compositeStage 6: Development of Ground Motion
Distributions by the TFI estimates and distributions. (See Chapter 3 on

general TFI integration guidance, and Section
The basic paradigm for integration is to weight 5.7.5 below, for a discussion of why equal
(or weigh) the estimates provided by each model weights on TI positions is a desirable and likely
for each (M, R) pair, guided by (1) how the outcome.) The TFI should document carefully the
experts as individual evaluators weight the model rationale for the composite representation and
estimates, and (2) by how the experts integrate all present it to the proponents and experts. If
available information into a composite resources and time are available, it is best to do
representation of the community. If the expens' this in face-to-face meetings (individually or
estimates as individual evaluators or as integrators group); if not, written feedback from the experts
are disparate, it is crucial that the TFI understand is sufficient.
the sources of the differences before making any
final decisions. Once the sources of disagreement Finally, after receiving feedback from the experts,

are noted, the TFI then has to carefully weigh the the TFI team members need to work closely

strength of the logic, the underlying together to construct the final composite

interpretations, and existing data. representation. Typically, in this step the TFI
should continue to interact closely with individual

The TFI should carefully consider, step-by-step, expens to make sure the final representation is
each expen-aggregation issue discussed in based on a complete and accurate state of

| Chapter 3. It is also useful to apply simplified information.
) aggregation models, described in Chapter 3, but
|' these should be viewed as providing rough The final interaction with experts could be done

guidelines only. The value of applying these p tentially in a several-day meeting, but may

simple models, especially for TFI team members require several rounds of individual interaction.
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!

The TFI team members should not rush into a resources, and less control over proponents of
final decision, but should probably iterate with different models. Eliciting weights from other

!
several working meetings. It is essential to make experts is usually a simple and straightforward

|
sure that the TF1 team completely understands the task to perform and the results are easily l
basis for everything they are integrating. documented.

The product is, for each application: a probability In California, it is likely that empirical and l
distribution on the median and standard deviation analytical equations will be sirailar for those I

ground motion at each point in (M, R) space. Both ranges of magnitude and distance for which
the probability distributions and a full and numerous data are available with which to
detailed description of the basis for them should calibrate these equations. Thus, the specific
be fully documented. weights and credibilities assigned to each |

5.7.4 The TechnicalIntegrator (TI) equation likely will not be critical. In particular, |
for distances close to large magnitudes (e.g.,Approach
distances less than 20 km and magnitudes greater

Several recommendations are appropriate for the than 7.3), data are lacking and analytical results

case when the Technical Imegrator is used to may differ from empirical results, and different

specify ground-motion input to a PSHA. This TI empiricel equations may themselves differ

could work as a single entity, using its own because of different extrapolation techniques. In

expertise (or that of a consultant) to identify this case, the form of the equation and its

ground-motion attenuation equations, or the TI consideration of large-magnitude effects (e.g.,

could informally use multiple outside experts to finite fault rupture) and close-distance effects !

provide input and guidance on the selection and (e.g., the geometry of the site relative to the fault)

evaluation process. In some cases (for example, in must be considered in assessing credibilities of !

coastal California studies), the equations Predicted ground motions. For these situations, |
considered may be entirely taken from the we recommend that both empirically and

published literature. In other cases, new equations analytically based models be considered when
i

will have to be derived, most likely by modifying selecting the group of attenuation equations used |
similar equations derived from different regions. for the PSHA study. Detailed analytical results

may provide guidance on appropriate magnitude
Regarding the choice of appropriate ground- and distance scaling for large magnitudes and/or
motion equations to use for the study, both short distances, even if the analytical results are
empirical and analytical equations should be not themselves finally used in the hazard
considered. The ultimate choice of equations and calculations.
how they are used will depend on the region of
the study, on available attenuation equations for In many applications, analytical equations have

that region, and on the degree to which been used with success, but there are differences

attenuation equations from other regions must be among available models and among the

adapted to represent characteristics in the study Parameters used as input to those models. An

region. example is the conversion used to relate moment
magnitude M to body-wave magnitude mbLg.

While the TI is not constrained to use explicit When such differences exist, they should in
numerical weights (i.e., as with the TFI, the TI general be treated as epistemic uncertainties and
may choose to " weigh" rather than " weight"), both models must be included in the study. Also,
when dealing with multiple models such an the crustal or source parameters for a specific
approach is encouraged when appropriate. region may be different from generic parameters
Explicit weights are usually simpler to apply and derived for broader regions. If wave-propagation
easier to explain than other aggregation schemes studies are used to develop attenuation equations,
(see the next section for more detail). Compared the TI must include all relevant uncertainties in
to the TFI, the Tl may have less time and crustal properties. The TI must take care not to
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underestimate the epistemic uncertainty in be performed. The guidance is based on the
ground-motion prediction for a region with few or successful process used to integrate the results of
no existing ground-motion equations. In such a Ground-Motion Workshop 2 (see Appendix B).
region, epistemic uncertainty will be high, and the The guidance is " recommended" rather than
existence of only one or a few (matching) " required" because the procedure has been
equations is not evidence that epistemic applied in only one workshop.
uncertainty is low.

The process, as performed in GM Workshop 2,
On the other hand, the TI also must not works by first comparing model estimates and
overestimate the uncertainty,just because no expert estimates. For simplicity, we will use the
empirical observations of strong ground motion word model to denote the estimate produced by
are available. Analytical studies conducted in the the model mns of each model proponent and the
last decade, calibrated with low-amplitude word expert to denote the composite estimate
seismograph records, have gone a long way produced by each expert playing the role of
toward providing an understanding of earthquake integrator. The steps are as follows:
ground motions in the central and eastern U.S.

1. TFI posits an intuitive " quick and dirty"
.

Aleatory uncertainty is relatively easy to estimate median ground-motion estimate.
for Califomia, where empirical observations are
available to quantify scatter about predictions. 2. This estimate is compared graphically to the

Here the TI must be careful to incorporate any eXPens' composite median estimates and all

magnitude dependence of ground-motion scatter tne models' median estimates, all overlaid on

into the predictions, as published by the authors of top of a plot of the available data. This should i

cach equation considered. give the TFI an mitial idea as to potential )
integration problems, af any.

i

For other regions of the country, the aleatory
.

'

uncertainty cannot be estimated from strong- 3. The result of equally weighting the experts is

motion observations. The TI may adopt aleatory then compared to the result of equally

distributions from California, using similar weighting the models. This step is for msight
,

distributions for the remainder of the country and nly. SSHAC expects equal wes,ghts on

including, if deemed appropriate, epistemic eXPens often to be appropriate m forming the
,

uncertainty on the magnitude dependence of the fmal composite distribution. Equal weights on

aleatory uncertainty. An altemative is to model m dels are almost never appropnate.

aleatory uncenainty by estimating aleatory 4. If unequal weights are still a consideration ,

distributions for input variables (such as stress after steps 1-3 (and after once again !
drop) to analytical models, determining the interacting with the experts to understand
resulting aleatory uncertainty on ground motion meaningful differences), a range of
as a function of magnitude and distance, and representative unequal weighting schemes on
confirming that the derived distribution is not experts are applied and compared to the equal
inconsistent with similar distributions from weighting results. Alternatively, experts are
California. There is certainly more epistemic clumped into different subgroups felt to have
uncertainty in ground motions outside of potentially correlated assessments (Chapter
Califomia, but unless there is a compelling 3), and the subgroups are equally weighted. A
counter-argument, the aleatory uncenainty should sensitivity analysis is performed to see if the
be similar to that in California equations. different weighting and clumping schemes

5.7.5 Step-by-Step Guidance for Ground- matter. The point of this step is to determine

Motion Integration whether precise unequal weights really
matter.

This section contains some summary step-by-step
guidance for how ground-motion integration can 5. If unequal weights on experts are appropriate

.

and the composite estimate a sensitive to the
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likely range of unequal weights, then the that, while explicit (equal or unequal) numerical
representativeness of each expert relative to weighting is not required, it is a desirable way to
the overall community needs to De evaluated arrive at the final TFI estimate for several
explicitly by the TFI team, again,in reasons:
consultation with individual experts, as
needed, and incorporated into the weights Explicit weighting provides a decomposition*

. ..

(Chapter 3). Also, although group interaction that helps explain how the TFI position was
determinedshould have minimized differences in relative

interdependence among subgroups of experts The TFI position can be explicitly compared.

and differences in knowledge with respect to to the experts' integrator positions
the specific application, these issues should

Requiring explicit weights on models frombe reviewed as well. *

experts that they must defend tends to lower
6. A final estimate for each (M,R) pair is the possibility of eliciting extreme and/or

established. non-defensible judgments.

7. A similar process is used to produce There are probabilistic expert aggregation.

uncertainty ranges. models, that, while simplified, provide

Recall from Chapter 3 that a well-run facilitation theoretical underpinnings to the weighting

process is expected to result in a defensible and process (these aggregation models can be

simple equal-weighting process. Thus, SSHAC applied to either experts or ground-motion
m dels).expects Steps 4 and 5 to be necessary only rarely.

On the more general issue of explicit numerical
" weighting" versus non-explicit " weighing"
SSHAC's position (discussed also in Chapter 3) is

I

i.
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| 6. METHODOLOGY FOR CALCULATING SEISMIC HAZARD
| ESTIMATES AND UNCERTAINTIES

The purpose of a probabilistic seismic hazard (aleatory uncertainty distributions over multiple
assessment (PSHA) is to provide a quantitative seismic areas) is shown in Equation 2.2. The
assessment of seismic hazard, described by the parameters of these distributions are a function of

'

likelihood that various levels of earthquake- the seismic source characterization and ground
induced ground motions at a site will occur or will motion inputs which are not known exactly (that
be exceeded at a given location in a given future is, there is epistemic uncertainty); thus, we only
time period. The outputs of a PSHA are estimates have estimates of the distributions. An important
of seismic hazard curves,i.e., plots of the part of the calculation involves the quantification
estimated probability per unit time of a ground of the epistemic uncertainty associated with the

| motion variable, e.g., PGA, being equal to or estimated seismic hazard due to the epistemic
| exceeding level a as a function of a. A typical uncenainties in the seismic source and ground
! output is a set of curves describing the estimated motion inputs.
| seismic hazard in terms of curves of the marginal
! 5th,50th, and 95th epistemic uncertainty The calculational methodology of assessing the

| (probability) fractiles of the estimated probability estimated seismic hazard and quantifym, g its
,

eP stemic uncenainty is a nested process. Theiper unit time, P(A>a), as illustrated in Figure 6.1.
inner operation is the basic calculation of

,e integrating a specific seismic source
| characterization with a specific set of ground
! motion distributions to produce a single estimated

'd -

seismic hazard curve. This calculation is
discussed in Section 6.1.

I'# ~

; The outer operation is an uncertainty analysis ;

! involving the propagation of the epistemic.

,

ie -

" * ~ "
uncenainties associated with the seismic source l

characterizations and ground motion distributions |

)g to develop the probability (epistemic uncenainty).

distribution for the estimated seismic hazard. This
epistemic uncertainty is generally assessed in

,

ie terms of ajoint probability distribution of(PAka )
for a finite number of levels of ground motion,
i.e., values of a. The joint probability distribution,g

' '' ' * L'ga ' is sometimes needed for propagating epistemic
uncertainty when seismic hazard and fmgility are

Figure 6-1 Seismic Hazard Curves combined in a PRA (ANS/IEEE 1993). One
description of epistemic uncertainty is illustrated

Other outputs of a PSHA are described in Chapter in Figure 6.1, in which the results of the PSHA
,

|7. Estimation of seismic hazard is based on are presented as curves of the appropriate fractiles
'

integrating the seismic source characterizations of the marginal (epistemic) probability
and ground motion estimates described in distributions of the estimated seismic hazard.
Chapters 4 and 5. The mathematical models Calculational methods for the uncenainty analysis
which form the basis of the seismic hazard are the topic of Section 6.2. Propagation of the
calculations are discussed in Chapter 2. epistemic uncenainty in the uncertainty analysis

Calculation of the estimated seismic hazard assumes the seismic source characterizations and

curves involves summing integrals of probability gr und motion inputs are each derived from a
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single expert, the TI or TFI. If either or both of Two approaches to deve oping a seismic map
these inputs are derived from multiple experts and are:
the multiple inputs are not aggregated prior to

a. (Bernreuter, D. L., et al. i"89) If thedoing the calculations, the multiple experts can be
thought of as another source of epistemic se sue source representation is a

uncertainty and treated accordingly in the partition of the region ine * >ource
|

uncertainty analysis. Eliciting and aggregating zones," either faults / fault segments and/or
areal s urces which are assumed to be .

seismic source and ground motion inputs from
multiple experts is discussed in Chapter 3. areas of homogeneous se,snucity, i.e.,i

earthquake expected frequency and
6.1 Integration Methods For magnitude distribution are considered to

Producing Seismic Hazard Estimates be homogeneous throughout the zone, a j
seismic area is equivalent to a source |

The inner loop of the overall seismic hazard zone. A seismic map is equivalent to a
estimation process involves the integration of a source zonation of the region.
specific seismic source characterization (SSC)

.o. (EPRI 1938)If the seistmcity
. ..

with a specific set of ground motion distributions
for all magnitudes and distances to produce a representation is a dual partition of the

region into (1) seismic sources to which is
,

single estimated seismic hazard curve for a given
ground motion parameter. Before discussing associated a maximum magnitude and (2)

calculational methods for integrating seismicity areas q x1 squares in the application by
EPRI) m which it is assumed theand ground motion information to produce an
magnitude-recurrence relation is constant, Iestimate of seismic hazard, it is appropriate to

summarize the inputs necessary for seismic 1.e., earthquake expected frequency and

hazard evaluation and to reiterate the magnitude relative frequency are

mathematical identity, discussed in Chapter 2, homogeneous throughout the area-
seismic areas are the mtersections ofwhich is the basis for producing the estimated

seismic hazard.
seismic sources and the areas m, which the

magnitude-recurrence relation is constant,
6.1.1 Seismicity and Ground Motion i.e., sections of sources of assumed
Inputs homogeneous seismicity.

6.1.1.1 Seismic Source Characterization Vector of seismicity information for each.

seismic area, i.e., area of homogeneous
A description of the seismicity throughout the

seismicity. The elements of seismicity are:
region affecting a site is characterized by

Seismic source representation of the region, a
- Expected frequency of earthquakes within+

the area, per time period, of magnitudesensuc map
exceeding a minimum magnitude mo

For purposes of the seismic hazard (e.g., rnblgo =5.0); y
calculations, the essence of the seismic source

- Maximum magnitude; mu
representation is that the region be partitioned
into areas of homogeneous seismicity,
referred to, in this discussion, as " seismic

areas." As discussed in Chapter 4, sources are
categorized as faults (type 1) or areal (types
2-4) sources. A seismic map is a partition of
the region ofinterest into seismic areas, i.e.,
into areas of homogenous seismicity.
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6. M rthodology for Calculating Seismic Hazard Estimates and Uncertaintirs

- Magnitude distribution and its motion is characterized by:
parameter (s). Two attemative models are
the truncated exponential model and the 1. The naturallogarithm of the median of the

characteristic earthquake model. Both E' "".d motion parameter as a function of
models involve a parameter relevant to m gmtude and distance, generally given in

the exponential portion of the model [ terms of the value of a ground motion model:

= bin 10 = 2.3b, where b is the slope in the 8(*' ')
familiar Gutenberg-Richter relation]; the 2. The (aleatory) standard deviation of the
characteristic earthquake model also natural logarithm of the ground motion
requires the magnitude / range of parameter, possibly a function of magnitude
magnitudes and frequencies of the and distance: o (m, r)
characteristic earthquake.

6.1.2 Basic Seismic IIazard Identity
6.1.1.2 Ground Motion Distribution

Equation 6.1 shows that, based on the " usual"
Assuming that, conditional on magnitude and

assumptions of occurrences of earthquakes,
distance, the distribution of the ground motion

seismic hazard P(A2a), as a function of ground
parameter is a lognormal distribution, the ground

motion level a, is [see equations 2.2 and 2.3]:

Equation 6.1

P(A 2 a in time t) = 1-exp -f vi fj@' " ~ E("' f ,(r|m)fsq(m)drdmt R
. i=1 ( 0 >

.

= f vi fj@'l na-g(map I ,(r|m)f g(m)drdm (6.1)t R 3
11 ( c >

where:

S is the number of seismic areas*

V is the expected frequency, per time period per seismic area, of earthquakes of magnitude at least-

m.o

$'(.) denotes the standard normal complementary cumulative distribution function (CCDF) which is.

based on the usual assumption that the ground motion parameter is a lognormal aleatory variable. The
ground motion distribution is possibly truncated.

f (.) denotes the probability density function of the magnitude distribution.=
M

f (.) denotes the probability density function of distances, from the site, of the locations of-
R

earthquakes, given an earthquake occurs in the seismic area. A commonly accepted model is based on
assuming earthquakes occur spatially "at random" within a seismic area, thus, f(r)dr represents the
proportion of the seismic area at distance r from the site. For some cases, when the seismic area

represent a fault / fault segment, the earthquake rupture is represented as a plane instead of a point and
if the rupture length depends on magnitude, the distance also depends on magnitude. Thus, the
density function is written as f (rlm).R

|
|

,
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i

l

|

6.1.3 Integration Methodology reasonable when interpolating between "most
. . . likely" or "best estimate" values of the median i.As shown m. the seismic hazard identity in ground motion. A more difficult issue is how to i

Equation 6.1, the calculation of the estimated
represent epistemic uncenainty in the median at

seismic hazard involves a sum of two-
the interpolated (m, r)s, given epistemic '

dimensional integrals. The standard normal
, uncenainty in the medians at a selected subset of

CCDF, e'(.),is also an integral so the
(m, r)s. The issue is how to represent epistemic

calculation could be written as a sum of three-
uncenainty which accounts for the epistemic

dimensional integrals. However, o' (.) is readily
correlation associated with the inputted medians.

evaluated by packaged subroutines. The standard
(Note: this is also an issue if a single model uses

procedure for integrating functions is numerical
uncenainty bands to represent epistemic

integration, also called quadrature. This involves
uncertainty.) This is discussed in Section 63,

pantuomng the magnitude and distance ranges
into a finite number of subintervals, evaluating Details on some of the practical aspects of the
the integrand at a selected point (s) within each integration calculation are included in the repons
interval, and summing weighted products of the of past PSHAs (e.g., EPRI 1988; Bernreuter, D.
integrand and the subinterval width. Several one- L, et al.1989).
dimensional quadrature methods exist, including
rectangular, trapezoidal, and Simpson's rules, The output of the m.tegration is a single estimated

spline quadrature and Gaussian quadrature, hazard curve, P(A2a) as a function of al which

corresponding to various orders of accuracy. For rePre. cents the estimate of seismic hazard given

the multidimensional estimated seismic hazard the -pecific values of the uncenain inputs. All

calculation, because of the polygonal geometry of ther products of the PSHA can be derived from

the seismic areas and the frequent numerical input the basic seisnue hazard calculations or can be ;

of the ground motion models, simple numerical evaluated following the same basic concept, Some |
integration methods are generally used. f the most imponant such products are

deaggregated hazard results and sensitivities (see
Considering the levels of uncertainties associated Chapter 7). Numerical methods for these products
with the inputs into a PSHA, the choice of are discussed in EPRI 1988 and Bemreuter, D. L.,
numerical integration method does not seem to be et al.1995.
critical to the analysis. Two important elements of
the calculation are developing and keeping track 6.2 Propagation of Epistemic

i
of the geometry of the seismic areas and Uncertainty

.

evaluating the probability density function, f (f)' IR
of the distance, which, for the commonly accep6d Calculation of the estimated seismic hazard curve,

model, involves assessing the proportion of a as outlined in Section 6.1, is based on a specific

seismic area corresponding to distance r from the seismic source characterization and set of ground

site. The calculation also requires a specification m tion inputs, i.e., on a specific seismic map,

of the ground motion distributions for all (m, r). If specific values of the seismic parameters for all

the medians of the distributions are expressed in seismic areas, and specified ground motion

terms of a single ground motion model or a set of distributions for all magnitudes and distances.

weighted models, there is no problem. However, Since all these inputs are uncertain, i.e., subject to
ieP stemic uncertainty, it is necessary to reflectas discussed in Chapter 5, the median ground

motion may be based on deriving the medians for dus epistemic uncertamty m the estimation of
,

,

a finite subset of the (m r)s. In that case, it is seisnue hazard. Quantifymg the epistemic

necessary to interpolate between the inputted uncertainty associated with the estimated seismic

values to evaluate the median at the non-inputted hazard due to the epistemic uncenainties
associated with the seismic source(m, r)s. One approach mentioned in Chapter 5 is

to fit a model, similar to an accepted ground
motion model, to interpolate. This is quite , N te: c mputan nally, the results are vectors of values of P(A2a)

for a ruute set of values of a.
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6. Methodology for Calculating Seismic Hazard Estimates and Uncertainties

characterization and ground motion distributions involve considerable computational effort to
is based on propagating these input uncertainties develop, maintain, and track depending on the
through the seismic hazard calculations to number of seismic sources, altemative source
establish the epistemic uncenainty in the boundaries, and the probabilities of
estimated seismic hazard. activity / existence provided. Ways to reduce

the number of alternatives should be6.2.1 Descriptions of the Epistemic
. .

considered, e.g., eliminating altematives withUncertainties of the Inputs
low we ghts and combining maps which only

Recommended and/or alternative methods of differ in areas with an insignificant impact on
describing the epistemic uncertainties associated the hazard value.

with the inputs into a seismic hazard calculation 2. Seismicity parameters for each seismic area: )
are discussed in the chapters on seismic source maximum magnitude, m : cP stemic li,

ucharacterization and ground motion estimation,
uncenainty is described in terms of a |Chapters 4 and 5 respectively. Epistemic
discrete or continuous probability

uncenainty desenptions, as they relate to the
distribution for mu for each seismic area.

elements of the seismic hazard calculations Epistemic correlations between m s f r
described in Equation (6.1) are summarized here. u

different seismic areas must beIt is recognized that the basic input information
recognized. Such correlations could arise |

may not always be expressed in terms of the
due to seismological considerations or as )distributions included in Equation (6.1). For
a result of the seismic sources and

example, magnitude distribution inputs may be
seismicity representation, e.g., in the

denved in terms of the parameters (a, b) of the
Gutenberg-Richter relation instead of the EPRI representation of seismicity, several

seismic areas are sections of the sameexpected frequency y and parameter in
source, hence have the same maximum

Equation (6.1). This is not a problem since the
magnitude, thus their epistemicpropagation of uncenainties can be based on the
uncertainty is perfectly correlated.uncenamties of the ongmal parameters or on the

uncertainties transformed to uncenainties in the expected eanhquake frequency (of*

parameters of the distributions given in Equation magnitudes at least m ),v: epistemico
(6.1). The only requirement is that the epistemic uncenainty is described in terms of a

uncertainties be completely quantified and that discrete or continuous probability
any potential correlations in epistemic distribution. ;

uncertainties be recognized and properly handled magnitude disusbution parameter (s),.

in the propagation of the epistemic uncertainty. (also the characteristic magnitude and
6.2.1.1 Seismic Source Characterization frequency,if appropriate): epistemic

uncenainty is described in tenns of a
The basic epistemic uncenain inputs are the '

discrete or continuous probability
seismic map and the vectors of seismicity distribution.
parameters, maximum magnitude, earthquake
expected frequency and magnitude distribution It should be recognized that, for a given seismic

parameter (s), for each seismic area in the map. area, the latter two parameters, y and , are likely
to be epistemically correlated. This correlation

1. Seismic maps: epistemic uncertainty is has the most significant effect on the estimated
described in terms of alternative maps based seismic hazard since it affects the mean hazard as
on altemative representations of faults and/or

well as the epistemic uncertainty in the estimated
areal sources, accounting for the probability seismic hazard. Thus, it is important that this
of activity / existence, and alternative source

correlation be recognized and accommodated in
geometnes with weights. The number of

the uncertainty analysis. This is discussed further
alternative seismic maps can be sigmficant,

in Section 6.3.
especially for regional studies, and can
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6. Methodology for Calcula'ing Seismic Hazard Estimates and Uncertainties

For the exponential model (truncated exponential Epistemic correlation in the median and standard
model or the exponential portion of the deviation between different (m, r)s is a second
characteristic earthquake model), alternative order effect with regard to the propagation of
parameters to (v, Q) are (a, b), the parameters of a epistemic uncertainties in PSHAs since it does not
magnitude-recurrence equation. These pairs of affect the mean seismic hazard. Recognition of
parameters are related and it is possible to epistemic correlation in the median and aleatory
transform the epistemic uncertainty in one pair to standard deviation is important only for
epistemic uncertainty in the other. Again, the quantifying the epistemic standard deviation of |
parameters (a, b) are epistemically correlated; this the estimated seismic hazard. This is discussed !

correlation must be propagated to correlation further in Section 6.3.
between y and .

6.2.2 Epistemic Uncertainty Propagation
As with the maximum magnitude,if there is Methods
epistemic correlation in the seismicity parameters
between seismic areas, this must be recognized Conceptually, estimated seismic hazard, i.e.,
and accounted for in the specification of epistemic P(A2a), is a function of all of the inputs. Since the
uncertainty. For example, in the EPRI inputs are epistemically uncertain, P(A2a) is a
representation of uncertainty and the introduction function of a set of probabilistically distributed j
of " smoothing" between 1*x1* areas, a potential parameters. There are several methods for |
correlation of v and between seismic areas is propagating this probability through the seismic |
implied. hazard calculations to derive the (epistemic) |
6.2.1.2 Ground Motion Distributions Probability distribution of P(A2a). Two classes of )

methods are:
The basic ground motion input parameters are the

Analytic methodsmedian ground motion and the aleatory standard *

deviation of the logarithm of the ground motion Since P(A2a) is a function of probabilisticfor all(m, r).
inputs, conceptually, one method is by

|
1. Median: epistemic uncertainty is described in " transformation of variables." This is not

terms of a discrete or continuous probability Practical for PSHA because of the complexity |
distribution for g(m, r) for all (m, r). Again, it of the functional relationship. A second type j

is likely that the estimated median ground of analytic approach is based on evaluating
]

motion for different (m, r)s are correlated. the moments of the probability distribution of I

This must be recognized and accommodated P(A2a)in terms of the moments of the
in the uncertainty calculations. Probability distributions of the inputs. The

classical procedures include the method of
2. Standard deviation: epistemic uncertainty is moments, Taylor series expansion and i

described in terms of a discrete or continuous response-surface methods.
probability distribution for all (m, r), and, if
appropriate, recognition and accommodation Sampling methods+

of epistemic correlation.
1. Complete enumeration: This approach is

If the ground motion inputs are based on ground usable if the probability distributions of

motion models containing aleatory variables, the all inputs are expressed in the format of

inputs include the aleatory variable distributions discrete distributions. Conceptually, the

and their uncertain parameters. These method involves evaluating P(Aka) for all

tmcertainties must be properly analyzed to assess combinations of values of the epistemic
,

uncertainty in terms of uncertainties in the median uncertain parameters / inputs. The

and aleatory standard deviation. Probability associated with the resulting
value of P(Aka)is the product of the
probabilities (properly combined to
account for epistemic correlations)
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6. Methodology for Calculating Seismic Hazard Estiraates and Uncertainties

I
associated with the inputs. The resultir.g above the 95th fractile, the sample size
set of values and associated probabilities must be increased appropriately,
of P(Ala) is the (epistemic) probability
distribution of P(A2a). The number of Alternative approaches, based on

combinations may become very large if restricted random sampling, are designed

there are a large number of inputs and/or to be more efficient, i.e., for the same
SamP e size to provide an estimate with alif there are a large number of altemative ,

values for each input. This is recognized I wer sampling variability. One method is

in a version of this approach, referred to "imPortance sampling." This approach is

in the PRA literature as the Direct based on sampling the inputs and values

| Probability Distribution (DPD) method f the inputs which are most important,

(S. Kaplan 1981). To reduce the number i.e, the inputs to which the seismic
,

of calculations, this version of the method hazard is most sensitive. Thus, it requires

also involves aggregating values and some knowledge of the sensitivities of the
, ,

probabilities ofintermediate calculations. seisnue hazard with respect to the
uncertain inputs. Another method is

! If continuous probability distributions are " Latin hypercube sampling" (LHS). The
discretized to apply the complete basic concept of this approach is to
enumeration method, the proper choice of partition the range of each input into the
representative values and probabilities is same finite number of equiprobable
important to derive an adequate estimate subintervals and sampling subintervals at;

of the probability distribution for seismic random such that each subinterval(of
hazard. each parameter)is sampled only once.

Within a subinterval the sampled value is
A convenient graphical tool for

, selected at random. This approach assures
enumerating the combinations is a logic

that the entire range of each parameter is
tree consisting of nodes identifying the

represented in the sample (R. L. Iman and
uncertain inputs and branches,

M. J. Shonencarier 1984). Theserepresenting the alternative " values" of
alternative approaches have not been used

the inputs, emanating from each node. A
in past PSHAs.

" limb" or continuous connection of the
branches for each of the parameters Both the complete enumeration and Monte Carlo I

represents a combination. (See EPRI sampling methods have been used in past PSHAs.
1988 for an application oflogic trees.) They both can, with proper care, be effective

computationally and are acceptable for
2. Random sampling: Applicable if the

developing the joint (marginal) probability
probability distributions of the inputs are

distribution (s) of P(Ala) for a finite number ofeither continuous or discrete.
values of a. This distribution is the basis for the

Conceptually, the methodology is based
fractile curves for the seismic hazard (Fig. 6.1).

on sampling values from the probabihty
distributions for each of the inputs and The complete enumeration method and the use of
assessing the corresponding value of accompanying logic trees provides a more
P(Ana). The most straightforward transparent presentation of alternative hypotheses
approach is " Monte Carlo sampling," and values as well as displaying sensitivities to

,

; which is based on simple random alternative inputs. If discrete probabilities are |
! sampling of each of the inputs. In order to used to represent " continuous" epistemic

represent satisfactorily the 5th and 95th uncertainties, care must be taken to assure that the
fractiles of estimated seismic hazard, a discretization, and accompanying loss of
minimum sample size of 200 is information, is not too coarse. Monte Carlo
recommended. If, however, preliminary sampling is, in general, more efficient and is most
results show that the mean hazard lies useful forlarge regional studies.

7

1
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6. Methodology for Calculating Srismic Huard Estimates and Uncertainties

Uncertainty analysis, as discussed, is based on seismic area. [ Equivalently, the epistemic
deriving input information from a single pair (one correlation between (a, b) or between the j
seismicity and one ground motion) of resources. expected frequencies at two (or more)

~

If the overall methodology involves combining magnitudes within a seismic area].
inputs from multiple resources, e.g., multiple SSC

. i3. The epistemic correlation in a seismicity ;experts, using some kind of " weighting"
Parameter, e.g., mu , v, or , between !

algorithm, the relative weights can be treated as a
different seismic areas.probability to include the epistemic uncertainty

associated with the multiple resources in If one considers approximating the integrals in
developing the overall probability distribution Equation (6.1) by sums, it is clear that the seismic
associated with the estimated seismic hazard. hazard calculation involves summmg over seisnue i

6.3 Discussion and areas, magnitudes and distances. Since the j
expected value of a sum is the sum of the

Recommendations expected values of the summands, the correlation
between summands does not affect the meanPSHAs involve extensive computer calculations

requiring considerable bookkeeping to handle the hazard, whereas correlation affecting the means of -

the summands does. Therefore, correlations such
multiple summations associated with numerical

as the first and third type above do not affect theintegration, the potentially large number of
seismic areas, and, in the uncertainty analysis, the mean hazard, while the epistemic correlation

alternative SSC characterizations and ground- between (v, ) within a seismic area (i.e., type 2
^ ) as a first order (mean) hazard effect,

motion uncertainties. It is important to develop
ause it aHects the expected value of the 1

.

the proper combinations of inputs to assure that
magnitude density function f (m) at each m. The

,

Mthe models are correctly represented in the
calculations. This is particularly important for the ther two epistemic correlations only affect the

eP stemic standard deviation of the seismic ,i
uncertainty analysis,

hazard. Thus, it is most important to recognize,
A potentially difficult issue is the representation model, and propagate the epistemic correlations
of epistemic correlation. One way of measuring between y and within a seismic area.

the significance of potential epistemic correlations
is to evaluate their effects on the estimated mean

If(v, ) are den.ved from estimates of(a, b)in the

seismic hazard and the epistemic standard Gutenburg-Richter relation based on histoncal j

deviation of seismic hazard. Since the mean a a, the sampling correlation between (a, b) may ;

hazard is an important input into a Probabilistic Provide a basis for epistemic correlation between I

Risk Analysis (PRA) and in design ground motion (v, ). If ther sources of epistemic uncertainty |are also considered, these also must be , eludedmcriteria, for purposes of this discussion, an
epistemic correlation is considered to have (1) a when determining the epistemic uncertainties in

(v, ) If(v, ) are den,ved from ehcited values of
first-order effect if it affects the epistemic
expected value (i.e., the estimated mean) as well (a, b) or of the expected frequencies at two (or

as the epistemic standard deviation and (2) a m re) magnitudes, potential epistemic I

second-order effect if it only affects the epistemic c rrelati ns in the elicited parameters must be
rec gnized and accounted for m the seismic

standard deviation. Three epistemic correlations
are important: hazard calculations. One's ability to desenbe the

epistenue correlation should be considered in
1. The epistemic correlation in the median (and selecting the inputs. For example, when using

standard deviation) of the ground motion historically based estimates of (a, b) careful
parameter between different (m, r)s. redefm' ition of a to a reference magnitude larger

than zero can eliminate the sample correlation
2. The epistemic correlation between the

between a and b. Similar considerations are also
earthquake occurrence rate and magnitude advisable if the (v, )s are derived from inputs
distribution parameter, i.e., (v, ), within a

elicited in terms of other parameters, e.g.,
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expected frequencies at selected magnitudes. variable between seismic areas within a source.
Several approaches to quantifying correlation Introducing smoothing of the seismicity

| have been attempted. No one recommended way parameters in the data analysis induces correlation
| of modeling this has been identified. cf the seismicity parameters between seismic

With regard to epistemic correlation, when arm svithin a source. This needs to be recognized.

modeling the epistemic uncertainty to estimate the and properly combined with the epistemic

,

median of the ground motion distributions, uneenainties in the parameters to assure that the

| assigning weights to classes of ground motion full range of potential values of the epistemi.:fi

models to represent epistemic uncertainty will
uncertain parameters is represented in the

mherently imply cenain epistemic correlations uncenimty analysis. (See Appendix I.)

between the median ground motions at multiple Quantification of epistemic correlation can be
i

(m. r)s depending on the relationships of the difficult but it should be considered in the I

values of the several models at the different propagation of the epistemic uncertainty. Given
(m, r)s. If a single ground motion model with the difficulty in quantifying correlation, it is
uncertainty or the FTI approach of developing recommended that the correlation not be

)uncenainty distributions at a finite number of represented by a single value of a correlation !
(m, r)s is used to represent uncertainty, a common coefficient. Rather, it is recommended that the
practice is to use " ground motion models" based sources of the correlation be investigated, e.g., for
on fitting fractiles of the uncertainty distributions ground motion median estimates, investigate
at multiple (m, r)s. It should be recognized that magnitude scaling and different classes of ground I

,

this procedure implies perfect epistemic motion models, etc. as sources of epistemic l

correlation in the medians between the (m. r)s. uncertainties. This information should be used in
Assuming perfect correlation does not affect the the context of the sampling procedure to assure
mean hazard but will inflate the epistemic that the full ranges of potential values of the
variance of the seismic hazard estimates, thus epistemic uncenain parameters are represented in
producing reduced median estimates and inflated the sample.
estimates of higher, e.g., 85th, fractiles.

With regard the epistemic correlation in
seismicity parameters between seismic areas, this
is an issue primarily when the seismicity is

.

t
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i

! 7. GUIDANCE ON DOCUMENTING THE PSHA PROCESS AND
| RESULTS j

1

7.1 Introduction 7.2 Process Aspects

One of the major lessons that the PSHA The PSHA process is a multi-disciplinary
| community has learned in recent years is that evaluation that requires comprehensive
| documenting the PSHA process and results is as documentation This chapter provides the PSHA
| important as carrying out the project in a analyst with guidance on:
! technically competent way. There are at least

1 Levels of documentation that must be
'

three reasons why excellent documentation is
crucial: Provided or maintamed.

2 Elements of the PSHA process that must beOnly through adequate documentation can; *

documented.others in the technical community understand
or review the analysis and the results. 3 Variations in documentation requirements as

Only through adequate documentation can a they penain to the applications for which the*

later analysis team with new information or PSHA was performed.

improved models utilize a PSHA to update it, The following subsections describe these features
revise it, or validate that it does not need an of the PSHA process documentation.
update or revision.

7.2.1 Documentation-Two 'lsers
Only through $quate documentation can the*

sponsoring T uzation retain an adequate Documentation of the PSHA should be prepared
record of the process it supported. usmg a two-tiered approach:

Tier 1 - consists of the documentation that !With these issues in mind, the SSHAC has *

developed guidance for PSHA documentation. A must be reported, either in the main report or )
thorough documentation effort is traulmL in appendices that are published with the j

however, the specific guidance herein cannot be main report, and widely accessible.

considered as being required in detail because the TiConsists oW M l@odM*

specific manner m which a given analysis is
background material that comprises the

documented depends on the objectives of the
, analysis documentation. This second-tier

study, and both the details of the site hazard and
material should be maintained by the analysis

the factors that affect it.
team in an appropriately accessible, usable,

Note that much of the guidance below is given and (if appropriate) auditable fonn. Of course,

using the word must, which is intended to convey readily available documentation or references
,

that the SSHAC strongly feels this particular can be cited were appropriate. '

aspect is emeial. At the same time, it is
Tier 1 and Tier 2 documentation is provided for

recognized that methods of presenting data and
each element of the PSHA process. These

results change. With th,is m mmd, guidance with
elements of the process are described in the next

respect to format is recommended, leaving the g,
'

flexibility for modification to meet specific
project needs or permit improved methods of It is strongly recommended that the authors of the

j presentation. Other documentation guidance is PSHA use the two-tiered approach. If however, an

| given using the word should, to convey the intent, alternative format is adopted, the documentation
| although slightly weaker than the first category guidance described here must be satisfied.
'

that SSHAC strongly recommends.
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7. Guidance on Documenting the PSHA Process and Results

7.2.2 Documenting the Elements of the Documenting Internal Quality Control and Review
PSHA Process

As pan of the PSHA's internal quality-control
'Ihe following list shows the various elements of procedures, it is necessary that there be a review
the PSHA process for which documentation is of the ongoing work within the project. The

i required. A summary of each is provided in the Process of such review, including the reviewers
| subsequent paragraphs. and their important findings must be documented

in Tier 1 to assist both the sponsors and other
Roles and Resposibilities of the Project users of the results in understanding what internal

,.

Participants and Consultants reviews were perfonned and what was found. The

Comparisons With Other PSHA Studies Tier 2 documentation should retain the detailed.

records of these reviews, as appropriate.
Intemal Quality Control and Review*

| PSHA Methodology.

As pan of the PSHA, there are a number of
PSHA Results methodological aspects of the process that must*

be described. This includes the choice of the
External Peer Review; .

stochastic model to describe earthquake

Documenting Citations ccyrrences, the magnitude-frequency model, the.

elicitation methodology, etc. The Tier 1
Documenting the Roles and Responsibilities of the documentation of the PSHA must provide a
Participants and Consultants

comprehensive description of all phases of the

Even the simplest PSHA willinvolve a number of methodology that were used. If new models or

participants, and often a number of consultants. approaches are used that differ substantially from

The Tier 1 documentation must identify the the recommendations provided in this document

panicipants and provide a thorough discussion of (e.g., Chapters 2,3,4,5,6), a complete

the roles of each with care to differentiate the description and supponing basis for the

central roles from the supporting roles. Of alternative approach must be provided in the Tier

| particular importance is documenting the names 2 documentation. In addition, the Tier 2
of the author or authors who are orofessionally documentation should describe the

responsible for the overall performance of the implementation of the methodology, such as

study, and whose reputations suppon the findings identifying / describing the software that was used
to compute the hazard, the elicitation processes

Compadson With Other PSHA Studies that were conducted, etc. Section 7.4 discusses in;

| For many pans of the PSHA study, a very useful m re detail the documentation of the PSHA

exercise is the comparison of the methods, data, methodology and process,

or results with those from other PSHAs that have Documenting PSHA Results
examined identical or similar geographical areas.
If comparable PSHAs have been widdy The results of a PSHA are typically presented in
distributed and extensively reviewed, such terms of fractile seismic hazard curves that define
comparisons can be valuable in demonstrating the probability that levels of ground motion may
how different approaches or different data affect be exceeded at a site. These hazard curves are the

the conclusions. While such comparisons are very composite aggregation of the epistemic
helpful, they are not required. However, where uncenainties in the hazard evaluation. In addition,

feasible the documentation of such comparisons each hazard curve is computed in a composite
should be done in a way that allows review, aggregation of the aleatory uncenainties modeled,

especially by the analysts who performed the in the hazard assessment (e.g., earthquake,

, earlier work or who provided its supponing data ecurrences, ground motion). Recent experience,
! or models, the requirements of engineering applications and
5

regulatory processes require that comprehensive
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documentation of the hazard results be provided. difficult. With these objectives in mind, this
In addition to providing a broad characterization chapter provides guidance for the documentation
of the hazard, a comprehensive documentation of PSHA results, including the presentation of
makes the assessment tractable and transparent. sensitivity analyses. Guidance is given so that the
Final results must be provided in the Tier 1 documentation:
documentation with input to the PSHA and

.

1. Provides results that are required by theintermediate results and evaluations retained as
pan of the Tier 2 records. apphcation for which the hazard assessment

was performed (e.g., for use in developing a
Documenting External Peer Review seismic zonation map, input to a seismic

If an external peer review has been undenaken, pr babilistic risk assessment).

both the principal review findings and the names 2. Provides information that permits the analyst |of the reviewers must be documented in Tier 1. or reviewer to understand the constituent pans
The details of the peer review should be retained of the analysis that dominate the seismic
as appropriate in the Tier 2 records. hazard (e.g., dominant seismic source, ground

Documenting Citations m tion attenuation model).

It is important to provide proper citation for all 3. Demonstrates the sensitivity / insensitivity of
,

data, methods, etc., that are utilized in the PSHA. hazard results to the uncertainty in key !

To avoid this potential confusion or ambiguitv Parameters, and variation in the hazard due to
'

especially where primary canh-sciences data are the changes in parameter values considered in

used that are not readily available or are published the hazard assessment.

in obscure or poorly circulated journals, the 4. Includes computer-readable (friendly) data
documentation should carefully explain where t files that facilitate the ability to examine
find the important citations that may be difficult specific parameter assessments or scientific
to obtain. Reliance on unpublished data is, of interpretations. These data files would contain
course, acceptable but such data should be information that provides the analyst with the
considered pan of the project files, to be either opportunity to understand the sensitivity of
documented if necessary in Tier 1 (including Tier the results to specific parameters without the
1 appendices) or saved as Tier 2 but in an added of effon of recomputing the hazard.
appropriately accessible and usable form.

The assessment of the seismic hazard at a site
7.3 Overview: Objective of the entails extensive computations to generate many
Documentation Process thousands to tens of thousands of hazard curves,

each corresponding to a specified set of
To satisfy the range of PSHA applications (see parameters (e.g., seismic source geometries,
Chapter 1), guidance for the presentation of maximum magnitude values, ground motion
results is provided. The objective is to satisfy: model). The role of any one or small group of

needs of those involved in the use of the hazard curves (and therefore the parameters thata

PSHA results (e.g., provide results that satisfy are their basis) is often difficult to determine.

the applications for which the analysis was 7.4 Documenting the PSHA Process
Perfonned), and

Methodology, Models, and Data
requirements that the PSHA be tractable and Used*

transparent to the general practitioner,
analyst, and technical reviewer. 7.4.1 Introduction

The requirement to make the PSHA tractable is a The basic methodology for performing a PSHA is
critical part of the documentation process and, as discussed earlier in this report. Here we provide
experience would suggest, one that can be
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guidance to document the methodology, models, their der..ation or use, and any comparisons
and data used. with other models, similar or different, that

are used elsewhere to describe the same or a
The analysis team must document in Tier I how

similar technical issue. Especially helpful
the overall PSHA has been structured, including

here are discussions of any previous uses of
the interrelationships among its several parts. The

the chosen model, including comparisons to
way in which "results" of one part are coupled t other applications between the model and
subsequent analyses must be discussed in data, direct observations, or inferred
sufficient detail to allow for review of the logic analytical results.
models, the data, completeness, approximations,
and any assumptions. All critical aspects, such as 6. A discussion of the sources of all i

'the rationale for the binning of certain types of experimental data and field observations,
information, the melding together of different including the methods used to obtain these
models or data, and the structure of the sensitivity data and observations, the uncertainties (both
and uncenainty analyses, must be documented in aleatory and epistemic) as reported by the
detail in Tier 1 in a form that allows for technical experimenters / field observers, and any J

review. interpretive discussion necessary to j

understand the ranges of validity of the data !

This requirement includes docurnenting the
and observations. |

following aspects (the followiag list can be i

considered a check list, but of course it is not nor 7.4.2 Documenting the Methods, Models, !
could it be all-inclusive): and Data Used For Seismic Source |

Characterization
1. The basic formulation of the seismic hazard

analysis-specifically, the mathematical Tier 1
formulation that describes how the bottom-

. The PSHA report must provide a complete
line results" are denved from the inputs. This

description of the SSC methodology and itsusually takes the form of one or more i

implementation to develop the SSC. The Tier 1
equations like those cited in Chapters 2 to 6,

documentation must describe:
relating such quantities as the probabihty of
exceedance of certain ground motion 1. The steps taken to gather the geologic,
quantities to other more basic inputs or seismologic and geophysical data used in the
derived quantities in the analysis. PSHA

2. The definitions of all mathematically defined 2. Data resources available to the earth science I

inputs, process variables, and output "results." experts
This should include both mathematical
definitions and word definitions for all 3. Methodology and steps taken to elicit expert

quantities. input, including a description of what was
elicited from the experts

3. Where such limits exist, definitions of the
4. Methods used to define seismic sourcelimits of validity of any mathematical

formulas or equations used. ge metries, magnitude recurrence relationship
and maximum magnitude

4. Careful definitions of the physical units of all
quantities (preferably in SI units, but if other The SSC is a critical part of the PSHA. It is a

units are used, then an explanation is needed multi-disciplinary effort that requires an

of the relationship to SI units). integrated scientific evaluation and interpretation
of a wide range of earth-sciences data.

5. Careful definition and explanation of any Documentation of the SSC must provide a
mathematical models used, including their comprehensive presentation of the process that
r_ ~cs of validity, the approximations used in
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was used to develop a model of the seismicity in 7.4.4 Documenting the Methods Used to
the vicinity of a site. Produce the PSHA Results

Tier 2 Tier 1

In the Tier 2 documentation, a complete The Tier 1 report must provide a complete
cataloging of the data used by the earth-science description of the mathematical model used to
expens should be retained. Supporting determine the seismic hazard at a site, the

! documents, calculation packages, etc. generated approach used to propagate the epistemic
| by the earth-science expens, PSHA analysts, TFI, uncenainties and the method used to aggregate

and others involved in SSC process should be expert interpretations. The description of the
catalogued and retained. seismic hazard model should fully describe the

method used to compute deaggregated hazard7.4.3 Documenting the Methods, Models,
,

! and Data Used for Analyzing Ground results, including the identification of magnitude
distance bins, the calculation of the fraction

Motion Attenuation
contribution of seismic sources to the total hazard,

Tier 1 and the contribution of parameters to the hazard

The PSHA report must provide a complete
description of the methodology to determine the Tier 2
ground motion models used in the PSHA and the

For seismic hazard models that differ from the
steps taken to implement it. The Tier 1

approach described in Chapters 2 and 6, a detailed
documentation should describe:>

description of the basis for the alternative model

1. The steps taken to gather strong motion data, must be presented. In cases where a conventional

! attenuation models and geophysical data approach is used, no Tier 2 documentation of the

considered in the analysis. seismic hazard methodology is required.

2. Data resources available to the ground motion A description of the software used to compute the
expens. seismic hazard should be provided. As a

minimum, the software routines, the flow of
3. Methodology and steps taken to elicit expert information, and the software output must be

input, including a description of what was described.
elicited from the expens.

7.5 Documenting the Seismic|

4. Methods used to define the ground motion
'

i models. Hazard Results-Scope

Tier 2 This section provides guidance for documenting
the results of the PSHA, including the set of

In the Tier 2 documentation a complete cataloging numeric results that quantify the hazard at a
of the data used by the ground motion expens site (s), the seismic source characterizations
should be retained, including models and data that developed to model the active tectonic features in
were considered. As noted above, it is important a region (e.g., identification of active seismic
that information used in selecting ground motion sources, the estimate of earthquake rates and
models be adequately and completely cited and maximum magnitudes), and the ground motion
retained. Similarly, supporting documents, attenuation models that are used (or possibly
calculation packages, etc. that were generated by developed in site-specific studies). Guidance is
the ground motion experts, PSHA analyst, TFI provided for Tier 1 and Tier 2 documentation.
and others involved in the analysis or the,

selection of ground motion models should be
catalogued and retained.

131 NUREG/CR-6372

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



i

)
!

7. Guidance on Documenting the PSHA Process cnd Results

|

Documentation of the seismic hazard results for a By themselves, these results provide a measure of
site (s)is divided into three parts: the sensitivity of the hazard to specific inputs and

. the impact of potential changes to the hazard. For
1. Basic PSHA Results

,

example, a deaggregation of the hazard in terms !
'

2. PSHA Deaggregation of seismic sources provides insight to the
source (s) that dominate the site hazard. At the

3. Sensitivity Analysis same time, this result also demonstrates the

These parts define a hierarchy of results that insensitivity of the hazard results to parameter
variations for soum that mie a smanproceed from basic user-required results to

increasing levels of detail that provide insights contribution. Consequently, deaggregatton of
,

,

into the dominant contributors to the site hazard seismic hazard results provides valuable m, sights
t the PSHA and the inputs that contribute to theand the sensitivity of the results to parameter
results.variations.

Basic PSHA Results Sensitivity Evaluations

These are the results that must be generated by the At different stages of the PSHA, sensitivity

PSHA to satisfy the needs of the specific evaluations are performed. For example, early m,

applications for which the study was performed. the study, sensitivity evaluations may be

Examples of results that document the hazard at a c nducted to identify the dominant factors m the
,

site are the fractile and mean hazard curves for analysis to guic'c the collection of data, focus the
,

each ground motion measure and the uniform SSC, etc. Similarly, at the conclusion of the study,

hazard response spectra (UHS). Table 7-1 sensitivity analyses are performed to demonstrate
l

presents a list and description of Basic PSHA the role of different parameters or their

Results. contribution to the epistemic uncertainty, Due to
the often complex relationship that may exist

)PSHA Deaggregation between parameters in the analysis (e.g.,
c rrelations), sensitivity analyses are a useful '

The assessment of the seismic hazard at a site is
the result of an aggregation of the aleatory and

means to provide specific msights into their role
,

'

,

* ""*'Y "'epistemic uncertainties in the analysis. A
deaggregated presentation of the seismic hazard 7.6 Documentation Guidance:
provides a measure of the relative contribution of Reporting the Seismic Hazard Ithe constituent parts of the seismic hazard model
to the total hazard and an indication of the Results i

sensitivity to different parameter assumptions. 7.6.1 General Guidance
Table 7-2 provides a list and description of
deaggregated seismic hazard results. Note, in Table 7-3 provides a summary of general
some applications deaggregated hazard results guidance for documenting Basic PSHA Results.
may be required as input to certain applications The table addresses required fractile levels, use of I

(e.g., studies that require an estimate of the mean the mean hazard and presentation of results for |
magnitude and distance). rock and soil site conditions. Documentation of |

the seismic hazard results must include graphic
Deaggregated seismic hazard results present the

and tabular presentation. In addition, all graphic
hazard in terms of a number of the basic building I

displays oflike results should be provided to a
blocks of the analysis (e.g., the characterization of

consistent scale for comparison.
seismic sources, the prediction of ground motion).
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! i
; 1

| Table 71 List and Description of Standard PSHA Results |
|

| Standard PSHA Result Required or Optional Description Format
i

i Fractile and Mean Required For each ground motion parameter The following fractile
| Hazard Curves considered in the PSHA, the hazard results are
I seismic hazard is expressed in reported: 0.05,0.15,

i

terms of fractile and mean hazard 0.50,0.85, and 0.95. In |
curves. A fractile hazard curve addition, the mean
quantifies the probability, p, that hazard curve is
the frequency of exceeding each presented.
ground tuotion levelis not greater
than the value defined by the
hazard curve.

Uniform Hazard Required Response spectrum shapes The UHS are presented
Response Spectra corresponding to a specified in at least two formats:

probability of exceedance level. 1) fractile and mean
Fractile UHS, and the mean UHS for a specified
response spectra are determined probability of
from the corresponding hazard exceedance, and 2) the i

curves. mean or selected fractile
level UHS for different
probability levels
displayed together.

Aggregated Hazard Optional Hazard curves that have been A group of discrete
|

Curves generated fan an analysis in hazard curves is I

which alarge number of hazard generated, each with a
curves have been aggregated to probability weight
produce a smaller, more assigned to it. The ;
manageable set. the combination hazard curve weights |
process should preserve the sum to one (see Fig. 7-
diversity in hazard curve shapes as 8).
well as essential properties of the
original set of hazard curves (e.g.,
mean hazard). j

This format is uwd as input to
seismic probabihstic risk
assessments.

Ground Motion Contour Optional To display the hazard in a region, A map is produced for
Map the results can be presented in each ground motion

terms of a ground motion contour measure, time period
map. The ground motion contours and probability of
define ground shaking levels that exceedance (see Fig. 7-
have the same probability of 9).
exceedance in a specified time

i Period. |
|

|
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1
|Table 7-2 Deaggregated PSHA Results!

Deaggregated Result Description

Magnitude and Distance A magnitude-distance (M-D) deaggregation entails a presentation of the
hazard for selected ranges of magnitude and distances. A M-D aggregation can
be presented in terms of the hazard for each M-D pair or in terms of the
relative contribution of each M-D pair to the total hazard.

Seismic Sources
'

Individual Sources Seismic hazard results are presented on a source-by-source basis. The
epistemic uncertainty in the activity of the source is not considered. These
results can be used to determine the contribution ofindividual seismic sources
to the total hazard. The presentation of source specific results can follow the i
format for paesenting the total hazard (see above). |

Magnitude and Distance For each seismic source, the hazard is deaggregated in terms of magnitude and
distance in the same manner as the total hazard (see above). The M-D i

deaggregation by seismic source provides a breakdown of the difference size [
earthquakes for the sources that contribute to the site hazard (e.g., importance
of the estimate of maximum magnitude).

GroundMotion Attenuation The hazard results are readily deaggregated with respect to the ground rnotion;

Model models that are used in the PSHA. For each attenuation model fractile and !

mean, hazard results can be presented in a format similar to that used for the
total hazard. Each set of fractile results is conditional on the attenuation model ,

considered.

SSC and Ground Motion Experts if multiple SSC and Ground Motion Experts are used, fractile and mean
hazard results can be displayed. The format is similar to the results presented
for the total hazard. If a TFI approach is used, results can be presented in terms i
of particular alternatives or hypotheses that are selected.

'

Table 7 3 General Guidelines for Documenting PSHAs

PSHA Result / Parameter Guidance

Fractile Hazard Curves Results should be presented for the 0.05,0.15,0.50,0.85, and 0.95 fractile l
levels. '

Mean Hazard The mean seismic hazard curve should be reported for all Basic PSHA
1

Results. I

Soil Sites Basic PSHA results should be presented for both rock and soil site conditions.
]

Deaggregated Hazard Results For estimating the relative contribution of a parameter (e.g., seismic source,
ground motion model) to the hazard, this should be done using the mean.

1

|
.I

|

|
|

I
Note: Dependmg on the methods recomrnended by the SSHAC. there may be other types of deaggregation that could be considered.
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'

7.6.2 Basic PSHA Results TOTAL HAZARD, ROCK, PGA

Tier 1 Documentation
a a _ .ss m.cWie

Table 7-1 listed the Basic PSHA Results that
- :

( - - .85 raes. !
unashould be reported. As noted in the table, certain Q6 ._

'sN .. .23 room.of the results are " Required." whereas others are j as' s #ta -0 05 "*%" Optional." The analyst should note the s s';
s..'-s\distinction. The " Required" results are those that j

k.
*

'

must be presented for all applications, whereas s g ' s. , sa
,

". N.results that are listed as " Optional" are those that e N

o\o ' . -s kamust be provided for the purpose of satisfying the hI '
i

's's\
| application for which the PSHA was conducted i No. N s

(see Table 7-1). } N i, 9 ysg

! For example, most PSHAs are performed for a $il O ' ., \'6ya]
single site; therefore, a contour map of ground 0- N sN

\' Y ]motion is not computed / required. However, in a o sN
regional study in which a contour map must be ; \. sN |
produced, fractile hazard results should also be ~ to-a = 10 > > te

reported for selected sites. Peak Otsund Accelerados (g)

Fractile and Mean Hazard Cunes
Figure 71 Total seismic hazard curves for PGA 1

The seismic hazard at a site is presented in terms and rock site conditions.
of the annual probability of exceedance of
selected ground motion parameters such as PGA TOTAL HAZARD, ROCK, PSV 1 Hz

(peak ground acceleration), S, (absolute spectral
acceleration), or PSV (pseudo spectral velocity). A L '-'Qj,j',,

The latter two are presented as a function of ^
'.cs. u==

frequency. In some cases, results for displacement g . '( ,' , ,$'" g,*

are also presented. 8 t N. g --o_,ct, % g
E, 'sg

'

Ns. .
,.

Figures 7-1 and 7-2 show the fractile and mean di s'- N

\ ,, shazard curves for PGA and PSV (1 Hz) for a rock i s'-
outcrop. Figures 7-2 and 7-3 show the same s; s'. N. qs,

information for the same site but for soil site j- '

s - N 'ss
conditions (the site in this case is a deep soil site). 2 's'

,, s

This information is also presented in tabular form li 'ss- s
as shown in Table 7-4 for peak ground ji 'O\

acceleration. Graphic and tabular results similar to
': s

' 1s,.

Figures 7-1 to 7-4 and Table 7-4 must be \
N..

\presented for all the ground motion parameters ; g'
considered in the PSHA. - too a io' io2

Note that in presenting the final results, it is |

necessary to specify certain key parameters,
including whether the hazard is for a rock outcrop Figure 7 2 Total seismic hazard cunes for PSV (1

Hz) and rock site conditions.or for a soil site, and the damping value used
when the hazard is presented in terms of response

i spectrum ordinates.
;
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.

TOTAL HAZARD, SOIL, PGA TOTAL HAZARD, SOIL, PSV 1 Hz

} . -s .qstruc+A .I (O -6- 35 M '%N - - .s3 Fractile i f*'s
~~~

I

. % ,ag g -- Mesa

~A > -3 -- ~ -s % O ._.m. .

-gagg s6 * * * 15 Fractileg -\. 'bg * * * *.15 Fractus
.

o . . -
,,

-

% ,\ -O .05FenckNg

. , . N. sN a --O- 05 F<mc+% 3g.
,

'E
* 'sg% . s.. .- s u sa

, a ". 'N 's* N
3

%
.

O'. 'h \ ,'
\- 'A '

'

s [., s
3 O- #E; O 'N,'

.'%
\\ j E r \*.,N. {

,'s y$\, .
*

j ~
,

N . .s ; 1 .. N ., N .g ., o ;s. ss .
, s ss 8 0 '. .N '

. -

\"

O* 'a-
i

's. s g jg . \. N '8 N '
.

)w O '. \ a : *

\ *. \. 's \1
~ O'.

\. \.2 i

O s s - O N.'

.

\' !\ -\s' O-
'

.

O \ =*
. s i

i loo a a a tog
~

1 Hz Pseudo-Velocity ~cm/s)
, g

t&a a go. 3, too

Peak Ground Acceleration (g) Figure 7-4 Total seismic harard curves for PSV (1
Figun 7-3 Total seismic harmed curves for PGA Hz) and soil site conditions.
and soil site conditions.

Table 7-4 Seismic Hazani Results for Peak Ground Acceleration-Rock
(The fractile values were not available.)

iLevel Mean Fractile Levels !
f

0.05 0.15 0.50 0.85 0.89

1 2.34E-2

2.5 8.88E-3

5 4.07E-3

10 1.55E-3

15 7.76E-4

20 4.49E-4

30 1.%E-4

50 6.52E-5

75 2.48E 5

100 1.18E-5
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| Uniform Hazard Spectra levels shown, the 0.05,0.15,0.50,0.85 and 0.95

| If the hazard assessment is performed for multiple fra tiles and mean UHS are shown. Figure 7-6
'

shows the mean UHS for a specified annualground-motion parameters over a range of
frequencies, uniform hazard response spectra Probability of exceedance (10-3) and different

must be reported. When presenting the UHS damping levels. Figure 7-7 shows the mean UHS

results in graphical and tabular fonnat, the f r a stngle damping level and different annual

following information must be presented: Probabilities of exceedance.

annual probability of exceedance level 3g.

frequencies and spectral values.

s
damping level*

N io8 r

fractile and mean response spectrum values j
-

.

A number of altemative formats are available to >

graphically present UHS results. They are: $ oi 9s

@t
-,

es
1. Fractile and mean UHS for a specified annual >

probability of exceedance and damping level. Ntoo r ,

2. UHS for a specified damping, multiple annual t
5

probability of exceedance levels using the "

mean or a specified fractile (e.g.,0.50 to-i,g , ,g , g ,,,

fractile). Fra:oo ( .c)
3. UHS for a specified annual probability of Figure 7 5 Uniform hazard response spectra for

exceedance, multiple damping levels using soil site conditions for an annual probability of
the mean or a specified fractile (e.g.,0.50 exceedance of 10-3 and damping level 5% of critical.

fractile) level.
MEAN UNIPORM HAZARD SPECTRA ROCK

UHS can be displayed in terms of acceleration or

M Dyrein[h
.

velocity. Log-log plots are often used, but other /- .,
formats can be selected. In the PSHA report, a 7

,

e

consistent format should be followed. Jg
_

fxj p ( e

/"When determining the ground motion levels N * '

2e.-

corresponding to a specified annual probability of j Y *s \/'
''"

C(h(-[Nexceedance, a log-log interpolation scheme is j ) St .,
recommended. If extrapolations beyond the .! a
computed hazard curve must be made, this should j / ' w N V s.

, y |-
' E-

be noted as pan of the tabular and graphical g 9 AA 4 , /> gg |

presentation. (p yjg ,, 4
~

(( {x,()[-The UHS should be determined for annual ) \

probability levels that satisfy the application for n ' 7 )
which the study was performed. Typically, a s:
number of probability levels are used, ranging

'

e = * *

from 10-2 to 10 5 mquan m
Figure 7-6 Mean uniform hazard response spectra

Figure 7-5 shows an example of a UHS for a for soil site conditions and annual probabilities of
specified damping level and annual probability of exceedance of 2x10 3,10-3,4x10 ,2x10 ,and 10 34 4

| exceedance. For the damping and probability and a damping level 5%of critical.
i

|
.

137 NUREG/CR-6372



.. - . . . . = - . . .. . . . ~ . - . . . . - - . . . . . . -. .- --..- . - . -.. - . -. .- - ..-
.

i

7. Guidance on Documenting the PSHA Process and Results

imIFORM P CTRA, ROCK

X( X X X X X -XX'x'XXL.
/' /\/*j ,s

o

\- . VN- ..

' *
- -

.

i fx:WWLXX, -

/XXW(X'"
t

--
,

c \ [. \*s
-'

's .

'
. . " _*'

K,/
- _

vs v ys3
\/ A/ 'N - / . -

'

/
1(P a ' 10s a,

Prequency (Hs)
. _ _ .

Figure 7-7 Mean uniform hazard asponse

spectra for soil site conditions at four dampinglevels. Annual probability of exceedance = 10 .

Table 7 5 Tabulation of Uniform Hazard Response Spectra Results Rock Site Conditions

Frequency Probability Level Mean Fractiles

0.G3 | 0.15 0.50 | 0.85 | 0.95
1.0 2x10-3 0.067

10-3 0.104

2x10-4 0.262
10-4 0.379

2.5 2x10-3 0.147

10-3 0.230

2x10-4 0.558
10-4 0.791

5.0 2x10-3 0.204

10-3 0.326
2x10-4 0.763

10-4 1.06

10.0 2x10-3 0.197
10-3 0.319

2x10-4 1.00

10-4 1.06

25.0 2x10-3 0.106
10-3 0.171

2x10-4 0.414
10-4 0.582

PGA 2x10-3 0.083
10-3 0.129

2x10-4 0.297
10-4 0.410
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,

!

For soil sites, UHS results for a rock outcrop and
soil-site conditions should be presented (no such
examples are provided here). The graphical .

presentation of the rock and soil UHS should be 8 ^88",'" "N x con
provided to the same scale.

| Table 7-5 shows a typical tabular presentation of $1

( UHS results, which lists the mean UHS for !o
! different damping values (2%,5%,7%,10%), and $
| presents PSA (pseudo-acceleration) at five 3 p

3
frequencies (1,2.5,5,10, and 25 Hz). A table y p, y ,,,

i similar to Table 7-5 is presented to accompany pmbeiwy =sg Hmni Cang

Pu P2each graphical UHS presentation.

When presenting these bottom-line hazard results, Peak Ground Acceleration

it is not usually possible to present "too much Figure 7-8 Illustration of an aggregate set of
information." To the informed reader, the seismic hazard curves for PGA for soil site

( different formats, including both figures and c nditions. Each curve has an assigned weight to it.
| tables, are of great benefit in understanding the Ground Motion Contour Maps
! results from different perspectives.

For certain applications, contour maps are

| Aggregated Seismic Hazard Curves generated that define the ground motion levels

For input to a probabilistic seismic tisk that have the same probability of exceedance for a

| assessment in which an uncertainty assessment is specified period of time. One such application is

! performed, a discrete family of seismic hazard m the development of a national seismic design

! curves must be provided by the PSHA. A discrete e de. Figure 7-9 shows an example of such a
|

! family of hazard curves is a group of individual map. In definmg a ground-motion contour map, ]
| hazard curves with weights assigned to each curve the analyst must decide on the followmg:
'

that quantify the epistemic uncertainty in the future time period (s) to be considered.

hazard. The weights sum to one for the group of
hazard curves. As noted in Chapter 6, many Probability of exceedance levels*

thousands to many tens-of-thousands of discrete
ground motion parameters to be mapped*

hazard curves may be computed in the hazard
(including damping levels)

assessment. For purposes of performing a seismic
risk assessment, it is possible to aggregate this fractile levels or mean hazard to be mapped*

large set of hazard curves into a much smaller,
.

more manageable set for use in a risk assessment. In addition, the analyst must select a group of
sites in a region in order to provide adequate

Cluster analysis techniques (Veneziano, Cornell, spatial sampling of the ground motion.
and O'Hara 1984) are available to combine hazard
curves while retaining the basic probabilistic
properties of the original set (i.e., mean and
variance). Figure 7-8 presents a schematic
illustration of a set of aggregated hazard curves.
In most applications, an aggregate set of 10 to 20
hazard curves is adequate for input to a seismic,

risk assessment. For completeness, the set of
aggregated hazard values should also be

: tabulated. The tabulation lists the hazard curves
and their respective weights.

,
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-= 7.7.2 General Guidance

- @g.-
. . .- - . - - - 7( -

-
-

i
.

.
' '

-[ t ;- For all PSHA studies, deaggregation results for'

'[p >,.b . . @) seismic sources and magnitude and distance must |'

|

k.r. ~/'j 9// be provided. In addition, if the seismic hazard is

.h.h./.f... /h estimated for a range of ground-motionr i
' SP-2 y

'
'

.~4 - m.T-7 r ,; parameters, the deaggregation should be

,9 performed for at least two spectral frequencies. Itl

. . _ _ " _ _, , ,

.
..

is recommended that the deaggregation be

, ~t,
g: .

[ , -| performed, as a minimum, for two ground-motion

'-
....

. . . . . . . .

_1 1 . - e ._ _ parameters (PSV or S ) at 1 and 10 Hz. TheL ., . a

Figure 7-9 Blustration of a ground motion contour analyst may consider other frequencies bued on I
map corresponding to specified time period and the application for which the results will be used. |

probability of exceedance level. For example, if a hazard assessment is being I

| Tier 2 Documentation Performed for a long-period structure such as a i

'

suspension bridge, results at longer periods (e.g.,
The Tier 2 documentation of the Basic PSHA lower frequencies) will be of interest. ;

Results is contained in the seismic hazard
information base maintained in computer. The deaggregation should be performed using

readable data files. The information contained in mean seismic hazard results. (Note, some I

these files is described in Section 7.12. applications may require the use of the median

hazard.) !

7.7 Documenting Deaggregated
PSHA Results 7.7.3 Presenting Deaggregated Results

This section describes the deaggregated results
7.7.1 Overview

.

that must be provided.

The seismic hazard at a site is an aggregation of: Tier 1 Documentation

the hazard associated with individual seismic Source Deaccrecation -The seismic hazard at a
a

sources, and site is attributed to the likelihood of ground

earthquakes of different magnitude that occur * li ns that are generated by multiple sources ofa
.

over a range of distances form the site sersnue activity. An mformative PSHA result is to
display the mean hazard curve for each seismic

In addition, the quantification of the epistemic source. Figures 7-10 and 7-11 show such a
uncertainty in the hazard is an aggregation of the presentation for PGA and PSV at 1 Hz. This is the
epistemic uncertainty in individual parameters in same site and analysis as for Figures 7-1 and 7-2,
the analysis. The form of aggregation is different except here the mean seismic hazard associated
in each of these examples. In the former case, with nine seismic sources is presented. When this
aggregation is carried out to account for the information is compared to that in Figures 7-1 and
randomness of earthquake occurrences by 7-2, one can assimilate clearly the fact that one
location (seismic source to seismic source, and seismic source dominates the mid-range
within a seismic source) and earthquake exceedance probabilities, but a second source,

! magnitude. In the later case, a very different form dominates at the high end while a third source
| of aggregation is performed. Here the epistemic dominates at the low end of the plot. Table 7-6
l uncertainty in parameter assessments is presents the results for PGA in tabular form.

propagated through the analysis to determine the
total epistemic uncertainty in the seismic hazard.
To facilitate the understanding of the PSHA,
deaggregated results must be presented.
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7. Guidance on Documenting the PSHA Process and Results

A clear picture of the relative contribution of each in the analysis and provide adequate
seismic source to the total mean hazard can be representation of the M-D density. The following
displayed as shown in Figure 7-12. The figure magnitude and distance have been useful in
displays, for a selected ground motion parameter, PSHA applications.
the relative contribution of each seismic source to !

the total mean hazard at specified ground motion i

levels. Similar plots can be displayed for each Parameter Bin I

ground-motion parameter. These results are
tabulated in Table 7-7. Magnitude 5-5.5, 5.5-6,

6-6.5, 6.5-7,
Magnitude-Distance Dengerecation-Hazard 7-7.5, 7.5-8, >8
results deaggregated in terms of magnitude and
distance must be presented for the total hazard. In Distance (km) 0-10,10-25,

addition, magnitude-distance deaggregation 25-50,50-100,

should also be presented for the seismic sources 100-150,

that dominate the site hazard. The deaggregation 150-200, >200

is presented for selected M and D bins that cover
the range of magnitudes and distances considered

Table 7-6 Mean Seismic Hazard Curves for Each Seismic Source Peak Ground Acceleration and Rock Site
Conditions

Level (g) Total Seismic Source j

1 2 3 4 5 6 7 8 9

;
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Table 7 7 Relative Contribution of Each Seismic Source to the Total Mean Hazard for Peak Ground
Acceleration and Rock Site Conditions

Seismic Source PGA (g)

0.10 0.40 1.0

1 0.63 0.29 0.00

2 0.07 0.00 0.00

3 0.07 0.00 0.00

4 0.02 0.00 0.00

5 0.00 0.00 0.00

6 0.16 0.29 1.00

7 0.03 0.12 0.00

8 0.01 0.00 0.00

9 0.03 0.00 0.00
)

The PSHA analyst should select the M-D bins Table 7-8 tabulates the results presented in Figure
appropriate for a given application. 7-13. Similar results should be presented for the

. seismic sources that dominate the hazard.
Figure 7-13 shows an example of the M-D
deaggregation for the total seismic hazard for Tier 2 Documentation
PGA at a selected ground motion level. In this

The Tier 2 documentation of the Deaggregated ,

case, it is apparent that the hazard is dominated by
PSHA Results is contained in the seismic hazard

seismic events with magnitude less than 6.0 that
information base that is maintained in computer- i

occur within 50 km of the site.
readable data files. The information contained in
these files is described in Section 7.12.

"1 7.8 Documenting PSHA Sensitivity |
! , M,|[ j Analyses

j"y: 8

! As part of a PSHA, sensitivity analyses are>

i | _| performed to move the study forward and to
dg I - - demonstrate the role of parameters in the analysis.'u
I!, / Cf For example, during the course of the study,
!' fgjr| -.-- sensitivity calculations may be perfonned to

"
~ .~. _ 31.ar}" provide insights to the factors that will be

important/ unimportant to the assessment of the.

Figure 713 Magnitude-distance deaggregation for hazard at a site. The results of these calculations
j the total hazard. Results are provided for PGA at often become a guide for the PSHA.

0.25g and rock site conditions.
. At the conclusion of the PSHA, the results of

sensitivity analyses provide a means to

( demonstrate the role that the variation in
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7. Guidance on Documenting the PSHA Process and Results

individual parameters has on the results. For As part of the PSHA documentation, the results of
example, sensitivity calculations can be used to sensitivity calculations should:
show the variation in the mean hazard due to the
different estimates of the maximum magnitude for I Provide insights to the site hazard that guided

the seismic source that dominates the hazard. the scope and depth of the analysis that was
,

Sensitivity calculations can also be used to Perfonned

determine the contribution of different parameters 2. demonstrate the sensitivity of the hazard
in the analysis to the total epistemic uncertainty results to the variation in critical parameters
(e.g., total variance). in the PSHA (e.g., parameters for the

A number of alternative methods are available to dominant seismic source)

perform sensitivity evaluations. Experimental Two types of sensitivity evaluations are
design and response surface techniques (to name recommended. In the first approach, a base case is
just a few) are examples of sophisticated methods assumed and the parameter of interest is varied.
that can be used. In PSHA, relatively simple The results are displayed to demonstrate the
methods can be used to show the sensitivity of the variation in the hazard. As an example, consider a
hazard to parameter variations. As noted above, a

site where the hazard is, dominanted by a single
deaggregation of the hazard on the basis of seismic source. For this soirce, three estimates of
seismic sources, magnitude and distance and

the maximum magnitude (mmax) are defined by
ground motion attenuation models provides the experts. A series of hazard calculations are
valuable insights to the factors that do/do not

performed in which the maximum magnitude is
contribute to the hazard.

set to each of the three m, values.

Table 7-8 Magnitude. Distance Contribution to the Total PGA IIazard at 0.25g-Rock Site Conditions

Distance (km) Magnitude

5.0-5.5 5.5-6.0 6.0-6.5 6.5-7.0 >7.0

0-25 .011 0.26 0.15 0.03 0

25-50 0.02 0.10 0.11 0.05 0.01

50-100 0 0.02 0.06 0.04
'

O.01

100-150 0 0 0 0.02 0

150-200 0 0 0 0.01 0
_

>200 0 0 0 0 0
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4

1

Table 7 9 Contributions to the Epistemic Variance in the Hazard

S. (g) Attenuation Hayward Recurrence Fault Total Magnitude San Andreas M., L.P. Activity b-
Model Tran. Model segmentation Length Distribution Depth Asse. Rate value

Peck Acceleration

0.050 0.255 0.008 0.306 0.010 0.018 0.087 0.001 0.106 0.001 0.155 0.054 |0.100 0.249 0.005 0.394 0.005 0.014 0.050 0.000 0.077 0.001 0.142 0.064 |

0.200 0.232 0.001 0.488 0.008 0.013 0.014 0.000 0.066 0.002 0.!!0 0.066
0.300 0.315 0.000 0.428 0.014 0.013 0.006 0.000 0.060 0.002 0.104 0.057
0.400 0.427 0.000 0.314 0.020 0.013 0.004 0.000 0.057 0.001 0.113 0.051
0.500 0.509 0.000 0.205 0.027 0.011 0.004 0.000 0.057 0.001 0.135 0.052
0 600 0.538 0.000 0.117 0.036 0.009 0.003 0.000 0.063 0.000 0.170 0.062 1
0.650 0.531 0.000 0.083 0.043 0.008 0.003 0.000 0.069 0.000 0.192 0.070
0.700 0.511 0.000 0.056 0.051 0.006 0.003 0.000 0.077 0.000 0.217 0.080
0.800 0.436 0.000 0.021 0.069 0.004 0.002 0.000 0.098 0.000 0.268 0.103
1.000 0.255 0.000 0.004 0.104 0.001 0.001 0.000 0.145 0.000 0.344 0.144
1.250 0.183 0.000 0.004 0.117 0.000 0.001 0.000 0.183 0.000 0.352 0.161

3p a complete picture of the relative contribution of
Base case one or multiple parameters to the hazard.
M -6.8

1M - _ _ M - 7.2 An alternative format for presenting the
g N sensitivity of the hazard to different parameters isy , , ,
a W to compute the contribution of the epistemic

] 104 - uncertainty in individual parameters to the total
d N epistemic uncertainty. Table 7-9 presents an

} N example of this type result. This type ofg

g 1r - N sensitivity analysis corresponds to an analysis of
.g ,\ the epistemic variance.

\\2:

\ Because there are so many different types of3p _

k\ sensitivity analyses that could be performed, it is

\\ not feasible to present examples here of how to
'

display the results from them. The following is a3e
Ob "4 Ob "8 partiallist of the types of analyses for which it

PGA(g) may be desirable to present graphical or tabular
information:

Figure 714 Illustration of the sensitivity of hazard
results to the variation in maximum magnitude. sensitivity of hazard to M,,x*

Figure 7-14 shows an example of this type of sensitivity of hazard to various b-values*

result. A comparison of the mean hazard curves sensitivity of hazard to various a-values*

for the three sets of calculations demonstrates the
variation in the results based on each of the three sensitivity of hazard to attenuation*

maximum magnitude values. Similar sets of Parameters, of which there are various that

hazard calculations can be used to demonstrate ne could display

the sensitivity of the PSHA results to other sensitivity of hazard to geometry of the*

parameters. The advantage of this type of dominant fault (s) or other seismic sources
sensitivity evaluation is that it provides the
analyst, reviewer or user of the PSHA with an sensitivity of hazard to slip rate for thea

dominant fault (s)understanding of the specific variation in the
sensitivity to M conversionhazard that is attributed to the change in a *

t
particular parameter. At the same time however, sensitivity to local site conditions, such as.

these types of sensitivity results may not provide soil-amplification factors
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i

Tier 2 Documentation Tier 1 i

For the sensitivity calculatior s that are reported in In the Tier 1 documentation of the SSC, the )
the Tier 1 documentation, backup computer data following must be presented:

'

. |files similar to those that document the Basic
1. Se.smic s urce maps that present the earthPSHA Results should be provided in the Tier 2

documentation. science expert model for a region. Multiple
maps or figures may be required to provide

7.9 Comparisons with Other Studies adequate detail legible to the reader. For
example, alternative maps and figures may be

As part of the PSHA documentation,it is useful to required to present faults that are modeled as
the study sponsor to provide a comparison with three-dimensional structures in the hazard
the results of prior studies. Often, questions about analysis. Figure 7-15 shows an example for
how the current study results compare to previous an expert seismic source map. If multiple ,

analyses will arise. It is therefore beneficial to experts provide input to the PSHA, the
provide in the Tier I documentation the results of seismic source maps for each must be
a comparative evaluation. presented.

If detailed comparative assessments are 2. For the seismic sources that dominate the site
performed, the supporting documentation should hazard, the magnitude recurrence model,
be retained in Tier 2 records. including the epistemic uncertainty, must be

presented. The epistemic uncertainty must be
7.10 Documentation Guidance:

,

presented in terms of the fractile recurrence
Results of the Seismic Source curves at the 0.05,0.15, 0.50,0.85 and 0.95 l

Characterization fractile levels. The mean recurrence is also
presented. Figure 7-16 shows this type of

The basic purpose of the SSC is to estimate the result. i

rate of future earthquake occurrences in the
vicinity of a site. This rate has a spatial as well as 3. The PSHA model for seismicity in the

a t:mporal component. The spatial variation of vicinity of the site is presented for the rate of

earthquake occurrences is modeled through the earthquake occurrences at several (at least 3)

determination of the temporal component of magnitudes. Figure 7-17 shows an example of

earthquake occurrence rates within individual a map that displays the mean rate of

seismic sources. The earth science expert's model earthquake occurrences above magnitude 5.

of earthquake occurrences near a site is defined
4. For the region around a site (approximately

by the map of seismic sources that are defined and
200 km), a comparison of the historic rate of

the individual source earthquake recurrence * 9 * ##""*"# * * "" "^
models. Combined, the source map and source

estimate must be presented. Figure 7-18
recurrence models fully defm' e the spatial and

shows this type of comparison.
temporal rate of earthquake occurrences in the
vicinity of a site.

I

1
I

|

|

i
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.
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Figure 7-15 Example of an expert seismic source
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map.

Figure 717 Map showing the mean rate of
earthquake occurrences above magnitude 5.0.
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Tier 2 1. The content of each type of data file that is
retainedThe Tier 2 documentation of the SSC results

should contain supporting documentation of the 2. Potential uses of these data files
seismic source maps and calculation results of
seismic source recurrence models. 3. How the files can be used/ accessed (i.e., Can

a spreadsheet be used to read them?) )7.11 Documentation Guidance: l

Results of Characterization of The purpose is to make the sponsor of the study. .

and the technical reviewer aware of the content of !
Ground Motion Attenuation the data files and their potential applications. This |

The graphical presentation of ground-motion- write-up need not contain a detailed description of i

attenuation results can be done in a number of
each computer data file; rather, it should briefly |

different ways. Perhaps the most difficult describe their content and availability.

challenge in presenting this type of information is Tier 2 Documentation i

when the results from several different models are
being displayed on the same figure. The problem As part of the PSHA Tier 2 documentation

here is to differentiate among many different computer data files should be created that contain I

types of curves, or types of results. on the same all of the intermediate and final calculations that

figure. The guidance, although obvious, is well form the basis for the Basic PSHA Results, the,

PSHA Deaggregated Results and the SensitivityW rePeatmg:
Analyses reported in the Tier 1 documentation.

keep everything legible These guidelines identify the information that=

should be contained in these files; however,
use similar scales for graphs that the reader

specific file formats, etc. are not specified.
*

,

might want to compare
The information contained in the Tier 2

7.12 Computer-Readable Data Files documentation of the PSHA results should be )
Tier I Documentation C mPrehensive enough to permit the analyst or I

techmcal reviewer to conduct sensitivity
As part of the PSHA documentation, it is evaluations, examine the impact of individual
reconunended that computer-readable (friendly) parameters to the results without having to rerun
data files be generated and retained by the analyst the hazard analysis, which may not be an option
and the study sponsor, if desired. This section for the sponsor or the technical reviewer. Table 7-
provides the guidance for documentation of these 10 contains a summary of the information that
data files. should be provided in the Tier 2 documentation of

the PSHA results. Figure 7-19 shows a tabular
As part of the Tier 1 documentation of the PSHA,

summary of a computer data file.the analyst should describe the information that is
retained in computer readable data files. The
description should include:
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Table 7-10 PSHA Computer Data Files-Tier 2 Documentation

Item / Data File Description

Computer Data File Complete documentation of the computer data files generated as part of
Documentation a PSHA project should be created and maintained. This should include

a description of the file content and format.

Seismic Hazard Input Files Computer data files that are the input to the PSHA calculation i

software. There may be one or multiple files that contain information
,

for each seismic source (e.g., geometry data, seismicity parameters, !
fault rupture models, etc.) and the rules for combmmg seisnue sources.

)
Seismic Source Hazard File . For each seismic source, data files should be provided that contain the

hazard results for the alternative parameter values used to quantify the
| hazard and the probability values assigned to each parameter,

j
| Examples of alternative parameters include different estimates of the j
| maximum magnitude, seismic activity rate, b-value, ground motion |
| attenuation models, source geometry, etc. For each hazard curve, |'

information should be provided that makes it possible to identify '

exactly the parameters used to produce that particular hazard result.
;

| Total Hazard File In a format similar to the hazard results for indiv dual seismic sources, I
i

a data file should be provided that contains each af the individual
hazard curves generated in the analysis. In addition to the information

,

!
| provided for each seismic source, this data file must identify the

seismic sources that were included in the hazard curve determination ;

and the probability weight assigned to the hazard result. |

Deaggregated Hazard File Data files should be provided for the deaggiegated hazard results in the
same way that the total hazard is documented. This should be done on a
source-by-source basis and for all sources combined (see above). i

Sensitivity Analyses Data files should be provided for sensitivity analyses that are ;

performed in the same way that the total hazard is documented (see
above).

l

.

.

1

I

i |
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SMPL[ PR08LlM i[AM 1, SITE I 89.80 35.81 probles title and the site coeriffnetes
A i 1.00 1 6.5 0.85 1 0.50 3.120 3.723 4.768 5.770 7.049 Aesults for Source A |
A i 1.00 2 6.8 0.15 1 0.50 3.087 3.658 4.628 5.531 6.659 '

A I 1.00 1 6.5 0.85 2 0.50 2.617 3.128 4 090 5.84t 6.t51
A i 1.00 2 6.8 0.15 2 0.50 2.602 3.093 3.998 4.871 5.961 for each ifne the followfag is piren; i
8 3 0.75 1 6.0 0.33 1 0.50* 3.347 3.710 4.317 4.967 5.877 Source same '-

8 3 0.15 2 6.5 0.34 1 0.50* 3.285 3.638 4.tti 4.820 5.598 seisaicity option and its probability-

8 3 0.15 3 6.9 0.33 1 0.50* 3.166 3.612 4.190 4.164 5.483 Maxiaun angnitude value and its probability-

8 3 0.75 1 6.0 0.33 2 0.50* 3.028 3.391 4.031 4.679 5.515 Attenuation function and its probability
8 3 0.15 2 6.5 0.3410.50* t.982 3.325 3.939 4.548 5.345 Fla i *** If this is a host source, else blank-

8 3 0.15 3 6.9 0.33 t 0.50* 2.911 3.304 3.902 4.494 5.245 lo (base 10) probsbility of excendance for-

8 4 0.25 1 6.0 0.33 1 0.50* 4.193 4.555 5.154 5.792 6.689 eac ground action level
8 4 0.25 t 6.5 0.3410.50' 4.1214.472 5.045 5.619 6.373
8 4 0.25 3 6.9 0.33 1 0.50' 4.097 4.440 5.000 5.548 6.234
8 4 0.25 1 6.0 0.33 2 0.50* 3.852 4.232 4.871 5.509 6.393
8 4 0.25 2 6.5 0.34 2 0.50* 3.798 4.154 4.764 5.355 6.128
8 4 0.25 3 6.9 0.33 2 0.50* 3.783 4.129 4.719 5.289 6.008
C 4 1.00 1 5.5 0.85 1 0.50* 3.975 4.464 5.262 6.072 7.201 |
C 4 1.00 2 6.2 0.15 1 0.50* 3.702 4.161 4.886 5.567 6.442
C 4 1.00 1 5.5 0.85 2 0.50' 3.498 4.020 4.869 5.688 6.789
C 4 1.00 2 6.2 0.15 2 0.50' 3.250 3.724 4.503 5.223 6.129

Figure 7-19 Schematic illustration of the content of a Source Data File.

I

!

l
|

|

|
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8. SEISMIC HAZARD GLOSSARY

TERM DEFINITION

Acceleration (ground) Acceleration at the ground surface produced by seismic
waves. Typically expressed in g, the vertical
acceleration of gravity at the earth's surface (9.80665
m/s2),

| Acceleration, Spectral Pseudo-absolute response spectral acceleration, given as |
| a function of period or frequency and damping ratio {

(typically 5%). It is equal to the peak relative i

displacement of a linear oscillator of frequency f I

attached to the ground, times the quantity (2xf)2. It is
2expressed in g or em/s ,

Active Fault, Active Source A fault or area source that on the basis of historical,
seismological, or geological evidence is considered to
have a non-zero probability of producing an earthquake
in the present tectonic environment.

Activity Rate See " Recurrence."

Aleatory Uncertainty The uncertainty inherent in a non-deterministic
(stochastic, random) phenomenon. Aleatory uncertainty
is reflecap by modeling the phenomenon in terms of a
probability model. In principle, aleatory uncertainty j
cannot be reduced by the accumulation of more data or
additional infoimation. Sometimes called randomness.

Area Source A region of the earth's cmst that is assumed for PSHA
to have relatively uniform seismic source

characteristics. (See also " Seismic Source Zone").

Attenuation, Ground Motion Decrease in severity (or amplitude) of ground shaking
with increasing distance from the earthquake source.

Background Source A regional scale area source. (Type IV source in text).

b-value A parameter describing the decrease in the relative
frequency of occurrence of earthquakes ofincreasing
sizes. It is the slope of a straight line relating absolute or
relative frequency (plotted logarithmically) to

| earthquake magnitude or intensity, the Gutenberg-
' Richter recurrence relationship.

Bandwi6L A range of frequencies or periods.'

|

|
,
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8. Seismic Hazard Glossary

- Complementary Zone See " Background Zone." j

Control Point The location in the soil profile where the control motion
is specified.

|Control Motion The input time history to a seismic site response i

analysis. |
|

Convolution Complex multiplication in the frequency domain. Used j
' in site response analysis to take the ground motion at a |
given depth and " propagate" it upward through the scil

. |
column and in probability calculations.

|
. !

Design Earthquake - De magnitude, distance, and other parameters ;

representing the design ground motion.

Design Ground Motion A specification of the seismic ground motion at a site i

used for the earthquake-resistant design of a structure. ;

Design Spectrum A set of curves for design pugoses that gives spectral |

acceleration, velocity, or displacement (usually absolute j
acceleration, pseudo-relative velocity, and relative ;

displacement) of a single degree of freedom oscillator {
as a function of natural period of vibration and '

damping. (Alternate: The spectral representation of |
design ground motion). ;

Distance, Epicentral Distance from the epicenter to a specific location (site). {

Distance, Fault Shortest distance from the fault to a specific location |
(site). ;

' Distance, Hypocentral Distance from the hypocenter to a specific location
(site).

Distance, JB Shortest distance from a point immediately above the
ruptured portion of the fault to a specific location (site)
(after Joyner and Boore,1981).

Duration (of ground motion or earthquake The length of time during which ground motion at a site
rupture) shows certain characteristics (e.g., perceptibility, large

amplitudes). (See " Corner Frequency").

Earthquake A sudden motion or trembling of the earth caused by
the abrupt release of slowly accumulated strain. The -

;

ground motion may range from violent at some 1

locations to imperceptible at others. (Alternate:
Naturally occurring shear failure of rock masses within
the earth that gives rise to propagating seismic waves).
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|

Epistemic Uncertainty Uncertainty attributable to incomplete knowledge about
a phenomenon which affects our ability to model it.
Epistemic uncertainty is reflected in a range of viable
models, multiple expert interpretations, and statistical
confidence. In principle, epistemic uncertainty can be
reduced by the accumulation of additionalinformation.
(See "Modeling Uncertainty").

Exceedance Probability The probability that a specified level of ground motion
for at least one earthquake will be exceeded at a site or

| in a region during a specified exposure time.

Expected Value The average value, taken with respect to its probability
distribution, of an aleatory (random) variable.

Expected Occurrence Rate The expected value of the number of occurrences of an
event (e.g., earthquakes) per unit area per unit time;;

; generally denoted as v.

Family of Hazard Curves A set of hazard curves used to reflect the epistemic
uncertainties associated with estimating seismic hazard.
A common family of hazard curves used in describing
the results of a PSHA are curves of fractiles of the

| probability distributions of estimated seismic hazard as
a function of the level of ground motion parameter.

Fault A planar or gently curved fracture surface or zone in the
earth across which there has been relative displacement.

!

| Fault, Dip-Slip A fault in which the relative displacement is along the
direction of the dip of the fault plane; either down-dip

| (normal fault) or up-dip (reverse fault).

Fault, Normal A dip-slip fault in which the block above the fault has
| moved downward relative to the block below. This type

of fault represents crustal extension.

Fault, Reverse A dip-slip fault in which the block above the fault has

| moved upward relative to the block below, and the fault
dip > 45*.

Fault, Strike-Slip A fault in which the relative displacement is along the
strike of the fault plane, either right- or left-lateral.

Fault, Thrust A dip-slip fault in which the block above the fault has
moved upward relative to the block below, and the fault
dip < 45*. This type of fault represents crustal
compression

!
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1
I

. Fault Zone The zone of deformation comprising a fault. 'i
l

I

|
1

FocalMechanism The combination of the dip angle of the fault and the j

l direction of slip across the fault; faults are classified as j
strike-slip, normal or reverse. (See " Fault"). (Alternate: !
Geometrical representation of earthquake faulting ;

expressed in terms of the strike and dip of the fault |
plane and the rake angle of the slip vector with respect ;

to the fault plane). |

Frequency, Comer Frequency at which the amplitude spectrum of an
earthquake transitions from a low-frequency level i

controlled by the seismic moment, to a high-frequency
level controlled by the stress drop.1/f is approximately i

c

the duration of the canhquake mpture.

Ground Motion Attenuation Model An analytic model used to relate some measure of
ground motion (peak ground acceleration, spectral !

'acceleration, etc.) to distance, magnitude, source and
path parameters. A variety of such models exist. A .;
simple, commonly used form is g(m,r) = C + C M + :3 2
C log R + C R. The ground motion model is pan of a '

3 4
| model for observed ground motion measures, e.g., log

,

A = g(m,r) + E where E denotes aleatory uncenainty. !

Inherent in the model of the observed ground motion !
measure is a model of the aleatory uncenainty, often i

taken to be a normal (Gaussian) probability distribution, '

i.e., E - Normal (0,o) where o, the standard deviation
of E, quantifies the aleatory variability of the ground i

motion measure. If more complex models are )

considered, including source and path parameters, e.g.,
j stress drop, and if any of these parameters are aleatory

uncenain parameters, the model should include their
(aleatory) probability distribution similar to that given j
for E above.

|
Gutenberg-Richter Relation A model of the relationship between frequency and

magnitude of earthquakes (in some specified region)
expressed as log N = a - bM where N is the number of
eanhquakes with magnitude greater than M.

Hypocenter, focus The point in the canh at which an canhquake is
initiated.

,

| i

! Intensity A measure of the effects of an earthquake at a panicular
place. Commonly used scales to specify intensity are
the Rossi-Forel, Mercalli, and Modified Mercalli.

|

|

!
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Lower Bound Magnitude The lowest earthquake magnitude considered in
deriving the seismic hazard cun'e for a site. (The choice
of the lower bound magnitude is based on arguments
that smaller earthquakes will not stmeturally damage
well-engineered stmetures).

Magnitude A measure of earthquie fize, determined by takir.g the
common logarithm (base 10) of the largest ground
motion observed during the arrival of the P-wave or
seismic surface wave and applying a standard
correction for distance to the epicenter. (Alternatively:
A measure of canhquake size).

Magnitude, Body-Wave Magnitude derived from the largest displacement
amplitude of body waves (P or S).

Magnitude, Coda-Wave Magnitude derived from the amplitude and duration of
the seismic coda.

Magnitude Distribution The (conditional) aleatory probability distribution of
canhquake magnitude, given the occurrence of an
earthquake, assumed to be homogeneous at all locations
throughout a source /subsource/ seismic area.The
probability distribution (given a sufficient number of
earthquake events)is estimated as

M(*)A* * number of earthquakes with magnitude in Amf

total number of observed earthquakes

where fy(m) is the probability density function. Due to
lack of sufficient historical data, this distribution is
often taken to be the Gutenberg-Richter relation.

Magnitude, Lg Magnitude derived from the displacement amplitude of
Lg waves; often used in Eastern North America
because it can be accurately measured from typical low-
gain seismographs at long distances from the source.

Magnitude, Moment Earthquake magnitude derived from the seismic
| moment. Approximately equal to local magnitude for

moderate earthquakes, and to surface-wave magnitude
forlarge earthquakes.

: Magnitude, Richter or Local (1935) Common logarithm of the trace amplitude (in microns)
| of a standard Wood-Anderson seismograph located on
j firm ground 100 km from the epicenter. Correction
'

tables are used to account for other distances and
ground conditions.
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i
'

Magnitude, Surface-Wave Earthquake magnitude determined from the maximum
; amplitude of 20 s period surface waves. |
| |

| Maximum Magnitude The largest earthquake that a setsnue source is capable
'

of generating. The maximum magnitude is the upper- j
bound to recurrence curves. !

|
Maximum Credible The phrase used to specify the largest value of a

'

variable, e.g., the magnitude of an earthquake, which j
might reasonably be expected to occur. A confusing j
term with no quantifiable definition. Not recommended l
for use in PSHA. l

|
1

Mean Average value of a set of data. !

Mean Occurrence Rate Estimate An estimate of the expected occurrence rate, usually
taken as the total number of occurrences of an event j
(e.g., earthquakes) observed in a specified area and time

i
interval divided by the area times length of time. (See !

" Rate of Seismicity"). I
i

Median (sample median) Fiftieth fractile of the probability distribution of a 1

variable. (Middle value of an ordered list of a set of
data).

,

|

Modeling Uncertainty The variability of a model predicted value from the
value of the quantity being predicted. In principle, it can j
be reduced or eliminated by further testing, data |
accumulation, or more detailed modeling. It is one i
source of epistemic uncertainty. (Often called |
systematic uncertainty).

Outcrop Motion Motion specified at the free surface of either a real or
hypothetical bedrock outcrop at the ground surface.
This motion thus represents the earthquake motion
unaltered by surface soft soil layers.

| Peak Acceleration Maximum value of acceleration displayed on an
accelerogram.

Peak Displacement Maximum value of displacement obtained or calculated
j from a record of ground motion.

Peak Velocity Maximum value of velocity obtained or calculated from
a record of ground motion.

;

Randomness See " Aleatory Uncertainty."

i
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Rate of Seismicity Rate of occurrence of earthquakes above some specified
magnitude for a specified region.

Recurrence, Recurrence Rate, Recurrence The frequency of earthquake occurrence of various
Curve magnitudes often expressed by the Gutenberg-Richter

relation.

Recurrence Interval The mean time period between earthquakes of a given
magnitude.

Recurrence Model A model to express the relative number or frequency of
earthquakes having different magnitudes. A common
recurrence model is the exponential magnitude
distribution.

Repeat Time See " Recurrence Interval."

Response Spectrum A set of curves that gives spectral acceleration, velocity,
or displacement as a function of period of vibration and
damping.

Return period Commonly used to express the mean time period
between ground motions of a particular amplitude
(increase of annual frequency).|

Seismic Hazard Curve A plot of an estimate of the expected frequency of
exceedence (over some specified time interval) of
various levels of some characteristic measure of an
earthquake (often peak ground acceleration). The time
period of interest is often taken as one year, in which
case the curve is called the annual frequency of
exceedence.

Seismic Moment A measure of the size of an earthquake based on
interpretations of how much stress was relieved over the
area of the fault or rupture surface. It is defined by the
product of the rupture area, the average slip, and the
crustal shear modulus.

Seismicity Denotes the propensity for earthquakes to occur in a
region and the possible magnitudes, locations and
depths of these earthquakes.

|

| Seismic Source General term to define faults or area sources.

| (Types 1-4 in text).
|

!

t
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(

Seismic Source Characteristics The parameters that characterize a seismic source for
PSHA, including source geometry, probability of
activity, maximum magnitude, and earthquake
recurrence.

1

Seismic Source Zone See " Area Source."

Seismic Zone A region showing relatively elevated levels of observed I
'

seismicity.

I
Seismogenic Capable of generating tectonically significant !

earthquakes. i

Seismotectonic Province A region of the earth's crust having similar seismicity j
and tectonic characteristics. '

Site Response (amplification) The amplification (increase or decrease) of earthquake l

ground motion by rock and soil near the earth's surface |
in the vicinity of the site ofinterest. Topographic )
effects, the effect of the water table, and basin edge ,

wave-propagation effects are sometimes included under I
site response. |

Source Zone See " Area Source."

Spatial Clustering Observed or inferred proximity of earthquake
occurrences.

Stationary Poisson Process A probabilistic model of the occurrence of an event
over time (space) characterized by the following
properties: (1) the occurrence of the event in a small
interval is constant over time (space), (2) the occurrence
of two (or more) events in a small interval is
" negligible," and (3) the occurrence of the event in non-
overlapping intervals is independent. This model is
often used to model the temporal and spatial occurrence
of earthquakes within a source zone / seismic area.

Stress Drop The average shear stress released across a rupture
6surface during an earthquake. (1 bar = 1.013 x 10

2dyne /cm ),

Tectonic Province See "Seismotectonic Province."

Temporal Clustering Occurrences of multiple closely timed earthquakes
; separated by longer periods of quiescence. Events that

tend to cluster represent a deviation from a stationary

| Poisson process.

:

I
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|

Upper Bound Magnitude See " Maximum Magnitude.";

!
Uncertainty See "Epistemic Uncenainty" and " Aleatory

Uncertainty,"

Variance . The expected value, taken with respect to its probability
distribution, of the squared deviation of an aleatory

,

variable from its expected value. i

,

Zonation The process of developing seismic source maps (or a set
j of seismic zones). ;

i

i

l

i

|

|

!

|
l
,

I

!

l
;

| c

|
i

|
.

1

3
4

I

|
.

|
.
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perpetuating society of distinguished scholars engaged in scientific and
engineering research, dedicated to the furtherance of science and
technology and to their use for the general welfare. Upon the authority of i

the charter granted to it by the Congress in 1863, the Academy has a .
'

,

mandate that requires it to advise the federal government on scientific and
technical maners. Dr. Bruce Alberts is president of the National Academy

| ofSciences
| The National Academy of Engineering was established in 1964, under
j the charter of the National Academy of Sciences, as a parallel
| organization of outstanding engineers, it is autonomous .in its
| administration and in the selection of its members, sharing with the

National Academy of Sciences the responsibility for advising the federal
government. The National Academy of Engineering also sponsors,

! engineering programs aimed at meeting national needs, encourages
education and research, and recognizes the superior achievements of
engineers. Dr. William A. Wulf is interim president of the National
Academy of Engineering.
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i appropriate professions in the examination of policy matters pertaining to
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the National Academy of Sciences by its congressional chaner to be an
adviser to the federal government and, upon its own initiative, to identify
issues of medical care, research, and education. Dr. Kenneth I. Shine is|

'

president of the Institute of Medicine.
The National Research Council was organized by the National

| Academy of Sciences in 1916 to associate the broad community 'of
science and technology with the Academy's purposes of furthering
knowledge and advising the federal government. Functioning in
accordance with general policies determined by the Academy, the Council
has become the principal operating agency of both the National Academy
of Sciences and the National Academy of Engineering in providing
services to the government, the public, and the scientific and engineering
communities. The Council is administered jointly by both Academies and,

the Institute of Medicine. Dr. Bruce Alberts and Dr. William A. Wulf are
chairman and interim vice-chairman, respectively, of the National
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i !

In the 1980s two studies produced probabilistic seismic hazard
: estimates for nuclear power plant sites in the central and eastern United j
j States. The first, sponsored by the U.S. Nuclear Regulatory Commission
4 (USNRC), was conducted by Lawrence Livermore National Laboratory.

|
The second, sponsored by utilities in the Seismicity Owners Group, was I
conducted by the Electric Power Research Institute (EPRI). The studies
produced similar hazard curves and generally similar estimates ofrelative |
hazard. But for several sites absolute hazard levels differed by two or
more orders ofmagnitude.

,

Because absolute hazard levels are important for nuclear power
plant design, a new study, sponsored jointly by the USNRC, EPRI, and
the U.S. Department of Energy, was undertaken by the newly formed :

-

'

Senior Seismic Hazard Analysis Committee (SSHAC) to determine the ;
i source of ths major discrepancies in the two hazard estimates and to ;

derive a roba:t probabilistic seismic hazards analysis methodology that'e

could be use 1 for future estimates.
At the same time, the USNRC asked the National Research

Council (N9 C) to review the work of the SSHAC study and evaluate the
proposed rathodology. This review was undertaken by the Panel on
Seismic Hazard Evaluation of the NRC's Committee on Seisn' ology
which followed the work of the SSHAC study and produced the present
critique of the SSHAC report.

Carl Kisslinger
Chairman

ix,
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Executive Summary

1

!
4

,

!

This review and commentary by the National Research Council's,

Panel on Seismic Hazard Evaluation presents the panel's evaluation and
critique of the report titled Recommendationsfor Probabilistic Seismic-

; Hazard Analysis: Guidance on Uncertainty and Use of Experts (U.S.
| Nuclear Regulatory Commission, NUREG/CR-6372, Washington, DC,
i 1997). The reviewed repon was prepared by the Senior Seismic Hazard
i Analysis Committee (SSHAC), a committee created and sponsored by the

U.S. Nuclear Regulatory Commission (USNRC), the U.S. Department of
*

Energy, and the Electric Power Research Institute. The panel was
. appointed at the request of the USNRC to provide an independent
'

interactive review of the results of SSHAC's efforts.
SSHAC's charge from its sponsors' perspective was to provide an

up-to-date proce t - for obtaining reproducible results from the
application of probabilistic seismic hazard analysis (PSHA) principles
established in past practice, not to advance the foundations of PSHA or
develop a new methodology. This focus led to an emphasis on procedures
for eliciting and aggregating data and models for performing a hazard
analysis, rather than an examination of the earth science foundations of
PSHA. SSHAC focused on process because previous PSHA studies have
shown that di& rent groups of experts can produce highly discrepant
results. A second major theme in the SSHAC report is the treatment of
uncertainties in data and models in arriving at stable estimate' of seismic
hazard at a selected site.

With this in mind, the panel found that the SSHAC report o&rs
substantial contributions to the foundations and practice of PSHA. In
panicular, the panel corn.nends SSHAC for emphasizing the need for
critical evaluation of expert opinion. But the panel also identified some
limitations in both the report and the recommended procedures, of which

1
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potential users should be aware. Only certain key points are highlighted
here in the summary; the rest are included in later chapters. )

f
!

MAIN FEATURES OF THE SS3IAC REPORT |
i

As stated above, the SSHAC report focuses on procedures for '

using experts in probabilistic seismic hazard analysis and for determining .|
uncertainties at key stages of the analysis process. In its treatment of the ;
use of expert opinion, SSHAC outlines four possible levels of effort and ;
complexity. But the SSHAC report is strongly flavored by emphasis on i

hazard analysis for nuclear and other critical facilities, and SSHAC |
therefore discusses at great length its highest-level (level 4) procedure for !
evaluating expert opinion. And although SSHAC includes proper [
disclaimers the unwary reader could gain the incorrect impression that the ;

high-level (level 4) PSHA procedure is needed for every hazard analysis. |
The panel agrees that all PSHA projects should share the same i

basic principles and goals, but that the elaborate level 4 methodology is f

not required for es ery PSHA study. SSHAC does indeed recognize that !
alternate simpler methods are probably adequate for less critical facilities, |
but the simpler methods are not discussed in detail and the reader is not i
fully advised about other sources ofinformation. Adequate disclaimers in j
the SSHAC report should protect the analyst who chooses to use j
procedures other than those recommended by SSHAC from the need to :

defend that decision in a regulatory setting. j

!

!
THE SSHAC METHODOLOGY !

i
SSHAC's contributions to PSHA methodology include the testing I

. and full explication of the technical facilitator/ integrator (TFI) entity, |which is the essential ingredient in implementing SSHAC's high-level
(level 4) analysis.8 The TFI approach was found to be very effective in j
two workshops on ground motion estimation and led to an unexpected i
degree of agreement among the experts consulted, who began with many i
diverse viewpoints. The panel notes that TFI clicitation procedure is not

i
j

|

'For a description of the TFI entity, see Chapter 2. ;

i

l

f
i

|

!

!
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synonymous with PSHA methodology. Nor is the TFI approach
recommended by SSHAC for every PSHA study.

In outlining its four levels of complexity, SSHAC visualizes three
distinct roles that experts should play at various stages of the process.
First, an expert may start out as the proponent of a panicular position
(data or model). Then the expert is asked to become an objective
evaluator of the positions of the other expens in the group. Finally, the
expert becomes an integrator and aggregates all the positions to anive at a
putative position of the whole informed scientific community. This
estimation of the position of the whole informed community by
integration of the positions of a sample of well-qualified experts is the
primary goal of the more complex SSHAC procedure. The panel
questions whether any group of experts can truly assess the view of
the whole informed scientific community on the entire range of g

relevant issues.

BACKGROUND WORKSHOPS

SSHAC sponsored workshops on seismic source characterization,
I ground motion estimation, and canhquake magnitudes. These workshops

are documented in detail in Appendixes A, B, C, and H of the SSHAC
report. The workshops contributed both to the development of the
procedures SSHAC recommends and to advancement of our knowledge

! of the earth science elements of PSHA for the eastern United States.
'

Because SSHAC focused on procedures for PSHA rather than technical
issues, some of these valuable results are presented but not highlighted.
They deserve more attention.

THE TREATMENT OF UNCERTAINTY

The SSHAC report emphasizes the importance of howi

uncertainty is treated because the results of a PSHA can be influenced
heavily by uncertainties in the data, the models, or both. SSHAC's
treatment distinguishes and emphasizes the difference between two types
of uncertainty: aleatory (i.e., uncertainty due to variability inherent in the
phenomenon under consideration) and epistemic (uncertainty due to our

r limited knowledge of the phenomenon). After separation, these two

i
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components must be quantified for the model or parameter under
consideration. The panel has more trouble with this element than any
other in the SSHAC repon.

Recognition of the two kinds of uncertainty is useful initially
when eliciting and combining expert inputs. Expens need to be aware of
the sources of uncenainties (e.g., limitations of available data) so that they
can make informed assessments of the validity of alternative hypotheses,
the accuracy of alternative models, and the value of data and then transmit
those uncertainties to the TFI. However, as detailed in Chapter 3 of this
report, the panel believes that the statistical analysis and uncertainty
separation procedures recommended by SSHAC may in some cases be
more sophisticated than is warranted by the data or the purposes for which
the results are to be used.

During the planning of a PSHA, a detailed analysis of uncenainty
.- would be helpful but typically is not available. It may be sufficient for
Q, planning purposes to conduct limited sensitivity analyses, using bounding
ii hypotheses, and to consider the level of effort that would be required to

}' - reduce the associated uncertainty.
- In addition, the value of an epistemic/ aleatory separation to the

ultimate user of a PSHA is doubtful. In particular, it is not clear that such
a separation would be more helpful than the display of expert-to-expen
variability of a mean hazard at the time of an analysis, with an
explanation of the source of the differences.

The panel also notes that the SSHAC repon's discussions and
recommendations on uncertainty and the use of experts are quite
independent of PSHA and can be applied to other types of risk analysis.
The panel believes that the SSHAC report makes a solid contribution to
the methodology of hazard analysis, especially in the use of expert
opinion.
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| Introduction
1-

!
{
!

"The future utility of PSHA in decision making depends to a
1

large degree on our ability to implement the process in a ;

meaningful and cost-effective way. Development of the
SSHAC guidelines was planned with this goal in mind."

3

-from Sponsors' Perspective. SSHAC Report

This review and commentary by the National Research Council's
Panel on Seismic Hazard Evaluation presents the panel's evaluation of the
report Recommendations for Probabilistic Seismic Hazard Analysis:
Guidance on Uncertainty and Use ofExperts (U.S. Nuclear Regulatory
Commission, NUREG/CR-6372, Washington, DC,1997). That report was
prepared by the Senior Seismic Hazard Analysis Committee (SSHAC)
(not a committee of the National Research Council) with sponsorship and
oversight by the U.S. Nuclear Regulatory Commission (USNRC), the
U.S. Department of Energy (DOE), and the Electric Power Research
Institute (EPRI).

WHAT IS SEISMIC HAZARD ANALYSIS?

Earthquakes present a threat to people and the facilities they
design and build. Seismic hazard analysis (SHA) is the evaluation of

|
potentially damaging earthquake-related phenomena to which a facility !
may be subjected during its useful lifetime. An SHA is done for some ]
practical purpose, typically seismic-resistant design or retrofitting. j
Although strong vibratory ground motion is not the only hazardous effect
of earthquakes (landslides, fault offsets, and liquefaction are others), it is
the cause of much widespread damage and is the measure of earthquake
hazard that has been accepted as most significant for hazard resistance

;

planning.

3
. 1

i

|
:
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The level of effort put into an SHA depends on the investment in
the facility that might be lost and the consequences to society should it
fail. Critical facilities are those that are deemed so important to the
functioning of society or whose catastrophic failure will have such
disastrous consequences that a maximum (and necessarily costly) effort to
assess seismic and all other natural hazards is justified. The SSHAC
project was born in the context of SHA for such critical facilities, nuclear
power plants in particular. Even though SSHAC broadened its concept of
the applicability of its recommended approach to SHA, its report is
strongly influenced by this orientation toward very large, costly facilities
for which the end goal is to prevent catastrophic failure, even at great
expense.

Two gen;ral approaches to SHA have been developed and
applied. The first approach uses discrete, single-valued events to arrive at
scenario-like descriptions of the hazard. Typically, a seismic source
location, a maximum earthquake associated with that source, and a
ground motion attenuation relationship are specified. The ground motion
at the site ofinterest implied by the chosen inputs is then calculated. The
frequency of earthquake occurrence is usually not taken into account, and
there is no formal and open way of treating uncertainties. This approach
has been labeled deterministic seismic hazard analysis (DSHA) and has
been used for many years in the design of power plants, large dams, and
other critical facilities.

The other approach is probabilistic seismic hazard analysis
(PSHA) and is the subject of the SSHAC effort. PSHA allows the use of
multivalued or continuous events and models incorporating the effects
and frequencies of all earthquakes that could impact a site. PSHA can
easily incorporate model and parameter uncertainties. The results of a
PSHA, including the uncertainties, can be represented as a series of
curves (mean, median, or selected fractiles), showing the annual
frequerwy of exceeding different levels of the chosen measure of ground
motion. The intent of high-level PSHA is to capture and display as much
as possible of the knowledge provided by existing data, theory, and
computational simulations,

It should be noted that the procedures recommended by SSHAC
for the elicitation and aggregation of expert opinion as input to PSHA are
equally applicable for compiling the input for DSHA. The only essential
difference between DSHA and PSHA is that the latter carries units of time
while the former usually does not (Hanks and Comell,1994). In the case
of a specific design situation, both DSHA and PSHA result in estimates of

,

!

|
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|

ground motion values or time histories that provide the basis for
earthquake-resistant design. PSHA yields, in addition, the annual
frequency of exceedance of that ground motion level together with
attendant uncertainties. SSHAC's responsibilities did not extend to a,

i

discussion of the steps by which project engineers and sponsors use the
output of a hazard assessment. One approach to this issue is presented in a
recent paper by McGuire (1995).

Projection of the location, severity, and frequency of occurrence
of future extreme natural events inherently involves a variety of
uncertainties. Yet decisions on the siting and design of needed facilities
must be made in the face of these uncertainties. No amount of statistical
analysis, no matter how rigorously based and carefully done, can totally
compensate for the incompleteness of available data and the defects of our
evolving scientific knowledge. A primary objective of SSHAC was to
acknowledge and document uncertainties explicitly so that users of
PSHA will be able to make better-informed decisions.

BACKGROUND AND CONTEXT OF THIS REPORT

The Panel on Seismic Hazard Evaluation was created under the
Committee on Seismology of the National Research Council in October
1992. The panel was formed in response to a request from the USNRC to
provide an independent review and evaluation of a report on PSHA to be
produced by SSHAC.

The work of the panel was influenced by several factors. First, the
USNRC asked the panel to provide an " interactive review," that is, to
submit feedback to SSHAC as it worked in order to avoid the production
by SSHAC of a report in which the panel might find serious flaws after it
was completed. This request raised serious questions as to how the panel
could meet its requirement and not become so involved in the production
of the SSHAC repon that the objectivity of the panel's own review would
be compromised. The panel agreed with the USNRC to provide " arms-
length" interaction with SSHAC and developed methods of operation to
achieve that goal.

Another factor affecting the work of the panel was a change in the
,

charge to SSHAC after it began its work. The original task assigned by 1
the sponsors concentrated on the reconciliation of two studies done in the
mid-1980s by Lawrence Livermore National Laboratory (LLNL) and
EPRI of the earthquake hazard at nuclear power plant sites in the United

;

i
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States east of the Rocky Mountains. These studies were prompted by
advice to the USNRC from the U.S. Geological Survey, based on its
reconsideration of the likelihood that a major earthquake, such as the
Charleston, S.C. earthquake of 1886, could occur again in Charleston or
elsewhere along the eastern seaboard. The possibility of such an
earthquake could have implications for the safety of nuclear power plants
in the eastern United States. A brief history of the LLNL and EPRI
studies is given in the SSHAC report.

Although the two studies ranked the many sites approximately the
same (from most hazardous to least hazardous in terms of the mean
hazard estimates), the absolute hazard values for specific sites, in terms of
the mean value of the annual probability of exceeding a specified level of
ground motion, differed greatly, with the LLNL results consistently
greater.

The problem is illustrated in Figure 1.1, which dirplays the
hazard at three widely separated sites as the annual frequency of
occurrence of peak ground acceleration (PGA), the ground motion
parameter chosen for this evaluation. The median hazard curve from each
study is shown, as well as the 85th and 15th percentile curves. In two of
the three cases shown, the median hazard calculated by LLNL is well
above that derived by EPRI, and the " uncertainty," measured by the
spread of the 15th and 85th percentile curves, is much greater for LLNL
than EPRI. Also, the uncertainty is large, a factor of 5 or more at
potentially damaging levels of ground motion (PGA greater than 200

2cm/sec ),
The mean hazard curves, not shown in the figure, differ by even

greater factors in many cases. This is because the LLNL median and 85th
percentile curves are above the EPRI results, and arithmetic averages
spanning several orders of magnitude give greatest weight to the largest
numbers. This explains the relatively high values of the mean hazard
derived by LLNL but it does not get at the fundamental cause for the
differences in the estimates.

The desirability of discovering the cause(s) of the discrepancies
was obvious, not only for intellectual reasons (why did competent
scientists working from the same or similar knowledge and data bases get
vastly different answers?), but also for the practical reason that the
quantitative estimate of seismic hazard is important in judging whether
earthquakes represent a substantial threat, as well as the weight of
earthquakes relative to other natural hazards in making design and
retrofitting decisions. The USNRC funded LLNL to investigate the

|
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FI'3URE 1.1 Median,15th, and 85th percentile hazard curves for three !

representative separated sites in the eastern United States, illustrating the
differences in results of the LLNL and EPRI studies. The ordinate is the !
estimated annual frequency of exceedance of the peak ground acceleration shown

i

as the abscissae (adapted from Figures 2.3.1, 2.3.7, 2.3.8 in Bernreuter et al., j

1987).
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'

problem. LLNL's study (Bernreuter et al.,1987) concluded that the- j
. factors involved in the discrepancy were: (1) different values were chosen !

for the lower-bound earthquake when the groups were integrated over |
- seismicity to calculate the hazard, (2) different ground motion models

]were used, and (3) LLNL included a correction for local site effects and
j

EPRI did not. This explained why the two studies obtained different ;

sinswers but does not explain why competent analysts arrived at j
significantly different inputs to the hazard calculations. ;

As SSHAC was being assembled, the underlying cause of the - .|
- discrepancies between the two studies was identified by further study at )
LLNL. Researchers there concluded that the differences were due to the i

ways in which the inputs provided by experts had been elicited. Once this !

was recognized and taken into account, the differences in the outputs ;
(mean hazard curves) were reduced from orders of magnitude to small ;

factors that represented- satisfactory agreement, given the many '

uncertainties in every step of the ac-dysis. This resolution of the original j.

problem led to changes in the SSHAC charter (1994), from which the :
following items are selectively cited to provide the context within which

,

the SSHAC report was developed:

Objective: To develop implementation guidelines, in- I
ciuding recommended methodology, suitable for the

i

performance of PSHA for seismic regulation of nuclear
power plants and other critical facilities.

Requirements and Guidelines (for the implementation
1

guidelines and methodology):

Be able to provide probabilistic seismic hazard*

results in the form of fractile probabilities and mean
,

values over a range of ground motion levels suitable for |
use in probabilistic seismic risk assessments for nuclear
facilities.

Be defined in sufficient detail that, when*

independently applied by different organizations, no (
ambiguity exists on how the PSHA is to be performed j
and comparable results are obtained,

i

it is specifically not the objective of this program to 'e

advance PSHA methodology or to develop a new PSHA
methodology. Rather, an important step in reaching the
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objective of this program is expected to be the
completion of evaluations. of independent PSHA
applications by LLNL and EPRI as well as other
relevant applications.
* The outcome of this process will be the recommend-
ed methodology and implementatica guidelines for
PSHA in nuclear power plant liensing.

The emphasis on mthodology for doing PSHA'as the central I

theme is reflected in the title of the SSHAC report. The focus on siting
nuclear facilities, though not emphasized explicitly in the report, strongly
influenced its concentration on high-level PSHA.

It should be recognized that the charges to SSHAC and to the
| panel did not call for the defense or promotion of PSHA as a method for

evaluating earthquake hazards. SSHAC has produced a document that'

sets forth its conclusions and recommendations on the proper way to
do a PSHA If that is the approach chosen by project developens and
their analysts. Neither the SSHAC report nor the panel evaluates the
efficacy of PSHA relative to other methods, DSHA in particular. The
SSHAC report does provide criteria that can be used to decide the'
appropriate level of effort for a specific study. Some of the issues related
to alternatives to a full-blown PSHA and alternatives to SSHAC's
recommended procedures are discussed elsewhere in this report.

The panel offers its appraisal of the SSHAC report, with primary
emphasis on the scientific validity of the work and its conclusions, with
appropriate attention to the clarity of the presentation, possible sources of
misinterpretation, and the report's contributions to PSHA.

- INTERACTIONS OF THE PANEL WITH SSHAC t

The panel met with SSHAC three times (June 28-29,1993; May
27-28, 1994; and December 9-10, 1994). Members of SSHAC,
representatives of the three sponsoring organizations, and scientific and
technical consultants to SSHAC attended the meetings. In addition,
Thomas Hanks, a member of the panel, attended a number of SSHAC
meetings as liaison observer.

By the nature of its charge, the panel was not able to begin its
work until it received a draft product from SSHAC and could not finish its
work until it had received the complete final SSHAC report. The June

i
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i

1993 meeting was devoted primarily to briefings by agency representa- !
tives, SSHAC members, and scientific consultants, designed to educate
the panel about the goals of SSHAC, the background of the problems i

!being addressed, and the procedures SSHAC would follow. A spokesman
for the USNRC explained that the agency wanted two products from ;

SSHAC: (1) a set of guidelines for the process of seismic hazard ,

assessment, and (2) a set of guidelines for the agency, using current data ,

sets and computer codes, to reevaluate the hazards at existing sites. A !
SSHAC spokesman concluded that the central thrust of the project was to i
develop, justify, and illustrate methods for capturing both the inherent i
uncertainties in the parameters that go into an analysis and the ~

disagreement among expens about the values of these parameters. At this
time, the panel decided that it needed two additional members, one who
could provide expertise in expert opinion analysis and decision science
and one with extensive knowledge of both the deterministic and ;j
probabilistic approaches to seismic hazard assessment.

By May 1994 the focus of the SSHAC effort had changed, as j
noted above, from the reconciliation task to the more substantial and i

significant task of building on the lessons learned from prior experience in
hazard assessment to develop scientifically sound procedures for doing
PSHA. The SSHAC chairman explained that his committee's goal had r

been broadened to the development of a methodology that would be
applicable not only to nuclear power plants but to other critical facilities !

as well. SSHAC members presented detailed technical briefings in their !
areas of expertise, so that the panel gained insight into the flavor of the ~

report that SSHAC would produce. Vigorous discussions of both earth !
science and decision science issues provided a forum for the panel to ;

explore details of the proposed SSHAC approaches and to convey in
broad terms some concerns of the panel. Points raised in these discussions i

and the panel's evaluation of how SSHAC treated each are addressed
elsewhere in this report.

The December 9-10,1994, panel meeting was based on a detailed !

review of a draft report submitted by SSHAC. The draft was incomplete; i

in particular, the extensive appendixes, which on later examination proved I

to be essential and very valuable contributions of the SSHAC effort, were !
not available. But, the panel did conduct a detailed review of the main i
report. SSHAC members, as well as the agency representatives, were
present for this review. The results of the review were submitted in the
form of a formal letter report to the USNRC on March 16,'1995

i

(reproduced here as Appendix B). The USNRC forwarded this letter
'

I
!

!
!

:
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1

report to SSHAC as part of its oversight of the final version of the
SSHAC report.

The March 1995 letter report was the principal formal feedback
from the panel to SSHAC. The letter report offered the panel's general
comments on the SSHAC draft, a statement of concerns and problems,
with suggestions for improvement, and a summary of specific scientific
and technical concems that the panel thought should be addressed. A draft

| of the final SSHAC report was sent to the panel on October 6,1995. The
| present report is based on the panel's review of the October 6 draft,

supplemented by several figures and parts of the appendixes that were
i submitted later. (Although the October 6 draft needed editing the panel

was informed that the work of SSHAC was completed and that no further
substantive changes in the SSHAC report would be made.)

The expectations of the sponsoring organizations are expressed
succinctly in the last sentence of the Sponsors' Perspective that opens the
SSHAC report, which is quoted at the beginning of this chapter. The
panel has reviewed and evaluated the SSHAC report in light of these
expectations and how well the goal has been achieved.

|

ORGANIZATION OF THE PANEL'S REPORT j

The panel determined that the SSHAC report could be reviewed )
under four main headings: (1) process (elicitation and aggregation) and 1

documentation, (2) the treatment of unce,tainty, (3) seismic source -!
characterization, and (4) ground motion estimation. The first two l
concentrate on the decision science components of PSHA, the latter two |
on the earth science inputs. Following a chapter on each of these, the ;

panel offers a summary ofits findings and recommendations. '

|
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Process and Documentation for a Probabilistic
Seismic Hazard Analysis

l
,

!

By its own definition, the main emphasis of the Senior Seismic
Hazard Analysis Committee's (SSHAC) report is on the procedural rather
than the technical aspects of probabilistic seismic hazard analysis
(PSHA). SSHAC argues that many of the major potential pitfalls of
PSHA are procedural and therefore goes to great efforts to outline what it
views as an appropriate process. In SSHAC's view the important aspects
of " process" have to do primarily with experts, their interaction, and
methods for translating their views into useful input for a PSHA. Of
particular significance is the role assigned to the facilitation / integration
team that organizes and directs a PSHA project and its use of experts.
SSHAC lays out two basic principles underlying the PSHA process and
its results:

1. Regardless of the scale of a PSHA study, the goal (as stated
by SSHAC) is "to represent the center, the body, and the range of
technical interpretations that the larger technical community would have
ifthey were to conduct the study. "

2. "It is absolutely necessary that there be a clear definition of
ownership ofthe inputs into the PSHA, and hence ownership ofthe results
ofthe PSHA."

The panel supports these principles as ideological guidelines for
planning and executing a PSHA study, at least in the case of critical |

facilities. The first is, or should be, the goal of a sponsor in initiating a |

PSHA, the assumption being that using the collective input of the
informed technical community would be the best, and most defensible,
way of defining seismic hazard. That principle also has an enabling effect
because, as discussed later, it allows experts to transcend the role of heing
proponents of models (the usual mode in scientific discourse) into the

13

|
l

;
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roles of objective evaluators and integrators. The extent to which this
goal can reasonably be pursued in a particular case should depend on
the scope and importance of the project and the resources available to
support the study.

The second principle is important because it assigns to an
identified entity, the " owner," clear intellectual or scientific responsibility
for the conduct and results of a PSHA. This does not necessarily mean I

that the " owner" agrees with every particular input or result but that the
'

owner feels confident that the PSHA has fulfilled the purpose of
representing the larger technical community and can be defended in |

scientific and regulatory arenas, as necessary. These principles underlie '

the primary recommendations of the SSHAC report that deal with the
PSHA process. >

;

LEVEL OF EFFORT IN A PSHA 2

SSHAC recognizes that a PSHA can be carried out at different
levels of effort and emphasizes that the effort expended should match the
importance of the facility, the degree of controversy, uncertainty, and
complexity associated with the relevant scientific issues, and external ;

decision factors, such as regulatory concerns and the resources available, i
This is shown in Table 2.1, taken from Chapter 3 of the SSHAC report. '

Four levels of study are defined, the first three of which rely on'a i

single entity called the technical integrator (TI), who is responsible for all )
aspects of the PSHA, including specifying the input. Although experts
may be involved on a consulting basis, there is no fonnal elicitation of
their views. The highest level of study (level 4) makes use of formally i
elicited expert judgment. .As such, a new entity called the technical

,

facilitator/ integrator (TFI) is needed. The role of the TFI is discussed '

below. A large part of the SSHAC report is devoted to defining what is :

necessary to cany out a level 4 study and explaining the function of the |

TFI because the ideas are new, not because this level of effort is required
for every seismic hazard assessment. It would be inappropriate to infer
that all PSHAs require the considerable resources needed to carry
out the level 4 PSHA described by SSHAC.'

.

|

|
|

I
l

!

2
Nor does SSHAC make such a claim or inference. This statement is

more a caveat to users than a criticism of SSHAC.
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The Panel endorses the conceptual framework embodied in Table
i

2.1, recognizing that the application of PSHA to engineering and i

regulatory problems is varied and that the level of effort needed should
also vary.

SSHAC points out that most site-specific studies make use of
some type of TI approach. The TI performs analyses, accumulates
information relevant to each issue, and develops a representation of the
technical community's views on the relevant input models, parameters,
and their uncertainties. At the lowest level of effort (level 1) the technical ,

community's views are determined primarily by a literature search. At |
higher levels the TI makes use of outside technical researchers and
proponents to gain insight into different data sets and models.

The panel emphasizes that a TI must still be guided by the
principles of representation and ownership described above.

The importance of peer review is discussed below, but the panel
stresses its panicular significance when the TI mode is used. Reliance on I.

a single entity (TI) to characterize the input of the whole technical
;

community may be a very efficient mode of operation, but additional i

assurance is needed to provide confidence that the results are a reasonable
representation of the community's views.

I

THE MULTIPLE ROLES OF EXPERTS !

The TFI procesr. views experts as acting in different roles-proponents,
evaluators, and integrators. The proponent role is one in which the expert
explains, and argues for, the choice of a particular model or set of
parameters. The aim is to make sure that the different views in the
technical community are presented and discussed by the expert panel. If
necessary, individuals outside the expert panel may be brought in to argue
points of view with which panel members may not be comfonable. The
next role the expens are asked to assume is that ofindependent evaluators
representing their own views of the information presented. Mean
estimates of model, component, or parameter values are elicited, along
with their uncenainties as appropriate. The result should be the group's
composite views of the issues at hand. The experts are encouraged to
evaluate their own and other models according to their own technical
judgment, without regard to who originally proposed the models. In the
past, most PSHAs that have relied on formally elicited expert judgment
have strived to get experts to think in this manner. The hope was that the
experts' composite view also represented the composite view of the
technical community as a whole.

|
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1
'

TABLE 2.1 Degrees of PSHA Issues and Levels of Study (Table 3-1 of
the SSHAC Report)

Issue Degree Decision Factors Study Level
A 1

Non-controversial; and/or TI evaluates / weights models
,

insignificant to hazard based on literature review '

and esperience; estimates
community distribution

B e Regulatory concern 2
Significant uncertainty and e Resourcesavailable TIlaternets with proponents
diversity; controversial; and + Public perception & resource experts to identify
complex issues and interpretations;

,

estimates community i

distribution
C 3

Highly contentions; TI brings together
significant to hazard; and proponents & resource |

bighly complex experts for debate and )lateractice; TI focuses debate i

and evaluates alternative
laterpretations; estimates
community distribution

4
TFI organizes panel of
experts to interpret and
evaluate; focuses discussions; |
avoids inappropdate 1

behavior on part of
evaluators; draws picture of
evaluators' estimate c,f the j
community's composite i

distribution; has ultimate
responsibility for project

To more truly represent the technical community's view, the
SSHAC report recommends that the experts be specifically asked to |
assume the role ofintegrators and to characterize their perception of how i

the technical community as a whole would view the issues at hand. Thus, '

although the expert may view his/her assessment as being the most |
correct, he/she is explicitly thrust into the role of trying to fulfill the first ;

principle of PSHA as outlined above and must be willing to do so. This !

mode of expert behavior may not be achievable in all issues. Also, the j
i
l

l
i
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panel is not aware of any objective way to test the assumption that a
whole technical community's views can be accurately determined
from the lateractions of a small group of experts.

SSHAC introduces some useful concepts in its discussion of the
interaction among experts. One is that in the process of eliciting,
aggregating, evaluating, and integrating the opinions of experts the TFI
(discussed in the next section) should create an atmosphere in which there
will not be " winners" and " losers." Another useful idea is the avoidance
of unintended dissent or consensus. Apparent disagreement may arise
because of lack of communication and understanding among these
disagreeing; the process of" active listening," in which a listener is asked
to give back what he/she has just heard, is a step toward eliminating
disagreement where it really does not exist. At the other extreme is the l

development of an apparent but false consensus; the TFI should strive for
consensus among the experts only ifit is really agreed on.

The panel views the role of expert as integrator as important
and worthwhile. However, successful implementation of the
integrator role of the experts should be viewed more as a goal to !

strive for than a uniformly and demonstrably achieved measure of ;
success. !

The SSHAC report implies four basic criteria for the )identification and selection of experts: (1) technical expertise, (2) strong
communication skills, (3) willingness to assume the role of independent i

evaluator, and (4) willingness to commit the time and effort to participate
actively in the study. The choice of disciplines to be represented and the
breadth of knowledge of each expert depend on the issues to be addressed
and whether or not interdisciplinary subgroups of experts will be formed
to provide input. SSHAC also strongly recommends a formal nomination
process based on consulting the literature and asking technic societies,
government organizations, and knowledgeable individuals to submit the
names of potential experts. Whatever the issue or structure of
elicitation, the panel believes that the credibility and quality of an
elicitation-based PSHA depend very much on the choice of experts.
The panel supports the need for careful attention to the selection
process and finds the criteria suggested by SSHAC to be reasonable
and likely to be effective.

|

|

|

|
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TECHNICAL FACILITATOR/ INTEGRATOR

One of SSHAC's main contributions to PSHA methodology is the |
introduction of the technical facilitator/ integrator (TFI) concept. The
SSHAC repon describes this new function in Section 3.3.1 as follows: !'

The TFI is a single entity who has the responsibility and ,

is empowered to represent the composite state of
information regarding a technical issue of the scientific
community.... The TFI process is centered on the precept

_

of thorough and well-documented expert interaction as
1

the principal mechanism for integration.

As SSHAC acknowledges, a major stimulus for its charge was the need to
resolve the differences in hazard estimates between the Lawrence ;

Livermore National Laboratory and the Electric Power Research Institute l
studies. SSHAC's investigation revealed that the process of clicitation and
the procedures for integration allowed room for considerable
misunderstanding and potential misinterpretation. Six areas in which

,

improvements could lead to a better outcome are detailed in Section '

3.3.2.2 of the SSHAC report:
1

1. Overly diffused responsibility
2. Insufficient face-to-face expen interaction
3. Inflexible aggregation schemes
4. Imprecise or overly narrow objectives I
S. Outlierexperts

'l6. Insufficient feedback
i

The TFI concept was designed to resolve these procedural issues. This
approach is described in detail in Chapters 3 through 5 and Appendix J of
the SSHAC report. The panel concurs that,in cases in which decisions

i

about a critical facility of major complexity depend on controversial i
and uncertain inputs, the TFI approach offers an effective I

mechanism for capturing the best of what is known about the
particular issues.

!

|

|
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The Proposed TFI Process

The seven steps proposed by SSHAC for the TFI approach
(Section 3.3.4) were first suggested by Keeney and von Winterfeldt
(1991), based on their experience in eliciting expert judgment for
probabilistic risk assessment of nuclear power plants. The steps are:

1. Identification and selection of technical issues
?. Identification and selection of experts
3. Discussion and refinement of technical issues
4. Training for elicitation
5. Group interaction and individual elicitation
6. Analysis, aggregation, and resolution of disagreements
7. Documentation and communication

A flow chart of the process as applied to ground motion clicitation by
SSHAC is reproduced here as Figure 2.1. Appendix J of the SSHAC
report spells out the background, evolution, and details of the TFI process
as developed by SSHAC. Appendix J must be read carefully: readers may
need to consult additional references in order to fully understano eme of
the issues discussed, such as the weighting ofindividual expert inputs.

The TFI process requires careful and time-consuming setup
procedures to ensure that all participants are clear on the objectives of the
study, their roles in the study, and the intended results. The TFI (an
individual or, perhaps, a team of two or three people) must be highly
competent in the relevant subject areas, adept at elicitation and group
process, and thorough. Because a strong TFI will have a major influence
on the outcome of the clicitation/ aggregation process, it is essential that,
if more than one TFI is assigned to work on a particular analysis
project, they all be equally well qualified.

The panel concludes that for appropriate issues the TFI process
holds significant promise for PSHA. This process was developed by
SSHAC as part of its effort to overcome limitations of previous PSHA
studies. The panel cautions, however, that this process is expensive, time
consuming, and demanding of all participants. SSHAC's criteria for
identifying the issues for which the full TFI process is justified (Table
2.1) must be understood by project sponsors and their analysts.

As discussed in the next chapter, each element of a seismic hazard
analysis may involve high degrees of uncertainty. Many situations arise in

|

,

:
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which competent experts may legitimately disagree in their interpretation ,

of extant data and theory. In view of the complexity of the issues and I

models involved in PSHA, SSHAC concluded that an improvement in the
process of elicitation would help focus attention on the technical issues by
reducing previously obsen'ed problems in " consensus," unintended ;

agreement, and unintended disagreement.
At each step of the clicitation process, the TFI strives for

complete understanding by each expert of all technical issues. The goal is
Sat all experts are "on the came page." The results of two ground motion
workshops conducted by SSHAC and documented in Appendises A and
B ofits report indicate that investment in the TFI process bore substantial
results.

The panel is aware that the TFI process, as implemented in these
workshops, has rarely been used in the earth sciences. An example of the
application of the process in a related subject field is provided by a
probabilistic volcanic hazards analysis (Coppersmith et al.,1995). I

TREATMENT OF EXPERT IhTUT

Integration of Expert Opinion

SSHAC correctly points out that in theory it is always possible to
formulate the expert integration problem as a Bayesian inference problem
in which the opinions rendered by the experts are viewed as " noisy 1

observations" of the quantities ofinterest (e.g., parameter values, distribu-
tions). Difficulties lie in the formulation of an " observation model"
tailored to each expert combination task and sometimes in implementing
the Bayesian analysis to produce aposteriori uncertainties. A discussion
of combination problems and models is given in Appendix J of the
SSHAC report. SSHAC repeatedly warns against blindly using any
specific model and stresses that the models described in Appendix J are
only examples for illustration. The panel agrees with these warnings and
adds the following comments:

in essence, Appendix J presents two very different typese

of models: (1) the so-called classical models, which emphasize the " noisy
observation" interpretation of expert opinion, and (2) the TF1 model,
which regards each expert as being potentially correct, with a probability

i
J

l

l

!
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FIGURE 2.1 Roadmap of ground motion elicitation process (Figure 5-5
of the SSHAC report).

I

proportional to an assigned weight. Although this interpretation of the TFI
model is not given in the SSHAC report, the fact that the community
distribution is defined as a weighted sum of the expert distributions is
equivalent to saying that each expert is correct with a probability equal to
his/her assigned weight. At the end of Appendix J, the two approaches are
compared numerically and shown to produce very different results.
Without an in-depth discussion of when each type of model (or neither) is
applicable, Appendix J may leave the reader confused. The classical
models combine distribution functions with the meaning of uncertainty on
the value of an unknown parameter. Hence, in this case the object of
estimation is an unknownscalar quantiryand the distributions express
uncertainty on that quantity according to different experts. The TFI
model, on the other hand, combines distribution functions that express the
state of uncertainty of the scientific community according to different
experts. In this second case the object of estimation is tilistribution
function itself. Therefore, while the inputs to, and results from, both

|

|

!
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models are in the form of probability distributions, such distributions have
different meanings in the two cases and should not be compared.

The community distribution, which the TFI model estimates, '*

is defined in Appendix J, Section 5, of the SSHAC report as "the mixture '

of the distributions of the individual experts if [the decision maker]
,

believed that the experts . . . in this ' perfect community' were effectively
equally informed on the issue ofinterest and equally interdependent. . . ."

'

As the entire SSHAC procedure revolves around this distribution, the
panel believes that its definition should have been given in the main
report, with a detailed explanation and justification.

SSHAC gives expressions for the mean and variance of the; *

community distribution after stages 1 and 2 of the TF1 process. Given the
approximate nature of the results for the variance and the fact that
distributions, not just mean values and variances, are needed, a much
simpler and basically as accurate combination rule would be to take the
weighted average of the distributions provided by the experts. The
statement in Appendix J that " determination of the predictive (i.e., a
posteriori) distribution follows a straightforward but cumbersome
Bayesian statistical analysis" indicates that SSHAC knows how to
perform a fully nonparametric Bayesian estimation of the community
distribution function. This panel could think of no straightforward
procedure to do so (one would need to consider the expert distribution
estimates as random processes given the true community distribution
function, with serious practical and conceptual implications). Because
determination of community distribution and its uncertainty is at the core
of the SSHAC approach, the report should have been more explicit about
such a procedure.

SSHAC favors an equal weighting integration scheme, unless |*

there are clear indications that different weights should be used, for i

example, to reduce the influence of outliers. Linear combination rules
i

with equal (unequal if necessary) weights are applied to parameter I
estimates (classical models) as well as to the probability distributions that,
according to the panel of experts, quantify uncertainty in the scientific
community (TFI model). Conditions for " equal weights" are set forth in
the report. The panel believes that there may be some confusion about

|linear combination with equal weights and symmetrical (but possibly !

nonlinear) treatment of the expert assessments. The conditions quoted in
the SSHAC report apparently lead to symmetrical treatment, not !

necessarily to averaging. There is a brief reference to nonlinear

;
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|
'combination rules in the section on nonequal weights in Appendix J, with

little discussion. Analysts are advised to verify whether the conditions of
linearity and normality of the observation model apply before using a
linear combination rule. Contrary to what SSHAC states (e.g., Figure J-6),
in some cases it would be better to combine the parameters of the
distributions provided by the experts rather than the distributions

i themselves (combining the parameters results in a nonlinear combination
! of the distributions.) For example, if the experts agree on all distribution

characteristics except for a location parameter, combining the estimated
locations would be the right thing to do.

In view of these limitations and the objective difficulties in
properly combining expert opinions, the panel recommends the following:

1. Use the models in Appendix J of the SSHAC report for
reference, not as prescriptke or even recommended combination
procedures.

2. Do not accept the results of a mechanical combination
rule unless they are consistent with judgment.

3. If a mechanical combination rule is used, a general way
by which to derive that rule is to view experts as noisy observen of
the quantity being estimated. This approach is always the correct one
from a Bayesian viewpoint, irrespective of the prtWn at hand. What
differs in different cases is the nature of the observation errors, which
need not necessarily be normal, additive, or independent.

4. When combining expert opinions on distribution
functions, the correct Bayesian approach requires the use of a
random process formalism, unless the problem can be reduced to a
discrete one through appropriate parameterization. In all but the
simplest cases a formal analysis becomes prohibitive, and the panel
recommends primary reliance on judgmental combination
procedures.

Weighting

One of the more problematic aspects of PSilA has always been
the aggregation of input from different experts, especially when one or
more expert opinions are outliers relative to the views of the rest of the

|
|
\

!
4

1
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| participants. This problem has led to consideration of weighting of
'

different experts' opinicus based on quantitative or qualitative
assessments of the degree of expenise (typically a highly subjective i

i

! exercise). The extensive interactive education and elicitation process |
proposed by SSHAC is intended to bring all expert participants to parity. !
This process should make it more reasonable to use equal weighting of all ,

the experts. Appendix B of the SSHAC report states that equal weights |
were used for the combination of expert opinions and concludes that the !
TF1 " integration process is robust."

The panel concurs that equal weighting of experts should be
the clearly preferred target in a multiple-expert PSHA. To achieve
this, proper choice of experts and group interactions should be
emphasized, as outlined in Chapter 4 and Appendix H of the SSHAC
report. In the case in which a different weighting scheme is applied, the ,

burden of proof rests with the TFI; nevertheless, every effort should be
i

made to o'btain expert concurrence on the weights used or modification
,

applied.

Dependency Among Experts

A related aggregation problem, dependency among experts, is, on
the surface, exacerbated by the TFI process. The overall community is
composed of a finite number of experts who rely on a finite number of
models and methodologies. While one or more of the participating expens j
may not be thoroughly familiar with the entire range of such models and
methodologies at the beginning of the exercise, such familiarity is an
objective of the TF1 process. As shown in the second SSHAC ground
motion workshop, this interactive process narrowed the range of estimates
as the experts increased their knowledge and understanding of issues and
methods. One goal of a well-executed TFI process is that all participating
expens are beuer able to make informed independentjudgments. |

Peer Review t

SSHAC requires that peer review be an integral pan of the PSHA
process. The panel concurs. SSHAC defines two types of review: (1)
participatory and (2) late stage. Participatory peer review involves " full

.

i
1

I

:
i

I
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and frequent access throughout the entire project" by the reviewers. The
advantage of a participatory review is the opportunity to subject interim
results and deliberations to independent feedback. This provides the
PSHA team with an opportunity for adjustment and limits the possibility
that a lengthy and costly effort might be found to have serious flaws in the
end. SSHAC recognizes that a limitation of participatory peer review is
that " peer reviewers might lose their objectivity as they interact with the

|
,

project over time." The panel views a participatory peer review as
1

equivalent to a backup group of experts who provide oversight of the
work of the primary team. Safeguards must be established to preserve

,

the objectivity of the review process. As explained in the introduction to I

this report, this panel was asked to provide participatory peer review to
SSHAC, and the panel insisted on a process by which it would not
become so deeply involved in the preparation of its report that its
objectivity would be compromised. The panel believes that this is also a
necessary precaution for peer review of any PSHA study.

The late-stage review is closer to the traditional academic review
in that it occurs near the end of a project. SSHAC strongly recommends 1

participatory peer review on the grounds that a late-stage review can be
risky, especially with regard to the process aspects of a PSHA study.
Table 3 2 in the SSHAC report summarizes its recommendations on how
to structure the peer review process.

The panel concludes that participatory review, as part of a PSHA
process, would serve to improve the quality of a study insofar as it is
another step toward incorporating the views of the broad infctmed
scientific community. Other considerations-for example, the
requirements of regulatory bodies-might call for a late-stage review
also.

Documentation

Chapter 7 of the SSHAC report puts much emphasis on the
importance of fully documenting every PSHA study. The guidelines on
documentation are intended to ensure that each step of the PSHA process
is not only completely recorded but also that the records are stored in
accessible formats that permit the technical community to review all
operations and decisions. This documentation also greatly facilitates later
reanalysis and update as new information becomes available, perhaps
eliminating the necessity of redoing the entire PSHA.

|
<

l
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The panel believes that the calculated seismic hazard derived
j

from each individual expert's input needs to be presented. It is not ;

clear whether this is included in SSHAC's recommendations. Regardless
of how the aggregation is carried out, it is important to be able to compare ,

results caused by each expert's input with those of the composite I
produced by aggregating the individual inputs. This comparison provides
users with a good indicator of the diversity ofinput and its impact on the
final calculations, as discussed in Chapter 3.

SSHAC proposes that this documentation follow a two-tiered
approach that is to be applied to every element of a PSHA. Tier 1 ;
documentation is defined as all documentation that must be published as
part of the main report or its appendixes, so that it is widely accessible.

,

Simply stated, tier 2 is everything else that constitutes background '

material for the analysis. SSHAC's prescription for what materials should
go into the two tiers is spelled out for each of the elements of a PSHA
(i.e., seismic source characterization, ground motion attenuation, and the
methods used to produce the PSHA results).

The SSHAC repoit specifically states that the computer software
used should be identified and archived. This would include any relevant
programs and code that would be necessary for an independent analyst to
replicate the study. Should problems be identified later with either the !

computer code or the input data, reanalysis is greatly facilitated. The
panel recommends that specialized computer programs needed to
implement the SSHAC procedures be readily accessible to any group

,

that wants to engage in seismic hazard evaluation as part of a l

research program or business venture. The availability of these
programs becomes especially important if the procedures recommended
by SSHAC are so successful that they become the standard adopted by
govemmental regulatory bodies and the major engineering concerns of the
nation.

To facilitate the accurate and timely documentation of PSHA
projects, the panel recommends that an Individual or small team be i
designated as the Project Archivist and that a documentation plan be

]in place at the beginning of each project. The thoroughness and
complexity of the SSHAC approach, especially when the TFI is used,
require that all participants have ready access at any time to materials
generated previously. This implies a documentathn process that keeps
current with the rest of the project.

|

l
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The panel concludes that the discussion of the documentation
! process in Chapter 7 of the SSHAC report provides thorough and useful
'

guidance for numerous other applications in addition to seismic hazard
assessment. Documentation is not one of the more glamorous aspects
of the scientific enterprise, but it is. essential to the full realization of
the benefits of the large investment in data acquisition, analysis, and
interpretation that are characteristic oflarge projects.

I

!
i

;

|

;
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Treatment of Uncertainty

1

A fundamental aspect of the F .,:. Seismic Hazard Analysis
Committee's (SSHAC) methodology 6 de Grinct and separate treatment
of aleatory and epistemic uncertainty Throughout its report, SSHAC
emphasizes the need to distinguish between these two types of
uncertainty, the quantifications of their contributing sources, and the i
propagation and full display of the epistemic component to users (see, |
e.g., Sections 1.8 and 1.9). SSHAC deals with techniques to assess, elicit, j
combine, propagate, document, and display epistemic uncertainty, and it '

is clear that much if not most of the effort in any probabilistic seismic
hazard analysis (PSHA) conducted according to SSHAC's
recommendations would have to be expended in activities related to the
handling of uncertainty.

The two fundamental types of uncertainty are defined by SSHAC
as:

Epistemic: the uncertainty attributable to incomplete knowl-*

edge about a phenomenon that affects our ability to model h.
Aleatory: the uncertainty inherent in a nondeterministic*

(stochastic, random) phenomenon.

Epistemic uncertainty may be reduced with time as more data are
collected and more research is completed. Aleatory uncertainty, on the
other hand, cannot be reduced by further rudy, as it expresses the
inherent variability of a phenomenon.

Making a rigorous separation between aleatory and epistemic
uncertainty, as advocated by SSHAC, requires a level of effort end
expertise much greater than that for most PSHA efforts. Therefore, the
panel thinks it is appropriate to elaborate as to when and why such
classification may be needed and indeed whether it is appropriate (these

31
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issues are not addressed directly by SSHAC). In this regard, it is useful to
consider separately two questions:

1. Is the aleatory /epistemic classification unique and clear?
2. Why is a separate treatment of epistemic and aleatory )

uncertainty needed and to what degree should it be pursued in a PSHA ;

analysis? j

1

Embedded in the second question are issues of utilization of I
.esults in which epistemic uncertainty and aleatory uncertainty are l
separated (i.e., of results stated in a " probability of frequency" format), j
either in the process of conducting .he PSHA study or in the process of ;
decision making by the ultimate user. In this chapter the panel briefly 1

reviews SSHAC's position on these issues and makes some
recommendations.

I

IS THE ALEATORY /EPISTEMIC DISTINCTION
1

UNIQUE AND CLEAR? !

SSHAC correctly points out that the classification of uncertainty
as epistemic or aleatory depends on the model used to represent seismicity ;

and ground motion. For example, epistemic uncertainty would be much ,

greater if, in the assessment of seismic hazard at an eastern U.S. site, I

instead of representing random seismicity through homogeneous Poisson
sources one used a model with an uncertain number of faults, each with

lan uncertain location, orientation, extent, state of stress, distribution of '

asperities, and so forth. As little is known about such faults, the total
uncertainty about future seismicity and the calculated mean hazard curves
would be about the same, irrespective of which model is used. However,
the amount of epistemic uncertainty would be markedly different; it
would be much greater for the more detailed, fault-based model.
Consequently, the fractile hazard curves that represent epist mic
uncertainty would also differ greatly.

A reasonable interpretation of the probabilistic models used in
seismic hazard analysis is that they represent not intrinsic randomness but
uncertainty on the part of the analyst about the actual states and laws of
nature--for example, about the number of earthquakes of magnitude 6 to
7 that will occur in the next 50 years in a given crust volume. According j

NUREG/CR-6372 216

_ _ _ _ _ _ _ _ _ - _ _ _ - _ _ _ _ _ - - _ _



Appendix: Review Report by the NAS/NRC

Treatment of Uncertainty 33

to this interpretation, all or most of the uncertainty in PSHA is due to
ignorance. In certain cases, uncertainty due to ignorance may be
expressed numerically by long-term relative frequencies. For example,
with a very long record of seismicity, one could extract the long-term
relative frequency with which earthquakes of magnitude 6 to 7 occur in a
generic 50-year period. In the absence of other relevant information, it is
reasonable to use this long-term relative frequency as a measure of
epistemic uncertainty about the occurrence of the event in the next 50
years. Note that as interest in PSHA is typically in the occurrence of rare
events in the near future and because the occurrence of such events
depends to a large extent on the current physical conditions of the earth's
crust near the site, ignorance or epistemic interpretation of the occurrence ;

probability is more appropriate than the long-tenn relative frequency or l

aleatory interpretation. In certain parts ofits report, SSHAC concedes that
in reality there may bejust one type of uncenainty, For example, Section
2.2.3 reads,in part:

. Even though we have discussed probabilities.

appearing in the model of the world and the epistemic
model, and we have given them different names, leading
philosophers of science and uncertainty (e.g. de Finetti
1974; de Groot 1988) believe that, conceptually, there is
only one kind of uncertainty; namely, that which stems
from lack of knowledge.

Other statements suppon this position. For example, Section 2.2.6 states
that ". . . the different tenninology [ aleatory versus epistemic) is not
intended to imply that these uncertainties are of fundamentally different
nature." Similarly, Section 1.8 points out that in the context of seismic
hazard analysis, "the division between :he two different types of
uncertainty, epistemic and aleatory, is somewhat arbitrary." The panel
concludes that, unless one accepts that all uncertainty is funda-
mentally epistemic, the classification of PSHA uncertainty as aleatory
or epistemic is ambiguous.

Reference to a particular class of seismicity models (e.g., the
models described in Sections 2.1 and Chapter 4 of the SSHAC report)
produces some stability in the epistemic/ aleatory distinction. However, if
such distinction is to have any impact on the decisions, the basis for
choosing any particular model type should be made clear, as alternative
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and equally valid choices would lead to different decisions. In view of this
undesirable dependence of epistemic uncertainty on the models selected
for PSHA, one may question whether the epistemic/ aleatory uncertainty
decomposition is actually called for in a PSHA study and the extent to
which it is needed for decision making by the users. These questions are
addressed in the following section.

IS THE EPISTEMIC/ ALEATORY SEPARATION NEEDED?

SSilAC does not provide a clear rationale for the need to separate
aleatory uncertainty from epistemic uncenainty, although the report refers
to several uses of this separation. Sections 2.2.5 and 2.2.6 of the report
cite facilitated communication of results, discipline on the part of the
analyst, and completeness of results. A " theoretical foundation" for the

| aleatory /epistemic distinction is offered in Section 2.2.6 by quoting a
| result by de Finetti in probability theory that shows how to combine
j epistemic and aleatory uncertainty to quantify total uncertainty for a

particular (the binomial) model. However, the same result indicates
neither how to separate the two uncertainties in practice (this is
acknowledged by SSHAC) nor how to make decisions considering
epistemic uncertainty. Therefore, the panel f'mds reference to de Finetti's
result not relevant to whether or why the aleatory /epistemic distinction is
necessary.

Reference to the decision-making implications of the
epistemic/ aleatory character of the uncertainty is made at the end of
SSHAC's Appendix F, where it is stated that: "because epistemic and
aleatory uncertainties are treated differently in making design and retrofit
decisions, and because the median hazard is sometimes the preferred
central measure of hazard due to its stability, it is also important to
allocate uncertainties in the proper category." While it is true that the
median curve is often preferred to the mean curve, a clear rationale for
this practice or, more generally, a procedure for dealing with epistemic
uncertainty in decision making is not presented in the SSHAC report.
Finally, in Section 7.6 reference is made to the need for multiple hazard
curves in the context of probabilistic risk assessment studies.

It is not the purpose of this discussion to analyze in detail each of
the reasons for quantifying epistemic uncertainty. However, the panel
observes that different uncertainty representations are appropriate for

|
.

i
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different applications. To add focus to this discussion, we consider and
contrast three main uses of quantified epistemic uncertainty in PSHA:

1. In the elicitation and experts /model combination process,
quantitative estimates of epistemic uncertainty are used to characterize the

,

credibility of attemative hypotheses and models, to assess the statistical |
variability of parameters, and to communicate this information among the
experts and between the experts and the TFI.

2. In the course of a properly conducted analysis, the effect of
epistemic uncertainty on the final hazard is used to assess the relative
importance ofdifferent models (e.g., of the seismicity model versus the
ground motion model) andparameters and to guide the analyst in seeking
further information (data, expen opinion, etc.) to redace uncertainty in the
most cost-effective way.

3. A project's sponsor typically accounts for uncertainty in a I
hazard when making decisions (e.g., about the design of a new facility or I

the retrofitting of an existing one).

For ease of reference, we label these three phases of uncertainty
consideration as the elicitation / combination phase, the PSHA planning
phase, and the final utilization phase. Different needs for uncertainty
representation characterize these phases.

In the elicitation / combination phase, experts need to be aware of
all pertinent sources of uncertainty, including parameter and model i

uncertainties and their correlations, and the limitations and errors of the
available data, so that they can make an informed assessment of the
validity of altemative hypotheses, the accuracy cf attemative models, and i

the value of data and can convey such uncertainties to the Tl/TFI. The
panel finds the type of epistemic uncertainty analysis recommended
by SSHAC to be most useful at this stage of a PSHA study.

In the PSHA plarmingphase (which refers to resource allocation
for the purpose of maximizing the reduction of uncertainty on the final
hazard results), there is no need for a detailed analysis of uncertainty. In
fact, such analysis is usually not available when the PSHA effort is
structured. For this purpose it may be sufficient to conduct limited

i sensitivity analyses, using bounding hypotheses, and to consider the
level of effort that would be required to substantially reduce each
component of uncertainty.i

|

|
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The final utilization phase is critically imponant and arguably the
one phase that should drive the level of uncenainty analysis and mode of
uncertainty representation in a properly conducted PSHA. SSHAC's

.

position is that the final results of a study should represent the epistemic '

uncertainty of the informed scientific community. This is roughly defined i

by SSHAC as the average of the uncertainties of the experts that make up
the community (possibly weighted according to their degree of expertise,
their outlier status, etc.).

A fundamental problem with this way of presenting the final ;

results is that, as previously noted, the epistemic uncenainty in the hazard -

depends on which among many legitimate models one uses-for example.
a deterministic or stochastic model of earthquake occurrence. What
changes with the model is not the mean hazard but the amount of t

epistemic uncertainty and, therefore, all the fractile hazard curves-
including the median. Therefore, any decision that is based on the fractile
curves rather than the mean curve depends on the essentially arbitrary
choice of how much epistemic uncertainty is included in the seismicity
and ground motion models. This well-known fact has often been taken to
mean that the only admissible decision rules are those based on the mean
hazard and that other decision rules are wrong and should be excluded. In
fact, this is not quite correct. As the study by Veneziano (1995) quoted in
the SSHAC report shows:

1. If the mean hazard can be assumed to remain constant over
the lifetime of the project (e.g., because only a small amount of relevant
new informaw is expected to become available in the near future), J

decisions shoud be based exclusively on the present mean hazard.
2. On the other hand, if the mean hazard cannot be assumed to

remain constant over the lifetime of the project, decisions should depend
on possible future fluctuations of the mean hazard (Veneziano,1995, p.
121). 1

These results show why the common practice of using mean
probabilities is appropriate in certain cases but also explain why in other
cases one should act conservatively. Notice that the distinction does not
depend on the total amount of current epistemic uncertainty but on
the amount of total uncertainty that might be explained in the future
and thus might cause the mean hazard to fluctuate.

:

i
!

|

l

i

l
i
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This is consistent with intuition. As a classic example of the
irrelevance to decision making of the aleatory /epistemic classification, the
betting attitude of a rational individual on the outcome of a coin flip
should not change from before flipping, when all the uncertainty is
aleatory, to after flipping (but before the outcome is revealed), when the
same total amount of uncenainty is epistemic. On the other hand, the
importance of temporal fluctuations of a mean hazard may be illustrated
by considering the retrofitting problem, which occurs when, at some time
after completion of a project, the estimated mean hazard changes and
exceeds a regulatory limit. The reason why future volatility of the mean
hazard should in this case affect present decisions is that the utility of
each decision depends in an asymmetric way on future positive and
negative changes in the mean hazard: large penalties are associated with
retrofitting if the mean hazard increases, whereas only modest gains may
result from future reductions in the mean hazard. The decision maker
should consider the potential future volatility of the mean hazard and
include it in his/her deliberations.

In the future, fundamental advances in PSHA may come from
adopting this time-dependent view of earthquake safety decisions.
However, explicit quantification of future volatility of a mean hazard
would require a level of analysis even more sophisticated than that
proposed by SSHAC, and the panel does not advocate such an extension
at the present time, even for critical facilities.

Short of explicitly quantifying the future variability of the mean
hazard, what could be done to provide the decision maker with a useful
representation of epistemic uncertainty? One possibility, but certainly not
the only one, is to calculate the mean hazard according to the uncertainty
of each panicipating expert, when that expert acts as an evaluator (not
integrator) of altemative models, data sets, etc. To the degree that the
beliefs held now by different members of the scientific community
reflect possible future fluctuations in the overall community mean
hazard, this should be useful input to the decision maker. For
example, this information would allow the decision maker to see how the
decision he/she must make would vary if different experts in the informed
scientific community had to make that same decision. Notice that the
hazard curves derived from each expert do not suffer from the limitations
of the fractile curves observed earlier; each of them is a mean hazard
curve and therefore is insensitive to the choice of model type used by the
expert.
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Some observations should be made on presenting the final hazard
results through the community mean hazard and the interexpert variability
in the mean hazard, asjust describei

1. One might argue that full epistemic uncertainty quan+ification
is needed anyway, to calculate the mean hazard of the community and the
mean hazard of the individual experts. However, this is true only in
theory, as it is clear that different amounts of information are needed to
estimate with confidence the mean value of a random variable, as opposed
to'its complete distribution. For example, the use of best estimates for
recurrence and ground motion models o8en leads to hazard values that are
close to the mean hazards obtained by considering a large number of
alternative models. Moreover, there is no need when calculating the mean
hazard to label accurately each component of uncenainty as epistemic or
aleatory, provided that the total uncertainty is accounted for. Therefore, '

the elaborate machinery needed to carefully separate uncertainties of
different types is no longer needed.

2. Much emphasis is given in the SSHAC report to intensive
interaction among experts, discussion of alternative models, and exclusion
or downweighting of outliers. These are all appropriate and remain valid
under the format proposed here. In essence, what changes is that the
TFI quantifies not the total uncertainty of the scientific community,
as done in the SSHAC approach, but the variability of the mean
hazard according to the experts that make up that community. In so
doing, weights can be applied and outliers can be removed for the same
reasons and in the same way as discussed by SSHAC.

3. The multiple interpretations, models, and model parameters at
the basis of the elicitation process are not " lost." They remain part of the
documentation of the PSHA study and should be made available to
interested users. The panel anticipates that users will primarily be
technical experts-for example, in the context of a regulatory review or
an update of a PSHA study. However, that information should, for the
most part, be irrelevant to the decision maker.

As observed previously, the correct way to represent epistemic
uncertainty for decision making would be through the uncertain
fluctuations of the mean hazard in future assessments. The expert-to-
expert variability of the mean hazard at the time of the analysis is only a
surrogate for this variability and is not entirely satisfactory because using

i
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"

it this way implies that, during the time interval of interest, new evidence
and knowledge may end up " proving right" one member of the present
group of experts. While this may not be a valid assumption,-
documentation of the expen-to-expert variability in the mean hazard may
be preferable to the full display of epistemic uncertainty proposed by
SSHAC.

i
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|

Chapter 4 of the Senior Seismic Hazard Analysis Committee's
(SSHAC) report, entitled " Methodology for Characterizing Seismic
Sources," describes the key elements of a seismic source characterization
(SSC): the seismic source requirements for a probabilistic seismic hazard
analysis (PSHA), the uncertainties in seismic source characterization, and
guidance on expert elicitation for seismic source description. The chapter
presents a good description of the state of practice for SSC in a PSHA, as i

shaped chiefly by guidance on methodology from the seismic hazard I

programs of the Lawrence Livermore National Laboratory and the
Electric Power Research Institute (EPRI), as well as from other PSHA
exercises modeled on those programs, for many other critical facilities. In,

the panel'sjudgment, practitioners of PSHA should be aware of and
free to use other valid approaches to SSC.

! SCIENTIFIC VALIDITY AND CLARITY OF PRESENTATION

A primary concern of the panel is the overall scientific validity of
the procedures recommended by SSHAC. The basic methodology for
SSC described in the SSHAC report has been validated by extensive peer
review of prior projects in which such a methodology was used. The|

| SSHAC report correctly states that a seismic source is a construct
| developed for seismic hazard analysis as a means of approximating the
| locations of earthquake occurrences. Insofar as SSC involves a simplified
'

representation of real-world complexity, the validity of the simplifications
is always an issue. Such validity is generally tested as part of sensitivity
analyses, which are an essential part of a PSHA, as correctly advocated in
SSHAC's report. With regard to modeling real-world complexity, the

|
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classification of seismic source types (Section 4.2) is nonunique, and the
categories described in the report are admitted to be arbitrary.
Nevertheless, they provide a useful framework for discussion and
guidance on methodology.

,

The practitioner experienced in PSHA will have no trouble |
understanding SSHAC's Chapter 4. However, the nonpractioner scientist

,

may be confused by the subtleties between differing concepts of a !
" seismic source" presented in chapters 4 and 5. Chapter 4 describes a
seismic source as a geologic structure or as a domain within which the
spatial and temporal occurrences of earthquakes are approximately j
uniformly distributed. Chapter 5, on ground motion, describes seismic !

source basically as a dynamic excitation in the earth that causes ground |
motion at the surface. !

Readers of the SSHAC report should be aware that two different !
terms, upper-bound and maximum magnitude, and two symbols, m, and '

M n, are used Section 2.1 and in Chapter 4 to denote the largest-
magnitude earthquake that a panicular seismic source is capable of
producing. This magnitude is the upper bound of the frequency of
occurrence magnitude curve used in the analysis. A value for this
parameter must be specified in order to carry out the integration over all
relevant magnitudes when calculating seismic hazard. The problems
encountered and conventional procedures used in the selection of M,o

.

(m ) and the specification of the substantial epistemic uncertainty often !

associated with it are discussed in Sections 4.2.2 and 4.3.2 of the SSHAC |

report.
,

If one accepts the basic formalism of uncertainty analysis !
presented in Section 2.2 of the SSHAC report, the approaches for
characterizing uncenainties in SSC (Section 4.3) will seem logically
consistent and well established in practice. Similarly, the guidance
described in Section 4.4 for the expen elicitation process follows one's :

acceptance of the decision science methodology laid out in Chapter 3. I

A notable gap in Chapter 4 of the SSHAC report is the absence of
discussion on and guidance for earthquake catalogs. In Section 4.4 the
technical facilitator/ integrator (TFI) or the technical integrator (TD is
given responsibility for providing a comprehensive and uniform data base
to the expens for use in the PSHA. The only guidance given, under the
subheading " Area Sources" in Section 4.2.3, is the recommendation that
" seismicity catalogs should be reviewed for uniformity in designation of
magnitudes and for completeness as a function of magnitude, location,

,
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I

and time. The association of older historical events with particular seismic
sources should be assessed bearmg in mind the location uncenainties."

Earthquake catalogs can play a major, even dominating, role in ;
determining the outcome of a PSHA, particularly in the central and
eastern United States, where information on active faults and other
geologic structures is generally lacking. There are many problems hidden
in earthquake catalogs that need be sought out and identified. There may
be improper or mistaken entries, particularly for historic earthquakes. In
many cases, locations and sizes were assigned to historic earthquakes
based on inadequate or incomplete information. Unfortunately, modern

; earthquake catalogs often do not indicate which events have been
; critically reexamined and which have been carried forward without j
; question from original catalog compilations.

!
Uniformity of the data with time is also variable even in times of '

instrumental monitoring. Changes in network configurations and
| sensitivity and changes in the procedures for computing event magnitudes

reported in earthquake catalogs (often not documented in an easily
available form) should be sought out and carefully considered in a PSHA.
Tests are available for identifying time-varying systematic shifts in
reported magnitudes. Declustering or decomposing canhquake catalogs
into main and secondary events (foreshocks, aftershocks, swarm events) is

| a nontrivial procedure that also requires careful attention.
| Recognizing that earthquake recurrence relationships based on'

seismicity depend critically on factors such as those described above,
EPRI undertook major effons to address these and other earthquake data
base issues, which are still of great importance in PSHA-both in
principle and in continuing practice.Those who utilize the SSHAC
procedures should be aware of these requirements for preparation of
their earthquake catalog for PSHA. To the panel's knowledge, a
comprehensive study of the effects of systematic changes in

{earthquake catalogs on the results of a PSHA has not been done.
Most of Chapter 4 of the SSHAC report is well organized and

well written, and the presentation should be easy for general readers to
i

follow. The text refers to Appendixes H and I, each of which provides
|

some ancillary pertinent material. Appendix H describes the results of a !

workshop on expert elicitation of seismic source (zone) information,
while Appendix 1 describes effects of a nonuniform spatial distribution of
seismicity in a seismic source (zone). Both of these appendixes are

,

'

informative.

i
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The table in Section 4.2.1 is important for guidance, but it is ;
!confusing. The lines beginning with " Faults" and "No faults" should be

understood to be "if" statements, recognizing " fault" to mean a " Type I
seismic source"(i.e., "If no Type I fault source within 50 km of a site,
then . . .").

Because the SSHAC report is intended for general PSHA
guidance, the following question arises: Is the EQPARAM code (which is
introduced as an important element of the methodology in Section 4.3.5)
readily available or is it proprietary to EPRI? If the latter, it should have
been described as such. This question illustrates the concems of the panel
about software availability expressed in the previous discussion of *

documentation.

CONTRIBUTIONS TO THE DEVELOPMENT OF PSHA -

Because SSC is such a major component of a PSHA, the
comprehensive methodology for expert clicitation presented in Section
4.4 of the SSHAC report is an important contribution. On first reading,
the material in Chapter 4 may appear to be just a restatement of Chapter 3.
However, SSHAC is correct in noting in Section 4.4 that the clicitation

1

procedures and methods for SSC differ from those for ground motion
'

characterization. Further, " lessons learned" from past SSC exercises are
incorporated into major PSHA projects (Appendix H).

Another important contribution of Chapter 4 and its
accompanying appendixes is the practical guidance provided for carrying
out sensitivity analyses to determine "what drives the seismic hazard" and
"what contributes rir',nificantly to uncertainties in hazard." Basic
discussion relevant to SSC is presented in Section 4.3.6, but important
details are given in Appendix G and Section 7.8.

A third major contribution of Chapter 4 is the exposition in '

| Section 4.3.5 (bolstered by Appendix I) of the effects of spatial variations
in seismicity within a seismic source vis-a-vis the assumption of
homogeneous seismicity. The analysis techniques date from the EPRI
program (EPRI,1989, as cited in the SSHAC report), but the detailed
discussion and examples presented there forcefully demonstrate how the
usual assumption of homogeneous seismicity for seismic sources can,
under certain predictable cases, significantly affect both the mean seismic
hazard and its statistical uncertainty.

! l

I
|

(
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THE OUTLOOK FOR EVOLUTION OF SSC

While affirming the scientific validity and practical effectiveness
of the SSC methodology set forth in the SSHAC report, the panel
recognizes that the scientific community will naturally strain against the
confines of SSHAC's prescriptions for SSC. The panel applauds
SSHAC's perspective that "[its] formulation should not be viewed as an
attempt to ' standardize' PSHA in the sense of freezing the science and
technology that underlies a competent PSHA, thereby stifling innovation"
(Section 1.2 of the SSHAC repon). A few brief examples suffice to
illustrate current trends in the scientific community that may influence the
evolution of SSC. Diverse trends lead to advocacy for both greater
simplification and greater complexity.

Frankel (1995) proposes a method for PSHA that uses spatially
smoothed representations of historic seismicity instead of seismic source
zones to directly calculate probabilistic seismic hazard. Insofar as he
demonstrates the capability to produce values of mean seismic hazard
similar to those from the more complicated EPRI methodology, his simple
methodology offers understandable attraction. The applicability obviously
pertains to cases where seismicity " drives the hazard"--either for specific
regions or for definable exposure periods.

In terms of modeling earthquake occurrence with greater
complexity, one example is the multidisciplinary approach (e.g., Ward,
1994), in which data from space geodesy and synthetic seismicity are
added to the traditional information from geology, paleoseismology, and
observational seismology. Main (1995) examines the implications if
earthquake populations ace really an example of a self-organized critical
phenomenon. If this is correct, the apriori assumption of the Gutenberg-
Richter frequency-magnitude distribution is no longer valid in some
cases, and Main provides evidence for questioning the use of only the
Poisson distribution in seismic hazard analyses, based on the
accumulating evidence oflocal or long-range interactions of earthquakes.
It should be pointed out that PSHA is not limited to the use of the
Gutenberg-Richter relationship. Alternate estimates of the frequency-
magnitude distribution are, and have been, used in probabilistic analyses.

Main (1995) also discusses an independent approach to the
vexing problem of estimating the maximum-magnitude earthquake that is
" credible" for a seismic source zone, based on his suggested distribution
of moment release and the long-term slip rate on the causative fault

|

|

{
l

i
1
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system. Geophysicists are becoming increasingly aware of the
nonstationarity of earthquake occurrence, particularly in light of
observations of fault interactions leading to " triggered" or " encouraged" !

earthquakes. As earth scientists improve.their ability to assess time- ,

|varying earthquake potential on active faults, SSC will evolve
correspondingly. Indeed, " time-variable seismic hazard" is already a topic )
of special sessions at geophysical society meetings. |
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The Estimation of Earthquake-Generated
Ground Motion

!

|

Chapter 5 of the Senior Seismic Hazard Analysis Committee's I

(SSHAC) report, entitled " Methodology for Estimating Ground Motions
on Rock," addresses the basic building block of a well-executed I

probabilistic seismic hazard analysis (PSHA) that has the surest
observational and theoretical foundation. The past two decades have
brought significant theoretical advances in ground motion models, as well
as significant new data sets with which to test the new models.

i

Fundamental to the stability of state-of-the-art high-frequency (f= 1 Hz) l

ground motion estimates is the essential constancy of earthquake stress
,

drops. This allows the substantial experience developed from California |

and elsewhere to be transferred to the eastern United States (EUS) with
little modification.

There are, to be sure, real variations in earthquake stress drops,
and recent data for the EUS point to some anomalous magnitude-
dependent high-frequency excitation (Atkinson,1993). The EUS data set
on the excitation and propagation of earthquake ground motion for the
purposes of PSHA is still very sparse. Model predictions of EUS
earthquake ground motion, whether empirical or theoretical, can vary
significantly across the magnitude, distance, and frequency range of
interest.

SCIENTIFIC VALIDITY AND CLARITY OF PRESENTATION
|

SSHAC's Chapter 5, together with the supporting Appendixes A
and B (Ground Motion Workshops I and 11), is an impressive synthesis of,

| current knowledge about estimating high-frequency ground motions and
| their uncertainties in the EUS. The reader experienced in SHA will note

47
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that site-response issues, including nonlinear effects, are not addressed, on
the grounds that they can only be incorporated on a site-specific basis.

Chapter 5 is itself a well-written primer on the essentials of
ground motion estimation, valid for any region in which earthquakes
occur. It begins with basic ground motion measures; provides the
fundamentals of magnitude, distance, and site response; and describes the
essentials of empirical and theoretical predictions of earthquake ground
motion. It explicitly warns against the use of fixed spectral shapes
anchored by peak ground acceleration (PGA) alone, and then progresses ,

to a discussion of uncertainty in ground motion predictions. A fourfold
decomposition of uncertainty for the Hanks and McGuire (1981) point- i

source, stochastic model, the simplest physical model used in these
predictive exercises, is demonstrated in this discussion. Readers should
study this decomposition carefully (Table 5-1, Section 5.5.1). It is
difficult, and, if this example is not well understood, similar attempts at
uncertainty decomposition for more sophisticated and parametrically '

complicated models will be frustrating.
Section 5.7," Specific Expert-Elicitation Guidance for Obtaining

Ground Motion Values,"is based on the results of Workshops I and II,
reported in detail in Appendixes A and B. Figure 5-5, reproduced as

.

,

Figure 2.1 in this report, is intended to guide readers through the process. i

Regrettably, it is not well keyed to the description in the text. '

CONTRIBUTIONS TO THE DEVELOPMENT OF PSHA:
SUMMARY OF THE GROUND MOTION WORKSHOP RESULTS

The comprehensive treatment of ground motion estimation in
Appendixes A and B is an important contribution to the SSHAC effort.
Workshop I provided for the presentation of four baric ground motion
estimation models: (1) intensity-based models presented by M. D.
Trifunac, (2) empirical models presented by K. W. Campbell, (3)
stochastic or random vibration models presented by G. M. Atkinson, and
(4) the empirical source-function method presented by C. Saikia. These
proponents of the models were asked to evaluate the models in the
company of 10 additional experts, the " invited participants" listed in
Table A-1 of the SSHAC report. The principal result of Workshop I was
rejection ofintensity-based models for estimating ground motion in the
EUS (SSHAC Table A-2). Additional information was collected on the
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applicability or validity of all models as a function of frequency,
magnitude, and distance (SSHAC Tables A-3 and A-4). Rese polls of the
assembled experts also show a distinct preference for the stochastic
models.

Workshop II proceeded to actual ground motion numbers and
their uncertainties on the basis of the " selected models" resulting from
Workshop I. The threefold elicitation exercise that constituted Workshop
II, described below, provided for pre , co , and postworkshop estimates.
Prior to the workshop, the four proponents were asked to provide
estimates of peak acceleration and spectral accelerations based on the
ground motion models they actually use, along with the corresponding
estimates of epistemic and aleatory uncenainties. The distances,
frequencies, and magnitudes for which estimates were requested are listed
in an unnumbered table in " Instructions for Proponents," Appendix B. In
keeping with the Workshop I preference for stochastic models, two of the
four Workshop II proponents supported stochastic models (Atkinson and
Silva), although there are significant differences between their models.

In advance of Workshop II these ground motion estimates were
sent to three additional experts. These experts were asked to provide their
own estimates of ground motion and uncertainties for the same distances,
frequencies, and magnitudes, on the basis of what the proponents had
provided, as well as any other information they considered relevant.
Significantly, the four proponents were also asked to perform as experts;
as such, their ground motion estimates were generally not the same as
those they provided as proponents. These pre-Workshop 11 ground motion
estimates and uncenainties are labeled as Expert I results, examples of
which are shown in SSHAC Figure B-3, reproduced here as Figure 5.1a.

The second stage of the elicitation process occurred at the
workshop, attended by all proponents and experts, the integration team,
and several observers (SSHAC Table B-1). The principle of " active
listening" was put to work, the idea being that all proponents and experts i

were to understand what every other proponent and expert was doing,
whether or not he/she agreed with it. The panel concludes that this worked
very well, revealing significantly different interpretations of key terms
and procedures. It is noteworthy that Workshop II deliberations also
revealed considerable misunderstandings ebout the differences between j
epistemic and aleatory uncertainties.

j

!

!

|
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Next, experts (at this stage all proponents were now experts) were
asked to reconsider overnight their estimates of ground motion and
uncenainties. This led to the Expen 2 results, which are compared to the,

Expert I results. An example (SSHAC Figure B-7)is reproduced here as'

Figure 5.lb. The differences are modest to zero at f= 10 Hz and
somewhat greater atf= 1 Hz.

Two activities followed the workshop. First, all experts were
invited to change their estimates one more time. Only a few did, and no
one offered significant changes. An example of the integrated Expert 3
(postworkshop) results is shown here in Figure 5.lc (SSHAC Figure B-
21). The second postworkshop activity was the manipulation of the Expert
3 results by the Integration Team. The results of the seven experts were
weighted equally (SSHAC Table B-8, shown here as Table 5.1), and the
results of the four proponents were weighted unequally (SSHAC Table B- '

9). The former are the preferred results, but the differences in median
values and epistemic and aleatory uncertainties am slight.

.

1

IMPLICATIONS FOR FUTURE GROUND MOTION
ESTIMATION

The many successes and few limitations of the Workshop II
clicitation/ integration process are summarized in Section B.5,

1

" Concluding Observations and Discussion," of the SSHAC report. The
panel is impressed with the success of this process in two principal ways,
one of which SSHAC recognized and the other it did not.

SSHAC recognized explicitly that "the Proponents and Experts
exhibited a striking amount of agreement. . . ." Once freed from the
thicket of unintentional disagreements, mutual misunderstandings,3 i

j and individual egos, the group of specialists who participated found '

that nhat it knows about ground motion estimation is impressively I

consistent. The panel doubts that this degree of consistency and
'

agreement could have been achieved without this highly interactive
elicitation / integration process.

There may be some who will believe that this agreement is
illusory, that in some unspecified way it was cajoled or coerced. The
panel finds no evidence of this. Doubters should note the workshop
finding that "the estimated values of aleatory uncenainty for 10 Hz

.L

:

235 NUREG/CR-6372



. . . .. . .. __ _ . . _ _ _ _ _ _ _ _ _ . _ _ . . _ _ _ _ _ . . _ _ _ _ . _ _ . _ . _ . _ _ _ _ . _

i

l

Appendix: Review Report by the NAS/NRC |
, t

! ]

| 52 Review ofRecommendationsfor PSHA
! i
|

F = 10 Hz, mg = 5.5
,

i , ,

| )
Experts 2

x-_ .

;

em .

+w 1

o c. == '

.810 - me -10o. .-
l 8 d' c sa.

,

i
i o 6 a m as -

,6 'h i

E 5
~ , . -

.2 e;
.,

l! .!
10'' -

'

U r 10'' ' .

| N Empwts 1

*
!, &: .. , .o. f

e n-
o c. |

=w
''0 see j[

4 * " " ' ' * 410 - 10
enor bars equal + . epoimmic unewinner f

f 10' 10' 10 10
8 8

Distance (km)

,

FIGURE 5.1b Comparison of Expens 2 results (gray) to Expens I results
| (black) for 10-Hz spectral acceleration at m , = 5.5 as a function ofa
L distance.
i

|
i

!

l
i

:

I

i

!

<

.'

.

NUREG/CR-6372 236

|
,

. _ _ _ -_ _



. _ - - . _ - - . .-

$

t

Appendix: Review Report by the NAS/NRC ,

I

Estimation ofEarthquake-Generated GroundMotion 53

F = 10 Hz, mbLg = 5.5
.. .,

K WM
2- * **" -2-

+ Defnemer
1, oc 71I. , " g . . = *-,

I, , . . o
h A SomeMlle 4 Sadna

'

0.2- *
4 - 0.2 |

- <

,,

,6 0.1 - e 0.1

,
*

..
_ .r .

.

0.02 - -0.02
Q 0.01

,t,'*.,, g ,
.

"

r 0.01
. . ._

E : - -
l-

.002 -
s ., . *. <

0
/. e -0.002g *y ;

u) 0.001 , . . g, r 0.001 |
*

.

;.

Uses Mw !.
.

21o*2 hoimat -2 10-,
verbcal, cor

I1 10 * , error bars eqw'ected to hortrontal
a

+ epistemic uncertainty r 1 *10'

10 1b' 1b' 10
0 8

Distance (km) ]

FIGURE 5.lc Experts 3 results, together with mean values and variances
;

obtained from equally weighting the Experts 3 results for 10-Hz spectml l

acceleration at m t, = 5.5 as a function of distance. Small circles ande

crosses represent instrumental data.

;

J

1

4

|

237 NUREG/CR-6372

-



i

. Appendix: Review Report by the NAS/NRC ' ]

)
| Si Review o'Recommendationsfor PSHA

'

l

TABLE 5.1 Results ofIntegrating Experts' Estimates with Equal Weights I
| (Table B-8, Appendix B, SSHAC Report) !
! ;

Median 1

! Amplitude Epistemic Aleatory J
m, R (km) (g) Std. Dev. Std. Dev.

| f(Hz) a
,

| '1 5.5 20 1.09E-02 0.48 0.80 I

5.5 70 2.27E-03 0.46 0.80
5.5 200 936E-04 0.37 0.80
7.0 20 1.67E-01 0.66 0.78
7.0 70 4.50E-02 0.71 0.78
7.0 200 1.82E-02 0.73 0.79

|

2.5 5.5 20 4.17E-02 0.34 0.77 )

7.0 20 3.67E-01 0.53 0.73

10 5.5 20 1.55E-01 0.32 0.73 )
5.5 70 2.58E-02 0.32 0.75
7.0 20 8.45E-01 0.52 0.70
7.0 70 1.88E-01 0.53 0.72

25 5.5 20 2.13E-01 0.34 0.73 i

7.0 20 1.07E+00 0.51 0.70

PGA 5.5 70 1.28E-02 0.41 0.75 ,

7.0 70 9.36E-02 0.51 0.70

and PGA are, however, significantly higher than [the] values obtained
using western North America strong-motion data, especially for large
magnitudes."

SSHAC did not comment on the extent to which the workshop
ground motion estimates and uncertainties can actually be used in future
PSHA studies, at any level. The panel recognizes that there is a cenain
incompleteness about Table 5.1. Considerable interpolation and some
extrapolation of the results in that table will be required to cover the many
distances, frequencies, and magnitudes that must be considered in even
the lowest level PSHA. Unfortunately, the elicited results for R = 5 km,
where Ris the distance between the seismic source and the affected area,
are not presented by SSHAC, presumably because of problems with the
interpretations of" closest distance."

(
;

!
,
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+

Even if the SSilAC ground motion results are not suitable for i

funher use in their present form, the panel wonders how many times this
information will be reelicited in the future. The panel believes that
community consensus on PSHA-type ground motion issues, at any
level of PSHA, may well be close at hand, at least within the limits of
the ground motion models and data sets available in 1994. The broad
agreement resulting from the two SSHAC ground motion workshops led
to this opinion of the panel. With further consideration of some additional
distances, frequencies, and magnitudes, together with appropriate

,

I

interpolation schemes, ground motion matters of concern to PSHA could
well be resolved at least for the next few years.

|
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Summary and Conclusions

GENERAL APPRAISAL OF THE SSHAC REPORT -

|

The Senior Seismic Hazard Analysis Committee's (SSHAC) |

report offers substantial contributions to the foundations and prac: ice of
probabilistic seismic hazard analysis. But the primary focus of the repon
is not on how to create an assessment from the inputs; only in Chapter 2,
in an introductory fashion in Chapter 6, and in Appendix J is a '

methodology for calculating the hazard estimates and their uncertainties
addressed.

Instead, the central theme of SSHAC is guidance on the process
of eliciting and aggregating expen opinion on seismic sources, seismicity
within these sources, and ground motion attenuation, as well as the
associated uncertainties and final estimates of the hazard. SSHAC focused
on this theme based on its conclusion that the reason for some serious
discrepancies in the results of prior studies is differences in ways in which
these inputs were derived, even though the work was done by competent
specialists working from the same or similar data bases. In the panel's
view, SSHAC's most important message is that the quality of a PSHA
using multiple experts can be enhanced by careful and wise choice of
experts and skillful facilitation of expert discussion and interaction
through workshops and other meetings.

The panel believes it very important to emphasize what the
SSHAC repon is and what it is not. The report presents a procedure for
using expens in seismic hazard evaluation and for determining the
uncertainties at key stages of the hazard analysis process. Its primary
domain of application is to nuclear and other critical facilities. According
to SSHAC, if a project sponsor and the analysts choose to do a '

probabilistic hazard analysis, its procedures will yield stable results. The
SSHAC report is not a defense of the probabilistic approach to hazard
assessment. In particular, SSHAC explicitly excludes any discussion of
the nonprobabilistic methods of seismic hazard assessment. The panel

57
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accepts this decision of SSHAC on the grounds that an evaluation of the 1

relative effectiveness of the two approaches, or their relationship, was not '

in the committee's charge. The full-blown version of the SSHAC
procedure, utilizing the technical facilitator/ integrator (TFI) technique
where needed, is costly and will almost certainly be used only for major
critical facilities. The SSHAC report offers useful guidelines as to the
level of effort required for various kinds of probl;ms and for various
levels of information already available to analysts. In the view of the
panel, simpler methods of probabilistic hazard analysis are appropriate for
application to noncritical facilities.

GENERAL SHORTCOMINGS AND LIMITATIONS
OF THE SSHAC REPORT

The SSHAC report, with its appendixes, is a lengthy and complex
document that requires careful reading. Many important ideas, including
clarification of the limitations of the SSHAC procedures, are distributed
throughout the text. A casual scanning of the document may leave readers
with incorrect impressions as to what SSHAC has recommended,
especially with regard to nonnuclear facilities. Most importantly, the
report appears to have been written for those already quite familiar with
PSHA methods, offering guidance on a preferred way to get stable results
from a PSHA. i

SSHAC's Executive Summary will be useful to administrators
and project sponsors who are not specialists in hazard analysis
methodology, but it includes nothing about the excellent earth science
materials that are in the report and its appendixes.

SSHAC provides an up-to-date procedure for obtaining stable
results from the application of PSHA principles that have been established
in past practice. It does provide a consistent and systematic approach to
elicitation and aggregation of diverse expert opinion and the uncertainties |
that arise therefrom, but this is not the same as the calculation of seismic |

hazard from the information elicited.
The SSHAC report does not make reference to nuclear reactors or

other nuclear facilities, thereby lending an air of generality to its final
report and the applicability of its recommended procedures. The panel
believes, nevertheless, that the flavor of the report is strongly influenced
by concern for applications to nuclear facilities and this generality is more
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apparent than real. In response to recommendations in the panel's March
1995 letter report (Appendix B) to the U.S. Nuclear Regulatory i

Commission, SSHAC did attempt to narrow the scope of the applications i

for which its recommended procedure is intended. Disclaimers are
included in several places that are technically adequate to protect a
practitioner who chooses not to use the SSHAC prescription against the
need to defend that decision in a regulatory situation. Nevertheless, it
seems clear that the repon was written to support the highest, most
sophisticated level of PSHA practice. Because the concept of the TFI is
held by SSHAC to be one ofits most important contributions to PSHA

.

|
practice, a great deal of space is devoted to this topic, even though there
are repeated comments that it is not needed for many of the issues tha;
arise. The impression is given that this highest level of operation is really
the key to success in general.

The panel concludes that the SSHAC contention-namely,
that all PSHA projects should share the same basic principles and
goals-should be taken as an overarching' postulate for project
design. But this contention should not be taken as implying or
imposing the full elaborate and demanding methodology for
application to every PSHA study. That alternate simpler methods
may well be adequate for noncritical facilities is acknowledged by
SSHAC, but they are not discussed nor is guidance offered as to
where readers can learn about them.

In meetings and in its letter report of March 1995 (Appendix B),
the panel urged SSHAC to document in adequate detail the manner in
which lessons leading to the recommended SSHAC procedures were
learned from the study of prior PSHA studies. Although the SSHAC
report states that its conclusions are based on a thorough review of a
number of such studies, the requested details are not offered and no
previous PSHA analyses other than the Lawrence Livermore National
Laboratory and Electric Power Research Institute studies are referenced.

The panel's evaluation of SSHAC's treatment of uncertainty is
presented in detail in Chapter 3 of this report. The panel acknowledges
that recognition of the two kinds of uncertainty is useful in elicitating
expert opinion and in making decisions about where additional data
gathering and research are likely to lead to reduced uncertainty about
hazard estimates. However, as discussed in Chapter 3, the panel has
reservations about how this distinction is ultimately helpful to final users,
especially because the distinction between uneenainty types is sometimes

243 NUREG/CR-6372



1

Appendix: Review Report by the NAS/NRC

60 Review ofRecommendationsfor PSHA ;

ambiguous and the amount of epistemic uncertainty regerding a hazard 4

depends on the type of models used in the analysis. !

Moreover, it is the impression of the panel that the statistical
analysis and uncertainty separation procedures recommended in the
SSHAC report are, at times, more sophisticated than is warranted by the
data on which such analysis is based or the purposes for which the results
are used.

TL 1 oblem ofintegrating the opinions of a group of experts is
difficult. It is treated in greatest detail in Appendix J of the SSHAC
report. The panel found that this treatment is not easy to follow and that
specific aggregation models described are not exhaustive. Therefore, the
panel recommends that the quantitative methods of Appendix J be
used as examples and not be regarded as prescriptive procedures.
Given the current state of the art in formal expen aggregation and the
difficulties specific to the earthquake hazard problem, the panel suggests
thatjudgmental combination rules may be at least as valid as quantitative
procedures.

SOME CONTRIBUTIONS OF SSHAC TO
HAZARD ASSESSMEhT

The contributions that the SSHAC report makes to the hazard
assessment process are discussed in detail in the preceding sections of this
report. A few key items are highlighted here.

The TFI Methodology

SSHAC considers the TF1 methodology to be the centerpiece of |
its work and developed it from lessons it learned from prior hazard |

analysis studies and from workshops conducted as part ofits study. The i

panel is favorably impressed with the concept and its implementation in l
the two ground motion workshops (SSHAC's Appendixes A and B). !
Readers of the SSHAC report should keep in mind that use of a TFI is not i

recommended or needed for all hazard assessments and should not even !
be viewed as a rigid prescription for a high-level PSHA. The TFI )
elicitation procedure is not synonymous with PSHA methodology. |

!

I
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Clear Definition of Experts' Distinct Roles as Proponents,
Evaluators,and Integrators

It is important that experts be educated to the significance of their
distinct role as proponents of a particular position or as evaluators. The
panel is not sure that experts can truly assess the view of the whole
informed community on the entire range of relevant issues.

Results of SSHAC-Sponsored Workshops

SSHAC held workshops on seismic source characterization,
ground motion estimation, and earthquake magnitudes. The outputs of
these workshops (Appendixes A, B, C, H), especially those on ground
motion, are a valuable contribution of the SSHAC effort and led to the
formulation of many of the recommended procedures in the committee's
report.

Considering the broad consensus on ground motion modeling that
was reached at the end of Workshop II, the panel believes that a rec.!
opponunity exists now to formulate, with fmther work to fill in necessary
details, a grour.3 motion model that can be used as a standard in the
eastern United States for PSHA until new data or future theoretical
developments warrant a reevaluation. he results of this effort would
eliminate the need to elicit again ground motion input for each hazard

I analysis and could be used as a baseline for more detailed studies as
needed for specific problems.

t

1
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ACRONYMS

DOE Department of Energy
DSHA deterministic seismic hazard analysis
EPRI Electric Power Research Institute
EUS eastern United States
LLNL Lawrence Livermore National Laboratory
NRC National Research Council
PGA peak ground acceleration
FSHA probabilistic seismic hazani analyris
SHA seismic hazard analysis -

SSHAC senior seismic hazard analysis committee
SSC seismic source characterization
TI technicalintegrator
TFI technical facilitator/ integrator
USNRC United States Nuclear Regulatory Commission
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LETTER REPORT OF THE PANEL ON SEISMIC
HAZARD EVALUATION, MARCH 1995

Committee on Seismology, National Research Council
Comments on SSHAC Draft Repon of 11 November 1994

Based on the Panel Meeting of December 9-10,1994

The Panel on Seismic Hazard Evaluation of the Committee on
Seismology, National Research Council (NRC), is charged with
reviewing the report to be produced by the Senior Seismic Hazard
Analysis Committee (SSHAC) under the sponsorship of the U.S. Nuclear
Regulatory Commission (USNRC), the Department of Energy (doe), and
the Electric Power Research Institute (EPRI). The USNRC prescribed that
the Panel provide feedback to SSHAC as they prepare their report. but in
such a way as not to compromise the objectivity of the Panel in providing
its review of the final product. SSHAC submitted for review a draft of
their report in mid-November,1994, and the Panel met, with all SSHAC
members present, on December 9,1994, for discussion of the draft.

Unfortunately the draft was not complete, missing some key
appendices, some sections of text, and an executive summary. It should be
understood that the Panel may have comments with regard to the missing
material when it is available for the final review. The discussions of
December 9 were carried out in the presence of representatives of the
sponsoring organizations. The Panel met in executive session on
December 10 to continue its review. The resulting comments and
recommendations are submitted to the USNRC.

The suggestions made are offered as guidance to SSHAC on the
issues at this stage of their work, in accord with the request of the
USNRC. 'Ihey should not be interpreted as a substitute for the final repon
to be developed by the Panel.

67

251 NUREG/CR-6372

- -



_ - _ - _ _ _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _

Appendix: Review Ripon by the NAS/NRC

68 Review ofRecommendationsfor PSHA

GENERAL COMMENTS

The Panel believes that the draft report is a basis for a useful final
product that has the potential to advance the process of Probabilistic
Seismic Hazard Analysis (PSHA). However, the Panel feels that the
introduction to the report must be expanded to make clear the purpose and
scope of the report, and specifically to state what the report is not. As it
stands, the report implies that the methodology is applicable to a broader
range of facilities than can be justified. The full range of alternative
approaches is not discussed, let alone taken into account.

From the discussions, it appears that there may be a conflict
between the expressed needs of the USNRC for a single unified, fully
prescribed regulatory method of seismic hazard analysis (SHA) and the
attempt by SSHAC to produce a general consensus methodology. The
USNRC wants a prescribed procedure that is based on what has been
learned from past PSHA experiences. The USNRC recognizes that the
way in which input from experts was obtained is a main reason for the
discrepencies between the analyses made by Lawrence Livermore and
EPRI.

The Panel recognizes the strengths of the report and the
significant contributions it offers to PSHA. As applied to nuclear
regulations the SSHAC report breaks new ground in its discussion of the
Technical Integrator (TI)/ Technical Facilitator Integrator (TFI)
approaches. However, as discussed in detail below, the presentation of
these ideas needs to be made more clear to eliminate some apparent
contradictions and advise the users of the report when the full TFI
treatment is called for. The TI/FFI approach has the potential to overcome
some aspects of past PSHA applications that have led to objections by
critics of the whole process.

Because the focus of the report is on process for PSHA, rather
than on the underlying earth science, the detailed attention to the
treatment of uncertainty is appropriate. However, as discussed below, the
motivation for this careful treatment of uncertainty and the way in which
the results will be applied are not made clear to the potential user.

Again without yet having the benefit of full discussion of the
subject, the Panel feels that the recommendation that behavioral
aggregation of expert input be employed is sound, because mechanical
aggregation algorithms, if used as " black boxes," may lead to poor results.
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CONCERNS AND PROBLEMS

Recommendations forImprovement

Some suggestions for revision and restructuring of the report were
given orally to SSHAC during the Panel meeting. The most essential of
these, which the Panel feels cannot be neglected during revision of the
report, are repeated here for completeness of the record.

The word " Consensus" should be removed from the title, perhaps
replaced by a more appropriate adjective.

An excellent executive summary is essential for the success of
this report. The report is lengthy and detailed. The key findings and
recommendations of SSHAC must be assembled in concise, easily
understradable form if they are to be accessible to others than the
experienced practioneer ofPSHA.

The draft as submitted is overly repetitious. Unnecessary
redundancy should be eliminated, to reduce the length substantially
without loss of content.

The specific criticisms to follow all can be categorized as due to
one or more of the following: inadequatefocus of the report, absence of
the history of evolution of the key concepts and recommendations, or lack
of a presentation of the context within which the report was developed
and is to be understood and applied.

Motivation. The reader should be offered better motivation for adopting
the procedures required or recommended in the report. In addition, the
context for the procedures should be framed in such a way that the PSHA
analyst who follows other procedures for any of a number of valid reasons
is not put in a position of having to defend in a regulatory situation the
failure to carry out the SSHAC prescription in every detail.

PSHA methodologists often have sound reasons for introducing
new concepts and approaches, but have not always included in their
reports the background reasoning that has led to these innovations. Where
it exists in this report, this shortcoming must be overcome if the final
SSHAC product is to be widely accepted and applied. In particular, the
report should say how the results are to be used as motivation for the great
emphasis on the distinction between aleatory and epistemic uncertainty
and the need to separate the two in SHA.
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Space and enphasis devoted to the TFI pproach. Scattered through theA
text, and asserted by SSHAC members at the December 9 meeting, is the
key idea that the full TFI approach is required only for some complex
issues for which a review of the published literature cannot produce
satisfactory input to the PSHA process. However, the great detail in which
the recommended TFI approach is depicted tends to obscure this
principle. The reader is left with the impression that the use of the TFI is
dominant in a properly executed PSHA.

SSHAC must carefully set out the criteria for deciding if an-

. issue requires a TFI. What are the operational criteria for deciding if an
issue is of type A, B, C7

SSHAC must state its perception of the qualifications-

required of the TFI. The recommendation for use of a strong TFI for
prescribed issues, without clearly expressed qualifications, contradicts one
of the stated criteria for' success: that the recommended methodology,
when applied independently by different groups, should always yield

-

comparable results.
The Panel is concerned that the TFI is empowered to act as a-

" super expert," able to overrule the diverse views of the expens from
whom input is elicited. It is not prudent to generate an apparent consensus
unless consensus among the expens is really achieved. It is not necessary
that the TFI agree with the outcome of the process; the TFI can stand
behind that outcome as the result of thorough interaction among experts.

The usue ofbreadth. The statement on breadth of application on page 1-7
of the draft report and other statements related to the intended breadth of
application of the recommended methodology are the cause of much
uneasiness among the Panel. A clear statement ofthepurpose andscope
ofthe report should be included early in the introduction.

It should be made clear that the recommended methodology-

is based on a study of the experiences with LLNL and EPRI procedures.
This should be brought out in the history-context material called for
above. In the appropriate places, specific references to the lessons learned
by examination of previous PSHA projects should be cited. The studies
from which the recommended methodology was derived should be clearly
described, even though the intent of the report is not to address the
reconciliation of the LLNL/EPRI studies. The reader should be made

!
|

|
'
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aware of the lessons learned from the evaluation of those (and other?)
studies that have gone into the formulation of this report. The reader
should be told explicitly that alternate PSHA approaches were not
assimilated and that this report is not based on a consensus of a broad
sample of practioneers.

Some statement of costs would be in order. What a hazard-

evaluation can deliver is often a matter of how many dollars are available.
Cost estimates may be beyond SSHAC's scope, but even this could be
mentioned.

He Panel anticipates that the full procedure recommended in.

this report will not be applied to the seismic regulation of all critical
facilities. It is not a general methodology that will be applied step-by-step
in all situations. Therefore, criteria or guidelines are needed in the repon,
to aid the project sponsor and the PSHA analysts in deciding when the full
procedure isjustified. A statement is needed about what can be delivered
with different levels of PSHA, so the buyer can make an informed
decision as to what will and will not be produced. As stated above, the
analyst who chooses for sufficient reasons to use other procedures should
not be put by this report in a position of having to defend that decision in
a regulatory setting. He or she, of course, must be prepared to defend the
procedures that were adopted.

SCIENTIFIC AND TECHNICAL CONCERNS

The Panel questions whether the links between SSHAC's
recommended methodology and its applications are spelled out in
sufficient clarity. Although SSHAC is not charged with specifying the use
of hazard numbers in enginwring design, a brief treatment is needed
pointing to how the results can be used, and, in particular, what the
knowledge of highly refined uncertainty estimates contributes to
applications. A clear and unequivocal definition of aleatory and epistemic
uncertainty is needed, as well as a clear and readily applied prescription
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for separating the two. This is needed because of the emphasis on this
. subject in the report.

Although not as yet the subject of full panel evaluation, the
following example illustrates the need for SSHAC to be very clear on the
value and the method of application of their categorization of uncertainty.
"What should count for decision is not the aleatory /epistemic distinction,
but the temporal variation in the total uncertainty (in the total or
predictive distribution of Ar, maximum peak ground acceleration and
spectral values at the site in the next T years) during the lifetime of the
project." According to this viewpoint:

There is no need to label uncertainty as epistemic or aleatory.a

If one sees total uncertainty as being contributed by different.

sources (e.g., by uncertainty on model type or on various parameters),
then it is reasonable to' expect that the uncertainty associated with each
source will evolve in its own way in time. Making a binary distinction
between epistemic and aleatory uncertainty corresponds to assuming that
each source will be either explained totally (epistemic components) or
will remain constant over the lifetime of the system (aleatory
components.)

One can formulate rational ways to make decisions.

accounting for the possible temporal evolution of uncertainty. The Panel -
member responsible for these comments is not, on the other hand, aware
of any convincing method to : .;ke decisions based ca the
aleatory /epistemic decomposition. The amount of conservatism displayed
by decisions under time-varying uncertainty depends on the nature of the
problem (essentially on the degrees of asymmetry in the rewards and
penalties associated, respectively, with future possible decreases and
increases in the calculated risks).

The SSHAC report will be strengthened by addressing these
concerns in a straightforward way.

Intensity data from historic strong earthquakes in the central and
eastern United States is not incorporated in the ground motion models.
The relation between m , and inte i he eastern United States, firsta

'

established by Nuttli, should not be eie,

" Seismic source zones", a key concept in the prescribed source
characterization procedure, should be explicitly recognized as an artificial
construct introduceo to make hazard calculations tractable. They are not
real physical entities.

5
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