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EXECUTIVE SUMMARY

WORKSHOP ON "USGS'S NEW GENERATION OF PROBABILISTIC GROUND
MOTION MAPS AND THEIR APPLICATIONS TO BUILDING CODES"

S. T. Algermissen and W. W. Hays
U.S. Geological Survey

and

J. P. Singh, Chairman
Structural Engineers Association of California
Seismic Zonation Subcommittee

On November 29-30, 1988, a representative of the Structural Engineers
Association of California's Seismology Committee met with scientists and
engineers of the U.S. Geological Survey (USGS) and a few invited guests to
hear and discuss topical presentations related to the USGS's plans to produce
a new generation of probabilistic ground motion maps. Experts on each
technical component of probabilistic hazard mapping gave presentations and
joined in the discussions (see Agenda). The overall goal was to identify the
technical issues that need resolution so that they would not limit the
application of the new maps in building codes and to forge a general agreement
and plan for cooperation between the Seismology Committee and U.S. Geological
Survey over the next several years.

The participants in the workshop recommended adoption of an action plan
that would benefit both SEAOC and USGS. The proposed plan had the following
achievable goals for 1989-1991:

1. Preparation of a draft action plan in 1989.

2. Development in 1989-1990 by USGS of preliminary map products based on
spectral ordinates and other parameters for selected geographic areas
(e.g., demonstration or pilot studies in portions of California,
Utah, Mississippi Valley, Puget Sound, etc.).

3. Joint meetings in 1989-1990 involving a broad cross section of the
professional community to review, discuss, and criticize the
preliminary map products, seeking to reach consensus on critical
issues.

4. Exchange of speakers from the Seismology Committee and USGS to
enhance exchange of ideas and to enrich the research and applications
process.

5. Publication of final map products that can be expected to be utilized
in building codes.

This draft plan is now being implemented. Its full implementation will
improve earthquake-resistant design throughout the Nation.



USGS—SEAOC Seismology Committee Meeting:
USGS New Generation Probabilistic Ground Motion Maps
and Their Applications to Building Codes

Sheraton at Fisherman's Wharf

San Francisco, California
November 29-30, 1988

Tuesday, Nov. 29, 1988

8:30 - 9:00 a.m. (1) Welcome and introductions
Hays
9:00 - 10:00 a.m. (2) Briefings on ground motion mapping

program of USGS and general requirements
and concerns of SEAQC
Algermissen, Singh

10:00 - 10:30 a.m. (BREAK)

10:30 - 12:15 p.m. (3) How should the design earthquake be
described (spectral shape, peak ground
motion values, etc.)?

Celebi, Leyendecker, Bertero,

Carpenter
12:15 - 1:30 p.m. (LUNCH)
1:30 - 3:15 p.m. (4) What probabilistic ground motion

parameters should be mapped to meet the
requirement of (2) above?
Joyner, Campbell, Donovan,

Idriss
3:15 - 3:30 p.m. (BREAK)
3:30 - 4:30 p.m. (5) How should site effects be incorporated

into ground motion estimates?
Perkins, Seed



TENTATIVE AGENDA (CONTINUED)

Wednesday, Nov. 30, 1988

8:30 - 9:30 a.m. (6) How should the distribution of
seismicity be specified (delineation of
seismic source zones and earthquake
rates)?

Thenhaus, Stepp

9:30 - 10:30 p.m. (7) Treatment of parameter variability,
minimum magnitude earthquake and
attenuation variability.

Bender, Johnson

10:30 - 11:00 a.m. (BREAK)

11:00 - 12:00 a.m. (8) Probabilistic models
Algermissen, Hart

12:00 - 1:30 p.m. (LUNCH)

1:30 - 2:30 p.m. (9) Summary of conclusions of the workshop
Algermissen, Singh

2:30 - Continuation of meeting if required.
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WELCOME AND COMMENTS ON PROBABILISTIC GROUND MOTION MAPS
Walter W. Hays
U.S. Geological Survey
Reston, Virginia 22092

U.S. GEOLOGICAL SURVEY (USGS) PROGRAMS

I am especially pleased to join with our cosponsor, the Seismology Committee
of the Structural Engineers Association of California, in welcoming you to
this meeting on "USGS's New Generation of Probabilistic Ground Motion Maps and
their Application to Building Codes." This meeting provides a forum for
discussing all facets of this important undertaking and for planning future
cooperative activities.

The USGS, as the Nation's geologist and seismologist, manages and sponsors
several hundred research projects each year that are designed to increase the
fundamental base of knowledge and to develop methodologies for assessing and
mapping the ground-shaking hazard throughout the Nation. These projects,
conducted both internally by staff scientists and engineers and externally by
scientists and engineers in academia and the private sector, through grants,
are organized in five program elements:

1) Current Tectonics and Networks - The goal is to perform geologic and
seismological analyses of current earthquake activity to define the
seismic cycle of active faults and to estimate the earthquake potential in
all parts of the United States.

The recent report on "Probabilities on Large Earthquakes Occurring in
California on the San Andreas Fault" is an example of work under this
element.

2) Regional Earthquake Hazards Assessments - The goal is to create, compile,
and synthesize new and existing data needed for making maps of the ground
shaking, ground failure, and surface faulting hazards in broad geographic
regions containing important urban areas.

The National ground shaking hazard maps published in 1976, 1982, and 1988
(in press) and the studies underway along the Wasatch Front, Utah, and in
the Puget Sound, Washington/Portland, Oregon, areas are examples of the
work under this element.

3) Engineering Seismology - The goal is to deploy strong motion
accelerographs to acquire records of strong ground shaking in free field
locations and building response for a wide range of magnitudes, distances,
and foundation materials.

Accelerograms recorded in the 1977 Superstition Hills and Whittier-
Narrows, California, earthquakes are examples of the work under this
element.

4) Earthquake Prediction Research - The goal is to improve fundamental
understanding of the physics of earthquake generation so that prediction
of the time, place, magnitude, and probability of damaging earthquakes is
technically feasible.




The prediction of a magnitude 6.2 earthquake between 1988-1991 at
Parkfield, California, is an example of the work under this element.

5) Data and Information Services - The goal is to provide data on the
occurrence of earthquakes throughout the world, especially those that have
tectonic analogs in the United States.

The data provided after the September 19, 1985, Mexico earthquake is an
example of the work under this element.

HISTORY OF GROUND-SHAKING HAZARD MAPS

The history of ground-shaking hazard maps in the context of building codes is
nearly 50-year-long. The historical milestones include:

o A map prepared by F. P. Ulrich in 1948 which remained in editions of the
Uniform Building Code from 1949 until 1970.

o A map prepared by S. T. Algermissen in 1969 that was incorporated, with
some revisions, in editions of the Uniform Building Code from 1970 through
1988.

0 A probabilistic map of the peak horizontal bedrock ground acceleration of
the contiguous United States produced by S. T. Algermissen and D. M.
Perkins in 1976. This map represented a 50-year exposure time and a 90-
percent probability of nonexceedance.

0 Maps of effective peak horizontal bedrock acceleration and velocity
produced by Applied Technology Council in 1978 for a model building code.
The map by Algermissen and Perkins serves as a technical guide.

o Six maps of peak horizontal bedrock acceleration and velocity for exposure
times of 10, 50, and 250 years prepared by S. T. Algermissen, D. M.
Perkins, and colleagues in 1982. These maps contained more detail on the
geologic and seismological characteristics of more than 100 seismogenic
zones.

0 Six updated maps of peak horizontal acceleration and velocity prepared by
S. T. Algermissen and colleagues in 1988 for the 1988 edition of the
Recommended NEHRP provisions in Earthquake-Resistant Design. These maps
incorporated the latest information on seismogenic zones, regional
attenuation, and parameter variability on attenuation.

CRITICAL TECHNICAL ISSUES

Since large infusion of ground motion data in the San Fernando earthquake in
1971, researchers through the Nation have focused more and more on ways to
resolve the critical technical issues inherent in construction of
probabilistic ground-shaking hazard maps. Much progress has been made, but
the following issues still remain:

o Delineation of seismogenic zones, especially in the Eastern United States.
0o Maximum and minimum magnitudes.

o Magnitude-frequency recurrence relations.
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"Near-source" problems, including directivity, focusing, breakout phrases,
and the "killer" pulse.

Soil response under strong ground shaking.

Parameter variability.

We look forward to working with you to resolve these critical issues and other
problems. With this meeting, we expect to create a process that will lead to
the best possible new generation of probabilistic ground-shaking hazard maps
that can be implemented in building codes.
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THE U.S. GEOLOGICAL SURVEY PROGRAM IN PROBABILISTIC GROUND MOTION
ASSESSMENT

by
S. T. Algermissen
U.S. Geological Survey
Denver, Colorado

The U.S. Geological Survey, since the inception of its program in
probabilistic ground motion hazard assessment in 1973, has sought the advice
of the engineering community in the development of ground motion maps for use
in the earthquake resistant design provisions of building codes. This
workshop is the latest effort of the USGS to: (1) provide the engineering
community with information about changes, innovations and new initiatives in
USGS probabilistic hazard mapping; and (2) obtain input from the engineering
community concerning preferred grounc motion parameters for code application.

The USGS program in probabilistic hazard assessment began in 1973
following the publication of a paper containing the genetal ideas of
probabilistic seismic ground motion mapping and some prototype probabilistic
ground motion maps of Utah and Arizona by Algermissen and Perkins in 1972. A
probabilistic ground acceleration map of the contiguous United States was
published by Algermissen and Perkins in 1976. This map of expected
acceleration in rock in 50 years with a 10 percent chance of exceedance became
the principal basis for development of the acceleration design map
incorporated into the "Tentative Provisions for the Development of Seismic
Regulations for Buildings" published by the Applied Technology Council (ATC,
1978). Maps of expected acceleration and velocity for periods of interest of
10, 50 and 250 years with a 10 percent chance of being exceeded were published
in 1982 (Algermissen and others, 1982) and revised to include variability in
attenuation and fault rupture length in 1988 (Algermissen and others, 1988).
The 1988 maps will be included in the commentary of the new 1988 edition of
the "NEHRP Recommended Provisions for the D=velopment of Seismic Regulations
for New Buildings" prepared by the Building Seismic Safety Council (BSSC) for
the Federal Emergency Management Agency (FEMA) (1985).

This year we have begun the development of a new series of probabilistie
ground motion maps which, it is hoped, will make use of research advances in
seismotectonics and seismology since the 1982 USGS maps were published. 1In
some aresas, the research advances have been considerable, For example, much
improved ground motion attenuation relations with standard deviations of about
half of the standard deviations of the acceleration and velocity attenuation
relationships used in the development of the 1982 and 1988 series of maps are
now available. The reduced standard deviation means that there will be
significantly less contrast between probabilistic ground motions calculated
with and without this attenuation variability taken into account.
Earthquakes, such as the 1983 Borah Peak, Idaho and 1987 Whittier Narrows,
California esarthquakes have provided much additional insight into problems of
seismotectonies and ground motion mapping.

The objectives of this workshop from the USGS point of view are to (1)
view and discuss the USGS plans and current work on a new generation of
probabilistic ground motion maps; (2) identify, review and discuss the ground
motion parameters that can be mapped effectively; (3) identify the most

10



suitable parameters for use in the seismic design provisions of building
codes, given the ground motion parameters that can be mapped; (4) discuss and
evaluate the relative importance of various input parameters on probabilistic
ground motion maps; and, (5) provide USGS with recommendations regarding their
probabilistic ground motion mapping program with respect to the issues
outlined above,

The most important objective of those listed above is, in my view, to
reach a broad consensus on the optimum description of strong ground motion for
building code applications, given the reality of the present strong motion
data base and ground motion parameters that can realistically be mapped. If
the concensus can be reached on this single objective, the workshop will have
been, in my view, very successful. In addition, the workshop provides a
unique opportunity for the exchange and development of ideas over a wide range
of issues that are important in probabilistic ground motion assessment.
Success of this workshop will assure the development of probabilistic ground
motion maps whose design principles will be easily understood and can be
readily adapted for use in national code maps.

L3
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SEAOC CONCERNS AND REQUIREMENTS REGARDING
GROUND MOTION MAPPING PROGRAM OF USGS

by

J. P. Singh
President, GEOSPECTRA, Richmond, California, and
Chairman, SEAONC Seismic Zonation Subcommittee

This workshop, the first in the planned series, was initiated
at the request of SEAOC. The purpose of this and the remain-
der of the workshops is to develop the next generation means
for representing ground motion for design and regqulation pro-
cess. This effort will require a great deal of interaction be-
tween geoscientists and engineers and will be greatly facil-
itated by development of USGS’s New Generation of Probabil-
istic Maps and their Application to Building Codes. This
first workshop is intended to be a planning meeting for ans-
wering these questions among others:

o What concerns does SEAOC have with the current maps in
representing ground motion estimates?

o What are SEAOC’s requirements for the next generation of
maps?

o How can USGS/SEAOC proceed to accomplish the desired
goal?

The specifics of these items will be discussed by various
participants during the workshop. Therefore, I would like to
restrict my comments to a broader overview of these problems.

CONCERNS WITH THE CURRENT MAPS:

- Current maps are for rock sites only; out of the total popu-
lation only a very small percentage of buildings are sited
on rock

- Peak ground acceleration alone is a very poor parameter for
use in structural design and in reconciling structural
damage

- Treatment of uncertainity is unclear; it appears that the
uncertainity is considered more than once

- Seismic Source Zones and the Attenuatian Relationships used
are fairly old and, in many instances, are no longer ap-
plicable

12



REQUIREMENTS OF SEAOC:

The information required for structural design and regulation can
be put into two broad categories:

a. Basic Design Parameters
b. Performance Related Design Parameters

Basic Design Parameters: The basic design parameters usually form
the basis for simple code type approach. These parameters are in-
tended to satisfy design requirements of a large population of
standard structures sited on standard soil sites and excited by
standard earthquake ground motions and, in general, are based on
adequate building perfomance data from large number of buildings.
The ground motion input prescribed in the 1988 UBC is a good exam-
ple of the basic design parameters. Here, the the standard site-
dependent spectral shapes together with appropriate reduction fac-
tors are utilized to develop the base shear for design of struc-
tures. Such types of inputs are inadequate where factors such as
structural configurations, structural systems, construction tech-
niques, non standard site conditions and/or non standard ground
motions may result in performance levels different than those in-
tended in the codes.

Performance Related Design Parameters: The performance related de-
sign parameters are more specific to sites and/or structures.

Use of such parameters becomes imperative where the architectural,
construction method, site and ground motion constraints require
design beyond the minimum code requirements. In such cases where
the design philosphy starts to deviate from the standard code
practices the often asked question is " why the difference from
building code?". This is particularly true if the site specific
design indicates short- and/or long-term cost increases. 1In such
cases, the simple arguments that codes are minimum requirements
for design of standard structures sited on standard soils sub-
jected to standard earthquake usually do not suffice. Therefore,
it is important that the next generation of mapping be more site
specific (i.e. include spectral content and estimates of ground
motion duration). Such an endeavor will provide somewhat more con-
vincing arguments for deviations from basic design parameters.
Such mapping should properly consider the effects of source,
travel path and soil conditions. Because the extent of damage to
buildings due to irreqularities in layout or due to strength dis-
continuities, to a large extent, is related to 1long period part
of the ground motion, it is important that proper estimates of
long period motions due to source size, nearfield effects, soil
and basin effects be made.

HOW TO ACCOMPLISH THIS GOAL;

We need to follow up this planning workshop with a series of work-
shops to steer our course in the right direction.
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REMARKS RELATED TO DESCRIPTION OF DESIGN OF EARTHQUAKES

by
Mehmet K. Celebi
U.S. Geological Survey
Menlo Park, California

First and foremost, whatever is decided upon should be simple and explainable.

Secondly, I believe it is impossible to think of the description of a design earthquake
without spectral shape. However, the spectral shape should not be limited to scaling with
ZPA or any form of peak ground acceleration. The parameters that control the shape of

the response spectra could be specified by the following general factors:

a. Geological environment (described as in the existing soil factors [S;] in the new

version of SEAOC and 1988 UBC).
b. Spectral peak accelerations that are dependent on:

i. frequency bands

ii. Location of the site with respect to proximity to a fault system, a specified mag-

nitude earthquake expected with a designated probability of non-exceedance and
return period, and the related attenuation relationship (which may be different

for western and eastern earthquakes)

iii. specific known conditions (specific geotechnical and topographical conditions)
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THE DESIGN EARTHQUAKE - SOME ISSUES FOR DECISION

Edgar V. Leyendecker
U.S. Geological Survey

INTRODUCTION - The U.S. Geological Survey is currently working on preparation of the next generation of
seismic hazard maps. In the past the USGS maps of ground motion have been maps of peak values. However,
we have moved from a single map of peak acceleration at one exposure period (Algermissen and Perkins, 1976),
to maps of peak acceleration and velocity at several exposure periods (Algermissen and others, 1982). It is
recognized that the peak values are not necessarily what should be used directly in structural design. Part of the
current effort, such as this workshop, includes obtaining additional engineering input on the ground motion
parameters that should be mapped that will be most useful for code application. Complete agreement is not
expected on all details at this workshop, but it is hoped that the "wish list" can be narrowed to a manageable
degree. In reaching agreement consideration must be given to both technical and non-technical factors involved
in modifying codes. As a number of the workshop participants know, the non-technical factors can override the
technical ones. We have to consider that code changes tend to occur in steps rather than leaps. A major or
complicated change is likely to get nowhere unless it can be shown to be a life safety matter.

NATIONAL REQUIREMENTS - It is important to remember the national influence of the Structural Engineers
Association of California (SEAOC) on seismic design - through its own publications (e.g., SEAOC, 1985) and
adoption and/or consideration of its reccommendations, in whole or in part, in documents such as the Uniform
Bulldmg Code (UBC) (International Conference of Building Officials, 1988). Since the UBC is widely used it
is obvious that the SEAQOC influence goes well beyond state boundanes Thus SEAOC, while preparmg
recommendations to achieve seismic safety in California, have people and organizations outside the state trying
to have their views considered in SEAOC recommendations. While this is a compliment to the organization, it
places an additional burden on it. The USGS, as a Federal agency participant in the national earthquake
program, while working with local organizations such as SEAQC, must balance the needs and desires of the local
organization against the needs and desires of the national program in the products it produces.

CODE TRENDS - Recent trends in earthquake design of "typical” buildings have been toward the use of more
realistic measures of ground motions in the design process. In building code type recommendations this began
with the 1978 report, Tentative Provisions for the Development of Seismic Regulations for Buildings (Applied
Technology Council, 1978) and has continued with the 1985 and 1988 NEHRP provisions (Building Seismic
Safety Council, 1986 and 1988) and indirectly in the 1988 Uniform Building Code. Other model building codes
(Building Officials and Code Administrators, 1987 and Southern Building Code Congress International, 1987)
and standards (American National Standards Institute, 1982) are moving in this same direction.

Included in this approach of more realistic ground motion is the recognition that use only of peak values of
parameters such as acceleration and velocity are not entirely appropriate for design purposes. Duration, etc play
major roles and are considered in preparing code recommendataions.

In some cases (e.g., Applied Technology Council, 1978) the peak value maps have been adjusted by others to
become "effective peak value" maps for use in design. Although "effective peak values” are clear enough in
concept, they suffer from a precise definition and they have caused confusion in some geographic areas. For
example, if the "effective peak value” contours in the commentary of the NEHRP 88 are examined it appears to
many users that California is not so much different than some other areas of the U.S. This is particularly true
since, at least to the casual observer, only California contours appear to be reduced by the use of "effective peak
values". Contours in most other geographic areas remain at or near the peak value level. Part of the rationale
given, at least for California is that the ductility requirements (and tighter inspection requirements) are more
important than using higher values of ground motion parameters. This, in turn, raises the response in other
geographic areas that they must provide both ductility and resistance to peak values. Why can’t they also lower
the mapped peak values to some smaller effective peak value? This is not to say that ground motion values,
combined with other requirements, that have been carefully evaluated for use in California are not appropriate
for the state. It does suggest that the national picture needs to be carefully examined and the rataionale for
recommendations clearly explained.
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One approach was tried in the NEHRP 88 by providing an alternative to the concept of "effective peak values”
used in ATC 3-06 and NEHRP 85, although the use of "effective peak values” continues as the main approach
in NEHRP 88. The alternative approach, which is on a trial-use basis uses 1987 USGS maps of peak acceleration
(in %g) and velocity (in cm/sec). An upper limit is permitted to be placed on the values obtained from the
maps. Base shear equations are modified to use these values directly. The upper limit on input values keeps the
answers from differing greatly from those obtained using "effective peak values." This approach was taken in part
because it is compatible directly with USGS maps and because it presented a clearer national picture of the
hazard than a map with "effective peak values.”

As an example of what can be mapped to improve on the current situation, yet is practical, consider Bill Joyner’s
suggestions (this volume). He proposes mapping spectral values at 0.2 and 1.0 seconds. This results in a small
number of maps so it is manageable from technical and production aspects. There are some specific reasons
for suggesting these values from a ground motion point of view. These reasons are discussed in more detail by
Joyner and Campbell (this volume). This approach also appears reasonable from an engineering point of view
and should be carefully discussed. More values may be required but this would in turn also require more maps.

There needs to be discussion on the exposure periods and the performance criteria. Currently codes are based
roughly on ground motion maps with a ten percent probability of exceedance in 50 years. Designers in some
regions of the U. S. where the recurrence interval is long for large earthquakes have expressed concern that using
a ground motion for a short recurrence interval is not right for them. Other maps could just as easily be
prepared, such as those in the NEHRP.

Is it time for a two-level design approach, one for serviceability and one for strength (remember that code
documents are considered life safety documents)? Perhaps the two are close for California, they are probably
not for the rest of the U. S. If this receives serious consideration, then it may be appropriate to review the well-
known SEAQC statements describing what their recommendations are trying to achieve. Finally, how should
our requirements for strengthening of existing buildings differ from new buildings?
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HOW SHOULD THE DESIGN EARTHQUAKE BE DESCRIBED?

Vitelmo V. Bertero, Professor of Civil Engineering and
Director of EERC
University of California at Berkeley

General Goals in Seismic Resistant Construction: The philosophy of
earthquake-resistant design for buildings other than essential facilities has
been well established and proposed to prevent nonstructural damage in frequent
minor earthquake ground shakings, to prevent structural damage and minimize
nonstructural damage in occasional moderate earthquake shakings, and to avoid
collapse or serious damage in rare major ground shakings. This philosophy is
in complete accord with the concept of comprehensive design. However, current
design methodologies fall short of realizing the objectives of this general
philosophy.

In a comprehensive design approach, it should be recognized that build-
ing damage may result from different seismic effects: (1) ground failures due
to fault ruptures or to the effects of seismic waves; (2) vibrations trans-
mitted from the ground to the structures; (3) tsunami and tsunami-like distur-
bances and seiches in lakes; and (4) other consequential phenomena such as
floods and fires. The seismic effect that usually concerns the structural en-
gineer and is taken into account by seismic-resistant design provisions of
building codes is vibration of a building in response to ground shaking at its
foundation. Thus, the first step in the design procedure of a future building
should be analysis of the suitability of the site selected for the building.

From the above discussion it is clear that microzonation of a region
should concentrate on: (1) geologic considerations that permit the location
(mapping) and identification of the type (features) of the seismic faults on
the neighborhood of the region in question; and (2) on the seismological
aspects that allow the estimation of the occurrence rate and spatial distribu-
tion of earthquakes together with their magnitude, and on geotechnical con-
siderations. Among the more pertinent parameters that should enter into
microzonation are those concerns with soil liquefaction, soil densification,
soll strength, and dynamic soil properties, such as shear and damping.

Specification of Design Earthquakes: The design earthquake (DEQ) depends on
the design criteria, i.e., the limit state controlling the design. Concep-
tually, the design earthquake should be that ground motion that will drive the
structure to its critical response. In practice, the application of this
simple concept meets with serious difficulties, first because there are great
uncertainties in predicting the dynamic characteristics of ground motions at
the building site, and second because even the critical response of a specific
structural system will vary according to the various limit states that could
control the design. Although a Comprehensive Design should consider all pos-
sible limit states that a structure may go through during its life, for stan-
dard buildings it is usual to consider just the following three limit states:
serviceability level - where the building is expected to continue to perform
its designated function; damageability level - where the damage is limited to
predetermined levels; and safety against collapse ~ where any degree of damage
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that will not endanger human life is permitted. Furthermore, in building
design usually only the serviceability and collapse limit states are con-
sidered. Once the appropriate design criterion has been selected the DEQ can
be defined using different degrees or levels of sophistication depending on
the purpose for which it has to be defined. Although the ultimate goal is to
arrive at a reliable but simple definition of DEQ which can be used to estab-
lish the minimum seismic code requirements for the design of standard build-
ings located on standard sites, it is obvious that to achieve such a goal it
will be necessary to supply all the necessary data to the experts in the field
of geotechnical and structural engineering who are involved in formulating the
code design regulations so that they will be able to arrive at simple but
reliable definitions of DEQ. The data needed for the different limit states
are briefly discussed below.

Information Needed by Geotechnical Experts: Ideally, for each type of site
(zone) of a given urban area, these experts need the time histories of the six
components of the Earthquake Ground Motions (EQGMs) that at different inten-
sity levels may occur at the base rock of such site or zone. Each different
EQGM intensity should be accompanied by the corresponding frequency of occur-
rence. For standard buildings it will be sufficient to have just the time
histories of the three translational components.

Based on the above received information and considering the available
database on recorded motions at free field surface as well as at the founda-
tion of buildings, the geotechnical experts should predict the time histories
of the EQGMs at different intensity levels that may take place at the level of
the foundation of the buildings with their corresponding frequency of recur-
rence.

Information Needed by Structural Experts: These experts need the time his~
tories of at least the three translational components of the EQGMs that can
occur at the foundation of the building at different intensity levels and with
the corresponding frequency of occurrence. With this information the struc-
tural engineering experts have to specify the design earthquake according to
the limit state controlling design of structures.

Design Earthquake (DEQ) for Serviceability Limit States: For all practical
purposes, the building should remain in the linear elastic state. While a DEQ
based on a smoothed linear elastic design response spectrum (LEDRS) is the
most reliable and convenient approach for the preliminary design, the ground
spectrum that is used to derive the LEDRS must be appropriate to the site and
not based just on standard values. Values selected for the damping ratio,
determination of allowable stresses, and computation of natural periods and
internal forces must be consistent with expected behavior. :

Design Earthquake (DEQ) for Ultimate Limit States (Safety Against Dangerous
Damages or Collapse): The preliminary design of essential facilities, which
. should remain essentially undamaged (elastic) even for the most severe ground
motions expected at a certain site and which are usually termed the Maximum
Credible Earthquake Ground Motions (MCEQGMs), should be based on a smoothed
LEDRS which reflects the dynamic characteristics of the expected MCEQGMs at
the given site. However, except for these essential facilities, it would be
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unrealistically conservative and uneconomical to design most building struc~
tures to respond to MCEQGMs at the site within the linear elastic range of the
structural material, or even in the so-called effective linear elastic range
of behavior of the structure (i.e., to its significant yield level). In order
to realize economical design of buildings that could be subjected during their
service life to MCEQGMs, significant but controllable (acceptable) inelastic
deformations of such buildings must be accepted. These inelastic deformations
usually allow the required linear elastic strength to be reduced without the
maximum resulting deformation increasing significantly.

A very convenient approach to the preliminary design of structures allow-
ing for inelastic deformations is through the use of smoothed Inelastic Design
Response Spectra (IDRS). Derivation of reliable IDRS requires full charac-
terization of the expected severe ground motions at the site as well as what
constitutes acceptable structural responses. However, current methods used to
calculate IDRS do not account for the duration of strong ground shaking. Ex-
tensive integrated analytical and experimental studies will be required to ob-
tain the information necessary to establish reliable design earthquakes when
ultimate limit states control the design. Until this is done, the procedure
suggested in Refs. 1 and 2 can be used. This procedure requires the deriva-
tions of inelastic response spectra corresponding to the available recorded
ground motions through nonlinear dynamic time history analyses of structures
with different degrees of displacement ductility ratio. The advantages of
deriving and specifying a series IDRS for different values of the displacement
ductility ratio is that it tells the designer that proper inelastic design is
a trade off between yielding strength and ductility (damage).

Energy Approach: It has been pointed out above that current methods of deriv-
ing IDRS do not account for the duration of strong shaking. This duration
plays an important role in the degree of damage that a structure will undergo.
The author believes that the future of earthquake-resistant design is on an
energy approach. This approach is based on the following energy balance equa-
tion:

EI=EK+ES+EH+EE

!w-—ﬂ

Ep = Eg + Ep

Earthquake Energy Input, Ey: For any given EQGM, its Ej is the most reliable
parameter that measures itS damage potential. This damage potential parameter
depends on the dynamic characteristics of both: the shaking of the founda-
tion; and the whole soil-foundation-superstructure system. Therefore the
structural engineering experts need to have at their disposal reliable pre-
diction of the severe ground motions that can occur at the foundation of the
structure. In the studies reported in Refs. 3 and 4, the Ej spectra have been
computed for many recorded ground motions applied to single degree of freedom
systems (SDOF), with linear elastic-perfectly plastic behavior for different
values of the ductility ratio AL, and the damping ratio } . In Ref. 4 it is
shown that while the linear elastic pseudovelocity (Sp,), which has been
proposed as an index to represent the damage potentiag of an earthquake, can
be used to obtain a lower bound to the input energy spectra, it may sig-
nificantly underestimate the true input. '
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Concluding Remarks

. The design earthquake (DEQ) depends on the design criteria. At least two
levels of DEQs should be specified: one for service limit state; and the other
for ultimate (safety against dangerous damage and/or collapse) limit states.

. For preliminary design of structures the most convenient and rational man-
ner to describe the DEQs is through Smoothed Design Response Spectra: LEDRS
and IDRS.

. For any given urban area in order to mitigate EQ hazards it is necessary:
to improve its microzonation; and to supply geotechnical and structural en-
gineering experts with reliable information regarding expected time histories
of EQ ground motions (EQGMs) at the base rock as well as at the free field
surface and at the foundation level of structures. These expected time
histories of EQGMs should be at different intensity levels and with the cor-
responding frequency of recurrence.

. There is need to estimate the Ej of the expected EQ motions of the founda-
tion of different types of structures, in order to select the critical ground
motions and to formulate reliable IDRS for such structures.
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COMMENTS ON HOW THE DESIGN EARTHQUAKE SHOULD BE DESCRIBED

by

Lauren D. Carpenter
Skidmore, Owings, and Merrill
Los Angeles, California

Current mapping in 1988 UBC is based on recorded seismicity and
influenced by fault movement and expectations based on geological
evidence. This direction should be continued, but enhanced
significantly by the local California .n and off shore information and
the computer simulation capabilities which appear to be recently very
successful.

Eastern US and other areas of the US/Canada/Mexico/Japan should be
similarly mapped in the same direction based on the best information
available in order to develop a global perspective on local US
seismicity and more global interaction of professionals,

"Near-field" effects need to be more defined based on limited field data
but with computer simulation to expand data. Development and
feasibility of special fault zones could be a result or modifications to
design procedures, if needed.

The basic direction of probability based spectra is necessary and two
levels of spectra are needed in order to evaluate the collapse/stability
stage of structures as well.

Preferably, the definition of spectra and dynamic analysis could be
developed to avoid the scaling of dynamic results to quasi-static base
shears and use the results of analysis more directly. Hopefully,
definition of structural parameters and response could be developed in
parallel to the point where "Ry" is not part of the "Code Level™
development forces.

The UBC Code (1988) uses the term "MAJOR EVENT" and defines it as
effective peak (rock) acceleration with a probability of occurrence of
10 percent in 50 years (about 475 year recurrence interval). Discussion
is needed of current terms in use, perhaps incorrectly, of Maximum
Probable Earthquake, Maximum Credible Earthquake, Service Level
Earthquake, Collapse Level Earthquake, Maximum Expected Earthquake, etc.




~

o My

Different recurrence intervals are currently used for Design Earthquakes
by different groups (72 year, 200 year, 475 year, 1000 year and higher)
and needs further probabilistic review and correlation with structural
response. '

Long period structures are typically high rise buildings and tend to
have the most extensive analysis and design versus low rise and smaller
buildings. Consequently, the 2/3 exponent on period T may not need to
be used to develop conservatism in design of taller buildings.

Finally, earthquake duration, repetitivity of strong shaking magnitude

and soil structure interaction need fu ther refinement and inclusion in
mapping and design.
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SUGGESTIONS REGARDING PROBABILISTIC GROUND-MOTION MAPS FOR USE IN
BUILDING CODES

by
William B. Joyner
U.S. Geological Survey
Menlo Park, Califormia

One of the first questions to be addressed in planning probabilistic ground-motion maps
for use in building codes is what ground-motion parameters should be mapped. Funda-
mentally the choice is one that belongs to the structural engineers, but it should be made
in consultation with seismologists, who may have special insight into how the different
parameters may vary with magnitude, distance, and site conditions and how the different
parameters may be correlated with each other. Simplicity of application is obviously an
important consideration in making the choice.

Previous choices were peak horizontal acceleration or peak horizontal acceleration and
velocity, which were used as indirect indicators of short-period and intermediate-period
response spectral values. There are a number of reasons for rejecting these options. Because
the seismic spectrum in the eastern U.S. may extend to higher frequencies than in the
West, the factor relating peak acceleration to short-period response in the range above
0.1s may differ in the East from what it is in the West. The factor relating peak velocity
to intermediate-period response varies significantly with magnitude and site conditions
as indicated by the predictive equations of Joyner and Boore (1982) for response values
and for peak velocity. There is really no point in using peak horizontal acceleration and
velocity as indicators of response spectral values when response values themselves could
just as well be mapped directly.

My suggestion for parameters to be portrayed on the ground-motion maps are 0.2s and 1.0s
pseudoacceleration response (PSA) at 5 percent damping. Admittedly these parameters
represent the response of damped elastic systems and do not incorporate the nonlinear
response to be expected from real structures at high levels of motion. Response reduction
factors, different for different structural types, would be applied to account for nonlinear
response (Cornell and Sewell, 1987). The 0.2s response was chosen to represent the short-
period response because it is more or less in the middle of the short-period range. The
1.0s response was chosen to represent the longer-period response because the peak of
the pseudovelocity response spectrum is generally near 1.0s (Joyner and Boore, 1982).
Equations for estimating 0.2s and 1.0s response are available now (Joyner and Boore,
1988), and improved equations can be expected in time for making the proposed ground-
motion maps. [ urge that the maps be made for the S; soil condition because that is
the condition for most of the strong-motion data upon which the equations for estimating
ground-motion values are based. Other site conditions would be taken care of by the S
factor.

If the code is to be in the same form as in the 1988 UBC, then the equations would be
Zy = PSA at 0.2s and 5 percent damping
Z; = PSA at 1.0s and 5 percent damping

_ Z9S;

2C =2
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except that ZC need not exceed Z;.

S2=1.0
S1=0.8
S3 =1.25
Sy =17

There are special problems in making the maps in the eastern U.S. Different equations may
be necessary for estimating the ground-motion parameters. I suggest that some consider-
ation, at least, be given to the equations that have been developed using stochastic source
theory (Boore and Atkinson, 1987; Toro and McGuire, 1987), though these equations may
need to be modified to correspond to the appropriate site condition. The whole question of
defining appropriate site types may need reexamination for the East. Furthermore, recent
unpublished work by T. C. Hanks and D. M. Boore indicates that magnitude assignments
for pre-instrumental eastern U.S. earthquakes need revision.
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PROPOSED REVISIONS TO THE UNIFORM BUILDING CODE:
ISSUES RELATED TO THE SPECIFICATION OF
GROUND MOTION

By
Kenneth W. Campbell
U.S. Geological Survey
Denver, Colorado

Introduction

Building codes use a lateral-force coefficient—usually a fraction of the weight of a
building—as a means of including earthquake forces in the computation of design base
shear. Historically, the lateral-force coefficient has been used to quantify the relative
difference in expected ground motion for specific seismic zones in the United States, its
value set by the experience and judgement of practicing engineers. With the 1988 edition of
the Uniform Building Code (UBC), the lateral-force coefficient has become integrally tied
to recorded ground motion. Commentary in the 1988 edition of the Structural Engineers
Association of California (SEAOC) “Blue Book”, on which the 1988 UBC is based, suggests
that the Z coefficient—the ground-motion component of the lateral-force coefficient—
should correspond to ground-motion values that have a 10 percent probability of being
exceeded in 50 years.

By basing lateral forces on a probabilistic estimate of ground motion, the 1988 UBC
has incorporated the concept of uniform hazard in the routine design of buildings. SEAOC,
together with the U.S. Geological Survey, has proposed to extend this concept further in the
next revision of the UBC by adding two refinements to the seismic provisions of the existing
building code. The first refinement is to use a seismic hazard map rather than a set of
discrete zones to define levels of probabilistic ground motion throughout the United States.
The second refinement is to use a uniform hazard spectrum—a response spectrum having
a uniform probability of exceedance at all periods—to characterize the design response
spectrum. Both of these refinements are based on well-accepted earthquake engineering
principles.

The current version of the national seismic hazard map (Algermissen et al., 1982)
provides probabilistic estimates of peak acceleration and peak velocity. No similar map is
as yet available for response spectral ordinates. Although there are techniques available
for developing response spectra from peak ground-motion parameters (e.g., see Campbell,
1987a), there is considerable debate as to whether such spectra represent realistic design
response spectra. Some engineers and seismologists believe that the only correct means
of estimating a uniform hazard spectrum is to construct it from probabilistic estimates
of response spectral ordinates. Although the concept of a uniform hazard spectrum is
well-accepted in the earthquake engineering community, the use of such a spectrum to
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characterize probabilistic ground motion introduces added complexity to the development
of a seismic hazard map. A typical seismic hazard map has two dimensions—displaying
the geographic distribution of ground-motion with contours. However, the spectral nature
of response spectra adds a third dimension—frequency—that requires a separate seismic
hazard map for each frequency of interest.

The intent of this paper is to present and discuss issues related to the specification
of ground motion for consideration in the next revision of the UBC. Specific topics of
discussion include alternative techniques for defining design response spectra, the selection
of strong-motion attenuation relationships for seismic hazard mapping, variations in the
regional characteristics of ground motion, and the definition of site coefficients.

Techniques for Estimating Design Response Spectra

Over the years engineers have proposed a variety of techniques for developing design
response spectra (e.g., see Campbell, 1987a), three of which have been used to develop
uniform hazard spectra: (1) using a probabilistic estimate of peak acceleration to scale a
response spectral shape, (2) using probabilistic estimates of peak acceleration and peak
velocity to scale short-period and intermediate-period spectral amplitudes, and (3) con-
structing a response spectrum from probabilistic estimates of response spectral ordinates.

Techniques Based on Peak Acceleration. Using peak acceleration to construct a uni-
form hazard spectrum has many advantages: it is widely available, it is easily computed
from existing attenuation relationships, it is easily mapped, and it can be compared with
previous estimates of probabilistic ground motion (e.g., Algermissen and Perkins, 1976;
Algermissen et al., 1982). However, it has one major weakness that makes it ineffective
as a spectral design parameter: it does not correlate well with the intermediate- to long-
period ordinates of response spectra (e.g., Campbell, 1988a; Joyner and Boore, 1988). As
a result, it cannot adequately represent the magnitude and distance dependence observed
in uniform hazard spectra (e.g., Bender and Campbell, 1989).

Another disadvantage of peak acceleration is its dependence on regional differences in
the high-frequency limit of ground motion, or so-called fyu.z. In California, the effective
limit of observed high-frequency energy is on the order of 3-20 Hz, and in Eastern North
America (ENA) it is as high as 30-50 Hz (Campbell, 1989). This regional difference in
fmaz can lead to higher peak accelerations in ENA than in California for otherwise similar
ground motions.

One possible means of mitigating the effects of f,,,, would be to limit the frequency
bandwidth of the ground motions used to define peak acceleration to around 10 Hz, thereby
reducing the impact of high-frequency energy in the recordings. This could be accomplished
by scaling peak acceleration from a recording (or simulated recording) of a standard ac-
celerograph, such as the SMA-1 (Campbell, 1989), or by defining a pseudo peak acceler-
ation which has a fixed ratio with respect to a specified short-period spectral ordinate.
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In either case, it would then be possible to use the same spectral shapes to characterize
ground motions throughout the United States.

Another means of dealing with regional differences in f,,,, would be to incorporate it
directly into the development of uniform hazard spectra by explicitly including it in both
the estimation of peak acceleration and response spectral shape. Although more satisfying
from a seismological point of view, this approach would create an undesirable complexity
in the development of seismic hazard maps.

None of these proposed approaches for dealing with f,,,, is completely satisfactory.
The mere fact that peak acceleration depends so strongly on fmar and that it cannot
adequately characterize intermediate- to long-period spectral ordinates severely limits its
usefulness as an engineering design parameter.

Techniques Based on Peak Acceleration and Peak Velocsty. Aside from peak velocity
not being as readily available as peak acceleration, it shares many of the same advantages
and disadvantages as peak acceleration when used as a design ground-motion parameter.
However, together these two parameters have a major advantage that neither possesses
alone. Newmark and Hall (1982) found, by using peak acceleration, peak velocity, and peak
displacement to develop a design response spectrum, that they could obtain a reasonably
realistic dependence of spectral shape on magnitude, distance, and site conditions.

By its very nature, the Newmark-Hall spectrum has an extremely simple shape. In
order to scale the short-, intermediate-, and long-period bands of the spectrum by peak
acceleration, peak velocity, and peak displacement, these bands must be characterized by
constant amplitude. The result is a pseudorelative velocity (PSRV) response spectrum
whose shape is characterized by the intersection of several straight-line segments. This
implies that any probabilistic response spectrum developed by this technique will not be a
“true” uniform hazard spectrum, and that buildings designed to such spectra will exhibit
slightly different degrees of conservatism depending on their fundamental period.

A disadvantage of using peak velocity to scale the intermediate-period band of a
response spectrum is the observed difference in scaling characteristics between peak velocity
and intermediate-period spectral ordinates. For example, Campbell (1988a) has found
that peak velocity scales with sediment depth, but that PSRV spectra up to periods of
1.5 sec do not. Both Joyner and Fumal (1985) and Campbell (1988a) have found that
peak velocity scales differently with magnitude and distance than do intermediate-period
ordinates of PSRV spectra. Also, since the Newmark-Hall technique requires the use
of peak acceleration to scale the short-period ordinates of the spectrum, it retains the
problems associated with f,.qz.

Techniques Based on Selected Response Spectral Ordinates. The use of probabilistic
estimates of response spectral ordinates to develop a uniform hazard spectrum averts
virtually every major disadvantage associated with the use of peak acceleration and peak
velocity. As a result, it would appear to be prima facie the best technique for defining a
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design response spectrum. There are, however, several disadvantages to mapping spectral
ordinates: they are not as widely available, they are not as easily computed from existing
attenuation relationships, they require the development of multiple seismic hazard maps,
and they are not easily compared with previous estimates of probabilistic ground motion
(e.g., Algermissen and Perkins, 1976; Algermissen et al., 1982).

A true uniform hazard spectrum requires at least five or ten spectral ordinates to define
its shape. However, too many parameters will tend to overly complicate the procedures
used to develop a design response spectrum. As a compromise, two response spectral
ordinates could be used to generate a uniform hazard spectrum using a modified Newmark-
Hall technique. One spectral ordinate would be used to scale the short-period part of the
spectrum and a second would be used to scale the intermediate-period part of the spectrum.

In this approach, the short-period spectral ordinate would have a long enough period
to avoid problems associated with both f,.., and high-frequency record-processing errors,
yet have a short enough period to adequately represent the observed peak in the pseu-
doabsolute acceleration (PSAA) response spectrum. According to spectral attenuation
relationships developed by Joyner and Fumal (1985) and Campbell (1988a), this could be
accomplished with a spectral ordinate having a period in the range of about 0.1 to 0.4 sec.

Similarly, the intermediate-period spectral ordinate would have a period that ade-
quately represents the observed peak in the PSRV response spectrum. According to at-
tenuation relationships developed by Joyner and Fumal (1985) and Campbell (1988a), this
could be accomplished with a spectral ordinate having a period in the range of about 0.7
to 2.0 sec. Studies by Campbell (1988a) suggest that it would be additionally desirable to
restrict the period of this ordinate to 1.5 sec or less, since it is at this period that he has
found PSRV spectra to become dependent on sediment depth.

A uniform hazard spectrum would be constructed from probabilistic estimates of these
two spectral ordinates using a technique similar to that proposed by Newmark and Hall
(1982). This would require drawing two straight-line segments on a tripartite plot of
PSRV versus period. The segment associated with the short-period peak would be drawn
to pass through the short-period spectral ordinate and define a line of constant spectral
acceleration; the segment associated with the intermediate-period peak would be drawn
to pass through the intermediate-period spectral ordinate and define a line of constant
spectral velocity.

Bill Joyner (personal communication, 1988) has also suggested that a reasonable de-
sign response spectrum for building-code applications could be constructed from two spec-
tral ordinates: one with a period of about 0.2 sec to represent short periods and another
with a period of about 1.0 sec to intermediate periods. Both of these spectral ordinates
fall within the period bands suggested above. However, since the peaks in the PSAA and
PSRV spectra tend to shift somewhat with respect to magnitude, distance, and site con-
ditions, it may be more desirable to use an average of several spectral ordinates over each
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period band of interest, rather than rely on only two discrete spectral ordinates to define
the spectrum.

Most of the disadvantages associated with this technique appear to be easily miti-
gated. For example, seismic hazard maps for peak acceleration and peak velocity could be
developed along with those for spectral ordinates to provide a means of comparing the new
seismic hazard maps with those developed previously. Furthermore, there are at least five
spectral attenuation relationships currently available for Western North America (Joyner
and Boore, 1988; Donovan, 1989), and it is likely that even more will be available by the
time the seismic hazard maps are finalized. If the simplistic shape of a Newmark-Hall
spectrum is not acceptable to the engineering or seismological communities, it would be
simple to expand this technique to include more than two spectral ordinates. However,
the use of additional spectral ordinates would require additional maps, as well as a more
sophisticated method for constructing a design response spectrum, and should be avoided
if at all possible. It may, however, be desirable to modify the proposed spectrum at short
and long periods to better simulate a true response spectrum. Whether this is needed will
depend on the amount of conservatism desired at these periods.

Selection of Attenuation Relationships

Regardless of which ground-motion parameters are mapped or which techniques are
used to develop the design response spectrum, at least one attenuation relationship will
be needed. Many criteria have been proposed for selecting appropriate attenuation rela-
tionships for specific applications. One of the more controversial issues is the choice of
an appropriate functional form—especially whether this form should include magnitude-
dependent attenuation (referred to as saturation). Specific selection criteria will not be
discussed here, but the reader is referred to papers by Idriss (1978), Boore and Joyner
(1982), Campbell (1985), and Joyner and Boore (1988) for an in-depth discussion of rele-
vant issues and a summary of available relationships.

There are several specific issues regarding the choice of an attenuation relationship
for building-code applications that have not been sufficiently discussed in the literature.
One relates to the type of site condition that the relationship should represent. There is a
precedent for making probabilistic estimates of ground motion for rock (e.g., Algermissen
and Perkins, 1976; Algermissen et al., 1982). However, since only a small fraction of the
existing strong-motion data base has been recorded on rock, such attenuation relationships
are not as reliable or as widely available as those for soil. Therefore, it would be better
to use soil as the reference site, then adjust estimates of ground motion for other site
conditions as necessary. The map itself could represent any desired site condition by
simply mapping the appropriately adjusted ground-motion parameter.

A second issue regarding the selection of an attenuation relationship is the level of
peer review that the relationship has undergone. In order to satisfy both engineers and
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seismologists, attenuation relationships commonly used by both groups should be consid-
ered. Such relationships, simply by their extensive use, will have been subjected to de
facto peer review, regardless of their level of documentation. The appropriateness of new
attenuation relationships will have to be assessed as they become available.

The last issue regarding the selection of an attenuation relationship is the potential use
of multiple relationships. Neville Donovan (personal communication, 1988) has suggested
that, since a building code represents a consensus opinion, an average of several attenuation
relationships—a so-called consensus attenuation relationship—should be used to estimate
ground motion. Although such an approach would seem to be a reasonable solution to
what could otherwise be a highly controversial issue, it raises some important questions.
For example, how will the uncertainty associated with differences between relationships be
treated, and how will an appropriate standard error be chosen?

Regional Attenuation

Regional differences in the rate of ground-motion attenuation can easily be taken
into account by adopting different coefficients of anelastic attenuation throughout the
country, since most attenuation relationships include a term for anelastic attenuation in
their functional forms. Although somewhat controversial, recent studies have indicated
that it might also be necessary to account for regional differences in source scaling relations,
stress drop, and crustal structure in the prediction of ground motion (e.g., see Campbell,
1989). Such effects are not easily incorporated by existing attenuation relationships.

Theoretical attenuation relationships are probably the most straightforward way of
incorporating regional differences in scaling relations, stress drop, and crustal structure.
Several such relationships have already been developed by the seismological community for
use in the Eastern United States (e.g., see Joyner and Boore, 1988). However, California
engineers have not found a need for such models and continue to rely on empirical atten-
uation relationships to estimate ground motion. As an alternative, empirical relationships
could be modified to include the desired source and path effects by incorporating the re-
sults of theoretical models. Such an approach may be more acceptable to the engineering
community, if the inclusion of such effects are warranted.

Site Coefficients

The 1988 edition of the UBC divides sites into four categories for purposes of defining
site coefficients: rock and stiff soils, deep cohesionless or stiff clay soils, soft to medium
clays and sands, and deep soft clay. The first three categories were originally proposed
over a decade ago and have been adopted virtually unchanged in the current edition of
the UBC. In light of the large number of strong-motion recordings that have become
available during the last decade, it would seem that the time has come for these site
categories to be reevaluated. Rock and stiff soils is one example of a category that might
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need modification. Campbell (1986) has shown that both peak velocity and intermediate-
to long-period spectral ordinates exhibit substantially different amplitudes depending on
whether they were recorded on hard rock or soft rock.

It may also be necessary to include additional site categories to represent site con-
ditions more typical of regions outside of California. For example, shallow soils (high
velocity-impedance sites)—a predominant site type in Eastern North America—have been
found to significantly amplify both peak acceleration and short-period spectral ordinates
(Campbell, 1988b, 1989). In addition, Salt Lake Valley, one of the more populated areas in
Utah, has been observed to exhibit substantially higher site response than the Los Angeles
Basin at all frequencies of engineering interest (Campbell, 1987b).

Recommendations

Since it is highly desirable to keep the development of response spectra for building-
code applications as simple as possible, I recommend that a Newmark-Hall approach be
used to develop a design response spectrum from two probabilistic response spectral or-
dinates. The use of two spectral ordinates rather than peak acceleration and peak ve-
locity avoids problems regarding the effect of frequency bandwidth (fmaz) and observed
differences in the magnitude and distance scaling characteristics of peak ground-motion
parameters and response spectral ordinates.

The two response spectral ordinates should be carefully chosen to characterize the
peaks in the short-period and intermediate-period bands of the spectra. Consistent with
the scaling characteristics of PSRV and PSAA observed by Joyner and Fumal (1985) and
Campbell (1988a), the short-period ordinate should have a period in the range 0.1-0.4 sec
and the intermediate-period ordinate should have a period in the range 0.7-1.5 sec. Since
the peaks associated with these spectral bands tend to vary somewhat with magnitude,
distance, and site conditions, an average of several spectral ordinates within each band
would seem to be an appropriate means of characterizing the design response spectrum.

Attenuation relationships used to predict the spectral ordinates should be chosen ac-
cording to guidelines presented by Boore and Joyner (1982) and Campbell (1985). The
selected relationships should be subjected to peer review and be acceptable to both the
engineering and seismological communities. The reference site for the ground-motion pre-
dictions should be soil, the predominant site condition in the strong-motion data base.
Appropriate site coefficients should be used to modify these predictions for other site cat-
egories (e.g., rock) as required.

Site categories used to define site coefficients in the 1988 edition of the UBC are at
least a decade old and should be reevaluated. It may be necessary to divide the current
category containing rock into two categories, one for soft rock and one for hard rock.
Furthermore, it may be necessary to define at least two additional site categories, one for
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shallow soils common to Eastern North America and one for sedimentary basins such as the
Salt Lake Valley that exhibit higher site response than sedimentary basins in California.

For continuity, it would be desirable to use the same consensus attenuation relationship
throughout the United States. This relationship could be developed from either theoretical
relationships, empirical relationships, or both. Regional differences in ground motion (e.g.,
crustal attenuation, source scaling relations, stress drop, or crustal structure) could be
accommodated by appropriately modifying this consensus attenuation relationship.
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How Should the Effect of Geological Site Condition Be Represented
on Probabilistic Ground Motion Hazard Maps?

David M. Perkins
U.S. Geological Survey

Peak ground motions on soft sediments may be amplified by as much as a factor of 3 or
4. On a probabilistic ground motion map, this increase in ground motion is comparable to
that obtained on rock in a region where the seismicity is increased by factors ranging from
5 to 25. Spectral ground motion amplifications up to 12 have been observed. Clearly, the
effect of geologic site condition may be one of the most important contributors to ground
motion hazard, and, as such, should be appropriately represented on national hazard maps,
if possible, or at least represented as site factors in codes.

Although it is desirable to represent the effect of geological site conditions on national
hazard maps, the method by which it is done is subject to several practical considerations.
How many site conditions can be characterized by the existing suite of strong motion
records? How many maps will be needed? How can the maps be usefully incorporated
into a national building code? This presentation lists some of the considerations needed
in coming to a conclusion about the best method of presentation.

1. Geological site conditions change over a distance which 1s too small to be feasibly mapped
at a national scale.

A map which combine the effects of seismicity rate and geological site condition
is difficult to interpret. In assessing the reasonableness of the map, the user is
faced with the problem of wondering whether the high hazard at a particular site
is due to high seismicity or high site amplification. Hence, to map the effect of
geological site condition on probabilistic ground motion, it is desirable for each
map to represent the hazard for the hypothesized existence of the same condition
at every site—that is, there should be one national map for each site condition.
In this way, the variations on each map will be due only to the seismicity model.
Map-to-map variations will be due only to geological site condition. To decide
which map to apply to a given building location, a user would consult a local
geological map at a suitable scale or obtain advice from state or local geologists.

2. Various geological site conditions produce different site effects depending on the frequency
of ground motion considered.

For example, shallow soils may produce amplifications or resonances for high-
frequency ground motions, but be transparent to longer-period ground motions.
Deeper alluvium may be transparent to high-frequency ground motion, but
amplify longer period ground motions, and may develop resonance behavior for
ground motions having periods close to the natural period of the site soil column.
Very deep alluvium may produce resonances for even longer period ground motion,
but attenuate high-frequency ground motion.

3. The predominant periods of peak ground motions increase with both magnitude and
distance. Therefore, the effect noted in (2) would lead us to expect that the geological
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site amplification effect for peak ground motions would be a function of both magnitude
and distance.

Thus, we would expect peak ground motions from earthquakes of any given
magnitude to attenuate differently on one site condition than on another, and
we would need a different set of attenuation functions for each site condition to be
represented on a map for each peak ground motion parameter to be considered.
Suppose, for instance, we were to map peak velocities and peak accelerations
for three different site conditions. This would require 2 x 3 = 6 maps for each
exposure/probability level to be mapped.

Obtaining reliable magnitude- and distance-dependent attenuation functions for
various site conditions requires good data at all magnitude and distance ranges
for all selected site conditions. Such data do not exist in sufficient quantity and
ranges to permit confident establishment of the required attenuation functions
except for alluvium sites. This fact suggests that if peak ground motions are
to be mapped, it is infeasible to express the expected geological site effects on
such maps. Rather, we would be reduced to imposing site factors or anchoring
site-dependent spectra on peak acceleration, as is done in current codes. Such
measures are poor approximations to probabilistic site effects.

4. On the other hand, because the site effect is primarily frequency dependent, if we used
“band-limited” ground motion parameters, like response velocities for various periods,
the site effect for a given parameter is likely to be approzimately constant, regardless of
magnitude and distance.

Whereas for peak ground motion we would require an attenuation function for each
site condition for each parameter to produce separate maps, all we would need
for each band-limited ground motion parameter is just one attenuation function,
to produce a single map, and a set of correction factors, one for each geological
site condition. (We might prefer maps of more than one parameter in order to
provide a better sense of the shape of a uniform hazard spectrum.)

Inasmuch as the band-limited parameter site factors would not be dependent
on distance and magnitude, good data at all magnitude and distance ranges is
required only for a basic, reference, site condition. For all other site conditions, a
relatively sparse distribution of data would be sufficient to define the needed site
factor.

5. The limited amount of geologic site condition data available for strong-motion stations
may mean that only a few, very generalized, site conditions can be defined.

Considering the United States as a whole, there must be a very large number and
variety of geologic site conditions. The sites of strong motion recordings may not
represent many of these sites, when considered in detail. Even when generalized
to many fewer “typical” conditions, it may not be possible to assure that strong-
motion site conditions will represent those of the rest of the U.S. Likewise, the
more generalized are the site conditions, the less likely it is that any single site
condition can represent the extremes in the possible site effects. Thus, it may be

36



necessary to provide additonal means, perhaps through special code provisions,
to suggest the possible extremes in hazard for non-typical sites.

Although national hazard maps in the past have represented probabilistic ground
motion on “rock” (really, “firm ground”), the predominant site condition for
available strong motion recordings is moderate-to-deep alluvium. A few rock-
site recordings are available, but the behavior of high frequency ground motion
on these sites is very variable. Thus, the geologic site condition for which the most
accurate attenuation function can be determined is moderate-to-deep alluvium.
Therefore, in order to make the basic map represent a rock site condition, the
alluvium attenuation function will have to be corrected, via the site factor, to
rock.

However, in view of the sparsity of the rock stations and the high variability of
their site effect at high frequencies, this rock site factor is very likely to change
with the recording of new data. Hence, the choice of a rock site map as the basic
map incurs the penalty of making the maps easily outmoded by the determination
of better rock-to-alluvium site factors. A more stable basic map would be one for
the moderate-to-deep alluvium site condition; new data would result in a change
of the site factors rather than of the basic map. Such a choice, however, might be
considered undesirable, for failing to provide continuity with past practice.

6. An tmportant goal is the capacity of the hazard maps to establish the changes in design
spectral shape according to site condition. Such a spectral shape could be defined by
points obtained from several maps, representing the effects at several spectral ordinates,
or a previously-designed shape could be anchored to an ordinate obtained from a single
map.

With moderately good data it should be possible to define uniform hazard spectra
(UHS) over a useful range of frequencies. Practical considerations limit the
detail possible—the need to limit the number of maps and the limited number
of typical site conditions for which the data will permit the definition of site
factors. Hence, it may be impractical to fully characterize site-specific spectral
shape from mapped values. Furthermore, it is sometimes argued that the use of a
uniform hazard spectrum would be undesirable, inasmuch as such a spectrum at a
given probability level does not represent a realistic spectrum for any given single
earthquake. (That is, a UHS is suitable for designs using only a single period,
as with a single-degree-of-freedom system. For modal design, in which ordinates
for several periods are desired, the UHS ordinates may be governed by smaller
magnitude earthquakes for short periods but larger magnitude earthquakes for the
longer periods. Thus the result does not represent a realistic single-earthquake
demand for the structure.)

The advantage of the uniform hazard spectrum is that it represents a multiple
earthquake demand for single degree of freedom structures. The UHS at various
sites will change because of the differing configuration, seismicity rates, and
maximum magnitudes in the vicinity of the sites. Thus, the UHS provides great
precision in the description of the spatial variation of hazard. The question is
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whether the code agencies wish to give up this precision in order to provide more
realistic spectra for design earthquakes.

Thus, alternatively, the probabilistic ground motion maps could be used to provide
values on which to anchor spectra whose shapes have been determined external
to the hazard-map process, possibly by code agencies. For broader applicability,
the spectral shape to be applied could be designed to be a function of the level
of the anchoring probabilistic ground motion. The same strong-motion data to
be used for the development of attenuation functions may give useful guidance
for real earthquake spectral shapes for specific site conditions, magnitudes, and
distances.

It is important to get this spectral shape “right,” and it is not clear how an
acceptable shape is to be defined. For conservatism one might choose to use a
spectrum which envelopes those considered most relevant. However, the resulting
spectrum will not only have a different exceedance probability at each frequency,
but also may not correspond to a realistic single earthquake.

Although it is common to anchor spectral shapes to peak accelerations, more
control over the design shape may be possible if the spectra were anchored to
the value at one or more response periods. This would avoid a problem arising
from the increase in peak acceleration expected in the eastern United States due
to the increased amount of high-frequency energy in the recorded ground motion

(“higher fimaz”)-

7. Although one of the most damaging effects due to site condition 1s “tuning” between
the resonance period of the soil column and the natural period of structures at the site,
mapping of this hazard depends upon knowledge of existing building periods and site
conditions in urban areas. It may not yet be feasible to map the existence of this
hazard.

Although this effect may be rare in terms of susceptible area and number of
buildings involved, the effects are so catastrophic and the life loss so high that
it is desirable to make a concerted effort to mitigate this hazard. Examples are
the 1967 Caracas earthquake and the 1985 Mexico City earthquake. The methods
sketched above provide information which can be used to assist in site specific
planning for new buildings, for which resonance can be avoided.

However, for existing buildings it is not clear how this effect can be taken into
account on hazard maps, without knowledge of the periods of existing buildings
and the detailed knowledge of urban site conditions. It may be possible to produce
auxiliary regional maps on which are indicated site conditions which could produce
resonance over certain period bands, for certain types of structures which are
known to exist, but a proper geologic inventory may not be available for this
next generation of hazard maps. Concern for hazard to existing buildings may go
beyond the intention of the codes for which the hazard maps are intended. Also,
concern for local areas of hazard may be the proper responsibility of local agencies
rather than those agencies which produce national codes.
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DETERMINATION OF THE ENGINEERING CHARACTERISTICS OF EARTHQUAKE GROUND MOTIONS

H. Bolton Seed
University of California
Berkeley, California

Determination of the engineering characteristics of earthquake ground motions is a
complex task since they depend on so many factors including:

The magnitudes of earthquakes which may occur on various seismic sources
The distances of potential seismic sources from any specific location

The local soil conditions at any given location

The travel path }g]eology for seismic waves

The source mechanisms of the earthquakes which may occur

and 6. Directivity effects.

bdFat ol Nl

Not all of these effects are readily quantifiable at the present time but they all influence the
characteristics of the resulting ground motions.

Local soil conditions alone can clearly have a major effect on the characteristics of
earthquake motions. This has been recognized for many years and it has recently been
demonstrated again by the dramatic differences in ground motions which occurred in
different parts of Mexico City in the Mexico earthquake of September 19, 1985. There is
clear evidence that local soil conditions can either amplify or attenuate earthquake ground
motions and can have a major effect on many significant characteristics of earthquake
motions including peak ground accelerations, peak ground velocities, frequency
characteristics of surface motions, and the forms of response spectra for surface motions.

Other factors listed above may also affect the motions. It is well known that the
frequency characteristics of motions in a single geologic formation, rock, are influenced
significantly by the distance of a site from a seismic source and there is good reason to
believe that peak accelerations from slippage during strike-slip faulting is likely to be lower
than those resulting from thrust or reverse faulting.

Because of the unknown or uncertain effects of all of these variables, many of them
must be allowed for by a probabilistic interpretation of available empirical data in addition
to all of the uncertainties in seismic hazard evaluations introduced by the unknown sources
and frequencies of earthquake occurrences. For many purposes, therefore, probabilistic
evaluations are a necessary feature of the development of seismic hazard maps.

Despite the use of this approach, however, the complexity of the problems associated
with making useful earthquake hazard evaluations seems to raise serious doubts about the
extent to which useful information can be presented in large-scale earthquake hazard maps.
To cover all relevant aspects in a meaningful way, even on matters related only to local soil
conditions, would require such a large number of maps that the task would become
prohibitive or even i?it were accomplished, would involve such a large number of maps that
the value of the results would be seriously diminished.
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In view of this it might well be desirable to limit the parameters described in hazard
maps, but to select and present them in such a way that engineers and earth scientists can
use them as a base from which to determine other characteristics of ground motion that
would be useful for engineering design purposes. With this thought 1n mind, useful
pzfxrameters for presentation on future maps might include simply probabilistic assessments
o

1. Peak ground accelerations on rock from local earthquake sources (say closer
than about 50 kms).

Peak ground accelerations on rock from distant earthquake sources (say greater
than 100 kms).

Peak velocities on rock from local earthquake sources (say closer than 50 kms).

Peak velocities on rock from distant earthquake sources (say greater than
100 kms).

bal A

With this information in hand, engineers could then extrapolate the information to develop
useful information (response spectra) for design purposes using available knowledge of site-
specific effects relating rock motions to those for sites underlain by other soil types and with
some allowance for other factors whose effects on ground motions can be clearly identified.

This concept is offered only as a basis for discussion at the present workshop and is
not intended as a firm recommendation on the direction which earthquake motion mapping
should necessarily take in the development of a new generation of maps. That conclusion
can only result from a consideration of all views expressed by all participants in the
proceedings of workshops such as this.
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A NEW GENERATION OF PROBABILISTIC GROUND-MOTION
HAZARD MAPS: SEISMIC SOURCE ZONES REVISITED
by

Paul C. Thenhaus and Russell L. Wheeler
U.S. Geological Survey
Denver, Colorado

Goal and Principles: A primary goal in the reevaluation of national seismic source
zones is to incorporate new understanding of earthquake sources, their recurrence rates and
their maximum magnitudes. However, untested hypotheses about sources and processes
of earthquake generation should be avoided in a map for code-development purposes. Sen-
sitivity studies will illustrate the consequences (in terms of ground motion) of speculative
hypotheses to indicate the range of ground motions resulting from uncertain earthquake
sources and their seismic characterization (e.g., Thenhaus and others, 1987). To accom-
plish the goal of incorporating new understanding, we must examine and assess information
developed in the past ten years by region, especially focusing on new understanding of seis-
mogenic structures. Where data are ample and the seismogenic structures accessible as
in the western United States, advances in understanding have come more frequently than
where data are few and causal structures are obscure or inaccessible as in the East. This
difference between East and West requires different approaches to seismic source zones in
order to best use the available information.

The principles on which the 1982 source zones were based (Thenhaus, 1983) remain
valid for representing the various degrees of certainty with which earthquakes can be as-
sociated with causal structures. These are zoning on: (1) locations of individual faults
or areal extent of faulting where faults are mapped as having geologically young displace-
ments or have a recognized association with seismicity, (2) regional structural style where
seismicity is associated with distinctive structural settings, and (3) regional distribution
of seismicity where causal structures are not known.

Advances and Insights: There have been significant advances in understanding re-
gional tectonics since national seismic source zones were depicted some ten years ago. Some
examples are: (1) recognition of active fold systems neighboring the San Andreas fault, as
demonstrated in the eastern Coast Ranges by the 1983 Coalinga, California, earthquake
(M = 6.7) (Stein and King, 1984) and within the Los Angeles basin by the 1987 Whittier
Narrows earthquake (M = 5.9) (Jones and Hauksson, 1988); (2) revolutionary concepts of
the structural history and structure of the Appalachians derived from deep-crustal reflec-
tion profiling studies (e.g., Cook and others, 1979) and models of terrane accretion (e.g.,
Williams and Hatcher, 1982); (3) recognition of the possibility of a great earthquake on
the shallow plate interface of the Cascadia subduction zone beneath the Pacific Northwest
(Heaton and Kanamori, 1984); (4) reconfirmation of the significance of Holocene faulting
in general by the 1983 Borah Peak, Idaho, earthquake (M, = 7.3) on the Lost River fault,
which had Holocene movement but no historical seismicity prior to 1983 (Crone and others,
1987); (5) recognition of Holocene rupture on the Meers fault in south-central Oklahoma
(Gilbert, 1983).

The concepts of fault segmentation and repeated characteristic-size earthquakes on
individual fault segments are improving our understanding of fault behavior. Some local
geologic features of fault zones are recognized as the long-term structural consequences
of the repeated stopping or starting of large ruptures. Such geologic features are fault-
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rupture barriers and are becoming increasingly important in paleoseismic reconstruction
of a fault’s rupture history. Thus, seismological and geological concepts are merging into
clearer models of the long-term behavior of some fault zones. Along the San Andreas,
Hayward, and San Jacinto faults, the geologic evidence of segmentation combined with
the historical earthquake record and paleoseismological evidence has recently allowed the
calculation of conditional probability estimates for large earthquake occurrence in future
time windows of 5 to 30 years (Working Group on California Earthquake Probabilities,
1988).

New Generation of Source Zone Maps: While the goal and principles of the new
maps will be the same as the 1982 maps (Algermissen and others, 1982; Thenhaus, 1983),
we anticipate improvements in the details of source zone definition. For example, in the
eastern United States, source zones defined on the historical distribution of seismicity will
be distinct from regional background zones defined by geologic structure and geologic his-
tory (Wheeler and Thenhaus, this volume). Separation of the seismological and geological
bases will allow source zone boundaries to be defined more objectively than previously.
Small zones based on the inferred presence of hypothetical active faults will be avoided.

In the West, some large faults (as the Wasatch and San Andreas) were explicitly rep-
resented in the 1982 source zone map and modeled as linear sources for large earthquakes.
This explicit modeling lays the foundation for illustrating the ground-motion consequences
of fault-specific segmentation models. Detailed segmentation models would best be illus-
trated in larger-scale maps, separate from the 1:5 million-scale national map, to properly
illustrate the distribution of higher ground motions near the fault traces. More appropri-
ate for the national scale might be random rupture models along the faults using average
recurrence intervals for large earthquakes as determined from recent paleoseismic investi-
gations, but constraining the ruptures to lengths appropriate for the segmentation model.
Aggregated seismic rates are more robust than rates associated with individual segments.

Ground-motion consequences of time-dependent models of earthquake occurrence will
also be investigated. The Working Group on California Earthquake Probabilities (1988)
calculated time-dependent conditional probabilities for large earthquake occurrence on the
Hayward, San Jacinto, and San Andreas faults at future time intervals between 5 to 30
years. Additional calculations will be necessary to establish the conditional probabilities for
the next 50-year period for comparison to the national hazard map. The main point is that
our approach to individual fault models will be to illustrate the consequences of different
models, ranging from the robust to the more speculative or still poorly constrained.

We have refined the geological bases of regional source zones in the Great Basin
province (Thenhaus and Barnhard, 1988; submitted). While knowledge continues to grow
regarding the ages and locations of Quaternary faulting events in the province, boundaries
to regional source zones have been defined largely on subjective bases in lieu of a regional
tectonic framework for young faulting. Three transverse structural zones that cross the
province segment and terminate generally north-trending belts of Quaternary faulting.
These transverse zones appear to be fundamental elements in the regional tectonic frame-
work of young faulting throughout the province. One important insight is the identification
of the Sonoma Range Seismic Gap north of the 1915 Pleasant Valley surface ruptures in
west-central Nevada (Thenhaus and Barnhard, 1988). Future earthquake rupture on the
Sonoma Range fault would complete a belt of historic faulting along the northern half of
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the Central Nevada Seismic Zone.

Elsewhere in the western U.S. we anticipate generally minor alterations to most source
zones after taking into account new information. However, one significant change will be a
redefinition of zones in the northern Basin and Range province, north of the Snake River
Plain in Idaho, using paleoseismological data and structural models developed following
the 1983 Borah Peak earthquake.

In-house improvements in data handling and modeling will benefit the accuracy of seis-
motectonic models and the representation of location uncertainty in source zone boundaries
(Bender and Perkins, 1987; Bender, 1986). The acquisition and development of digital fault
data bases for California, Nevada and Utah will increase the accuracy of modeled fault
locations and will particularly benefit the production of larger-scale maps. The ability
to model dipping, planar ruptures in the updated computer code (Bender and Perkins,
1987) will improve the modeling of the Juan de Fuca-North American plate interface in
the Cascadia subduction zone of the Pacific Northwest.
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SOURCE ZONES AND EARTHQUAKE RATES IN THE EAST

by
Russell L. Wheeler and Paul C. Thenhaus
U.S5. Geological Survey
Denver, Colorado

Introduction

East of the Rocky Mountains seismicity is sparse and most active faults
are not exposed at the surface. Accordingly, relations between seismicity and
geology are more ambiguous in the East than in the West. This fundamental
difference between the regions has caused two problems in defining eastern
source zones for earlier hazard assessments.

First, in general it has been difficult to combine geology and seismicity
in the East to define source zones in a clear, logical way. The few
exceptions to this difficulty are zones with abundant seismicity that has
clear spatial associations with particular groups of faults, as is the case at
the Reelfoot and St. Lawrence rifts and the Charlevoix impact structure.

Second, source zonation has depended on changable hypotheses about the
geological causes of eastern seismicity. If source zones change, the ground-
motion maps based on them also change (e.g., Thenhaus and others, 1987). But
hypotheses rise and fall, so it is not always clear at the time whether a
change is an improvement or an error. Examples of changing hypotheses are the
controversies over the Ramapo fault (contrast Aggarwal and Sykes, 1978, with
Ratcliffe, 1981, 1982) and the Atlantic Coast stress province (contrast Zoback
and Zoback, 1980, with Zoback and others, 1985).

We propose to attack both problems in the East as we update the source
zones from the 1982 probabilistic maps of Algermissen and others (1982). (For
our proposed treatment of western source zones, see Thenhaus and Wheeler, this
volume.) We will treat eastern geology and eastern seismicity separately. We
propose to define two kinds of source zones--geologic source zones based on
geologic and geophysical information and seismicity source zones based on
spatial concentrations of earthquakes.

Geologic Source Zones

Most large intraplate earthquakes are conjectured to nucleate in the
lower part of the brittle upper crust (e.g., Scholz, 1988). We propose to use
regional geologic structure of the brittle upper crust to define a few
(perhaps 5-10) large geologic source zones that we conjecture to produce
infrequent, scattered earthquakes that usually are hard to associate with any
previously-recognized fault. We will distinguish these geologic source zones
by their tectonic styles and histories, their crustal ages and thicknesses,
and related geological and geophysical properties. We assume that these
regional differences in tectonic and crustal properties determine most
regional differences in seismic activity rates and maximum magnitudes.

For example, recent geological and geophysical results allow the
Appalachians and eastern seaboard to be divided into two long, parallel,
geologic source zones. The two zones lie between ancient North American
continental crust on the northwest and young Atlantic oceanic crust on the
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southeast. The northwestern zone is the realm of abundant normal faults that
formed as the Atlantic's predecessor ocean (Iapetus) first opened 734-570
million years ago. These faults are at seismogenic depths, masked by
overlying Appalachian thrust sheets. In southwestern Virginia and eastern
Tennessee such faults appear to be undergoing seismic reactivation in the
modern compressional stress field. In contrast, the southeastern zone
comprises diverse crust complexly deformed by Iapetan extension, Appalachian
compression and metamorphism, and Mesozoic extension. The northwestern and
southeastern zones have different kinds of faults with different strengths and
geometries, so seismic reactivation of the faults is also likely to differ in
frequency and earthquake magnitude between the zones.

The geologic source zones will differ from the background source zones
that are common in probabilistic hazard analyses. Often background zones are
made up of areas that are left over after other source zones are defined,
whereas our geologic source zones will be defined independently of other kinds
of zones. The geologic source zones include the tectonic and background types
of source zones of Johnston (1987). Because eastern seismicity is sparse,
estimation of the seismicity rates and maximum magnitudes of geologic source
zones will be aided by analogies to geologically similar areas world-wide
(Coppersmith and others, 1987a, b).

Seismicity Source Zones
and Seismogenic Source Zones

Within the large geologic source zones concentrations of historical
seismicity will be used to identify localized areas of comparatively more
frequent earthquakes. We call these areas seismicity source zones (seismicity
zones of Thenhaus, 1986; seismic source zones of Johnston, 1987). A
seismicity source zone will have the same maximum magnitude as the surrounding
geologic source zone but will have a greater area-normalized rate of
seismicity. The purpose of the seismicity zones is to preserve the influence
of historical earthquake concentrations on the ground-motion hazard maps
(e.g., Thenhaus and others, 1987).

A few seismicity concentrations correspond to known geologic structures,
such as the Reelfoot and St. Lawrence rifts, so we could represent these
concentrations as source zones with fuzzy boundaries (Bender, 1986). These
few source zones would be based on both geology and seismicity. We call them
seismogenic source zones (Thenhaus, 1986; seismotectonic source zones of
Johnston, 1987).

Subjectivity and Uncertainty

Seismicity of a concentration can be smoothed geographically and by
magnitude to represent uncertainty about seismogenic processes and about
locations of future related seismicity (Perkins and Algermissen, 1987).
Geographic smoothing and magnitude smoothing will involve some subjective
choices. However, because geology and seismicity will be treated separately
for most source zones, each choice and its supporting arguments can be
described separately, and the consequences of each choice and its alternatives
can be expressed quantitatively (e.g., Perkins and Algermissen, 1987). The
result will be a clear characterization of the subjectivity and its effects.
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The uncertain relations between eastern geology and eastern seismicity
produce uncertainty in the estimated hazard (Bernreuter and others, 1985; Risk
Engineering, Inc., and others, 1986; Thenhaus and others, 1987; Algermissen,
this volume). Simply put, uncertainty about the geologic causes of most
eastern seismicity is too large for us to draw small eastern source zones with
much confidence, except in unusually active areas like the upper Mississippi
embayment and part of the St. Lawrence River valley. Where present
understanding cannot choose between competing seismotectonic models we will
illustrate the hazard that results from each model. Hazard assessments for
different purposes might require different characterizations of the hazard
(Algermissen, this volume). For example, applications such as building codes
for non-critical structures might require the model that produces the best
estimate of the hazard, whereas applications such as emergency planning might
require the model that produces the highest reasonable hazard.

Conclusions

Our proposed separation of eastern geology and eastern seismicity into
different kinds of source zones will provide three advantages.

(1) We will define eastern source zones with an approach tailored for
the East. We will use an approach derived from the geological and
seismological characteristics of the East, but compatible with the western
approach that combines geology and seismicity to define source zones.

(2) We will define eastern source zones clearly and logically by
explicitly separating geology and seismicity.

(3) We expect that our source zones will change less with time than have
previous sets of eastern source zones. The large eastern geologic source
zones will be unlikely to change much as hypotheses come and go because the
zones will be based on widely accepted regional geologic characteristics.
Similarly, the seismicity source zones will not change much with changing
hypotheses because the concentrations are based on observations, not
inferences.
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LONG RANGE EARTHQUAKE PROBABILITIES AND INSURANCE INDUSTRY NEEDS

by
Paul C. Thenhaus and S. T. Algermissen
U.S. Geological Survey
Denver, Colorado

The probability of a large earthquake affecting a major metropolitan area of western
California in the next 30 years is high. The Working Group on California Earthquake
Probabilities (1988) estimates a 0.6 probability of a major earthquake in the next 30 years
along the southern San Andreas fault, east of Los Angeles. In that same time period, the
San Francisco Bay area has a 0.5 probability of experiencing a major earthquake. Such
earthquake forecasts derive from new approaches to the questions of where and when will
large earthquakes strike.

The basic concept of earthquake recurrence is one of cyclic stress accumulation and
release along faults. Long faults as the San Andreas in western California do not rupture
their entire length in large earthquakes but rather, rupture in discrete segments of varying
length depending, in general, on the magnitude of the earthquake. Accumulation of stresses
along faults in coastal and western California result from differential movement between
the Pacific and North American plates that occurs at a rate of centimeters per year and
has persisted over a geologic time scale of millions of years. Ground displacements across
fault segments in large earthquakes is on the order of meters. In general then, recurrences
of large earthquakes along individual segments of faults is on the order of 100 to several
hundred years. By the same reasoning, the expected repeat time of the segment-rupturing
earthquake can be calculated if both the long-term average annual rate of slip on a fault
segment and the amount of slip in the last segment-rupturing earthquake are known. As
time since the last earthquake increases, so too does the probabililty of occurrence of
the next earthquake. Thereby, calculation of probabilities of large-earthquake occurrence
during future time frames is possible.

In response to a National Earthquake Prediction Evaluation Council recommendation
that the probability of occurrence of large (M > 7.0) earthquakes in California be eval-
uated, the USGS established the Working Group on California Earthquake Probabilities.
The results of their initial evaluations and deliberations were recently released as USGS
Open-File Report 88-398. Figures 1a-b are from that report and summarize the conditional
probabilities for large earthquake occurrence between the years 1988-2018 developed for
fault segments of the San Andreas, San Jacinto and Hayward faults of western California.
The “conditional” aspect of these probabilities is that the large earthquake has not yet
occurred within the thirty year time window. Immediately following an earthquake on
a given segment, the associated conditional probability drops to zero, then increases as
a function of time. Total probabilities for three regions of western California, developed
by aggregating p:obabilities for individual segments, are summarized in Table 1 for time
periods of 5 through 30 years. The probability of a large earthquake anywhere along the
entire length of a fault is higher than the probability for any of the fault’s constituent seg-
ments for a given time period of interest. Notably, the probabilities for all three areas are
significant with so::hern California having the highest probability of experiencing a large
earthquake along tihe southern San Andreas fault. Moreover, the regional probability esti-
mates should be considered minimum values because only those faults having sufficiently
developed geological data for recurrence estimation are evaluated. Other faults not having
sufficient data for time-dependent probability calculations are not addressed although they
too contribute fractionally to the total probability of the given regions experiencing a large
earthquake in the given time frames.

Other regions of western California, not in close proximity to the large strike-slip faults
discussed above, are subject to major earthquakes from faults cr fault systems that are
presently only poorly understood and the geographic locations of which are imperfectly
known. West of the San Andreas fault, the Transverse RRanges typifies such a region. Some
major mapped faults in this region have estimated upper-bound earthquakes of M = 7.0
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(Morton and Yerkes, 1987). Other faults in this complex region are not mappable at the
surface but still have seismic potential as illustrated by the Whittier Narrows earthquake
of October 1, 1987 (M; = 5.9) (see Earthquake Spectra). Faults in this region are of an
oblique-thrust-type origin and are not as easily studied as the primary strike-slip faults
of the San Andreas system. Nonetheless, their contribution to the long-term (i.e., 30
years) earthquake potential is considerable although not easily quantified in terms of time-
dependent probabilities with presently available data.

These time-dependent probabilities for large earthquake occurrence along major faults
in western California invite a probabilistic framework to discuss and assess the insurance
industry nceds for dollar-value estimates of Maximum Probable Loss, Average Annual
Loss, and Catastrophe Potential. Certain insurance industry definitions, such as Maxi-
mum Probable Loss, appear in need of a time-frame reference to be meaningfully used in
conjunction with long-range earthquake forecasts..

Ideally, insurance industry needs and definitions would seemingly best be formulated in
terms of probabilistic ground motion, or ground motion spectra hazard estimates (see Al-
germissen, this volume, for a discussion of procedures used in establishing these estimates).
Such criteria have become the standard reference for the engineering community in the
earthquake resistant design of structures. Procedures for incorporating time-dependent
earthquake recurrences and for accounting for uncertainty in fault location and maximum
magnitudes are easily accommodated by a probabilistic ground-motion mapping proce-
dure. Moreover, such definitions would be in accord with modern engineering criteria for
earthquake resistant design of the structures that the insurance industry covers through
policies. The apparent benefit would be a clearer correspondence between building design
and insurance premium. Other geotechnical aspects of the seismic hazard problem such
as landsliding and liquefaction are also important and should be factored into the overall
estimate of the earthquake risk.
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TABLE 1.-Probability of one or more large earthquakes on faults of the San Andreas
fault system.

Geographic Region Expected  Probability fcr Intervals
or Fault Magnitude Beginning 1,/1/88
Syr 10yr 20yr 30yr
San Francisco Bay Area 7 0.1 0.2 0.3 0.5
' Southern San Andreas Fault 71/2-8 0.1 0.2 0.4 0.6
San Jacinto Fault 61/~7 0.1 0.2 0.3 0.5
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Figure 1.—Condit.ional probability for the occurrence of major earthquakes along the
San Andreas fault (Figure 1a) and Hayward, San Jacinto, and Imperial faults (Figure 1b)
in the 30-year interval from 1988 1o 2(18.
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COMMENTS ON INPUT INTERPRETATIONS FOR PROBABILISTIC SEISMIC HAZARD
by

J. Carl Stepp
Electric Power Research Institute
P§194§1591‘Ca11f0rnia

The purpose of a proB;BFY?ggic seismic hazard (PSH) analysis is to provide a
documented basis for informed decision making about seismic safety. Accepted
safety is usually achieved by satisfying code seismic design requirements that
are based on PSH mapping. Mean centered estimates of PSH have usually been
used; however, knowledge of the variability on hazard can have a major
influence on decisions regarding cost-effective, safe seismic design
requirements. Thus, quantification of uncertainty is an important component
of complete PSH mapping.

Variability in PSH derives from two sources: the randomness in earthquake
process inherent in any modeling approach, and uncertainty about appropriate
models, particularly, model inputs (McGuire, Stepp and Toro, 1986; Toro,
McGuire and Stepp, 1989). Depending on application, the appropriate
seismicity model may be selected with a reasonable degree of certainty
(Cornell and Winterstein, 1986). Given our current state of knowledge,
however, input interpretations (seismic sources, source seismicity parameters,
source maximum magnitude, appropriate lower-bound magnitude for hazard
computation, seismic wave attenuation and the effects of local site geology on
gﬁbund motion) remain highly uncertain. A goal of the proposed new generation
of seismic hazard maps should be to quantify and incorporate this uncertainty
in a format useful for engineering application.

The uncertainty contributed by a given input parameter depends on how much the
PSH results vary when the parameter 1is varied, and on how uncertain the
parameter is (McGuire, et al, 1989). Recent studies in the eastern United
States have shown that uncertainty in seismic source interpretations is the
greatest contributor to total PSH uncertainty. Uncertainty in seismic wave
attenuation and site response, and selection of lower-bound magnitude for
seismic hazard computation are shown to be lesser, but significant
contributors to total PSH uncertainty. Uncertainty 1in the seijsmicity
parameters (a, b) and uncertainty in maximum magnitude appear to be relatively
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small contributors to total PSH uncertainty (McGuire, et al, 1989). These
results suggest that the planned reevaluation of the national seismic hazard
maps should place strong emphasis on incorporzting new understanding of
earthquake tectonics and available data in an interpretative structure that
captures the current state of scientific uncertainty about earthquake sources.

Uncertainty about earthquake sources has two components; 1) uncertainty about
earthquake causes and processes, and 2) data uncertainty, i.e., inability to
evaluate processes or resolve physical properties of tectonic feature.
(McGuire, et al, 1989). Recent earthquakes near Saguenay, Quebec on November
25, 1988 and Whittier, California on October 1, 1987, continue to remind us
that the process of tectonic strain release in the earth strain release is
poorly understood. Thus, PSH mapping should incorporate recognition that
earthquakes may occur on previously unmapped tectonic structure which have not
shown historic earthquakes.

The Saguenay earthquake was 1in a continental interior tectonic environment
where tectonic strain rates are low and poorly expressed (or not expressed) in
the geologic data. The Whittier earthquake on the other hand, occurred in an
active plate boundary tectonic environment where strain rates are high and
generally expressed in faults that reach the earth's surface. Yet both of
these earthquakes were a surprise in respect to their Tack of association with
previously known tectonic structure or historic seismicity. [ believe these
two examples illustrate the need to provide for alternative source
interpretations based on compilations of the most complete available
geological and geophysical data and using a structured approach which involves
weighted alternative tectonic bases for seismic sources (McGuire, et al,
1989). The interpretation structure should provide for definition of
background sources which capture sources too small to be identified in the
regional scale data, i.e., sources below the resolution of regional data
sets. Geographic data base systems and the availability of geophysical and
geological data 1in digital format now permit the data to be compelled and
displayed on a common scale large enough to be useful for seismic source
interpretations.
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Uncertainty in seismicity modeling can be significantly reduced by selecting
the appropriate models for high strain rate and low strain rate tectonic
regions. Winterstein and Cornell (1986) have shown the conditions urder which
time-dependent models are needed. Other aspects of seismicity modeling are
also important to avoid bias and to guantify uncertainty. Among these are
homogenization of the earthquake catalog with respect to magnitude and
multiple events, proper modeling of catalog incompleteness, and provision of
the flexibility for interpreters to allow variation of seismicity rates within
a seismic source (McGuire, et al, 1989).

The lower-bound magnitude used for seismic hazard computation is a significant
source of uncertainty. The importance of this parameter is greater at low
ground motion levels and high exceedance probabilities. A technical basis for
assessing lower-bound magnitude is given by McCann and Reed (1989a, 1989b).

Recent advances in ground motion characterization (McGuire, Toro and Silva,
1988, Joyner and Boore, 1988) provide the basis to significantly reduce the
uncertainty in PSH due to this input parameter. The band-limited white noise
ground motion model has been shown to effectively correlate with a wide range
of ground motion observations (Silva, 1989). This model, which has been
extended to near source conditions (Joyner and Boore, 1989), is sufficiently
well developed to be adopted for PSH modeling. The model parameters, though
region-independent, are reasonably controlled by existing data (Toro, McGuire
and Silva, 1988; Somerville, et al, 1986; Silva, 1989). With a reasonable
effort, region-dependent ground motion estimation procedures could be
developed for defined rock conditions. Uncertainty due to variability in
anelastic attenuation and to stress parameters can now be reasonably
quantified with existing data.

A reasonable approach would be to define base models for the continental
interior and Western U. S. crustal conditions. These would be rock-based
models and would account for differences in high frequency cut off in these to
differing crustal regions. With a modest effort, the geologic conditions
could be categorized into a