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BUILDING SEISMIC SAFETY COUNCIL

The Bui Idlng Seismic Safety Council (BSSC) I, an independent. voluntary body
that was established unoer the auspice, of the National Institute of Building
Sciences (NIBS) In 1979 as a direct result of nationwide interest In the seismic
safety of bui Idlngs. It has a memoership of 57 organizations representing a
wide variety of bulld'ng community Interests. Its fundamental purpOse Is to
enhance public safety by providing a national forum that fosters Improved seismic
safety provisions for use by the building community In the planning, design.
construction. regulation. and uti lizatlon of buildIngs. To fulfill Its purpOse.
the BSSC:

I. Promotes the development of seismic safety provisions suitable for use
throughout the United States;

2. Recommends. encourages. and promotes the adoption of appropriate· seismic
safety provisions in voluntary standardS and model codes;

3. Assesses progress In the Implementation of such provisions by federal,
state. and local regulatory anO construction agencies;

4. Identifies opportunities for Improving seismic safety regulations and
practices and encourages public and private organizations to effect
such Improvements;

5. Promotes the development of training and educatIonal courses and mate
rials for use by design professionals. builders•.building regulatory
officials. elected officials. inoustry representatives. other memoers of
the building community. and the publ ic; .

6. Advises government bodies on their programs of research. development,
and implementation; and

7. Periodically reviews and evaluates rese~rch findings. practices. and
experience and makes recommendations for IncorpOration Into seismic
design practices.

The BSSe's area of interest encompasses all building-type structures and Includes
explicit consideration and assessment of the social. technical. administrative.
oolltical. legal. and economic lmolications of Its deliberations and recommenoa
t.ions.

The esse believes that the achievement of Its purpOse Is a concern shared by
all in the public and private sectors; therefore. Its activities are strutured
to provide al I Interested entities (e.g .• government bodies at all levels.
voluntary organizations. business. Inoustry. the design profession. the construc
tion industry. the research community. and the general puol ic) with the opportu
nity to participate. The BSSC also believes that the regional anO local differen
ces In the nature and magnitude of potentially hazarOous earthquake events require
a Flexible approach to seismic safety that al lo~s for consiOeration of the
relative risk. resources. and cacaoil ities of eaCh community.

The ~SSC Is committed to continued technical Improvement of seismic design
prOVIsions. ,assessment of advances in engineering knowleoge and oesign experience.
and evaluatIon of earthquake impacts. It recognizes that appropriate earthquake
hazard red~ctl~n measures a~d initiatives should be aOooteo by existing organiza
tions and Institutions and Incorporated. whenever pOssible. into their legisla
tion. regulations. practices, rules. codes. rei ief procedures. and loan require
ments so that these measures and Initiatives bec?me an integral part of estaol 1
shed activities. not additional Ourdens. The esse Itself assumes no standaros
making and -promulgating role: rather. It advocates ·that stancards-formulation
organizations consioer essc recomnendatlons for Inclusion into their documents and
stanoards.
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Non CE : Any op 1n1 ons, find i ngs • conc 1us ions, or reconvnendat ions ex
pressed in this publication do not necessarily reflect the views of the
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any of its employees make any warranty, expressed or impl ied. nor assumes
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PREFACE

Th i s vo Iume of se Iected read ings is intended to accompany the vo Iume
Societal Implications: A Community Handbook, one of a series of publi
cations prepared by the Bui lding Seismic Safety Counci I (BSSC) under
contract to the Federal Emergency Management Agency (FEMA). The objec
tive of the handbook is simply to provide between two covers a synthesis
of what is known about the most sign if icant soc ieta limp I icat ions of
adopting new or improved seismic regulations for new buildings in those
commun ities across the Iand that are cons ider i ng .such a step. Th is
accompanying volume of selected readings provides a sampl ing of more
detailed information.

The handbook is a companion publication to the NEHRP (National Earthquake
Hazards Reduction Program) Recommended Provisions for the Development
of Seismic Regulations for New Buildings. Both are intended for volun
tary use by interested parties in the nonfederal sector. Comments and
suggest ions for improvement of the handbook are earnest I y so I icited.
Similar publications are scheduled for completion in the next several
months.

FEMA is grateful to the BSSC Board of Direction and its Executive Direc
tor, to the BSSC committee members and consultants who prepared the
handbook and assembled the selected readings, and to the many other
volunteers whose contributions to and participation in the BSSC study
have enriched the content of these publications. Similar acknowledgment
is due the U.S. Geological Survey for the geotechnical information and
the National Bureau of Standards for the structural engineering and
cost information contained in the handbook as well as for their support
at the four BSSC meetings with building process participants (in Charles
ton, South Carolina; Memphis, Tennessee; St. Louis, Missouri; and Seat
tle, Washington) during which many useful insights were obtained.

Federal Emergency Management Agency
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FOREWORD

This volume of selected readings and the handbook it accompanies have
been developed to provide participants in the building process at the
Ioca1. state. and reg iona I 1eve1s with the informat ion they need to
adequately address the potential effects on their communities of using
new or improved seismic safety design provisions in the development of
regulations for new buildings. It represents one product of an ongoing
program conducted by the Building Seismic Safety Council (BSSC) for the
Federal Emergency Management Agency (FEMA). A brief description of
th is program is presented be 1ow so that readers of the handbook and
these selected readings can approach their use with a fuller understand
ing of their purpose and limitations.

BSSC PROGRAM ON IMPROVED SEISMIC SAFETY PROVISIONS

The BSSC was established in 1979 as an independent, voluntary body with
a membership of 57 organizations representing the full spectrum of build
ing community interests. Its fundamental purpose is to enhance public
safety by providing a national forum that fosters improved seismic safety
provisions for use by the building community in the planning, design,
construction. regulation, and uti 1ization of bui ldings. The BSSC Program
on Improved Seismic Safety Provisions is structured to assist FEMA in
achieving national seismic safety goals.

Phases I and I I

Phases I and II of the BSSC program have focused on new construction.
During these phases Tentative Provisions for the Development of Seismic
Regulations for Bui ldings, originally developed by the Appl ied Technology
Council (ATC), were reviewed and revised (in cooperation with the Nation
al Bureau of Standards). To assess the economic impact, usability. and
technical validity of the amended provisions, 17 design firms in 9 major
cities,l where the seismic risk varies from high to low, wer~ retained
to prepare trial designs of the structural systems of various types of
buildings. The trial design effort included 46 buildings and each was
designed twice--once according to the amended ATC document and once
according to the prevailing local code for the particular location of
the design.

The amended ATC document was further revised in light of the results of
these trial designs and in late 1984 was submitted by the BSSC for ballot

lCharleston, South Carolina; Chicago, Illinois; Ft. Worth. Te~as;
Los Angeles, California; Memphis, Tennessee; New York, New York; Phoenix,
Ar.izona; St. Louis. Missouri; and Seattle, Washington.
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to its members (see inside back cover) as The NEHRP (National Earthquake
Hazards Reduction Program) Recommended Provisions for the Development of
Seismic Regulations for New Buildings.

Phase III

During Phase III of the BSSC program. modifications are being made as
a result of this first ballot. The document that results. NEHRP Recom~

mended Provisions--1984. wil I reflect the consensus approval of virtually
all segments of the building community and its publication is expected
in late 1985. Since the NEHRP Recommended Provisions document is to
present the most up-to-date data and technology in the context of a ra
tional. nationally appl icable approach to seismic safety design, its
continuous revision and the issuance of subsequent editions are to be
expected.

The BSSC also has examined the societal implications that could be ex
pected as a consequence of utilizing the NEHRP Recommended Provisions
as a source document in the development of local regulations. especially
in commun ities east of the Rocky Mounta ins that have, to date. been
largely unconcerned about the seismic safety aspects of building design.
The handbook and this accompanying volume of selected readings present
th~ results of that study.

Related Efforts

In related efforts the esse is eXam1nlng the 1ikely impact of the NEHRP
Recommended Provis ions on bu i 1ding regu 1atory pract ices and is deve Iop i ng
materials and plans for encouraging maximum use of the NEHRP Recommended
Provisions. In a joint venture with the Applied Technology Council and
the Earthquake Engineering Research Institute. the esse is also examining
the issues involved in improving the seismic safety of existing buildings
and critical facil ities. Information on these subjects will be published
separately.

SCOPE OF THE HANDBOOK

The potential societal impacts of using new or improved seismic safety
design provisions in developing regulations for new buildings are var
ied and difficult to quantify definitively. Nevertheless. after meeting
with bui lding process participants and seismic safety experts and pool ing
the expertise of its members. the esse Committee on Societal Implications
has identified a number of potential impacts that require community
consideration. The emphasis is on new buildings. and existing facilities
are discussed only to the extent that seismic safety provisions for new
buildings affect them.
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DEVELOPMENT OF THE HANDBOOK

To develop the needed information. the BSSC Societal Implications Com
mittee attempted to identify the many principal concerns. issues. and
problems connected with utilization of the NEHRP Recommended Provisions
by meeting with building process participants in four selected areas:

• Charleston. South Carolina
• Memphis. Tennes~ee

• Seattle. Washington
€it St. Louis. Missouri

Charleston and Seattle already enforce seismic safety provisions for
new buildings while Memphis and St. Louis do not. Although these four
communities have somewhat different physical. social. and economic char
acteristics and different degrees of seismic risk. they are representa
tive of a broad range of seismic conditions and urban characteristics
that exist in the United States.

The committee supplemented the information it gathered in the four com
mun ities with informat ion from the 1iterature and with the expert i se
and experience of its individual members so that it could present the
users of the handbook with relatively authoritative. if not completely
comprehensive. guidance.

CONTENT OF THE HANDBOOK AND THESE SELECTED READINGS

In the chapters included in the handbook:

• The potential impacts identified by the committee are described.

e Information sources and data bases that may be able to provide
commun ities with genera 1 as we 11 as spec ifie informat ion and
guidance are listed.

• General terms related to earthquakes are defined and the modified
Mercalli intensity (MMI) scale and the Richter magnitude scale
are described.

In this accompanying volume of selected readings. the committee has
assembled a series of papers that address various aspects of the seismic
safety issue. A number of these papers were prepared specifically for
the BSSC study and several were presented at the BSSC committee meetings
with building process participants. Several other papers were originally
presented at a 1984 FEMA workshop but were not publ ished. One other
paper was suggested for inclusion by a BSSC committee member. Included
are:

• An estimate of the impact of the NEHRP Recommended Provisions
on design and construction costs developed for the BSSC study

"Cost 1mpact of the NEHRP Recommended Prov i s ions on the
Design and Construction of Buildings" by Stephen F. Weber.
National Bureau of 5.tandards •
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• Descriptions of the seismic hazard in various areas of the United
States developed for the BSSC study

"Earthquake at Charleston in 1886" by G. A. Boll inger.
Virginia Polytechnic Institute and State University

"Earthquake Hazards in the Memph is. Tennessee. Area" by
Arch C. Johnston and Susan J. Nava. Tennessee Earthquake
Information Center

"Eva I uat i on of the Earthquake Ground-Shak f ng Hazard for
Earthquake Resistant Design" by Walter W. Hays. U.S. Geol
ogical Survey

"Introduction to Seismological Concepts Related to Earth
quake Hazards in the Pacific Northwest" by Stewart W. Smith.
University of Washington

"Nature of the Earthquake Threat in St. Lou is'" by Otto
W. Nuttli. St. Louis University

• Explanations of seismic safety codes

"Development of Seismic Safety Codes" by Robert M. Dillon.
American Council for Construction Education

"The Purpose and Effects of Earthquake Codes" by Theodore
C. Zsutty. San Jose State University. and Haresh C. Shah.
Stanford University

• Descriptions of current seismic hazard mitigation practices and
programs

"Current Pract ices in Earthquake Preparedness and Mi t ig
ation for Critical Facilities" by James E. Beavers. Martin
Marietta Energy Systems. Inc.

"Management of Earthquake Safety Programs by State and
Local Governments." by Delbert B. Ward. Structural Facili
ties. Inc.

• A description of recent seismic safety pol icy research developed
for the BSSC study

"Summary of Recent Research on Loca I Pub I ic Po I icy and
Seismic Safety Mitigation ll by Claire B. Rubin. George Wash
ington University

• A summary of the BSSC committee meetings with building process
participants in Charleston. Memphis. St. Louis, and Seattle

• A relatively extensive set of references to serve as the basis
for more detailed research



• The I ist of information sources and the glossary of terms that
also appear as Chapters 7 and 8 of the handbook

Although the readings presented herein are far from comprehensive. they
are intended to give the handbook user some idea of the sorts of infor
mation that are available. In addition. the set of references and the
1ist qf informat ion sources.. wh ich are inc 1uded in both the handbook
and the selected readings volume. wi 11 give interested readers some
guidance about what to look for and where to find it when they pursue
topics of special interest.
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REQUEST FOR FEEDBACK

Because every commun ity is un ique in some way. FEMA and the BSSC urge
those us ing the handbook and these accompany ing read ings to prov ide
feedback on their experiences. If the handbook is to serve its purpose
as one means for providing up-to-date. experience-based seismic design
. information. reports from its users are essential.

A "Feedback Sheet" is inc:luded at the back of both the reports to make
the response process eas ier and to permi t users to request add itiona 1
information. Every attempt will be made to integrate what is learned
into future publications and to inform those who respond about the ex
periences of other communities and about subsequent BSSC and FEMA ef
forts.
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COST IMPACT OF THE NEHRP RECOMMENDED PROVISIONS
ON THE

DESIGN AND CONSTRUCTION OF BUILDINGS

STEPHEN F. WEBER

ABSTRACT

Th i s paper provides some informat ion on the approx imate cost impacts
resulting from implementation of the NEHRP (National Earthquake Hazards
Reduction Program) Recommended Provisions (Building Seismic Safety Coun
cil 1984 a) and proposes research to obtain improved estimates of cost
impacts. The information is derived from the 52 case studies of the
Building Seismic Safety Council (BSSC) trial design program conducted in
1983-84 and based on an amended version of the Applied Technology Coun
cil's Tentative Provisions for the Development of Seismic Regulations
for Buildings (ATC Tentative Provisions). The NEHRP Recommended Provi
sions are the result of the revisions and amendments to the ATC Tentative
Provisions that were recommended during the trial design program. For
the 29 trial designs conducted in the 5 cities (Chicago, Ft. Worth,
Memphis, New York, and St. Louis) whose local building codes currently
have no se i smi c desi gn prov is ions, the average projected increase in
tota I bu i Iding construct ion costs was 2. 1 percent. For the 23 tr ia1
des igns conducted in the 4 cit i es (Char I eston , Los Ange I es, Phoen ix,
and Seattle) whose local codes currently do have seismic design provi
sions, the average projected increase in total bui lding construction
costs was o. 9 percent. The average increase in cost for a119 cities
combined was 1.6 percent. Although these case study results cannot be
directly projected to the u.S. bui 1ding population, they do reflect
the order of magnitude of the cost impacts.

INTRODUCTION

Thi s paper prov ides i nformat ion on the approx imate cost impacts resu I t ing
from implementation of the National Earthquake Hazards Reduction Program
NEHRP Recommended Provisions and proposes research to obtain improved
estimates of these cost impacts. The information presented here sum
marizes the results of 52 case studies which compared the costs of con
structing the structural components of a wide variety of buildings de
signed according to two distinct criteria: (1) the prevai I ing local

Dr. Weber is an Economist fOr the Center for Applied Mathematics, Na
tional Bureau of Standards; Gaithersburg, Maryland. He developed this
paper for the BSSC Study of Societal Impl ications and presented this
information at the BSSC meetings in Charleston, Memphis, St. Louis, and
Seattle.
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building code; and (2) a proposed set of improved seismic safety provi
s ions simi Iar to the NEHRP Recommended Provis ions. Some of the case
studies also compared the structural engineering design time required
for the two design criteria. The case studies included multifamily resi
dential, office, industrial. and commercial bui Iding designs in nine
U.S. cities.

The case studies that serve as the primary data source for this paper
are the result of the Building Seismic Safety Council (BSSC) trial design
program that was conducted in 1983-84. This trial design program was
estab I ished to eva Iuate the usab i 1ity , technical val id ity. and cost
impact of the app1icat f on of a somewhat amended vers ion the App lied
Technology Counci I . (ATC) Tentative Provisions for the Development of
Se i sm ic Regu Iat ions for Bu i 1dings. The NEHRP Reconmended Provis ions.
which currently are being balloted by the BSSC membership. include addi
tional amendments made in response to the results of the trial design
program. I It is important to note. therefore. that the trial design
program data on potential cost impacts of seismic design summarized
here are based on the amended Tentative Provisions and not directly on
the NEHRP Recommended Provisions themselves and that .as noted by the
BSSC: "Some bui ldings showing high cost impacts wi 11 be significantly
affected by new amendments to the amended Tentat ive Prov is ions that
should tend to reduce the impact (BSSC. 1984 b)."

Tbe framework for selecting the specific building designs included in
the trial design program is first described. The major factors con
s idered in that se Iect ion framework f nc 1ude bu i 1ding occupancy type.
structural system. number of stories. and the cities for which the de
signs were developed. The types of cost data reported by the partici
pating engineering firms also are described. The cost impact data re
sults of the trial designs then are presented in summary form by building
occupancy type and by city as we I I as in deta i 1 for each of the four
cities visited by the BSSC Committee on Societal Implications (Charles
ton, South Carol ina; Memphis, Tennessee; St.~i Louis, Missouri; and Se
attle, Washington). In presenting the cost data, a distinction will be
made between two separate cases: (1) bui lding communities not currently
using a seismic code of any kind (e.g •• Memphis and St. Louis) and (2)
bui ldi ng communiti es that current Iyare usi ng a seismi c code (e.g ••
Charleston and Seattle). The paper closes with some conclusions regard
ing the cost impact of seismic design and suggestions for further re
search.

DESCRIPTION OF THE TRIAL DESIGN DATA

The construction cost impact of the amended Tentative Provisions gener
ally depends on two major groups of factors: those related to charac
teristics of the building itself and those related to the location in
which the building is to be constructed. The first group includes such

1See Vo Iume 1, Overv iew of Phase I and I I, of the 1984 BSSC report.
BSSC Program on Improved Seismic Safety Provisions. for a full descrip
tion of the trial design effort.
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factors as the planned occupancy of the building, the structural system
used to support the building, the general shape of the building in terms
of number of stories and floor plan, and the total size of the building.
The second group includes such factors as the seismic hazard of the
bu i 1ding site and the degree to wh ich that hazard is ref 1ected in the
current local bui lding code. Because each of these six cost impact
factors can assume several different values, the number of potentially
unique trial designs is very large indeed. A statistically valid experi
menta 1 des ign that wou 1d adequate Iy samp1e from each of these un ique
cases (combinations of cost impact factors) would have required a total
sample size that was well beyond the budget and time available for the
trial design program.

Framework for SelectIng Trial Designs

Because of the necessary limit on the number of trial designs, the case
study approach was used as an alternative to statistical sampling. In
order to make the case studies as representative as possible, a frame
work was developed distributing the trial designs over the broad range
of values for each of the cost impact factors mentioned above. This
overall framework used for selecting the specific building designs in
cluded in the trial design program is best illustrated by referring to
Table 1. Beginning with the left-hand column, there are four types of

.bu i 1di ng occupancy inc 1uded in the framework: res ident ia I, off ice,
industrial, and commercial. As the next four columns show, the struc
tural system was divided into four elements, each of which has a number
of different types: vertical load system, seismic resisting system com
ponents, other vertical components, and floor or roof components.
For example, the vertical load system could use either bearing walls or
a complete vertical load carrying frame~ The method of resisting seismic
forces cou1d emp 1oy such systems as plywood wa 11 s, concrete masonry
walls, brick walls, precast concrete walls. reinforced concrete shear
walls. prestressed moment.frame.· or steel braced frame. The number
of stories varied from single-story to a high-rise building with 40sto
r i es. Between these extremes there were bu i Idings wi th 2, 3. 5. 10,
20. and 30 stories. As indicated in the far right-hand columns. the
trial designs were distributed over nine cities: Los Angeles, Seattle,
Memphis. Phoenix. New York • Chicago, Ft. Worth, Char 1eston ,and
St. Louis. These cities cover the range of seismic hazard levels found
in the United States and they vary in the degree to which seismic pro
visions are contained in their local building code. For example, Los
Angeles is in a very high seismic hazard area while New York City is in
a low hazard area. Similarily, Seattle has adopted the Uniform Building
Code (1979) seismic provisions while the city of Memphis. although ex
posed to considerable seismic hazard, has no seismic provisions in its
building code.

There are a total of 468 possible combinations of the 9 cities with
the 52 building types. Each of these combinations constituted a poten
tial candidate for inclusion in the trial design program. Each candidate
is represented by one of the cells in. the nine co.1umns on the right-hand
side of Tab1e 1. From a 11 these potent ia I cand idates. 46 were sel ected
as the building design/city combinations used in the trial design pro-
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gram. These selected combinations are represented by dots that appear
in the cells of Table 1. For 6 of these 46 bui Idings. alternative de
signs were also developed to provide 6 additional cost impact estimates.
As a result, there are 52 data points for which cost impact estimates
are avai Iab Ie.

For each of the 52 building designs include,d in the trial design program.
a set of building requirements or general specifications was developed
and provided to the responsible design engineering firm. An example of
such building requirements specifications is presented in Table 2.
Within these requirements designers were given latitude to assure that
building design parameters such as bay size were compatible with local
construction practice. The designers were not permitted. however. to
change the basic structural type. For example, they could not change
from a reinforced concrete frame system specified in the building re
qu i rements to a re inforced concrete shear wa I I system. Such changes
were not permitted even if an alternative structural type would have
cost less under the amended Tentative Provisions than the specified
type. This constraint may have prevented the designer from selecting
the most economi ca 1 system for the amended Tentat i ve Provi s ions. and
consequently may have resulted in overestimates of the cost impacts for
some of the trial designs. The 17 design firms involved in the trial
design program and the building designs for which each was responsible
are identified by city in Table 3.

Data R@ported for Trial D@stgns

For each of the trial designs, the engineering firms developed two indi
vidual designs for the structural components of the bui ldings. One
design was based on the prevailing local building code and the other
was based on the amended Tentative Provisions for the city in which the
bu iI ding was to be located. The former wi 1I be referred to as the Locs 1
Code Design and the latter,will be referred to as the Tentative Provi
sions Design. 80th of these designs are described in considerable detail
for each trial design in the engineering reports submitted by the firms
(BSSC, 1984c). It should be noted that only structural components were
inc Iuded in the ana 1ys i s for the 52 tr ia I des i gns summar ized here.
Consequently, the Tentative Provisions Design did not include those re
qu i rements for nonstructLira I elements descr ibed in Chapter 8 of the
amended Tentative Provisions. The engineering reports also include
detailed estimates of the construction costs for the structural compo
nents of each of the two designs (Local Code Design and Tentative Provi
s ions Des ign) • These cost est imates were der i ved us i ng standard. nati on
a I Iy recogn ized cost est imat ing gu ides that take into account 1oca 1
cost factors. The estimates were made on the basis of current construc
tion costs at the time the designs were completed, which ranged from
early 1983 through the middle of 1984. The percentage differences in
these structura 1 cOmPOnent cost estimates for the two designs (i. e. ,
cost of the Tentative Provisions Design minus cost of the Local Code
Design divided by cost of the Local Code Design times 100) provide the
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TABLE 2 Typical Building Reguirementsa _

e Plan Form - as per that shown for each building type

e Number of Stories - 20

e Clear Structural Height - 11 feet except that: (a) the first story
shall have a 20 - foot clear structural height, and (b)~the clear
structural height does not apply along the perimeter

@ Plan Story Area - 7.500 to 25.000 sq ft

@ Plan Aspect Ratio - 1:1 to 2:1

~ Bay Size - 20 foot minimum dimension; 600 sq ft mInImum area (mini
mum bay size does not apply to perimeter column spacing)

@ Roof - nominally flat but with a 1/4 in 12 slope for drainage

o Window Areas - 30 to 40 percent of exterior wal I areas

e Core Size - proportional to the building height

~ Core Walls and Floors - include openings for doorways, stairs. and
elevators; core wall may be structural

Foundation Conditions - selected as representative of those that
could be anticipated in the local. consistent for all designs. and
included in design presentations

o Vertical Load Systems - complete vertical load-carrying frames

8 Seismic Resisting Systems Components - dual systemQ - steel moment
frame (Special) and braced frame

@ Other Vertical Components - steel framing

(t Floor and Roof Components - stee I beams and re inforced concrete
slabs

Similarity should be maintained in paired studies. such as local
requirements for live loads and assumed dead loads

Other - not applicable

£Requirements vary with building type.
QAs defined in Chapter 2 amended Tentative Provisions.
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TABLE 3 Design Firms and Types of Building Designs
CitY/Design firm Type of Building/No.

Seattle

Abam Engineers, Inc.

Bruce C. Olsen

Skilling, Ward, Rogers,
Barkshire

Los Angeles

S. B. Barnes & Associates

Johnson & Nielsen

Wheeler & Gray

Phoenix

Magadini-Alagia Associates

Read, Jones,
Christoffersen Inc.

o IO-Story Steel Frame with RC Shear
Wall (0) 15-,.24

o 3-Story Wood with Plywood Wa II s
(R)/S-l

o I-Story Long Spa Steel, 30' Clear
He i ght-MF and Braced Frames
(1)/5-40

o 20-Story Steel Frame-:-Dual Special
&Braced Frames {O)S-3D

o 3-Story Wood with Plywood Walls
(R)LA-,.1

o I-Story Wood Frame with Precast
Concrete Tilt-Up Walls (ll1LA-37

o I-Story Steelw'ith Moment and
Braced Frames (I)LA-39

o 2-Story Steel Frame with RC Block
Walls (C)/LA-41

o 20-Story Steel Moment Frame with
Shear Walls (Dual) (O)LA-34

.,.9 12-Story Reinforced Brick Bearing
Wall with RC Slabs (R)LA-5

o 5-Story RC Bearing Wall (R)/P-IO
o 20-Story RC Bearing Wall with

Core Shear Walls (0)P-22
o IO-Story RC Frame (Ordinary)

(O)/P-32

o 3-Story RC Block Bearing Wall
(R)/P-2

oS-Story RC Block Bearing Wall
(R)/P-3

o I-Story Steel Frame with RC Block
Shear Walls (I)/P-35
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TABLE 3 Continued
City/Design Firm

Allen 8. Hoshall. Inc.

Ellers. Oakley. Chester
8. Rike, Inc.

Ft. Worth, Texas

Datum-Moore Partnership

St. Louis

Theiss Engineering

Chicago

Alfred Benesche 8. Co.

Klein 8. Hoffman

1-8

Type of Building/No.

o 5-Story Bearing Wall (R)M-8
o I-Story Steel Frame with RC Ti It-Up

Exterior Shear Walls (1)/M-38
o 2-Story Steel Frame with

Non-Bearing RC Block Wal Is (C)M-42

o 2a-Story Steel Moment and Braced
Frame with RC Floors (R)/M-14

o 1a-Story RC Moment Frame
(Perimeter) (R)/M-18

o 10-Story Stee I Moment Frame
(Special) with RC Slabs (0)/M-27

o 5-Story RC Block Walls with Pre
stressed Slabs (R)/FW-3

o 1a-Story RC Frame with RC Shear
Walls (R)FW-15

o 5-Story Steel Moment Frame
(0)FW-27A

o IO-Story Clay Brick Bearing Wall
(R)/SL-5A

o 20-Story RC Frame with RC Shear
Wa lIs (R)SL-I 6

o 5-Story Stee 1 Frame with Braced
Framed at Core (0)/SL-26A

o 3-Story Brick and RC Block Bearing
Wa 115 with PI ywood Floor 8. Roof
Diaphragms (R)/C-2A

o 20-Story RC Frame with RC Shear
Wall s (R) /C-16

o 12-Story RC Bearing Wal I (R)/C-9
o Parametric StUdy of Steel Moment

and/or Braced Frames (0) C-26,
C-27, &C-30

o I-Story Precase RC Bear ing Wa 11 s
with PC Double Tee Roof (I)/C-36A



TABLE 3 Continued
City/Design Firm

Klein & Hoffman

New York City

Weidlinger Associates

Robertson and Fowler

Charleston. S.C.

Enright Associates

R = Residential
o =Office
I = Industrial
C = Commercial

Type of Building/No.

o 12-Story RC Bearing Wall (R)/C-9
o Parametr ic Study of Stee I Moment

and/or Braced Frames (0) /C-26,
C-27, & C-30

o I-Story Precast RC Bear i ng Wa 11 s
with PC Double Tee Roof (1)/C-36A

o 12-Story Brick Bearing Wall
(R)/NY-5

o 30~Story RC Moment Frame and Non
Bearing Shear' Wall (Dual) (R)/NY
20A

o 1a-Story RC Moment Frame (0) /NY-32

o 20-Story RC Bearing Wall (0)/NY-22
o 5-Story Steel Moment Frame (O)/NY

27A
o 30-Story Steel Moment Frame (O)jNY

28A
o 2-Story Steel Frame with RC Block

Walls (I)/NY-41A

o 5-Story Brick and RC Block Bearing
Walls (R)/CSC-6

o IO-Story Steel Frame with RC Shear
Walls (0)/CSC-24

o I-Story Stee1 Moment and Braced
Frame (1)/CSC-39
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pr imary raw data on wh ich th is paper is based. Because the focus of
this paper is on percentage cost differences rather than absolute esti
mates. the slight changes in construction costs during the study period
can be reasonably ignored.

In addition to the estimates of the construction costs for the structural
components of the two des i gns. the eng ineer ing firms a Iso subm itted
rough estimates of the additional design time that would be required to
use the amended Tentative Provisions. Typically these estimates were
reported as percentage changes in design time required for the structural
components assuming the design engineer was already familiar with the
amended Tentative Provisions. These design time cost percentage change
estimates are also summarized below.

SU~MARY OF COST I "PACTS

This section summarizes the cost impact data reported by the 17 design
engineering firms that participated in the trial design program. The
first subsection provides an overview of the construction cost Impacts
organized first by type of building occUpancy and then by city. In
the overview by city, the data are presented in two groups:. cities not
currently using any seismic provisions in their local buildIng codes
and cities currently using seismic provisions in their codes. The first
subsection also summarizes the design time percentage change estimates
prov ided by the eng Ineer ing firms. The second subsect ion reports the
construction cost Impacts for each individual trial design In the four
cities that were visited by the BSSC Committee on Societal Implications
(Charleston. Memphis. St. Louis, and Seattle).

Overview of Cost Impacts

Tab 1e 4 presents an overv iew of the . construct ion cost impacts by type
of building occupancy. The five classes of buildings were derived from
the orglnal four classes found in the framework for selecting trial
designs by dividing the residential designs into low-rise (five stories
or fewer) and high rise (more than five stories). Because only three of
the office building designs have fewer than ten stories (and those three
have five stories), the office building class Is not divided. Similarly,
all seven of the industrial building designs have just one story and the
three cornmerc Ia 1 designs all have two stories. Theth i rd column in
Table 4 presents the percentage change in construction costs for the
structural components of the building, with the Local Code Design as
the base, as estimated by the BSSC trial design engineering firms. As
can be seen, the average change for the structural costs Is 5.6 percent,
with by far the largest change (11.2 percent) reported for the high-rise
residential designs. This high average for residential buildings is
significantly influenced by the extremely high estimates reported for
four of these building designs: LAIB (17 percent); M14 (16 percent);
M18 (46 percent); and NY20A (20 percent).
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18.11.
30.0%
28.1%
33.71
29.51.

TABLE 4 Percentage Changes in Structural Cost and Total Building
Cost for the Trial Designs by Building Occupancy Type
Bui lding Number of Estimated Change In Projected Change
Occupancy Designs Structural Cost (%)a in Total Cost (%)b

Low-rise 9 3.6 0.7
residential£.

High-rise 12 11.2 3.3
residential£!

Office 21 4.7 1.3

Industrial 7 1.5 0.5

Commercial 3 5.6 b.l

Average Percentage
Change 5.6 1.6

§Percentage change in structural construction cost from the local code
to Amended Tentative Provisions, as estimated by the BSSC trial design
engineering firms, 1983-1984.

Qprojected percentage change in total building construction cost from
the local code to Amended Tentative Provisions, derived from estimated
structura 1 cost changes by usi ng the fo 11 ow i ng McGraw-H i J J ' s. Dodge Con
struction Systems Cost (1984) data on structural cost as a percent of
total building cost:

Low-rise residential
High-rise residental
Office
Industrial
Commercial

£Five or fewer stories.
9More than five stories.
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The fourth column of Table 4 presents the projected percentage change
in total building construction costs for each building occupancy type.
These total cost changes were projected from the structural cost percen
tage. changes by using data on structural cost as a percentage share of
tots I bu i Iding cost for each bu i Iding occupany type. The percentage
shares are based on data from McGraw-Hill's. Dodge Construction System
Costs (1984), which reports the structural percentage share of total
building cost for a large number of typical building designs. The shares
for three of these typical building designs were averaged for each of
the building occupancy types to derive the percentage shares used in
Tables 4 and 5 and reported in the footnotes to the tables. The average
projected change in the total construction cost over all 52 of the trial
designs is 1.6 percent. The high-rise residential bui lding designs
have the highest total building cost impact with 3.3 percent? both be"'"
cause of the four outliers mentioned above and the relatively high struc
tural percentage share used for this type of building (30.0 percent).

Table 5 presents the same type of data as Table 4 but reported for each
city grouped according to whether the city currently has a seismic build
ing code or not. As expected. the average estimated change in the struc
tural cost is considerably higher (more than twice as high) for those
cities with no seismic provisions in their local codes than for those
with seismic provisions: 7.6 percent versus 3.1 percent. A simi lar
relationship holds for the projected change in total bui lding cost:
2. 1 percent for cit i es without se ism i c prov is ions versus 0.9 percent
for those already having some seismic provisions in their local codes.

Table 6 summarizes the estimates made by the engineering firms of the
change in structural design time that is expected to be required once
the firms are familiar with the amended Tentative Provisions. The 52
responses are d i v ided into the four categor ies: neg I ig ib Ie change?
positive but unspecified change, positive specified change, and negative
specified change. The fourth category means that the amended Tentative
Provisions, once adopted and familiar to the design firms. would require
fewer design hours than the current codes do. The first response cate
gory of negligible change was the most common with 28 designs.

Detailed Cost Impacts for Selected Cities

Tables 7 through 10 present the cost impact data for each of the indivi
dual trial designs in the four cities visited by the BSSe Committee on
Societal Implications. The first two cities (presented in Tables 7 and
8), Memphis and St. Louis. are examples of cities with no seismic provi
sions in their current building code even though the amended Tentative
Provisions place them in relatively high seismic hazard zones. The
last two cities (presented in Tables 9 and 10), Charleston and Seattle,
are two examp Ies of cit ies that do have sei smi c provi s ions i.n thei r
local building codes. The point made in reference to Table 6 regarding
greater cost impact for the cities without seismic codes can also be
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TABLE 5 Percentage Changes in Structural Cost and Total Building
Cost for the Tr I a I Des igns, by City and City Group With and Without
Seismic Provisions in Current Local Codes

City
Number Of Estimated Change In

Designs structural Cost (%)a
Project Change in

Total Cost (h) b

Cities Without Seismic Provisions

Average Percentage
Change

Chicago
Fort Worth
Memphis
New York
St. Louis

Charleston
Los Angeles
Phoenix
Seattle

10
3
6
7
3

3
10
6
4

2.5
6.1

18.9
7.3
4.5

7.6

Cities With Seismic Provisions

-2.5
4.2
6.9

=.LJ.

0.7
1.5
5.2
2.1
1.3

2. 1

-0.6
1.3
1.9

-0.3

A~erage Percentage
Change

Overa.1 I Average
Percentage Change

3. 1

5.6

0.9

1.6

18.1%
30.0%
28.1 h
33.7%
29.5%

£Percentage change in structural construction cost from the local code
to the amended Tentative Provisions, as estimated by the BSSC Trial
Design engineering firms, 1983-1984.

Qprojected percentage change in total bui Iding construction cost from
the local code to Amended Tentative Provisions, derived from estimated
structural cost changes by using the fol lowing McGraw-Hi I 1's, Dodge Con
struction Systems Costs (1984) data on structural cost as percent of
total building costs:

Low-Rise Residential
High-Rise Residential
Office
Industrial
Convnercial
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TABLE 6 Possible Effects of the Amended Tentative Provisions on Struc
tural Engineering Design Time as Reported by the Trial Design Firmsa

For these 28 building designs negligible change was reported:

LAI. 51, P2. P3. LAS, 5L5A. C5C6. C9, P10. LAI5. FW15. SL16, LA18,
NY20a, 524. C5C24. SL26A. LA27. FW27A. NY28A, NY32, P35. C36A. LA37.
C5C39, 540. LA41

For these 11 building designs positive but unspecified change was
reported:

C2A. FW3, NY5. C26A. C26. C27. C27A. 530. C30A. C30, NY41A

For these 11 bui ldin designs positive specified change ranging
from 5% to 50% was reported:

MS, M14. C16. M18, P22. NY22, H27, NY27A, P32, H3S. M42

o For these 2 building designs negative specified change of -5% was
reported:

LA29. LA34

§For descriptions of the individual building designs listed here. see
Table 3.
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TABLE 7 Design Description and Percentage Changes in Structural Cost
and Total Building Cost for the. Trial Designs of Memphis
Design Structural Total Building Design Code
Code Stories Cost Change (h)S Cost Change (h)S Description

M8

M14

M18

M27

H38

M42

5

20

10

10

2

25.0

16.0

46.0

11.0

5.4

10.0

4.5

4.8

13.8

3.1

1.8

3.0

Res ident ia I •
reinforced
concrete wa I I
and slab

Residential.
steel frame/
moment frame,
composite floor

Residential.
reinforced
concrete
moment frame,
flat plate

Office. steel
moment frame,
composite floor

Industrial,
til t-up shear
wall t steel
framing

Masonry shear
wall, steel
framing

gSee note on Tables 4 and 5 for definition.
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TABLE 8 Design Description and Percentage Changes in Structural Cost
and Total Building Cost for the Trial Designs of St. Louis
Des ign 5tructura I Tota I Bu i I ding Des ign
Code Stories Cost Change (h)a Cost Change (h)a Description

SL5A

S1l6

SL26A

10

20

5

6.0

3.8

3.6

1.8

1.1

1.0

Res ident i a I ,
masonry walls,
reinforced
concrete slab

Residential,
reinforced
shear wall,
flat plate

Office, steel
braced frame,
composite
floor

~5ee note on Tables 4 and 5 for definition.

TABLE 9 Design Description and Percentage Changes in Structural Cost
and Total Building Cost for the Trial Designs of Charleston,S. C.
Design Structural Total Building Design
Code Stories Cost Change <h)a Cost Change <h)a Description

CSC6

CSC24

CSC39

5

10

-3.5

-4.0

0.0

-0.6

-1.1

0.0

Residential,
masonry walls,
stee I jo i sts

Office, rein
forced concrete
shear wall,
composite floor

Industrial,
steel braced
frame/moment
frame

~5ee note on Tables 4 and 5 for definition.
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TABLE 10
and Total
Design
Code

Design Description and Percentage Changes in Structural Cost·
Building Cost for the Trial Designs of Seattle

Structural Total Building Design
Stories Cost Change (~)a Cost Change (ft)b Description

SI

S24

S30

S40

3

10

20

-1.1

-4.6

1.3

0.0

-0.2

-1.3

0.4

0.0

Res ident ia 1•
wood frame,
plywood wa I Is
& dDiaphragms

Office. rein
forced' concrete
shear wall.
composite floor

Office. dual
steel braced
frame/moment
frame. com
posite floor

Industr ia I •
steel braced
frame/moment frame
(metal building)

§See note on Tables 4 and 5 for definition.
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made here by comparing the average projected change in total building
costs for Memphis (the highest at 5.2 percent) and St. Louis (1.3 per
cent) with the corresponding percentages for Charleston and Seattle (both
negati ve).

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

The resu 1ts of the SSSC tr ia 1 des ign program presented here prov ide
some idea of the approximate cost impacts expected from implementation
of the NEHRP Recommended Provisions. For the 29 trial designs conducted
in the 5 cities (Chicago, Ft. Worth, Memphis, New York. and St. Louis)
whose local building codes currently have no seismic design provisions.
the average projected increase in total building construction costs was
2.1 percent. For the 23 trial designs conducted in the 4 cities (Char
leston. Los Angeles. Phoenix, and Seattle) whose local codes currently
do have seismic design provisions. the average projected increase in
total building construction costs was 0.9 percent. The average increase
in costs for all 9 cities combined was 1.6 percent. Although these case
study results cannot be directly projected to the U.S~ building popula
tion. they do reflect the order of magnitude of the cost impacts of the
NEHRP Recommended Provisions.

l~ spite of the limited sample size of the trial design program. these
data do offer severa 1 avenues for further research. The first i.s an
ana 1ys is of var iance test to see whether the difference in the cost
impact estimates for the cities with and without current seismic provi
sions is statistically significant. Because of the rather large variance
in the cost impact estimates. it may be that the difference between the
two categories (2.1 percent versus 0.9 percent) is not significant. Other
analyses could be conducted to see whether the factors such as building
occupancy type and number of levels have a significant effect on the
cost impact estimates.

Another major effort could be undertaken to normalize the data by con
trolling for the effect of the local seismic hazard and the presence of
seismic provisons in the current code from city to city. If a seismic
design value could be established for the Local Code Design cases that
is comparable (i.e •• on the same numeric scale) to the Seismic Design Co
efficient used in the amended Tentative Provisions cases. then such a
normalization could be accomplished. This would make possible the use
on regress ion ana 1ys i s techn iques to deve lop a stat i st i ca I 1y va 1id method
for estimating seismic design cost impacts for any city.
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CURRENT PRACTICES IN EARTHQUAKE PREPAREDNESS AND MITIGATION
FOR CRITICAL FACILITIES

JAMES E. BEAVERS

In this paper an attempt is made to briefly address the broad issues of
earthquake preparedness and mi t igat ion for cr it ica I fac iIi ties. Cr it ica I
facilities considered herein are divided into two major groups: indus
trial and public.

Critical industrial faci I ities are defined as those faci I ities that.
if damaged by an earthquake occurrence. could result in the release of
substances harmful to the public, employees, or the environment or that
could result in what owners consider as unacceptable financial losses.
Examples of such facilities are nuclear power plants, chemical processing
plants. research and development facilities. and high-technology
manufacturing plants.

Cl='itical publ ic faci I ities are defined as those faci I ities that, if
damaged by an earthquake occurrence. cou Id resu Itin Iarge numbers of
the publ ic experiencing I ife. I ife-support systems. or financial losses.
Examples of such facilities are hospitals. schools. stadiums, fire sta
tions. dams. and bridges.

CURRENT PRACTICES

Practice vs Hazard

Current practice today is actually based on the perception of the earth
quake haZard. All one has to do to recognize this is to compare earth
quake design practice in the State of California to that in the State
of Tennessee for example. In California, the perception is that there
is an earthquake hazard, rightfully so. As a result, there are uniformly
accepted seismic preparedness and mitigating practices, primarily in
the form of accepted seismic design codes. In Tennessee. the perception
is that there is no earthquake hazard, which is wrongfully so. As a
result. not only are there no uniform seismic preparedness and mitigating
practices, they are virtually nonexistent.

Dr. Beavers is Manager. Civil and Architectural Engineering. at Hartin
Marietta Energy Systems, Inc., Oak Ridge, Tennessee. He presented this
paper at the FEHA Earthquake Education Curriculum Workshop held at the
National Emergency Training Center. Emmitsburg, Maryland, June 27-29.
1984.
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Four Level, of Prlctlce

Regardless of the general perception of the earthquake hazard. today's
practice in earthquake preparedness and mitigation for critical
facilities from an engineering point of view can be divided into four
genera I 1eve 1s :

Level I--Complexearthquake hazard evaluation and facility seismic
ana Iys i s and des i gn as is conducted for nuc Iear power p Iants
(U.S. Nuclear Regulatory Commission. 1975).

Leve I I I--Earthquake hazard eva Iuat ion and se i smi c ana Iys is and
design as is conducted for an important chemical plant or. on oc
casion. possibly a hospital (Hanrod et al •• (981).

Level I II--Normal earthquake hazard evaluation and facilities anal
ysis and design procedures as is conducted using the Uniform Build
ing Code (USC) or similar codes (International Conference of Build
ing Officials. 1982; Structural Engineers Association of Cal ifornia.
(975).

Level IV--No earthquake hazard evaluation or facility seismic anal
ysis or design provisions except for the inherent lateral resistance
provided by wind analysis and design requirements.

Level I provides for a thorough evaluation of the earthquake hazard at
the location of interest to the point of simulating the expected ground
motions. The ground motions are then used as input to a rigorous seismic
analysis of the facilities followed by detail design and documentation
procedures. In many cases. Level I is considered as a very conservative
approach to earthquake preparedness and mitigation.

Level II generally represents an adjusted medium between the approach
in Level I and the approach used in Level Ill. The Applied Technology
Council provisions (Applied Technology Council. (978) represent a Level
II approach for buildings. Manrod and co-workers (1981) discuss a Level
I I approach for preparedness and mitigation of existing critical
industrial facilities.

Unfortunately. the preparedness and mitigation actions taken for most
structures bui It in the United States today. many of which may be
considered critical. fall under Level IV.

Except in California and one or two other states. there are virtually
no adopted earthquake hazard evaluation or seismic analysis and design
guidelines or codes in the cities. counties. or municipalities.

Levels of Application vs Critical facilities

All nuclear power plants being constructed today fall under the strict
seismic evaluation. analysis. and design requirements set forth by the
U.S. Nuclear Regulatory Commission identified herein as level I. Other
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simi lar critical faci 1ities, such as plutonium faci 1ities, generally
fall under the same requirements.

Chemical processing facilities, uranium enrichment facilities, and high
technology manufacturing plants usually wi 11 fall into the Level I I I
approach and, in some circumstances, Level II at the discretion of the
owners--be they government or private industry. However, in many cases,
using the minimum requirements of the USC seismic design provision (the
Level III application) may not be adequate for such facilities.

Critical public facilities such as dams and bridges may also fall under
Level II and III seismic provisions depending upon the perceived earth
quake hazard of the builder/owner. Schools. hospitals, fire stations,
and stad iums 'II i 11 fa 11 under the se i smi c prov is ions as descri bed in
either Level I I I or IV. Since the mid-1970s. most hospital designs
fall under the Level I I I procedures. However. hospital s bui It before
the mid-1970s and schools (except California), fire stations. and sta
diums built today may actually fall under Level IV.

All critical facilities, as a minimum. should meet earthquake prepared
ness and mitigation requirements as defined in the USC and, in many
cases. go beyond the requirements of the UBC. However, as a cautionary
note, it must be remembered when using the USC. especially for industrial
faci 1ities. that it is abui lding code and judgment must be used where
tbe code does not directly apply.

Today's Appllcatfon

Although it was stated above that most structures built in the United
States today are not designed to earthquake preparedness and mitigation
provisions (a Level IV approach), nor are such provisions required by
law. a process is occurring in this country where such provision are
being applied more and more each day. This process is happening because
of the educational program occurring within the professional groups
(engineers, architects. scientists, etc.) and the 1iabi 1ity responsibi 1
ities of such professionals. For example, most engineers are now aware
of the need for earthquake hazard preparedness and mitigation practices
in the design of any new facility. Although no local enforcement codes
may require such procedures, architects and engineers are acutely aware
of recent decisions in the courts where following the minimum require
ments of building codes is not justification for not using prudent engi
neering judgment. As a result, many architects and engineers are now
app 1y ing earthquake hazard preparedness and mit igat ion prov is ions in
their facil ity design. For critical faci 1ities, architects and engineers
usually have no trouble convincing the builder/owner of the necessity
for such provisions and the builder/owner is willing to accept the ad
dit iona1 costs. However, for noncrit ical faci lit Ies, it is extreme 1y
difficult for the engineer or architect to convince the builder/owner
of the long-term cost benefit of applying such provisions, and in many
cases, the bui lder/owner wi 11 refuse--creat ing a profess iona I d i Ierrma
for the architect or engineer.
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raDAY'S TECHNOLOGY

Progress

Today's technology can best be described as a "forever changing state of
the art." After each major earthquake. sc i ent i sts and eng ineers seem
to ga in new ins ights as to how earthquake ground-shak ing occurs and
how man-made structures respond. The state of the art has advanced
tremendously during the past 20 years as a result of the 1964 Alaskan
Earthquake. the 1971 San Fernando Earthquake. other large but less nota
ble earthquakes (e.g •• Coalinga 1983). engineers' and scientists' success
at obtaining instrumental recordings of earthquake motions and structural
response. the "national" emphasis placed on understanding the earthquake
phenomena to provide safe nuclear power plants, and the passage of the
Earthquake Hazards Reduction Act of 1977.

The nuclear power ind~stry can be contributed with being the catalyst
that sparked a strong earthquake and earthquake engineering research
program in the mid-1960s that may have peaked as we entered the 1980s.

Although a lot has been learned during the past 20 years, our current
understanding of the earthquake phenomena and how man-made structures
respond to such ~vents still has many shortcomings.

Understand'ng the Problem

We now understand the general phenomena of what causes earthquakes based
on the concept of plate tectonics. This concept applies very well on
the West Coast of the United States. However. understanding the concept
of earthquake occurrences at intra-plate locations like the midwestern
and eastern parts of the United States is extremely lacking. The lack
of understanding can be based on two primary reasons: infrequent
earthquake occurrences and earthquake occurrences at depth with no sur
face faulting. We do know enough about intra-plate earthquakes to know
that the same design and analysis principles that are used on the West
Coast may not be directly applicable in the Midwest and East because of
the infrequency of such events and the attenuation rates.

From a purely engineering point of view. a such high state of technology
exists regarding our ability to analyze complex structures to great
detail. The phenomenal growth of the computer industry has provided us
with this capability. However. our understanding of material properties
and our ab iIi ty to construct structures to such prec i se deta i I is far
behind. In fact. our ability to analyze and design structures to earth
quake ground mot ions far exceeds our ab iIi ty to understand what the
motions might be.
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PRACTICE KEEPING PACE WITH TECHNOLOGY

Lag Time

As engineers and scientists learn more about preparedness and mitigation
of the earthquake hazard and our development of technology. they begin
the process of adopting this new found knowledge to practice. Like any
industry, when trying to put new technology jnto practice, there is a
lag time. However, in the case of nuclear power plants where the Level
I approach to preparedness and mitigation occurs, technology has been
placep directly into practice with little or no lag time. The Level I
approach to preparedness and mit fgat ion has been the 1eader of the
"earthquake industry." In the Leve 1 II approach, an assessment wou Id
be made of the new developments in the Level I approach and these de
velopments would be either rejected or accepted as deemed appropriate
and practical for the particular critical facility under consideration.
For those developments deemed appropriate for a Level II application,
the lag time was usually relatively short. Those developments not deemed
appropriate for a Level II application have been put aside--it may take
years before such developments become practice.

The lag time in getting new developments into practice at the Level III
stage of app I icat ion usua 11 y is severa 1 years un 1ess the .deve 1opment
results in the awareness of a serious deficiency in the Level III ap
proach. Even then it would probably take one or two years to get the
code bodies changed.

Dynamic AnalYsis--Practice

As an example of the difficulty of taking technological development and
applying it to practice, let's consider the case of dynamic analysis.
Dynamic analysis capability has been around for 30 years and engineers
recogn izethat structures subjectedto .earthquake· 1cads are more proper Iy
analyzed using some form of dynamic analysis. But in the UBC. which is
an accepted nationwide Level III type application, there are no provi
s ions for such ana 1yses • Th i s ex i sts for severa 1 reasons inc 1ud ing.
for examp Ie. perce ived added costs of do ing such ana lyses wh ich are
more complex than a simple static analysis, an undergraduate engineering
educational level that does not require a dynamic analysis background
(reserving it for graduate students), perceived low earthquake hazards
by engineers and the public, and the tendency to keep legislated codes
as simp I eas pess fb 1e in an attempt to insure more un i form app I icat ion
of such requirements.

Applied T,chnology Council

In an attempt to overcome the obstacles to placing current technology
into the hands of practice in as practical a way as possible, the Applied
Technology Counci I (1978) developed the Tentative Provisions for the
Development of Seismic Regulations for BUildings. This effort began in
the ear ly 1970s and when the resu It was pub1i shed in 1978, it repre
sented a very good recommendation for earthquake technology transfer to
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practice. Excellent work is still going on to substantiate and justify
the cost benefits of this technology transfer. However. except for iso
lated cases on a voluntary basis. none of this technology transfer has
actually occurred.

EXISTING CRITICAL FACILITIES

AIthough earthquake hazard preparedness and ml t igat Ion pract Ices have
been occurr ing for new cr it i ca I fac iIi ties dur i ng recent years. very
i ittle has been done to retrofit existing critical faci I ities. Most
owners are not willing to provide the funds to retrofit such facilities
because of the high cost involved. The high costs occur when the re
trofit requirements are based on bringing the existing facilities under
total compliance of a Level I. II. or III approach.

To avoid the high costs of total retrofit, much can still be done in
costing critical facilities to minimize the earthquake risks. For ex
ample. anchoring equipment and piping systems in existing faci 1ities
is an effective way to conduct earthquake hazard preparedness and miti
gation procedure.

TECHNOlOGY TRANSFER COMMITMENTS

Several technology initiatives could be developed for the transfer of
earthquake hazard preparedness and mitigation technology to practice.
However, to be successful. several commitments must be mad~.

There must be a commitment by government, industry, and the public to
appropriate the funds required for such initiatives. In addition. the
public. industrial and government managers, and political representatives
must have a reasonable understanding of what the earthquake hazards are
in their area of concern. As stated earlier, the problem here is that
other than in. say, California. the earthquake hazard is perceived by
these groups to be no hazard. The professional groups--architects. engi
neers. and scientists--must do their utmost to understand the earthquake
hazard and develop proper preparedness and mitigation procedures--tech
nology transferred to practice. The political and industrial communities
must be committed to support and promote the initiatives.

For critical industrial facilities. today's social and political environ
ment in the United States is very conductive for obtaining the commit
ment of the public and the political community. To get the same level
of commitment for many critical public facilities is. and will be. con
siderably more difficult and will not occur until the public has some
understand ing of the earthquake hazard. However. because cr It ica I fac i 1
ities are "critical." there is an ever-increasing commitment byarchi
tects. engineers. builders. and owners to transfer today's earthquake
technology to practice.
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SUMMARY

Although scientists and engineers continue to strive for a better under
stand i ng of earthquake hazard preparedness and mit igat ion, the techno 1og
ica 1 state of the art seems far ahead of that techno logy, except for
highly visible and critical facilities, used in current practice.

An education program involving all phases of training is needed. How
ever, public information and awareness programs should be placed at the
top of the list. Until the public has a better understanding of what
the earthquake hazards are, progress toward earthquake preparedness and
mitigation wi 11 be slow unless regulation occurs--and regulators are
the public.
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DEVELOPMENT OF SEISMIC SAFETY CODES

ROBERT M. DILLON, AlA, H.ASCE, A.AIC

The history of the codes and standards system in the United States is
an interesting one; however, of greaterimportancei n this context is
what it can tel I us about the likely future course of codes and standards
development, and the wisdom of working .withinthat system to effect
nationwide change in building hazard mitigation practices.

The first model code, the National Building Code, was prepared in 1905
by the National Board of Fire Underwriters, now the American Insurance
Association. Concerned about the huge fire losses in American cities and
towns, the Board drafted the code with the hope that it would be adopted
into Iaw by these cit ies and towns. Of course, the code dea It with
more than fire safety, so it also held the promise of helping reduce
the wide variations in the content of bui lding codes--a problem that
a fready was becomi ng apparent as convnun ity after commun ity made a ta i lor
ed response to perceived public health and safety needs and to public
demands for such protection. As early as 1921, a U.S. Senate committee
called attention to the high costs of construction that it felt were a
consequence of the grow ing number of mun ic ipa I codes and the Iack of
un i form ity among those codes. Therefore, the lack of un iform ity in
building codes, as well as the extent and adequacy of their coverage,
is hardly a new concern--just one that is rediscovered from time to time.

In 1927, the first edition of the Uniform Building Code was published
by what today is the West Coast headquartered International Conference
of Building Officials (ICBO).

In 1939. it was the U.S. National Bureau of Standards that issued a
report cal ling for greater code uniformity. At the same time. it called
for the use of nat iona1Iy recogn ized bu i 1ding standards in bu i Iding
codes and for the development of means for the acceptance of new mater
ia 1sand methods--the concept of a tota1 system for both regu 1at ion
and the introduction of technology.

Following World War II (in 1946). the Southern Building Code Congress
(SBCC). headquartered in Alabama. was formed and its model code. the
Standard Bui lding Code. was first publ ished. Then, in 1950. the Bui lding

Mr. Di lIon. AlA. M.ASCE, A.AIC.is Executive Vice President of the Ameri
can Council for Construction Education. Washington. D.C. He presented
this paper at the FEMA Earthquake Education Curriculum Workshop held at
the Nat iona I Emergency Tra i ning Center. Emm itsburg. Mary Iand. on June
27-29. 1984. .
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Officials and Code Administrators (BOCA). which was created in 1915 and
is headquartered in Chi cago. pub I i shed its mode I code. the Bas ic Bu i Iding
Code.

There now were four model codes--the National Building Code. the Uniform
Building Code, the Standard Building Code. and the Basic Building Code.
The latter three were and are prepared by building officials with input
from the bUilding community.

The National Building Code was last revised in 1976, and in 1980, the
National Conference of States on Building Codes and Standards--a body
that rece ived Its impetus from the Nat iana I Bureau of Standards--ob
tained the rights to the code and proposed to develop it as a consensus
document In the manner of standards of the American Society for Testing
and Materials (ASTM) and the American National Standards Institute
(ANSI). Although the concept of a consensus code--as distant from a doc
ument produced with building officials as the sole declsion-makers--was
lauded by many and a degree of progress was made in organizing for the
task. the concern for the creation of yet another model code, Just as
it appeared that the number would be reduced to three, led to the ulti
mate abandonment of the effort. Today, BOCA has the rights to the na
tional building code name.

The three model code bodies have been quite aggressive and competitive
in seek Ing adopt ions of the i r respect ive codes. Neverthe 1ess. there
still are communities across the country that have no code. particularly
communities in rural and newly developing areas, and areas where the
code treats only or principally facilities involving public use or occu
pancy. Also, many of the communities that have adopted one of the model
codes have not done so without additions, deletions, and modifications
--not infrequently. extensive such deviations. Further, not all codes
are up to date by any means. which leads to even further lack of uni
formity among various jurisdictions.

The difficulty was compounded by a move in the late 1960s and early
1970s to foster more state rather than local codes--leaving us with a
greater mixture of both. Finally. many of our nation's largest cities
cont inue to have the i r own code. Thus. the dream of un i form ity or,
what is perhaps a better way of phrasing the need, harmony of provisions
Is far from a reality.

As early as 1949. the model code organizations. together with several
national organizations such as ASTM, the American Insurance Association
and the Underwriter's Laboratories, several federal agencies, and the
National Research Council of Canada formed the Joint Committee on Build
ing Codes (JCBC) to seek greater code un iformi ty. In 1959. the JCBC
became the Mode 1 Codes Standard izat ion Counc 11 (HCSC) and the des ign
professions became advisory members. The MCSC was further expanded in
1970 to include construction industry representatives. also as advisory
members.

With all of this, progress was sti 11 painfully slow on the issue of
uniformity and/or harmonization. The nation and building technology
were growing rapidly and there sti 11 were strong feelings that codes
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were growi ng rap id1y and there st ill were strong fee 1i ngs that codes
were a major deterrent to progress and a cause of i ncreasedbu i Iding
costs. As a result, Congress created the National Corrmission on Urban
Problems--more popularly known as the Douglas Corrmission after its chair
man, the late Senator Paul Douglas of Illinois. The Douglas Corrmission
made a rather· exhaust i ve study of the codes and standards s ituat ion
across the United States. Its findings were detailed in a 1969 report,
and one of those findings was that an entirely new instrument was needed
to address the problem--one that would have the backing of the Congress
and the clear mission of bringing about a more rational and responsive
building regulatory environment and a nationwide system for facilitating
the introduction of new technology. The new instrument was designated
the National Institute of Building Sciences (NIBS) by the Commission.

NIBS was a long time coming into being. Not only did the Congress have
to be convinced that it was needed--particularly in the form of a pri
vate, nongovernmenta I body author ized by the Congress--but the many
diverse and divided publ ic and private interests in the bui lding com
munity itself had to be convinced that NIBS was necessary or at least
worth a try.

It took from 1969 until 1974 to be authorized by the Congress. and until
mid-1976 for the President of the United States to appoint its first
Board of Directors. NIBS received its first of five start-up capital
appropriations from the Congressi n late 1917 and effectively began
operations at the beginning of 197B. And, during these years, the build
ing community and the code bodies were not idle.

In 1972, the three mode 1 code bod i es formed the Counc i 1 of Amer ican
Building Officials (CABO), and CABO in turn created the Board for the
Coordination of Model Codes (BCMC) and the National Research Board (NRB)
to begin a process for reviewing and recognizing building products and
systems. This was not the first effort made by the three model codes
to find a way to work together but it has been the on Iy one to have
withstood the test of time to date. No doubt the creation of NIBS and
the events that surrounded it provided considerable impetus to succeed.

One examp Ie of CABOach ievements is that it succeeded in creating a
one- and two-family dwelling code that, because of its adoption by re
ference by the three parent model code bodies, has become a nationwide
model. It must be pointed out at this juncture, however, that there
are few who are familiar with the regulatory scene in this country who
would like to see a national model code--or, perhaps it would be more
to the point to say that there are a few who woulq want to see a single
national model code that could easily become a national building code
by legislative action. The building community has gained a healthy
respect for the value of divided authority whether private or publ ic.
This is not to say, however, that there is not a desire for greater
harmon izat i on of the prov is ions of both mode I and actua I codes. The
same can be said for working to eliminate needless overlap, duplication,
and confl ict among the standards referenced and available for referencing
in codes.

3-3



For example, when NIBS recommended the gradual phasing-out of the HUD
Min imum Property Standards in favor of an improved CABO One- and Two
Family Dwell ing Code for that type of housing and any of the three na
tionally recognized model codes or their equivalent for multifami ly
housing, a great opportunity was created for achieving increased harmon
ization of code provisions, at least in this one area of building regu
1at ion. Both HUD and CABO have fo I lowed through with th is reconmen
dation. Further, because the One- and Two-Family DwellIng Code process
Is more open to building community participation than Is the case with
the model codes themselves, there has been the opportunity to bring a
diversity of building Industry talents to bear on at least one area of
model code formulation in a manner akin to that of voluntary consensus
standards development.

With th is gradua I movement toward greater harmon Izat ion of the mode I
codes, there a Iso has been a gradua I movement toward the adopt ion of
these model codes by the nation's states and communities. However,· It
must be stressed aga In that adopt ions are by no means un Iversa I and
certa inIy not adopt ions without mod i f i cat ion; that most of the major
cities continue to have a code that Is In many ways unique to that city
and reflective of its history and political character, that not all
jurisdictions keep their codes up to date, and that appeals and resulting
variances make it virtually impossible to be able to say that provisions
that even appear to be the same are truly the same at any given point
In time.

Therefore, with perhaps as many as 16,000 code issuing jurisdictions in
the country, some at the state level, some at the local level and some
at both, and with all of these forces at work, there remains a great
dea 1 of disharmony among the resu 1t ing codes and code prov is ions in
force. It also Is the case that many federal agencies have their own
construction requirements which add to the lack of harmony. As an aside,
the relatively recent action of the Office of Management and Budget In
Issuing a bulletin that cal Is upon all federal agencies to rely on volun
tary consensus standards to the maximum extent possible Is helping the
cause of harmonization significantly.

It should be clear at this point that there is no one point of entry
for effect i ng code changes even though input through the mode 1 code
change process can have a significant effect on the whole of code prac
tice. It always must be remembered that ultimately it is the body having
po 1it i ca 1 jur i sd let ion that must dec Ide what performance 1eve 1 will be
sought and what specific requirements will be Imposed to achieve that
level of performance. This applies to the location, design, construc
tion, and rehabilitation of its own facilities as well as to those under
private ownership.

These decisions--that Is, whether and how to provide protection against
any potential natural or man-made destructive force--are political simply
because determining the level of risk and the costs and benefits that
are likely to flow from taking any given set of protective measures is
so much a matter of judgment. The challenge to the professional com
mun ity, then, Is to prov ide. po 1It Ica 1 dec is ion-makers with ever more
reliable Information and recommendations to assist them in their awesome
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task of assessing the risks and establ ishing the costs and benefits of
one decision over the other. This implies. of course. that the profes
sional community will be able to reach a reasonable agreement on what
information and recommendations are to be provided. And in this regard,
the nation is at a turning point with regard to earthquake technology
and its proper application.

Today, there is a major debate concern ing how rea 1ist ic the risk of
damaging earthquakes is in much of the eastern two-thirds of the country
and an even greater debate on what regulatory provisions can best address
those perceived risks.

It is important to recognize that perhaps 80 percent of a building code
is made up of reference standards or materials that have come from stan
dards. In the United States, most of these standards are either volun
tary consensus standards or industry standards; however, there continues
to be reliance on a number of government standards as well, particularly
standards promulgated by federal agencies for their own use or for regu
latorypurposes. Therefore, it is to these criteria and standards that
one a 1so must look i f bu i 1ding pract ices are to be changed or inf1u
enced. It was not too many years ago that the sources of information
and data on seismicity and seismic effects were numerous. Today. these
sources are fewer.

At this point it might be best to refer to the June 1978 publication,
-Tentat ive Prov is ions for the Deve1oement of Se i sm i c Regu 1at ions for
Buildings, prepared by the Applied Technology Council of the Structural
Engineers Association of California. Popularly known as ATC 3-06, this
document has become the focus of proposed changes in seismic standards
and codes because of its sponsorship by the National Science Foundation
and wide participation by design professionals and representatives of
code bod ies , governmenta1 agenc i es at all 1eve 1s • and the mater ia 1s
industry.

The program effectively began with a workshop on disaster mitigation
sponsored by NSF and the National Bureau of Standards (NBS) in Boulder.
Co lorado, in August 1972. Therefore, the current effort to upgrade
disaster mitigation through improved codes and standards is already 12
years old. After ATC 3-06 was published, there was much debate as to
the appropriateness of some of the proposed provisions, as to the extent
of the proposed application of the provisions, and as to the usefulness
of the document itself for the purpose implied in its title--i.e •• as
provisions for regulatory purposes--because of its mixture of criteria,
design procedures, and commentary. Actually, it is clearly stated in
th~ foreword to the document that:

These provisions are tentative in nature. Their via
bility for the full range of applications should be
established. We recommend this be done prior to their
be Ing used for regu 1atory purposes. Tr ia 1 des igns
should be made for representative types of buildings
from different areas of the country and detailed com
parisons made with costs and hazard levels from exist
ing design regulations.
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Concern for a better way to assure consensus among a1 1 of the interested
parties became a significant issue toward the end of the 1970s; there
fore, in 1979, after much discussion among the key building community
organizations and federal agencies, the Building Seismic Safety Council
(BSSC) was created under the auspices of the aforementioned National
Institute of Building Sciences. Today, BSSC operates within NIBS as an
independent, vo Iuntary body of some 58 separate organ izat ions. The
trial designs recommended by ATC are some 58 separate organizations.
The trial designs recommended by ATC are well under way with funding by
FEMA--indeed, the second series of these designs is now nearing com
pletion. The next phase of the program will entail getting agreement of
the members of the Council on any changes proposed by its committees as
a resu 1t of prev ious ba 11 ot ing on the tentat i ve prov is ions and any
changes that seem needed as a result of the trial designs. Publication
of the agreed upon seismic safety provisions will follow. It also will
include an assessment of the socio-economic impact that could be expected
as a consequence of implementing and utilizing the provisions, especially
in communities east of the Rocky Mountains that to-date have been largely
unconcerned with the seismic safety aspects of building design; a study
of the likely impact of the provisions on building regulatory practices;
and development of materials and plans for encouraging maximum use of
the provisions. Next will come the arduous tasks of seeking changes in
the model and actual codes and the appropriate reference standards and
educating designers and other building community participants in their
use. A good start on this latter task will already have been made be
sause of the involvement of local firms across the country in the trial
designs.

In the meantime, the federal government. working through an interagency
committee, has been proceeding with applications for federal construc
tion. And, it appears that the National Bureau of Standards. as the
Secretariat for an American National Standards Institute standards com
mittee known as A-58. 1. a Iready has introduced elements of ATC 3-06
into the 1982 edition of A58.I. For example, the A58.1-1982 seismic
zone maps--i.e., maps of the 50 states and Puerto Rico which identify
geographic areas of differing earthquake hazard (from 0 to 4)--is derived
from maps contained in ATC 3-06.

It appears likely that seismic design procedures will be considerably
different if the current work stays on course. At present, the seismic
force factors used In ANSI A58.1-1982 are quite similar to those used
In the 1982 ed It Ion of the Un i form Bu i ldi ng Code (UBC) and, because
the UBC Is the model code most used in the West where earthquakes of
significant magnitude are a matter of fairly recent memory, the UBC is
t yp lea 11y the most respons ive to changes In earthquake eng ineer ing
technology. The Standard Bui Idlng Code (SBC) simply references the
provisions of A5S.1 and must be updated to reference new editions or to
Introduce other provis ions. The 1atera I force factors in the Bas i c
Building Code (BBC) are specified and are somewhat different from those
In the UBC and ASS. 1-1982. The risk maps In the SBC and BBC are di f
ferent than those in A59.1-1982. It might be reasoned that all of these
standard reference works will come Into greater harmony if not actually
share the same provisions once the work of BSSC is finished and a reason
able consensus has been achieved on the seismic safety provisions thus
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recommended. However, even if this does occur, that is not to say that
all states and communities will readily adopt the provisions appropriate
to their area.

It does seem, however, that with the greater acceptance of decision
making processes such as those employed by the Building Seismic Safety
Council and A58.1 (which deals with all dead, live, and environmental
loads on buildings and not just earthquakes), the opportunity exists to
influence those political bodies that ultimately must make the risk
taking decisions in the areas of public health, safety, and welfare.
By bringing together representatives of all vital interests and exper
tise, the likelihood of finding adequate authority outside the process
to challenge the.col lective judgments of those involved decreases drama
tically.

One would think that concern for the potentially devastating effects of
earthquakes would engender an eagerness to apply the regulatory provi
sions offered by technical experts. This simply has not been the case.
Regardless of what the technical experts say, the evidence has not been
sufficient to convince a lay public that has never experienced an earth
quake or is aware that there has not been an earthquake of significance
in their area in recorded history, that one of potentially devastating
effect could occur tommorrow. And, perhaps more to the point, the lay
pub 1i c may not perce ive the odds that such an earthquake wi-II occur in
their area during their lifetime to be great enough to justify spending
large sums of public and/or private funds to provide or upgrade protec
tion. A finding that the costs of providing adequate protection are
minimal or within reason, would go a long way toward allaying these
concerns--at least with new construction.

Unfortunate 1y, much the sameskept Ic i sm can be found with many des ign
professionals and others directly involved with the building community
who have never been taught se i smi c des ign and who are not requ i red to
possess such knowledge to be able to pract iceor fulfill their other
roles in bui Iding. Such knowledge simply Is of 1ittle use in an area
where it is not needed for survival In the marketplace.

The answer to the question of whether there are problems that can be
addressed by education, therefore, is a resounding yes. There is a big
job of public education to be done. There is need to expand the educa
tion of bui lding design professionals in seismic design practices.
There is need to educate all those who would participate in housing,
bui ldlng, and planning on the state of the art in seismic technology.
And, there is need to continue to educate everyone on the importance of
achieving a voluntary consensus--one that includes the executive branches
of government--on the standards and regulatory provisions that are to
be recommended to the appropriate legislative bodies.

It appears that the knowledge and tools will soon be ready for making
the next step up on seismic building design. construction. and rehabili
tation practice. What is needed is a game plan for bringing those tools
into play in an atmosphere of rationality--something that has not been
done too well in the building arena in the past. E>i::perience has shown
that once a change is perceived as desirable or possible by those di-
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rect1y involved, the federal government has all too frequently agreed
to lead the charge--not in a studied manner but in a rush and with an
outsized and often frantic program with unreal goals and timetables. I
hope I have indicated that the building community and the body pol itic
as it deals with housing, building, and planning issues simply does not
respond well to this kind of pressure.

What usually happens after one of these frantic efforts has been tried
and fails is that the legislators that voted the resources and the con
sumers that have been st imu Iated to great expectat ions either become
convinced that one cannot get from here to there or simply fall back to
sleep. The effort is aborted and the goal is farther from achievement
than if the program had never been launched--witness Operation Break
through and the Building Energy Performance Standards.

A continuation of the cooperative program already under way ,wi th a
steady hand on the til Ier, wi I I undoubted Iy prove in the long run to
have been the best course to follow. The old adage "haste makes wastes"
certainly should not be forgotten in the case of the earthquake hazard
reduction program. Its going well. Let's not break it.
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THE EARTHQUAKE AT CHARLESTON IN 1886

G. A. BOLLINGER

At about 9: 50 p. m. on August 31, 1886, a Iarge earthquake occurred in
Char leston, South Caro I ina. Its magn itude (Ms ) has been est imated at
7.5, its modified Mercalli intensity (1'11'11) was X, and it was sensibly
felt by people over an area of some 2 mi 11 ion square mi lese There was
extensive damage to the city of Charleston ($5 million in 1886 dollars)
and death estimates ranged between 60 and 100 (1886 population density).
In Milwaukee, Wisconsin, large buildings were shaken violently, windows
were broken,ana people fled into the streets. At Brooklyn, New York,
buildings were also shaken to the extent that people were frightened;
chandeliers rattled. On the sixth floor of a Chicago hotel, plastering
was thrown from ce iIi ngs and guests were nauseated and fled the hote 1
in terror. The shock was fe It as far away as Boston, Massachusetts;
Bermuda; and Cuba.

The 1886 earthquake was certainly the largest known for the southeastern
United States and one .of the largest hi stor ic earthquakes in all of
eastern North America. The following wi II first "discuss three important
factors that can be derived from considerat.ion of the 1886 shock in the
context of the historical seismicity of the region. Each of those fac
tors then will be seen to have one or more important, associated ques
tions. Finally, the physical effects from this large earthquake wi 11
be presented in some detail.

IMPORTANT FACTORS AND ASSOCIATED QUESTIONS

The important factors are:

1. The fact that a magnitude 7.5 earthquake occurred in Charleston,
SouthCaro1ina, demonstrates the presence in the area of a
seismogenic structure capable of generating such a shock. In
principle, such a structure could occur elsewhere, but at the
present time Char 1eston is the on Iy Ioca 1e in the Southeast
that has its presence confirmed.

2. The earthquake activity in the eastern United States was at a
much higher level prior to the turn of the century than it has
been subsequently. In addition to the 1886 shock, there was a

Dr. Bollinger is a member of the faculty of Virginia Polytechnic Insti
tute and State University. He developed this paper for presentation at
the BSSC Meeting in Charleston, South Carolina, on February 13, 1985.
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magn itude 5. 7 (Hs ) earthquake located in western Vi rg inia in
1897 and a ser i es of magn itude 8-8+ earthquakes in southern
Missouri during 1811-1812. None of those three states, South
Carol ina, Virginia or Missouri. or their neighboring states
has experienced such large shocks during the twentieth century.
Thus. we have documentation that the level of earthquake energy
release in the region can change with time.

3. The decrease of earthquake vibrations with increasing distance
from an earthquake epicenter in the eastern United States has
been shown by numerous stud ies dur ing the past decade to be
very slow, especially with respect to the western part of the
country. What this means is that larger areas of structural
damage and other earthquake effects can be expected in the
East than in the West. The 1886 Charleston earthquake is a
good example of those larger than average affected areas.

Some direct questions that follow from the above factors are:

1. Is the Charleston area the only area in the region capable of
generating a 7.5 magnitude earthquake? The answer is that it
probably is not since it is geologically reasonable for other
such se i smogen ic structures to be present. AIso. there are
zones of persistent, low-level earthquake activity in the east
ern United·States. Those zones are candidates for larger shocks
in the future.

2. Although the seismicity of the region is currently at a low
level, is it going to continue that quiescence or are we in a
lull before another period of increased earthquake occurrences?

3. Can the 1886 Charleston earthquake be used as a "type example"
of what to expect from a future occurrence of a large earthquake
in the region? Yes. but the soil and bedrock geology are cer
tainly different in the Appalachian highlands (Valley and Ridge
and Blue Ridge prov inces) than in the At Iant ic Coasta 1 area
that was host to the 1886 shock. These differences as well as
the difference in construction practices and materials between
1886 and 1985 need to be taken into account. The differences
in type and degree of land utilization also are relevant.

The preceding questions cannot be answered in a deterministic fashion.
We just do not have enough data of all kinds--geologic. geophysical,
seismological. and engineering--to develop precise answers. What can
be done. however. is to approach the problem from a probabilistic point
ofv iew. The U.S. Geological Survey (USGS) has been very active in
such studies for the past decade. (For summary a overview of the USGS
results see the paper by Walter W. Hays.)



DESCRIPTION OF THE EFFECTS FROM THE 1886 EARTHQUAKE

EptcentrSlI Recton

At least 80 kilometers of railroad track was seriously damaged and more
than 1,300km2 of extensive crateringand fissuring occurred as a result
of the 1886 earthquake. In Charleston, the rai lroad..,.track damage and
cratering were virtually absent, but many buildings on both good and poor
("made") ground were destroyed. Specifically, Dutton (1889) reports:

There was not a building in the city which had wholly escaped
injury, and very few had escaped serious injury. The extent
of the damage varied greatly, ranging from total demolition
down to the loss of chimney tops and the dislodgement of more
or less plastering. The number of bui ldings· that were com
pletely demo! ished and leveled to the ground was not great.
But there were several hundred which lost a large portion of
their walls. There were very many also which remained stand
ing, but were so badly shattered that public safety required
that they be pulled down altogether. There were not, so far
asi s at present known, a brick or stone building which was
not more or less cracked, and in most of them the cracks were
a permanent disfigurement and a source of danger or inconven
ience. A majority of them, however, were susceptible to repair
by means of long bolts and tie-rods.

Also see the reprint of USGS Professional Paper 1028 (1977) that con
cludes this paper.

At a Distance of 100 Kilometers (60 miles)

Most severely affected at this range from the epicenter of the 1886 shock
were coastal locations such as Port Royal and Beaufort to the southwest

.. and Georgetown to the northeast. At Port Royal (tiMI of IX), the shock
was described by the United Press as "very violent." Houses were moved
on their foundations and people were thrown to the ground. At Beaufort
(Associated Press) and Georgetown (Dr. H.S. Iseman, M.D.), both with
an MMI of VIII, chimneys and chimney tops were thrown down, brick para
pets were dislodged, and brick buildings "undulated." Residents fled
the i 1" houses and rema ined in the streets and fie 1ds all night, many
pray i ng. At Beaufort, the Char 1eston Yearbook descr ibed the shock as
"very severe," lasting 30 seconds , crack i ngsome large bu i 1dings, and
causing a 2-foot depression over an area some 60 feet in circumference.

Noncoasta 1 1ocat ion such as Manni ng to the north and Orangeburg and
Bamberg to the northwest were shaken at a HM I leve 1 of V I I • A11 re
ported damage to br ick houses and brick wa lIs and the fa Iii ng of plaster.
The response of the populace at these northerly sites was also one of
terror and many camped in the open air overnight.
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At a Distance of 200 Kilometers (120 miles)

Reports from Augusta. Georgia. 200 kilometers from the epicenter. deal
extensively with the response of the citizenry. The Savannah Morning
News of September 2. 1886. gave a September 1 communication from Augusta
citing: " .•. two ladies I ie at the point of death from fright." ..... an
old lady died from fr ight." and "many Iad ies fa i nted and thousands of
men were completely unnerved. The citizens remained in the streets all
night. t.

The following paragraphs from Dutton (1889) comment on the pronounced
psychological effects at Augusta as well as the structural damages suf
fered there:

Thus Augusta. in Georgia. just beyond the 100-mi Ie circle. was
shaken with great violence. Many buildings were seriously damaged.
At the arsenal two heavy walled buildings used as officer's quarters
were so badly shattered that reconstruction was necessary. Many
cornices were dislodged and it is estimated that more than a thou
sand chimneys were overthrown. People residing in brick dwellings
refused for several days to enter them and found lodgings in wooden
houses or camped in the streets and gardens. So great was the
alarm felt that business and society were for two days fully para
lyzed as in Charleston. Everyone was in a state of apprehension
that the worst was yet to come and the only thing to be thought of
was safety. Indeed. among all the large cities of the South. the
general tenor of the reports indicates that Augusta stands next to
Charleston in respect to the degree of violence of th~ shocks and
the consternation of the people.

Augusta is built in close proximity to the contact of the new and
older strata. and starting from that city it will be of interest
to follow this 1ine of contact northeastward. In detail the course
is more or less sinuous. A few miles to the northeast of Augusta
is a little railway station named Langley, where a small tributary
of the Savannah River has been dammed to secure water power. The
ground in this neighborhood. which is a loose soil thinly covering
harder rocks below. was in many places fissured by the earthquake
and opened in many cracks. some of wh ich were severa 1 inches in
width. A number of large cracks passed through the dam. opening
passage for the water in the reservoir. which quickly enlarged the
fissures. The county below was quickly aflood. The railway track
was swept [away]. and before warning could be given a passenger
train ran into the flood and upon the broken track. where it was
wrecked. with some loss of 1ife. In this neighborhood the towns
of 8ath. Graniteville, and Vaucluse. which stand upon outcrops of
crysta IIi ne rocks • report shocks of very great sever ity • St ill
farther to the northeastward. Batesburg, Leesville. and Lexington
give similar reports. Passing beyond Columbia along the same line
of contact, we find reports of very vi 0 1ent shocks at 8Iythwood.
Camden. Chesterfield. and Cheeraw.



The Savannah Horning News report also noted that "the most severe damage
was done on the Sand Hills in Georgia and in Aiken County. South Caro
lina." Specific localities mentioned were Langley and Bath. just across
the Savannah River from Augusta. some 10 kilometers to the east. At
Langley, on the South Carol ina Rai 1road. 24 ki lometers (15 mi les) from
Augusta. Georgia. and 200 ki lometers (125 miles) from Charleston. "the
earthquake destroyed the mil I dam and the water washed away the roadbed.
A train dashed into the flood. and the engineer and fireman were drown
ed. The eng ine is now 40 feet under water." Dutton (1889) reported:
"Houses badly shaken and glasses broken; dams broke loose destroying
1.000 feet of railroad; terrible suffering among the inhabitants." An
MM I of Xis assi gned to the Lang ley. South Caro1ina. 1oca 1e (Bo I linger
and Stover. 1975).

At a Distance of 400 Kilometers (240 mfles)

At an epicentral distance of 400 kilometers. the level of ground-shaking
continued to cause panic among the people: "a state of terror and ex
citement; people left their houses and many stayed in the streets all
night (Beaufort. NOrth Carol ina); "streets rapidly fi lIed with peopl e.
screams of frightened persons could be heard" (Raleigh. North Carolina);
"rushed frightened from their houses into the streets; terror-stricken
me~. women and children. in night dress. crowded the streets in a moment;
a number of ladies fainted" (Ashvi lIe. North Carol ina); and "people
rushed into the streets in indescribable confusion. each looking for an
explanation from the others; the streets at 10 o'clock are full of peo
ple. who fear to return to their houses" (Atlanta. Georgia).

Buildings and household items (mirrors. pictures. lamps. dishes. window
glass, etc.) were shaken at a MMI level of VII i or less. Atlanta. in
northern Georgia. reported one house (Marrietta Street) "shaken to pie
ces." all the chimneys fell from the six-story Construction building in
the city. window glass was broken. chimneys were knocked down. and dishes
and glasses were smashed to pieces. However. Valdosta, to the south
southeast and near the Georgia-Florida border. reported only falling of
plaster (MHI VI).

Across the entire state of North Carolina. MMI effects ranged from V to
VII. Examples of the highest levels were seen at Beaufort on the coast.
Raleigh in central North Carolina and Waynesville in the extreme south
western part of the state. The seismic waves at those locations caused
chimneys to be overthrown or have their tops shaken off. some walls to
crack. plastering to be thrown down, buildings to rock, and some floors
to break "loose from the ir supports." Add it iona I1y. church be 11 s were
rung. clocks stopped. mirrors and pictures were thrown from walls. and
lamps were overturned. At Asheville. North Carolina. houses were vio
lently shaken, but no buildings were "shaken down" (tiMI of VI). In
Black Mountain (20 kilometers to the east of Asheville). the vibrations
were accompanied by loud explosive sounds and heavy rumblings. and large
masses of rock were dislodged from several steep slopes and rolled into
the valleys below.
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THROUGHOUT THE COUNTRY

The following pages are a reprint of a study of the effects of the 1886
earthquake throughout the United States that was pUblished in 1977 as
part of Studies Related to the Charleston. South Carolina. Earthquake
of 1886--A Preliminary Report. USGS Professional Paper 1028. edited by
Douglas W. Rankin (Washington. D.C.: U.S. Government Printing Office).
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STUDIES REL\TED TO THE CHARLESTON, SOUTH CAROLINA, EARTHQUAKE OF" 1886
A PRELIMINARY REPORT

REINTERPRETATION OF THE INTENSITY DATA FOR THE
1886 CHARLESTON, SOUTH CAROLINA, EARTHQUAKE

By G. A. BoLUNGER 1

ABSTRACT

In 1889, C. E. Dutton published all his basic intensity
data for the 1886 Charleston, S,C.• shock but did not list
what intensity values he assigned to each report. nor did
he show the distribution of the locations of these data re
ports on his isoseismal map. The writer and two other seis
mologists have each independently evaluated Dutton's 1,300
intensity reports (at least two of the three interpreters
agreed on intensity values for 90 percent of the reports),
and the consensus values were plotted and contoured. One
map was prepared on which contours emphasized the broad
regional pattern of effects (with results similar to Dutton's) ;
another map ..was contoured to depict the more localized
variations of intensity. As expected, the latter map shows
considerable detail in theepicentral region as well as in the
far-field.. In partkular, intensity VI (Modified Mercalli
(MM» effects are noted as far away as central Alabama

. and the Illinois-Kentucky-Tennessee border area. Dutton's
"low intensity zone" in West Virginia appears on both
isoseismal maps.

A maximum MM intensity of X for the epicentral region
and IX for. Charleston appears to be appropriate. Epicentral
effects included at least 80 kmof railroad track seriously I

damaged and more than 1,300 km Z of extensive cratering. and
fissuring. In Charleston, the railroad-track damage and
cratering were virtually absent, whereas many, but not
most, buildings on both good and poor ground were de
stroyed.

The epicentral distances to some 800 intensity-observa
tion localities were measured, and the resulting data set was
.analyzed by least-square regression procedures. The attenua
tion equation derived is similar to others published fordif
ferent parts of the eastern half of the United States. The
technique of using intensity~distance pairs rather than
isoseismal maps· has the advantages, however, of com
pletely bypassing the subjective contouring step in the data
handling and of being able to specify the partic')lar fractUe
of the intensity data to be considered.

When one uses intensities in the VI to X range, and their
associated epicentral distances for this earthquake, body
wave magnitude estimates of 6.8 (Central U'nited States in
tensity-velocity data published by Nuttli in 1976) and 7.1

t Virginia Polytechnic Institute &lid State Unive....ity, Blacksburg. Va.

(Western United States intensity-velocity data published
by Trifunac and Brady in 1975) are obtained.

INTRODUcrION

The problems associated with the description of
seismic ground motion in a minor seismicity area
such as the Southeastern United States are well
known. In that region, the largest events took place
before instruments were available to record them, so
that only qualitative descriptions of their effects
exist. During the past few decades, when instru
ments began to be used, no event having mb>5 has
taken place. Thus we have quantitative data only for
small events, and we need to analyze the qualitative
data, which are all that is available for larger events.

The purpose of this study is to review thoroughly
the data that do exist and to derive as much infor
mation as possible concerning regional seismic
ground motions, Fortunately, the largest earthquake
known to have o(:curted in the region, the 1886
Charleston, S.C.~ earthquake, was well studied by
Dutton (1889) and his coworkers. An excellent suite
of intensity information is thus available for that im
portant earthquake. Secondly, the Worldwide Stand
ard Seismograph Network (WWSSN) stations in
the Eastern United States provide data on the radia
tion from the regional earthquakes that have oc
curred since installation of the stations. Finally,
intensity-particle-velocity relationships as weHas
attenuation values for various seismic phases have
been proposed that can be utilized in an attempt to
synthesize the above data types.

The initial part of this paper is concerned with a
reevaluation of the intensity data for the 1886
Charleston earthquake, and the second part, with a
consideration of the attenuation of intensity as dis
tance from the epicenter increases. (The distance
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lIed . tId' )!asonry A. Good workmanship. mortar. and design;re-
from the epicenter is hereafter ca ep1cen ra 1S•. inforced, especially laterally, and bound together by us;ng
tance.) The concluding section presents a magnitude, steel, concrete. etc.; designed to resist latera! forces.
estimate for the 1886 shock. i Masonry B. Good workmanship and mortar: reiniorced.

Th's research was conducted while the author was ' but not designed in detail to resist !ateral forces.
1 . . I' al S Masonry C. Ordinary workmanship and mortar: no ex-

on study.research leave Wlth the U.S. Geo OglC ur· treme weaknesses like failing to tie in at corners. but neither
vey (U.S.G.S.) in Golden, Colo. Thanks are extended reiDtoreed nor designed against horizontal forces.
to the members of the Survey, particularly Robin Masonry D. Weak materials. such as adobe: poor mortar:
McGuire and David Perkins, for their many helpful low standards of workmanship; weak horizontally.

discussions. Ro~in ~cGuire did the regression analy- At the IX level, masonry D structures are destroyed,
sis presented in this paper, .and ~arl Stover pro- .masonry C structures are heavily damaged, some
vided a plot program for the lDtenslty.data. Thanks times completely collapsed, and masonry B struc
are also due to Rutlag; Braz~. (Na~10nal Oceano- tures are seriously damaged. Frame structures, if
graphic and Atmosphenc AdmlD1stratlon, N.O.A.A.) t bolted are shifted off thebo foundations and have
and Ruth Simon (.U.S.G:S.) for ~nterpreti~g t~e ~:eir fra~es racked at IX-level shaking, whereas at
sizable amount of lntenslty data lnvolved 10 this intensity X most such structures are destroyed.
study. Nearly complete destruction of buildings up to and

This research was sponsored in part by the Na- including those in the masonry B class is a charac
tiona! Science Foundation under grant No. DES 75- teristic of the intensity-eX level.
14691. dnly in Charleston do we have a valid sample of

the range of structural damage caused by the 1886
earthquake. It was the only nearby large city, and
it contained structural classes up to the range be-
tween masonry Cand masonry B. Many of the im-

Dutton assigned an intensity X as. the maximum portant public buildings, as well as mansions and
epicentral intensity for the 1886 shock. He used the churches had thick walIso! rough handmade bricks
Rossi-Forel seale; conversion to the Modified Mer- joined V:ith an especially strong oyster-sheil-lime
calli (MM) scale results in a X-XII value. However" mortar. The workmanship was described as excel.
the revised edition (through 1970) of the "Earth-' lent but nowhere in Dutton's (1889) account is
quake History of the United States" (U.S. Environo

I ref:rence made to special reinforcement or design
mental Data Service, 1973) downgra~ed I?~tton:s i to resist lateral forces. Structures outside the
value to a IX-X (MM). Because of t~s reVISion. It ! Charleston area. (as in Summerville, see p. 21) were
is appropriate ~ com?&re the scale dltferene:es be- ! built on piers. some 1-2 m (3-6 it) high, thereby
tween these two Intensity levels (IX and X) WIth the ,I making the structures inv.erted pendulums. Dutton's
meizoseismal effects as presented by Dutton. report for Charleston indicates that although the

Ground effects, such as cracks and fissures, and; damage was indeed <'!xtensive (see below). most
damage to structures increase from the intensity IX ; masonry buildings and frame structures were not
to the intensity X level, whereas damage to rails is . destroyed. This fact plus Dutton's report on the
first listed in the MM scale at the X level. Taken I absence of ra.il damage and extensive ground effects
literally, rail damage is indicative of at least inten~ . in the Charleston area indicates an intensity level
sity-X-level shaking, Richter (1958, p. 138) also of IX.
listed "Rails bent slightly" for the first time at ine The following quotations from Dutton's report
tensity X. However, he instructed (p. 136) that, I (1889,1'.248-249,253) contain detailed descriptions
"Each effect is named a.t that level of intensity at ! of the structural damage in Charleston caused by the
which it first appears frequently and charactens- , earthquake of 1886:
ticaUy. Each effect may be found less stron.gly, 0:_ in TharGil vnlSnClt a buildin3' in the! city which had wholly
fewer instances, at the next lower grade of mte~slty; ! escaped injury, 2nd very few had escaped serious injury.
more strongly ~r more often at the ?e~ higher i Thill extent of the dama~ VIIIried gre~tly. ranging fr~m
grade." Thus. WIdespread damage to falls IS a firm . total demolition down to the loss of chimney tops and tne
indica.tor of intensity-eX shaking. ' dislodgment of mol'l.! oU' less plasteri~g. The number of

• . .• • • . . building5 which were completely demolished and leveled :0
In dlscusslDg buddmg damage, it is convement to the ground was not great. But there were several hundred

use Richter's (1958, 1'. 136-137) masonry A. B. C. D ' which lost a large portion of their walls. There were -;er:;
classification: .. !-many also which remained standing. but so bad!:-· sh:l.t':ereci
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that public safety required that they should be pulled down I

altogether. There was not, so far as at present known. a
brick or stone building which was not more or less cracked,
and in most of them the cracks were a permanent disfigure
ment and a source of danger or inconvenience. A majority
of them however were susceptible of repair by means of
long bolts and tie-rods. But though the buildings might be
made habitable and safe against any stresses that houses
are liable to except fire and earthquake, the cracked walls,
warped floors, distorted foundations, and patChed plaster
and stucco must remain as long as the buildings stand per
manent eye-sores and sources of inconveniences. As soon as
measures were taken to repair damages the amount of in
jury disclosed was greater than had at first appeared. In
numerable cracks which had before been unnoticed made
their appearance. The bricks had "worked" in the embedding
mortar and the mortar was disintegrated. The foundations
were found to be badly shaken and their solidity was great
ly impaired. Many buildings had suffered horizontal dis
placement; vertical supports were out of plumb; floors out
of level; joints parted in the wood work; beams and joists
badly wrenched and in some cases dislodged from their
sockets. The wooden buildings in the northern part of the
city usually exhibited externally few signs of the shaking
they received except the loss of chimney tops. Some of them
had been horizontally moved upon their brick foundations,
but none were overthrown. Within these houses the injuries
were of the same general nature as within those of brick,
though UpOI1 the whole not quite so severe.

The amount of injury varied much in different sections of
the city from causes which seem to be .attributable to the
varying nature of the ground. The peninsula included be
tween the Cooper and Ashley Rivers. upon which Charleston
is built, was originally an irregular tract of comparatively
high and dry land, invaded at many points of its boundary
by inlets of low swampy ground or salt marsh. These in
lets, as the city grew, were gradually filled up so as to be
on about the same level as the higher ground. * * * As a
general rule, though not without a considerable number of
exceptions, the destruction was greater upon made ground
than upon the original higher land. [po 248-249] * * •

In truth, 'there was no street in Charleston which did not
receive injuries more or less similar to those just described.
To mention them in detail would be wearisome and to no
purpose. The general nature of the destruction may be
summed up in comparatively few words. The destruction was
not of that sweeping and unmitigated order which has be
fallen other cities, and in which every structure built of ma
terial other than wood has been either leveled completely
to the earth in a chaos of broken rubble. beams, tiles. and
planking, or left in a condition practically no better. On the
contrary, a great majority of houses were left in a condi,
tionshattered indeed, but still susceptible of being repaired.
Undoubtedly there were very many which. if they alone had
SUffered. would never have been repaired at all. but would
have been torn down and new structures built in their places;
for no man likes to occupy a place of business which suf
fers by contrast with those of his equals. But when ac()m~

mon calamity falls upon all, and by its very magnitude and
universality renders it difficult to procure the means of re
construction. and where thousands suffer much alike. his
action will be different. Thus a very large number of build~

ings were repaired which. if the injuries to them had been

exceptional misfortunes instead of part of a common dis
aster, would have been replaced by new structures. Instances
of total demolition were not common.

This is probably due, in some measure. to the stronger
and more enduring character of the buildings in comparison
with the rubble and adobe work of those cities and villages
which are famous chiefly for the calamities which have be
fallen them. Still the fact remains that the violence of the
quaking at Charleston. as indicated by the havoc wrought.
was decidely less than that which has brought ruin to other
localities. The number of houses which escaped very serious
injuries to their walls was rather large; but few are known
to have escaped minor damages, such as small cracks. the
loss of plastering, and broken chimney tops. [po 253]

Damage to the three railroad tracks that extend
north, northwest, and sOuthwest from Charleston be
gan about 6 km (3.7 mi) northwest of the city and
was extensive (fig. 1A). More than 80 km (62 mi)
of these tracks was affeeted. The effeets listed were:
lateral and vertical displacement, formation of S
shaped curves, and the longitudinal movement of
hundreds of meters of track. A detailed listing of
the effeets along the South Carolina Railroad tracks,'

. which run northwest from Charleston directly
through the epicentral region, is given in table 1.

Ground cracks from which mud or sand are
ejeeted and in which earthquake fountains or sand
craters are formed begin on a small scale at intensity
VIII, beeome notable at IX, and are large and spec
tacular phenomena at X (Richter, 1958, p. 139). The
formation of sand craterlets and the ejeetion of sand
were certainly widespread in the epicentral area of
the 1886 earthquake. Many acres of ground were
overflowed with sand, and craterlets as much as 6.4
m (21 ft) across were formed. Dutton (1889, p. 281)
wrote: "Indeed, the fissuring of the ground within
certain limits may be stated to have been universal,
while the extravasation of water was confined to cer
tain belts. The area within which these fissures may
be said to have been a conspicuous and almost uni
versal phenomenon may be roughly estimated at
nearly 600 square miles [1,550 sq. km]." By com
parison, the elliptical intensity-X contour suggested
by the present study encloses an area of approxi
mately 1,300 lan2 •

The distribution of craterlets taken from Dutton
(1889, pI. 28) is also shown in figure 1A. In a few
localities,the water from the craters probably
spouted to heights of 4.5-6 m (15-20 ft), as indi
cated by sand and mud on the limbs and foliage of
trees overhanging the craters.

Other ground effects indicating the intensity-X
level are fissures as much as a meter wide running
parallel to canal and streambanks, and changes of
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FIGURE l.-Epicentral area maps for the 1886 Charleston, S.C., earthquake. A. This study. Dashed contour encloses
intensity-X effects. B, Dutton's map and C. Sloan's map (modified from Dutton, 1889, pis. 26 and 27, respectively)
show contours enclosing the highest intensity zone, although neither Dutton nor Sloan labeled his contours. Base
map modified from Dutton (1889). Rivers flowing past the Charleston peninsula are the Ashley River flowing from
the northwest and the Cooper River flowing from the north.

the water level in wells (Wood and Neuman, 1931).
Dutton (1889, p. 298) reported that a series of wide
cracks opened parallel to the Ashley River (see cap
tion, fig. 1) and that the sliding of the bank 'river
ward uprooted several large trees, which fell over
into the water. His plate 23 shows a crack along the

bank of the Ashley River about a meter wide and
some tens of meters long across the field of view of
the photograph.

In a belt of craterlets (trend N. 80 0 E., length
-5 km) about 10 k.m (6.2 mi) southeast of Summer
ville, Sloan reported (Dutton, 1889, p. 297) that
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TABLE I.-Variation of intensity effects along the South TABLE I.-Variation ojintemity effects along the South
Carolina Railroad Carolina Railroad-Continued

[Bued on Dutton. 1889. p. 282-287. Refer to nlr. 1 for locations mentioned I

<5.8 <3.66 Occasional cracks in ground;
no marked disturbance of
track or roadbed.

5.8 3.66 Rails notably bent and
joints between rail
opened.

5.8-8 3.66-5 Ground cracks and small
craterlets.

8________ 5 Fishplates tom from fast-
enings by shearing of the
bolts; joints between rails
opened to 17.5 cm (7 in.).

9.6 6 Joints opened, roadbed per-
. manently depressed 15 cm

(6 in.).
14.4 9 Lateral displacements of the

track more frequent and
greater in amount; serious
flexure in the track that
caused a train to derail;
more and larger crater-
lets. .

16 .__ 10 Craterlets seemed to be
greater in size (as much
as 6.4 m (21 ft) across)
and number; many acres
overflowed with sand.

16-17.6 10-11 Maximum distortions and
dislocations of the track;
often displaced laterally
and sometimes alternately
depressed and elevated;
occasional severe lateral
flexures of double curva
ture and great amount;
many hundreds of meters
of track shoved bodily to
the southeast; track
parted longitudinally,
leaving gaps of 17.5 cm (7
in.) between rail ends; 46
cm (18 in.) depression or
sink in roadbed over a
18-m (60-ft) length.

17.6-24 11-15 Many lateral deflections of
the rails.

24-25.6 15-16 Epicentral area-a few
wooden sheds with brick
chimneys completely col
lapsed; railroad alinement
distorted by flexures; ele
vations and depressions,
some of considerable
amount, also produced.

29-30.6 18.5-19 Flexures in track, one in an
8.8-m (29-ft) section of
single rails had an S-shape
and more than 30 cm (12
in.) of distortion.

32 ...20 "... a still more complex
flexure was found. Beneath
it was a culvert which had
been strained to the north
west and broken" (p. 286) ;
a long stretch of the road
bed and track distorted by
many sinuous flexures of
small amplitude.

(km)

Distance trom
Charleeton

(mil
El!ecta

Di.>tance trom
Charleston

(km) (mil

33.9 21 Tracks distorted laterally
and vertically for a con
siderable distance.

34.9 21.66 At Summerville-many flex-
ures, one of which was a
sharp S-shape; broken
culvert under tracks in a
sharp double curvature.

35.4-44.3 22-27.5 .:. Disturbance to track and
roadbed diminishes rapid
ly.

44.3 27.5 At Jedburg-a severe buck-
ling of the track.

wells had been cracked in vertical planes from top
to bottom, and that the wells had been almost uni
versally disturbed, many overflowing and subse
quently subsiding, others filling with sand or becom
ing muddy.

In Summerville, whose population at that time was
about 2,000, the structures were supported on wood
posts or brick piers 1-2 m high and, though especial
ly susceptible to horizontal motions, the great ma
jority did not fall. Rather, the posts and piers were
driven into the soil so that many houses settled in
an inclined position or were displaced as much as 5
em. Chimneys, which were constructed to be inde
pendent of the houses, generally had the part above
the roofline dislodged and thrown to the ground. Be
low the roofs, many chimneys were crushed at their
bases, both bricks and mortar being disintegrated
and shattered, allowing the whole column to sink
down through the floors. This absence of overturn
ing in pjered structures plus thenature of the dam
age to chimneys was interpreted by Dutton as evi
dence for predominantly vertical ground motions.

The preceding discussion indicates an intensity-X
level of shaking in the epicentral area. Figure lA
depicts the approximate extent of this region along
with the locations of rail damage, craterlet areas,
building damage, and areas of marked horizontal
displacements. Dutton and his coworkers did not
map the regions of pronounced vertical-motion ef
fects, but they did emphasize the importance of these
effects in the epicentral region. Also shown in figure
1 (B and C) is the extent of the highest intensity
zone, as given by Dutton and by Sloan. Because of
the sparsely settled and swampy nature of the
region, the meizoseismal area cannot be defined
accurately.
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INTE~SITY EFFECTS THROUGHOUT THE
COUNTRY

Dutton (1889) published all his intensity reports, I

some 1,337, but he did not list the intensity values
that he assigned to each report, nor did he show the
location of the data points on his isoseismal map. By i

using the basic data at hand, a reevaluation was at- !
tempted to present another interpretation of the
data (in the MM scale) and to determine whether
additional information could be extracted concern
ing this important earthquake. The writer and two
other seismologists (Rutlage Brazee, ~.O.A.A., and
Ruth Simon, U.S.G.S.) each independently evaluated i

Dutton's intensity data listing according to the MM I
scale. For the resulting 1,047 usable reports, ranging ;
from MM level I to X, at least two of the three inter-

preters agreed on intensity values for 90 percent of
the reports. As would be expected, most of the dis
agreement was found at the lo',ver intensity levels
(II-V). A full listing of the three independent in
tensity assignments for each location was made by
Bollinger and Stover (1976).

The consensus values, or the average intensity
values, in the 10 percent of the reports where all
three interpreters disagreed were plotted at two dif
ferent map scales and contoured (figs. 2-5). When
multiple reports were involved, for example, those
from cities, the highest of the intensity values ob
tained was assigned as the value for that location.

The greatest number of reports (178) for an indi
vidual State was from South Carolina. Figure 2 pre
sents the writer's interpretation of these data, Even
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FIGURE 2.-Isoseismal map showing the State of South Carolina for the 1886 Charleston earthquake. Intensity ob
servations are indicated by Arabic numerals, and the contoured levels are shown by Roman numerals.
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in contouring the mode of the intensity values, as
was done here, intensity effects vary considerably
with epicentral distance within the State. In particu
lar, two intensity-VI zones are shown that trend
northeastward across the State and separate areas
of intensity-VIII effects. Although some of this vari
ation may be due to incomplete reporting and (or)
population density, it seems more likely that the
local effects of surficial geology, soils, and water
table level are being seen. Interpreted literally, a
very complex behavior of intensity is seen in the epi
central region.

The intensity data base and interpretive, isoseis
mal lines throughout the Eastern United States are
shown in figures 3-5. In figure 4, the data are con
toured to emphasize local variations, whereas figure
5 depicts the broad regional pattern of effects. Rich
ter (1958, p. 142-145), in discussing the problem of
how to allow for or represent the effect of ground in
drawing isoseismal lines, suggested that two isoseis
mal maps might be prepared. One map would show
the actual observed intensities; the other map would
show intensities inferred for typical or average
ground. The procedure followed here was to contour
the mode of the intensity values (figs. 2 and 4) so as
to portray the observed intensities in a manner that
emphasizes local variations. Those isoseismal lin~s

were then subj ectively smoothed to produce a second
isoseismal map showing the regional pattern of ef
fects (fig, 5). The two maps that result from this
procedure seem to the writer to represent reasonable
extremes in the interpretation of intensity data. The
subjectivity always involved in the contouring of I

intensity data is well known to workers concerned
with such efforts. The purpose of the dual presenta
tion here is to emphasize this subjectivity and to
point out that, depending on the application, one
form may be more useful than the other. Both local
and regional contouring interpretations are to be
found in the literature for U.S. earthquakes.

Figures 4 and 5 show that a rather complex iso
seismal pattern, including Dutton's low-intensity
zone (epicentral distance = j,:::::550 km (341 mi» in
West Virginia, was present outside South Carolina.
Intensity-VIII effects were observed at distances of
250 km (150 mi) and intensity-VI effects were ob
served 1,000 km (620 mi) from Charleston. Indi
vidual re-p<lrts, given below, are all paraphrased from
Dutton (1889). They note what took place in areas
affected by intensity VI (MM) or higher at epi
central distances greater than about 600 km (372 i

mi). Some of these reports were ignored in the con-
touring shown in figure 4. i
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Intensity VI-T/Ill in Virginia (j,:::::600 km
(J72mi)),'

Richmond (VIII) -Western part of the city: bricks
shaken from houses, plaster and chimneys
thrown down, entire population in streets, peo
ple thrown from their feet; in other parts of the
city, earthquake not generally felt on ground
floors, but upper floors considerably shaken.

Charlottesville (VII)-Report that several chim
neys were overthrown.

Ashcake (VI)-Piano and beds moved 15 cm (6
in.) : everything loose moved.

Danville (VI) -Bricks fell from chimneys, walls
cracked, loose objects thrown down, a chande
lier swung for 8 minutes after shocks.

Lynchburg (VI)-Bricks thrown from chimneys,
walls cracked in several houses.

Intensity T/ll in eastern Kentucky and western West
Vil'ginia (j,:::::650 km (404 mi)) :

Ashland, Ky. (VUI)-Town fearfully shaken, sev- .
eral houses thrown down, three or four persons
injured.

Charleston, W. Va.-lOA number of chimneys top
pled over" (p. 522).

Mouth of Pigeon, W. Va.-Chimneys toppled off to
level of roofs, lamps broken, a house swayed
violently.

Intensity VI in central Alabama (j,=:700 km
(434 mi)) "

Clanton (VII)-Water level rose in wells, some went
dry and others flowed freely: plastering ruined.

Cullman-House wall cracked, lamp on table thrown
over.

Gadsden-People ran from houses.
Tuscaloosa-Walls cracked, chimneys rocked, blinds

shaken off, screaming women and children left
houses.

Intensity Vll in central Ohio (j,=:800 km
(496 mi)):

Lancaster-Several chimneys toppled over, decora
tions shaken down, hundreds rushed to the
streets.

Logan-Bricks knocked from chimney tops, houses
shaken and rocked.

Intensity VI in southeastern Indiana and northern
Kentucky (j,-:=::.800 km (496mi)):

Rising Sun, Ind.-Plaster dislodged, ornaments
thrown down, glass broken.

Stanford, Ky.-Some plaster thrown do\vn. hanging
lamps swung 15 cm (6 in,) .



REINTERPRETATION OF THE INTENSITY DATA

TABLE 2.-Number of intensity observations as a function
of epicentral distance intervals for the 1886 Charleston,
S. C., earthquake

Epicentral lIfumber
distance IX VIII VII VI V IV II-III ot

(km) obser-
v&tions

50- 99 3 4 3 3 3 16
100- 199 2 18 18 17 18 1 74
200- 299 9 22 25 30 5 91
300- 399 3 16 12 31 8 70
400- 499 2 3 10 26 19 12 72
500- 599 1 3 11 13 19 7 54
600- 699 1 3 3 14 33 11 65
700- 799 3 4 22 16 22 67
800- 899 1 2 29 20 20 72
900- 999 3 18 17 30 68

1,000-1,249 4 24 19 48 95
1,250-1,499 6 6 20 32
1,500-1,749 1 3 4

Totals 5 38 72 94 234 164 173 780

ATTENUATION OF INTE~SITY WITH
EPICENTRAL DISTANCE

The decrease of intensity with epicentral distance
is influenced by such a multiplicity of factors that it
is particularly difficult to measure. The initial task
in any attenuation study is to specify the distance
(or distance range) associated with a given inten
sity level. Common selections are: minimum, maxi
mum, or average isoseismal contour distances or the
radius of an equivalent area circle. In all these ap
proaches, the original individual intensities are not
considered; rather, isoseismal maps are used. Per
haps a better, but more laborious, procedure has
been suggested by Perkins (oral commun., 1975),
wherein the intensity distribution of observations is
plotted for speCific distance intervals. In this man
ner, all the' basic data are presented to the reader
without interpretation by contouring. He is then in
a position to know exactly how the data base is
handled and thereby to judge more effectively the
results that follow. Once the intensity-distance data
are cast in this format, they are then also available
for use in different applications.

The epicentral distances to some 800 different
locations affected by the 1886 shock were measured
and are listed in table 2. For these measurements,
the center of the intensity X (fig. i) area was as
sumed to be the epicenter. Figure 6 presents the
resulting intensity distributions as functions of epi~

central distance. The complexity present in the iso
seismal maps (figs. 4 and 5) is now transformed to
specific distances. and the difficulty of assigning a
single distance or distance interval to a given inten~

sity level is clearly shown. The approach followed
here was to perform a regression analysis on the
intensity-distance data set, using an equation of the
form.

Intensity VI in northern Illinois and Indiana
(~=:;1,200 km (744 mi)):

Chicago, Ill.-Plaster shaken from walls and ceil
ings in one building above the fourth floor;
barometer at Signal Office "stood 0.01 inches
higher than before the shock for eight minutes"
(p. 432) ; earthquake not felt in some parts of
City Hall, especially noticeable in upper stories
of tall buildings, not felt on streets and lower
floors.

Valparaiso, Ind.-Plaster thrown down in hotel,
chandeliers swung, windows cracked, pictures
thrown from walls.

The preceding reports indicate that structural
damage extended to epicentral distances of several
hundred kilometers and that apparent long-period
effects were present at distances exceeding 1,000 km
(620 mi). Persons also frequently reported nausea at
these greater distances.

Dutton apparently contoured his isoseismal map
in a generalized manner, which is an entirely valid
procedure. The rationale in that approach is to de
pict not the more local variations, as was presented
in the above discussion, but rather the. regional pat
tern of effeCts from the event. Figure 5 is the writ
er's attempt at that type of interpretation, and the I
resulting map is very similar to Dutton's.

~-----------------=--=---

Intensity VI in central and western Indiana
( ~=:;1 ,000 km (620 mi)) :

Indianapolis-Earthquake not felt on ground floors;
part of a cornice displaced on one hotel, people .
prevented from writing at desks, clock in court
house tower stopped, a lamp thrown from a
mantle.

Terre Haute-Plaster dislodged, sleepers awakened;
in Opera House, earthquake felt by a few on the
ground floor, but swa);ng caused a panic in the
upper galleries.

Madison-Several walls cracked, chandeliers swung.

Intensity VI in southern Illinois, eastern Tennessee,
and Kentucky (~=950 km (590 mi)):

Cairo, Ill.-Broken windows, "houses settled con
siderably" (p. 430) in one section, ceiling
cracked in post office. ;

Murphysboro, Ill.-Brick walls shook, firebell rang'
for a minute, suspended objects swung.

Milan, Tenn.-Cracked plaster, people sitting in
chairs knocked over.

Clinton, Ky.-Some bricks fell from chimneys.
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FIGURE G.-Distribution of intensity (Modified Mercalfi, MM) as a function of epicentral distance (kIn) for the
1886 Charleston earthquake. Intensity distribution is shown for specific distance intervals.
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FIGURE 7.-Attenuation of intensity (MM) with epicentral
distance (ken) for various fractiles of intensity at given
distance intervals for the 1886 Charleston earthquake
(heavy solid curves). Attenuation functions by Howell
and Schultz (19i5), Gupta and Nuttli (1976), and Cornell
and Merz (1974) are shown by light dashed curves.

l=lo+a+bA+c log A,

where a, b, c are constants, A is the epicentral dis
tance in kilometers, 10 is the epicentral intensity,
and 1 is the intensity at distance A. This equation
form Wa..'l selected because it has been found useful
by other investigators (for example, Gupta and
Nuttli, 1976). The resulting fit for the median, or
50-percent fractile, was,

1=10 + 2.87 - 0.00052A - 2.88 log A.

The standard deviation, (Tr, between the observed
and predicted intensities, is 1.2 intensity units for
these data. For the 75-percent fractile, the a con
stant is 3.68; for the 90-percent fractile, the a con
stant is 4.39. The b term is very small and could
perhaps be deleted, a..'l it results in only half an in
tensity unit at 1,000 kIn. The minimum epicentral
distance at which the equation is valid is probably
10-20 km. The intensity-distance pairs extend to
within only 50 km of the center of the epicentral
regiOOl, but tha.t region (fig. 1) ha..'l a diameter of
approximately 20 kIn.

The curves for the 50-, 75-, and 90-percent frac
tiles are shown in figures 7 and 8 along with other
published intensity attenuation curves for the Cen
tral and Eastern United States. lsoseismal maps

4-20

x

IX

VIII

:E
:E
~

VII

>0'
f-enz VIw
f-
~

V

IV

CENTRAL AND EASTERN U.S.



REINTERPRETATION OF THE INTENSITY DATA

x

IX

... VIII
ci:
~
:i: VII
~

~
Vi VI
z
w...
~ V

IV

III L...-_~--'---'-...l-_--,- __,--....o---'-"--_...l-_--'

10 20 30 40 50 100 200 300 500 1000 2000

EPICENTRAL DISTANCE. IN KM

FIGURE S.-Attenuation of intensity (MM) with epicentral
distance (km) for various fractiles of intensity at given
distance intervals for the Charleston earthquake (solid
curves). Evernden's attenuation curves (1975) (Rossi
Forel intensity scale; L=10 lan, C=25 km, k=1 and 114)
are shown by dashed curves for I.=X.

were utilized to develop these latter curves, and the
general agreement between the entire suite of curves
is remarkable. A direct comparison between curves,
which may not be valid because of different data sets
and different regions, would suggest that the Howell
and Schultz (1975) curve is at about the 85-percent
fractUe, the Gupta and Nuttli (1976) curve is at the
80-percent fractile, and the Cornell and Merz (1974)
curve is at the 70-percent fractile. At the intensity
VI level and higher, note that there is less than one
intensity~unit difference among the Central United
States, Central and Eastern United States" and
Northeastern United States curves and the 75- and
90-percent fractile curves of this study.

Evernderi's (1975) curves (fig. 8) for his k=l and
k = H:j, factors lie between the 50- and 90-percent
fractile curves of this study. Evernden used k fac
tors to describe the different patterns of intensity
decay with distance in the United States. A value of
k= 114 was found for the Gulf and Atlantic Coastal
Plains and the Mississippi Embayment and a k=l
for the remainder of the Eastern United States.
Evernden prefers to work with the Rossi-Fore! (R
F) intensity seale. The difference between the R-F
and MM scales is generally about half an intensity
unit, and conversion to R-F values would essentially
result in translating the fractile curves of this study

upward by that amount. This would put the 75
percent fractile curve in near superposition with
Evernden's k= 1 curve. Such a result is perhaps not
surprising because approximately two-thirds of the
felt area from the 1886 shock is in Evernden's k = 1
region, and isoseismal lines are often drawn to en
close most of the values at a given intensity level.
Although differences in intensity attenuation may
exist between various parts of the Eastern United
States, it would appear from this study that the
dispersion of the data (0'1=1.2) could preclude its

I precise definition. If, indeed, significant differences
do exist between the various regions, then the curves
given here would apply to large shocks in the Coastal
Plain province of the Southeastern United States.

The advantages of the method presented herein
are that it allows a prior selection of the fractile of
the intensity observations to be considered and that
it eliminates one subjective step, the contouring in
erpretation of the intensity data. Furthermore, the
dispersion of the intensity values can be calculated.

Neumann (1954) also presented intensity-versus
distance data in a manner similar to that described
above. However, Neumann did not consider the in
tensity distribution for specific distance intervals as
was done herein, but rather plotted the distance dis~

tribution for each intensity level. To illustrate the
difference in the two approaches, the 1886 earth
quake data were cast'in Neumann's format (fig. 9).

MAGNITUDE ESTIMATE

Nuttli (1973), in arriving at magnitude estimates
for the major shocks in the 1811-1812 Mississippi
Valley earthquake sequence, developed a technique
for correlating isoseismal maps and instrumental
ground-motion data. Later, he (1976) presented spe
cific amplitude-period (A/T), values for MM intensi
ties IV through X for the 3-second Rayleigh wave.
Basically, Nuttli's technique consists of:

(1) Determination of a relation between (AfT).
and intensity from instrumental data and iso
seismal maps,

(2) Use of the (AfT) ,level at 10-km epicentral dis
tance derived from the mb value for the larg
est well-recorded earthquake in the region.
That level will serve as a reference level from
which to scale other mb magnitudes,

(3) For the historical event of interest, assign epi
central distances (~) to each intensity level
from the isoseismal map for the event. Con
vert from intensity to (A/T) .. according to
the relationship of (1) above, then
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FIGURE 9.-DistributioD of epicentral distances (km) for given intensity (MM) levels of the 1886 Charleston
earthquake.

(4) Plot (AfT), versus ~ and fit with a theoretical
attenuation curve. Next, scale from (2) above
to determine the ~mb between the historical
shock and the reference earthquake.

In the (A T), versus intensity of (1) and the
curve fitting of (4), Nuttli found that surface waves
having periods of about 3 seconds (s) were implied.
He justified the use of'mb (determined from waves
having periods of about 1 s) by assuming that the
corner periods of the source spectra of the earth
quakes involved are no less than 3 s. This implies a
constant proportion between the 1- and 3-s energy
in the source spectra. Nuttli used mb rather than
il{, because he felt that, for his reference earthquake,
the former parameter was the more accurately
determined.

If we apply Nuttli's technique to the 1886 earth
quake and use the distances associated with the 90
percent fractile intensity-distance relationship, the
resulting mb estimate is 6.8 (fig. 10) Nuttli-, (1976) i
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obtained a value of 6.5 when he used Dutton's iso
seismal map and converted from the Rossi-Forel
scale to the MM scale. If the Trifunac and Brady
(1975) peak velocity versus MM intensity relation
ship,derived from Western United States data, is
taken with the 90-percent fractile distances, then the
mb estimate is 7.1 (fig. 10). Because the 90-percent
fractile curve is the most conservative, it results in
the largest intensity estimate at a given distance.
The magnitude estimates in this study would be
upper-bound values.

My magnitude estimates, as well as those of
Nuttli, are based primarily on three previously men
tioned factors: intensity-distance relations, inten
sity-particle velocity relations, and reference magni
tude level (or, equivalently, the reference earth
quake, which in this instance is the November 9,
1968, Illinois earthquake with mb = 5.5). In the Cen
tral and Eastern United States, the data base for the
later two factors is very small. It is in this context
that the magnitude estimates should be considered.
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FIGURE 10.-Body wave magnitude (m.) estimates for the
1886 Charleston earthquake based on Nuttli's (1973,
1976) technique. Nuttli's Central United States particle
velocity-intensity data are indicated by solid circles. Tri
funac and Brady's (1975) Western United States particle
velocity-intensity data are indicated by X's. Distances are
from the 90-percent fractile curve of this study. Heavy
curve is Nuttli's (1973) theoretical attenuation for the 3
s Rayleigh wave. Western United States data fit with a
straight line (light curve).

CONCLUSIONS

The intensity data base published by Dutton
(1889) has been studied, and the principal results
of that effort are as follows:

1. The maximum epicentral intensity was X (MM),
and the intensity in the city of Charleston was
IX (MM).

2. The writer verified that Dutton's isoseismal map
was contoured so as to depict the broad region
al pattern of the effects from ground shaking.
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3. When contoured to show more localized varia
tions, the intensity patterns show considerable
comple..xity at all distances.

4. The epicentral distance was measured to each
intensity observation point and the resulting
data set (780 pairs) was subjected to regres
sion analysis. For the 50-percent fractile of
that data set, the equation developed was

1=lo+2.87-0.00052~-2.88log.l

with a standard deviation (0"1) of 1.2. For the
90- and 75-percent fractiles, the 2.87 constant
is replaced by 4.39 and' 3.68, respectively. This
variation of intensity with distance agrees
rather closely with relationships obtained by
other workers for the central, eastern, and
northeastern parts of the United StateS. It
thus appears that the broad overall attenuation
of intensities may be very similar throughout
the entire Central and Eastern United States.

5. Using intensity-particle velocity data derived
from Central United States earthquakes, the
writer estimates a body-wave magnitude (mb)

of 6.8 for the main shock of August 31, 1886.
However, the data base upon which this esti
mate is made is very small; therefore, the esti
mated mb should be considered provisional un
til more data are forthcoming. Use of Western
United States intensity-particle velocity data
produces an mb estimate of 7.1.
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EARTHQUAKE HAZARD I N THE I'1E"PH IS. TENNESSEE. AREA

ARCH C. JOHNSTON and SUSAN J. NAVA

There is a difference to be marked between hazard and risk. The two
are most easily distinguished by answering the question: Can the actions
of people have any effect on the situation? Hazard cannot be lessened
or increased but risk can. The earthquake hazard in Memphis. Tennessee.
is an inheritance of geographic location and is due to the city's proxi
mity to the New Madr id se i sm ic zone; it cannot be changed by man. Earth
quake risk is the immediate danger posed to the population and it can
be substant ia 11 y altered by a number of act ions. most sign if icant 1y,
improved construction and siting of buildings. The purpose of this paper
is to give a brief introduction to the seismic hazard in Memphis, Ten
nessee.

THE NEW KADRID SEISMIC ZONE

The New Madrid seismic zone is depicted in Figures 1 and 2. Figure 1
shows the instrumentally located epicenters for the past nine years; the
main branches of the seismic zone are del ineated by the concentrated
pattern of epicenters within the small box of Figure 1. Figure 2 shows
the re lat ionsh ip of the zone to Memph is and She 1by County and to the
major cr it ica 1 fac iIi ti es in the surround ing reg ion. The genera1ized
modified Merealli isoseismals of Algermissen et al. (1983) are superim
posed; the contours are estimated as combined effects of maximum magni
tude events in the northern and southern portions of the zone. A single
event would not produce these estimated intensities at all locations.

The New Madrid seismic zone is regarded by seismologists and disaster
response planners as the most hazardous zone east of the Rocky Mountains
(Johnston. 1982) There are three basic reasons for this estimation:

1. In the winter of 1811-1812. the zone produced three of the
1argest earthquakes known to have occurred in North Amer ica
(Ms 8.5. 8.4, and 8.8) and hundreds of damag i ng aftershocks
(Nuttl i, 1983).

2. A major geo 1og ica 1 structure--an anc ient crusta1 r i ft--has
been ident i f ied through a decade of extens ive research (Mc
Keown and Pakiser, 1982). The rift underl ies the shallow

The authors are members of the staff of the Tennessee Earthquake Infor
mation Center in Memphis. They developed this paper for presentation
at BSSC meeting in Memphis on January 22, 1985.
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1974 - 1983

FIGURE 1 Map of the central United States with the 1974-1983 instru
mental seismicity data set (Stauder and others. 1974-1983). The bound
aries of the two source zones used for frequency-magnitude determination
are: Large zones. 35.0 -37.0 N/89.0 -91.5 W.
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XI SEVERE OAMAGE 1»0.8 II
X MAJOR OAMAGE '"'0.8 •

IX CONSIDERABLE DAMAGE
(0;5 - 0.55.

VIII MODERATE STRUCTURAL
DAMAGE (0.25 - 0.3.

VII SLIGHT STRUCTURAL
DAMAGE 10.1 - 0.1511

--~....
VII VIII

a---
•

•

. ...-...... "...: ..,.s'--1 __ ......- ...
, ae....... l' ...1

FIGURE 2 The relation of Memphis, Tennessee, and Shelby County to the
New Madrid seismic zone. Also shown are major critical facilities in
the region and Modified Hercal Ii isoseismals for a "composited" maximum
magnitude New Madrid earthquake.
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sediments of the Mississippi embayment and is of such charac
ter and dimension that it could generate major earthquakes.

3. The zone is still quite seismically active (Figure 1). More
than 2.000 earthquakes (of which 97 percent have been too sma 1I
to be felt) have been detected in the zone since 1974.

These three observations--past great earthquakes. identified geological
structure, and continuing activity--constitute the reasons for the high
hazard potential with which the New Madrid zone is presently regarded.

EARTHQUAKE PROBABILITY

Without a doubt. the most frequently asked and least satisfactorily an
swered question concerning the earthquakes of the New Madrid seismic
zones is: When is the next major earthquake going to happen? Seismology
cannot now (nor in the near future) answer this question in a determin
istic fashion (i.e .• accurately predict earthquakes). but a probabilis
tic assessment is possible. In a recent study, Johnston and Nava (1985)
estimated the probability of occurrence of large New Madrid earthquakes
for two time periods--bythe end of the century and within a represent
ative lifetime (15 and 50 years. respectively) The estimates are based
on magnitude: (1) a body-wave magnitude, mb, of 6.0 (or equivalently a
surface-wave magnitude. Ms , of 6.3) which could be destructive over an
area of one or more counties and (2) a body-wave magnitude of 7.0 (sur
face-wave magnitude of 8.3) which is considered equivalent to a repeat
of one of the great New Madrid events of 1811-1812. Using these magni
tude categories. the determined probabilities are as follows:

Body Wave MagnitUde
mb 6.0 (Ms 6.3)
mb 7.0 (Ms 8.3)

Probab i 1ity ('M
1985 to 2000 1985 to 2035
40-63 86-97
0.3-1.0 2.7-4

A number of assumptions about the seismic behavior of New Madrid were
necessary in order to generate the above probability ranges. The ap
proach used and the assumptions that went into the final probabi I ity
estimates are described briefly below.

Probability estimates require that the seismic zone behaves in a roughly
predictable or period manner. This cannot be proven for large New Madrid
events because of an incomplete data set over many seismic cycles. but
smaller earthquakes exhibit a well behaved recurrence pattern. There
fore. the authors took instrumentally recorded data from the past nine
years (see Figure I) and a historical I ist of earthquak~sof the past 15B
years. determined the recurrence relationships for this data set, and
then extrapolated to large magnitudes. This yielded an estimate of the
average recurrence or repeat time in years between New Madrid earthquakes
for a given magnitude range. For ffib 6.0. the average repeat time is 70
years. (The last such event occurred 90 years ago in 1895.) Formb 7.0
(Ms 8.3). the average repeat time is 550 years. (The 1ast such event
was in 1812. 173 years ago.) These est imates app I y to data from the
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entire region shown in Figure 1. If only the small region is considered
(within the rectangle of Figure i), repeat times approximately double.
There are sound geophysical reasons for choosing the larger source zone.

Once the average repeat time is established, both cumulative and condi
tional probabi 1ities can be determined. Cumulative probabi I ity tells
us the likel ihood that a quake of a certain magnitude would have occurred
by now (the present) given the date of the last occurrence and the aver
age recurrence interval. Conditional probability estimates the likeli
hood of occurrence during a future specified time period (i.e., 15 and
50 years--this study). Obviously, conditional probabi 1ities are of
greater interest than cumu 1at i ve and are therefore emphas ized in th is
study.

In order to make the final probability computations it is necessary to
know the manner in which actual earthquake repeat times, for a given
magnitude range, are dispersed about the estimated mean repeat time.
This is described statistically in terms of a probability distribution
with a given standard deviation. Such information for large magnitude
New Madrid events is lacking; the authors' approach, therefore, was to
take a number of different distributions and a range of standard devia
t ions from the literature o.f stud i es of other act ive earthquake zones and
apply these to New Madrid. This approach allowed for a large uncertainty
in the actual (but unknown) behavior of New Madrid. This results in a
range of probability values as quoted above rather than a single number.

Figures 3-5 are graphs of Gaussian conditional probabil ities from mb 6.0.
ITb 6.6, and mb 7.0 earthquakes (Ms 6.3, Ms 7.6, and Ms 8.3. respective
ly), graphs on which one can see the effect that the standard deviation
exerts on the probability values. The types of probability distribution
employed also have an effect but to a lesser degree. The date of last
occurrence, the present (1985), and the mean recurrence time are indi
cated on the horizontal time axis. Shading illustrates the probability
range as standard deviation is varied from 33 percent to 50 percent of
the mean repeat time. Calculations were done for four different statis
tical representations--Gaussian, log-normal, Weilbull, and Poisson--but
only Gaussian is shown here. Poisson statistics, which yield a constant
conditional probabllity, are not appropriate for this analysis; there
fore, only the Gaussian, 1o.g-norma 1, and Weibull distributions were
used to obtain the probability ranges quoted above.

In conclusion, the authors estimate that there is a medium probability
of a locally destructive New Madrid earthquake in the next 15 years (40
percent to 63 percent) and a high probability (86 percent to 97 percent)
in the next 50 years. The probability for a great New Madrid event is
less than 1 percent by the turn of the century and less; than 4.0 percent
during the next 50 years. These estimates are of necessity based on a
number of unproven assumptions about the New Madrid zone; however, every
effort was made to take an appropriate and comprehensive range of esti
mates in order to bracket the actual probability for future destructive
earthquakes in the central United States.

5-5



PROBABILITY OF A MAGNITUDE(Ms) 8.3
EARTHOUAKE

100

80 .Gaussian

20

90

70

>-
- 60

:.a
]50
o-a. 40

~ /985
I

J

I,
I

2000 2200 24CX1

- Years Since Last Event )

FIGURE 3(a) Gaussian conditional probability computed for magnitude mb
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An expanded view of the circled region near the origin of
The probability ranges are those quoted in the text.



PROBABILiTY OF A MAGNITUOE(Ms)
16 EARTHOUAKE

PrObability

100

29%

Within nelt
5O~s

19%

Within nat 8.7%
15 years

5.4%

t
/812

~

- Years Sinee Last Event --~)

FLGURE 4 Conditional probabi I ity representation of an mb 6.6/l'ts 7.6
earthquake. Graph description follows Figure 3(a).

PROBABILITY OF A MAGNITUOE(Ms) 6.3
EARTHQUAKE

ProbCIbilily

97%T~-----::~7:%::;;:;:::;:-__
Within ned _.,.,.,.,.,..~~'0

sorsS6% --~

Wilhinnell
15 years

40 %+ot-oIi...-_"-

50 100 150 'CO
--Years Sinee Last Event~

FIGURE 5 Conditional probability representation of mb 6.0jMs 6.3
earthquake. Graph description follows Figure 3(a).

5-7



REFERENCES

Hopper, M. G., S. T. Algermissen, E. E. Dobrovolny, 1983. Estimation
of Earthquake Effects Associated with a Great Earthquake in the New
Madr id Se ism i c Zone. USGS Open Fi Ie Report 83-179. Wash ington,
D.C. : U.S. Geological Survey.

Johnston, A. C. 1982. "A Major Earthquake Zone on the Mississippi."
Scientific American 246 (4):60-68.

Johnston, A. C.• and S. J. Nava. 1982. Investigations of the New
Madrid Seismic Zone. Submitted to the Journal of Geophysical
Research.

Mekeon, F. A. and L. C. Pakiser. Editors. 1982. Investigation of the
New Madrid, Missouri, Earthquake Region. USGS Professional Paper
1236. Washington, D.C.: U.S.Geological Survey.

Nutt Ii, O. W. 1983. "Average Se ism i c Source-Parameter Re Iat ions for
Mid-Plate Earthquake." Bulletin of the Seismic Society of America
73(2): 519-535.

5-8



EVALUATION OF THE EARTHQUAKE GROUND-SHAKING HAZARD
FOR EARTHQUAKE-RESISTANT DESIGN

WALTER W. HAYS

This paper describes current research that can be applied to evaluate
the earthquake ground-shaking hazard in any geographic region. Because
most of the spectacular damage that takes place during an earthquake is
caused by partial or total collapse of buildings as a result of ground
shaking or the triggering of geologic effects such as ground fai.lures
and surface faulting, an accurate evaluation of the ground-shaking hazard
is an important element of: (1) vulnerability studies; (2) specification
of seismic design parameters for earthquake-resistant design of build
ings, iifeline systems,and critical facilities; (3) assessment of risk
(chance of loss); and (4) the specifications of appropriate building
codes. Although the physics of ground-shaking, a term used to describe
the vibration of the ground during an earthquake, is complex, ground
shak ing can be exp 1a ined in terms of body waves (compress iona 1. or P,
and shear, or S) and surface waves (Rayleigh and Love) (see Figure 1).
Body and surface waves cause the ground and, consequently, a building
and its contents and attachments to vibrate in a complex manner. Shear
waves, which cause a building to vibrate from side to side. are the
most damaging waves because buildings.are more susceptible to horizontal
vibrations than to vertical vibrations.

The objective of earthquake-resistant design is to construct a building
so that it can withstand the vibrations .caused by body and surface
waves. In earthquake-resistant design, knowledge of the amplitude, fre
quency compos i t ion, and time durat ion of vibrat ions is needed. The
quantities are determined empirically from strong motion accelerograms
recorded in the geographic area or in other areas having simi lar geologic
characteristics.

In add it ion to ground-shak ing, the occurrence of earthquake- induced
ground failures, surface faulting, and, for coastal locations,. tsunamis
also must be considered. Although ground failures induced during earth
quakes have caused many thousands of casualties and millions of dollars
in property damage throughout the world, the impact in the United States
has been limited primari ly to economic loss. During the 1969 Prince
William Sound, Alaska, earthquake, ground failures caused about 60 per
cent of the estimated $500 mil lion total loss; landsl ides, lateral spread
failures, and flow failures caused damage to highways, railway grades,

Dr. Hays is Deputy for Research Applications, Offi~e of' Earthquakes,
Volcanoes, and Engineering, U.S. Geological Survey, Reston, Virginia.
He prepared this paper as background information for those making presen
tations at the BSSC meetings in January and February 1985.
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bridges, docks, ports, warehouses, and single-fami ly dwell ings. In
contrast to ground failures, deaths and injuries from surface faulting
are un 1ike Iy; however, bu i 1dings and 1ife 1ine systems located in the
fault zone can be severely damaged. Tsunamis, long period water waves
caused by the sudden vertical movement of a large area of the sea floor
during an earthquake, have produced great destruction and loss of life
in Hawaii and along the West Coast of the United States. Tsunamis have
occurred in the past and are a definite threat in the Caribbean. Histor
ically, tsunamis have not been a threat on the East Coast.

-
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FIGURE 1 Schematic illustration of the directions of vibration caused
by body and surface seismic waves generated during an earthquake. When
a fault ruptures. seismic waves are propagated in all directions, causing
the ground to vibrate as a consequence of the ground-shaking, and damage
takes place if the building is not designed to withstand these vibra
tions. P and 5 waves mainly cause high-frequency (greater than 1 Hertz)
vibrations that are more efficient in causing low buildings to vibrate.
Rayleigh and Love waves mainly cause low-frequency vibrations that are
more eff ic Ient than hi gh-fr::equency waves in caus Ing ta I 1 bu i 1dings to
vibrate.
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EVALUATIOO OF THE GROUND-SHAKING HAZARD

No standard methodology exists for evaluating the ground-shaking hazard
in a region. The methodology that is used (whether deterministic or
probabilistic) seeks answers to the following questions:

1. Where have past earthquakes occurred? Where are they occurr ing
now?

2. Why ar~they occurring?
3. How big are the earthquakes?
4. How often do they occur?
5. What are the physical characteristics (amplitude.frequency com

pos it ion, durat ion) of the ground shak ing and the phys ica1
effects on buildings and other facilities?

6. What are the options for achieving earthquake-resistant design?

The ground-shaking hazard for a community (Figure 2) may be presented
in a map format. Such a map displays the special variation and relative
severity of a physical parameter such as peak ground acceleration. The
map provides a bas i s for d i vi ding a reg ion into geograph ic reg ions or
zones, each having a similar relative severity or response throughout
its extent to earthquake ground-shaking. Once the potential effects of
ground-shaking have been defined for all zones in a region, publ ic pol icy
can be devised to mitigate its effects through appropriate actions such
as avoidance, land-use planning,engineering design, and distribution
of losses through insurance (Hays, 1981). Each of these mitigation
strategies require some sort of zoning (Figure 2). The most fami liar
earthquake zoning is contained in the UniformSuilding Code (USC) whose
aim is to provide a minimum earthquake-resistant design standard that
will enable the building to:

1. Resistant minor earthquakes without damage,
2. Resist moderate earthquakes without structural damage but

with some nonstructural damage, and
3. Resist major earthquakes with structural and nonstructural

damage but without collapse.

HISTORY OF SEISMIC ZONING

Zoning of the earthquake ground-shaking hazard--the division of a region
into geographic areas having a similar relative severity or response to
ground-shak ing--has been a goa1 in the cont iguous Un i ted States for
about 50 years. During this period, two. types of ground-shaking hazard
maPS have been constructed. The first type (Figure 3) summarizes the
emp Irica 1 observat ions of past earthquake effect.s and makes the assump
t ion that '. except for sca 1ing differences ,approx imate 1y the same phys i
cal effects wi 11 occur in,f:'uture .earthquakes. The second type (Figures
4-6) utilizesprobabil istic concepts and extrapolates from regions having
past earthquakes as we 11 as from reg ions hav Ing potent Ia 1 earthquake
sources. expressing the hazard In terms of either exposure time or return
period.
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FIGURE 2 Schematic illustration of a typical community having physical
systems (pub1 ie/community faci I ities, industrial, transportation, and
hous i ng) exposed to earthquake hazards. Eva Iuat ion of the earthquake
hazards provides policymakers with a sound physical basis for choosing
mitigation strategies such as avoidance, land-use planning, engineering
design, and distribution of lo~ses through insurance. Earthquake zoning
maps are used in the implementation of each strategy, especially for
bu il ding codes.

6-4



\

\

II ...

1111"'lO$-ItO-

zoeoc 0-" -.. "'---1/~~~+::'---kk;~~~~"'f~~~--
lOOoC /-__;'''- ;._'_..._--'-"-/--"...... _lO __: __ .. -.:..,_Wl_ ...........
ZOIIC 1- ........ _~9 _a II ............".__ "II. s-.
ZOIC I- :_.._ "'~.,. _ __ .ne_._.__..__.......... _n 11._ .-..._----_.

II-

FIGURE 3 Seismic hazard zones based onh istor ica 1 modified Merca 11 i
intensity (MMl) data and the distribution of damaging earthquakes (Alger
missent (969). This map was adopted in the 1970 edition of the UBC and
incorporated. with some modifications, in later editions. Zone 3 depicts
the greatest hazard and corresponds to MMI VII: and greater.
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FIGURE 4 Map showing preliminary design regional ization zones for the
cont i guous Un i ted States proposed by the App I fed Techno IogyCounc 11
(ATC) in 1978. Contours connect i9reas under la in by rock hav ing equa I
values 9f effective peak acceleration. Mapped values have a 90 percent
probability of not peing exceeded in a 50-year period. Zone 1 represents
the lowest hazard (0.06 g). Sites located in Zone 4 requ ire s ite-spe
eifie investigations. This map w.as based onreseareh by Algermissen
and Perkins (1976).
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FIGURE 5 Graph showing levels of peak horizontal ground acceleration
expected at bedrock sites in the Memphis. Tennessee, and the St. Louis.
Missouri, areas in various exposure times. The values of peak accelera
t i on have a 90 percent probab i 1ity of nonexceedance. An exposure time
of 50 years corresponds to ~he useful life of an ordinary building and
is typically used in many building codes.
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FIGURE 6 Graph showing levels of peak horizontal ground acceleration
expected at bedrock sites In the Char Ieston, South Caro II na, and the
Seattle. Washington. areas in various exposure times. For comparison.
San Francisco. California. also is included. The values of peak acceler
ation have a 90 percent probability of nonexceedance. An exposure time
of 50 years corresponds to the useful life of an ordinary building and
is typically used in many building codes.
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PROCEDURE FOR EVALUATING THE GROUND-SHAKING HAZARD

Construction of a ground-shaking hazard map requires data on:

1. Seismicity.
2. Earthquake source zones.
3. Attenuation of peak acceleration. and
4. Local ground response.

The procedure for construct ing a ground-shak ing hazard map is i 11 ustratec:l
schematically in Figure 7. Except for probab i 1ist iccons iderat ions· a
deterministic map would follow the same general procedure. .

RESEARCH PROOLEt1S

A number of complicated research problems are involved in the evaluation
of the ground-shaking hazard (Hays, 1980). These problems must be ad
dressed if more accurate spec if Icat ions of the ground-shak i ng hazard
are desired. The problems can be categorized in four general areas-
seismicity. nature of the earthquake source zone. seismic wave atten
uation. and local ground response--with each area having a wide range

;of technical issues. Presented below are representative questions.
which generally cannot be answered with a simple "yes" or "no," that
illustrate the controversy associated with ground-shaking hazard maps.

SeiSlitcity

o Can catalogs ofi nstrumenta I IY recorded and felt earthquakes (usually
representing a regional scale and a short time interval) be used to
give a precise specification of the frequency of occurrence of major
earthquakes on a 10cal.S)cale?

o Can the seismic cycle of individual fault systems be determined accur
ately and, if so, can tl1ef:!xact position in the cycle be identified?

o Can the Iocat ion and magn itude of the 1argest earthquake that is
physically possible on an Ind(vidual fault system or in aseismo'
tecton Ic prov ince be spec if ied accurate Iy? Can the recurrence o'f
th i s event be spec if i ed? Can the frequency of occurrence of sma 11
earthquakes be specified?

o Can seismic gap~ (i.e., locations having a noticeable lack of earth
quake activity surrounded by locations having activity) be identified
and their earthquake potential evaluated accurately?

o Does the geologic evidence for the occurrence of major tectonic epi
sodes in the geologic past and the evidence provided by current and
historic patterns of seismicity in a geographic region agree? If
not. can these two sets of data be reconciled?
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The Nature oT the Earthquake Source Zone

o Can seismic source zones be defined accurately on the basis of his
toric seismicity, on the basis of geology and tectonics, or on the
basis of historical seismicity generalized by geologic and tectonic
data? Which approach is most accurate for use In deterministic stu
dies? Which approach Is inost accurate for use In probabilistic stu-.
dies?

o Can the magnitude of the largest earthquake expected to occur In a
given period of time on a particular fault system or In a seismic
source zone be estimated corr€ctly?

o Has the region experienced its maximum or upper-bound earthquake?

o Should the physical effects of important earthquake source parameters
such as stress drop and seismic moment be quantified and incorporated
In earthquake-resistant design even though they are not traditionally
used?

Seismic 'lave Attenuation

o Can the complex details of the earthquake fault rupture (e.g •• rupture
dimensions, fault type, fault offset. fault slip velocity) be modeled
to give precise estimates of the amplitude and frequency character~

istles of ground motion both close to the fault and far from the
fault?

o Do peak ground-motion parameters (e.g., peak acceleration) saturate
at large magnitudes?

o Are the data bases adequate for def InIng bedrock attenuat Ion 1aws?
Are they adequate for defining soil attenuation laws?

Local Ground Response

o For specific soil types is there a discrete range of peak ground
mot Ion va 1ues and I.eve 1s of dynam ic shear stra in for wh ieh the ground
response 15 repeatab1e and essent Iall y 1inear? Under what In-s itu
conditions do non-linear effects dominate?

o Can the two- and three-dimensional variations of selected physical
properties (e.g., thickness, lithology, geometry, water content,
shear-wave ve Ioc ity, and dens ity) be mode 11 ed accurate 1Y? Under
what physical conditions do one or more of these physical properties
control the spatial variations. the duration, and the amplitude and
frequency composition of ground response in a geographic region?

o Does the uncertainty associated with the response of a soil and rock
column vary with magnitude?
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CONCLUSIONS

Improved maps of the earthquake ground-shaking hazard will come as rele
vant geo Iog i c and se i sma log i ca I data are co I Iected and synthes ized.
The key to progress will be the resolution of the research problems
Identified above.
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INTRODUCTION TO SEISMOLOGICAL CONCEPTS RELATED
TO EARTHQUAKE HAZARDS IN THE PACIFIC NORTHWEST

STEWART W. SMITH

The objective of this brief discussion is to acquaint you with the gen
eral aspects of the earthquake hazards in the Pacific Northwest. We will
address the "why," "how big," and "how often" of earthquake occurrence.
In addition, some mention will be made of the severity of effects that
we may expect in this region. In order to answer the questions concern
i ng "where" and "why,". we wi I1 ca lIon some genera 1 concepts of plate
tectonics. Answering the "how big" question will require a discussion
of earthquake magnitude and other means of characterizing the "size" of
an earthquake. The question of "how often" wi 11 cause us to look at
some elementary statistics of earthquake distributions and the importance
of the historic record. Finally, our discussion of the severity of ef
fects will necessitate the introduction of the Idea of how we charac
terize destructive ground motion and how the severity of motion depends
on the local situation.

Whether or not the scientific community is ever able to reliably pre
dict earthquakes, engineering decisions need to be made every day based
on our present state of understanding of the earthquake risk. Thus, the
pr inc ipa 1 task of a se i smo Iog ist interested in reduc ing the hazards
due to earthquake i s to deve1op an understand i ng of how geo log ic and
seismologic parameters affect motion. This is necessary because we need
to predi ct in advance the nature of ground mot ion for an earthquake
that has not yet occurred and all we have to look at is the geology and
the record of past earthquakes.

PLATE TECTONICS AND EARTHQUAKES

The plate tectonic model of planet Earth is the starting place for under
stand Ing the "why" and "where" of earthquake occurrence. In the simp lest
sense, earthquakes are the "noise" or creaking and grinding disturbances
that accompany the motion of tectonic plates. In this view, the plates
(with associated continents riding along on top of some of them) do not
move smoothly at rates of a few centimeters a year; rather, they move
spasmodically, with a jump during each large earthquake, such that the
average motion viewed over thousands (or millions) of years is several
centimeters per year. Of course, the entire plate does not have to
lurch forward during a single earthquake, but significant distortion and

Or. Smith is a professor in the Geophysics Program at the University of
Wash i ngton, Seatt Ie. He prepared th is paper for presentat ion at the
BSSC meeting held in Seattle on February 6, 1985.
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movement could be expected every time a large portion of any its boun
daries slips. That earthquakes are associated with the boundaries of
these plates can eas i Iy be seen by look ing at Figure 1, wh ich ill us
trates the global pattern of earthquake activity. Narrowing our view
to the Pacific Northwest, we have the plate configuration illustrated in
Figure 2.

Plate Boundaries

A plate has three types of boundary--a spreading ridge boundary, a sub
duct ing zone boundary, and a transform fau It (or edge) boundary. In
the simplest view, the ridge has the smallest earthquake occurrences be
cause the lithosphere is thin and hot (weak) near a ridge and, thus, a
Iarge area of potent ia lsI ip (and, thus, a 1arge vo Iume in wh ich to
store strain energy) does not exist. In contrast, the subduction zone
boundary appears to be the place where the world's largest earthquakes
(great earthquakes) occur. This is because the lithosphere is cooler,
thicker, and stronger and because a larger area of potential slip exists
(the entire interface between the overriding and underthrusting plates).
Transform faults or plate edges appear to be intermediate between these
two extremes with a limit on the depth extent of faUlting, but with a
hor izonta 1 extent that can be qu ite 1arge as in the case of Ch i 1e.
Turkey, and Cal ifornia. It would appear that large earthquakes, but
perhaps not truly great earthquakes, are possible on transform faults.
The distinction between "large" and "great" for engineering purposes
ultimately may be important because of the size of area affected rather
than because of distinction in the severity of ground motion. This is
true since in recent years it has become clear that even moderate earth
quakes can produce very severe ground motion locally.

Subduction Zones

Looking in more detai 1 at the conditions that affect the potential "size"
of earthquakes on subduction zones. we find that the two most important
parameters seem to be the age of lithosphere and the rate of plate motion
(covergence). A simple model of the downgoing slab, which progressively
grows cooler and thicker as it moves out from its source region at the
spreading ridge. is that it is sinking vertically under its own weight
wh i 1e a 1so be ing subj ected to re1at ive hor izonta 1 convergence as the
overriding plate moves over it. All other things being equal. the faster
it tends to sink because of negat ive buoyancy. the 1ess norma 1 stress
there wi 11 be between the two plates and the more 1ikely it wi 11 be
able to move smoothly (without a stick-slip type motion) and. thus, the
smaller the earthquakes are likely to be. In the limit of a plate that
is sinkIng so fast that it is actually separating (trying to separate)
from the overriding plate, it is unlikely that large earthquakes could
occur at all. The single most important parameter that seems to control
the density of the downgoing plate and, thus its buoyancy. is its age.
The older and colder the plate, the more dense it is and the faster it
wi 11 sink. The other parameter is the plate velocity (covergence rate).
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Here, for a constant sink i ng rate, the faster the two pI ates are converg
ing, the more normal stress there will be locking the surface between
them. This, in turn, leads to a situation of large stress accumulation
and, thus, large earthquakes.

The corre Iat ion between I i thospher ic age and convergence rate· shows,
for examp Ie, that in the Pac if ic Northwest, where the Juan .de Fuca p Iate
has an age of less than 20 mi1liqn years offthe coast of'Washington and
a convergence rate of about 3.5 cm/yr., the expected va I ue of moment
magnitude for the largest possible earthquake is8. 25 ~ .,' The scatteri n
the data revealed in the multiple regression work by H'eaton and Kanamori
wou Id cause one to put an uncerta i nty of about iO. 4 ~ The remarkab Ie
th i ng about th is ana lys isis that here ,we have aregi on where the hi s
tori c record is 1ess than two centur ies and there are no reports of
earthquakes, larger than around 7.5 and, yet,.a model based strictly on
geo Iog ic data and the p Iate tecton ic hypothes i s I eads to a pred ict ion
of an earthquake as large as 8.5.

Transform Faults

In trying to apply simi lar kinds of basic physics to transform faults
to see what· parameters inf1uence the max imum size of earthquakes, we
have much less success. It appears to be only the top 20 6rso kilo
meters of crust that ,can support brittle fracture; therefore, the size
of the possible. sl ipareais controlled primarily by the length of the
fault. Complexity of the fault, lateral inhomogenietiesand bends or
kinks, appears to be important 'in determining how long a section might
rupture in a single earthquake event. Thus, the detailed surface geology
is critical and no generalizations can be made. Transform faults or
plate boundaries are of several varieties depending on which types of
plate boundaries the transforms connect. Plate edges between two offset
ridges (RR transform) can be easi ly modeled with a piece of cardboard
in which two slots are cut and through which two pieces of paper (appro
priately marked with magnetic stripes) can be pulled. Two lessons are
learned from this paper model. First, the relative motion on the trans
form fault connecting the two ridges is opposite to that which would be
expected if one thought that the ridges had been offset by a fault that
connected them and that they originally had been a :throughgoing feature.
More important from the standpoint of assessing possible earthquake
size, however, is that the ends of the fau It. wh i ch extend beyond the
ridges and are called fracture zones (FZ), have no relative motion and,
thus, can be viewed as fossi I faults on which there wi Ilbe no earth
quakes generated. Thus. a fracture zone that is a thousand kilometers
long can generate a rupture only as long as the segment joining the two
actively spreading ridges. Even in the case of the transform fault,
the pi ate tecton ic hypothes is prov ides some important gu idance as to
the earthquake potential of this feature. My own view is that we have
seen on I y the beg inn i ng of the way in wh ichour understand i ng of the
physics (and chemistry) of the earth will affect our assessment of future
earthquake hazards.
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FAULT AND EARTHQUAKES

Up to this point. we have viewed the only source of earthquakes to be
plate boundaries. and our view of plates has been one of a grand scale
where there are some 17 major plates comprising the entire surface of
the planet. Looking closer. we find that this view is only an approxi
mate one and that the earth is very much more comp 1icated. In some
instances the plate boundaries are razor sharp and easy to identify.
whereas in others the boundary may be spread out over hundreds of kilo
meters or great 1y obscured by the poss ib1e subd i vis ion of the plate
into many smaller platelets (the term IImicroplate li is starting to become
popular). When we come to the hard question of estimating the future
earthquake activity in a region. it sometimes seems that we have simply
substituted one crystal ball for another when we try to invoke ideas of
plate tectonic models and the plates themselves are not easily under
stood. Let us leave the simple plate viewpoint for the moment. recog
nizing that even if we had a simple plate model at depth. what we would
see at surface is likely to be obscured by the local geology (e.g., moun
tains. sedimentary basins). In examining how the surface rocks may deform
or fracture (fau 1t) in response to deeper plate movement, we can use
some the ideas of fracture mechanics to relate stresses to resulting
fault type and pattern.

Normal Faults

A normal fault is one in which the slip direction is down-dip in such a
way that you would expect to develop if the region were stretched and
the blocks readjusted accordingly. Typically the dip of normal faults
is quite steep. between 45 and 90 degrees. (Remember. dip is measured
from the hor izonta I downward ) . In terms of earthquake potential. one
would not expect a great deal of normal stress pressing the two sides
of the fault together since the region is undergoing horizontal tension
(be ing pull ed apart). Thus. a 11 other thi ngs bei ng equa 1 (whi ch in
geology they never are ). one would not expect the largest earthquakes
to occur on such faults. Substantial earthquakes. however. have been
observed on normal faults (e.g •• Dixie Val ley. Nevada. in 1954 and Hebgen
Lake. Montana. in 1959). These faults had vertical displacements of up
to 4 or 5 meters over distances of near 1y 100 km so they were "b igU
earthquakes by any measure but they were not "great" earthquakes in the
sense of the AIaskan earthquake of 1964. Our 1949 earthquake near
Olympia (magnitude 7.1) was apparently on such a fault although it oc
curred on the deep part of the subducted slab where we cannot directly
observe it.

Reverse Faults (and Thrust Faults)

A reverse fault is also a fault on which the slip is in the direction of
dip. but in this case it is the upper block (hanging wall) that is pushed
up so the sense of motion is opposite to that discussed for the normal
fault. Typical dips for reverse faults are 45 degrees or less. When
the dip gets to be very shallow, almost horizontal, then the term
"thrust" fault is used to describe it. There are numerous examples of
near 1y hor izonta 1 thrust sheets where, over geo log i c time. the upper
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block has slid many miles on top of the lower sheet. One could expect
large normal stresses to develop across such faults (since the two sides
of the fault are being pushed together) and, thus, very energetic earth
quakes. A recent example of a thrust type earthquake was that in the San
Fernando region of southern California in 1971. Since the Juan de Fuca
plate is being thrust beneath North America, this is the type of faulting
that could conceivably occur beneath western Washington. Shou 1dth is
occur, there would likely be quite severe ground motion over the entire
region from the Pacific Coast inland to the Cascade Mountains.

Strike Slip Faults

Finally. we have the case of nearly vertical fault surfaces with slip
in the horizontal direction. Such faults are called "strike sl ip" and.
are classified as to right or left lateral depending on the sense of
motion with respect to an observer standing on one side of the fault
and 1ook ing across it. The famous San Franc i sco earthquake of 1906
(magnitude 8.25) occurred on the San Andreas fault. which is a right
lateral strike slip fault. During that earthquake the fault slipped as
much as 17 feet in some places. The recently noted alignment of earth
quakes through Mt. St. Helens extending to the northwest is believed to
be a strike slip fault based on indirect seismological evidence although
geologic data that would confirm sl ip on this fault has not yet been
uncovered.

Earthquake Potential of Mapped Faults

Examination of virtually any geologic map wi 11 reveal that there are a
multitude of faults on a variety of scales present nearly everywhere.
In fact. the density of faulting on maps seems to depend largely on how
carefully the area has been mapped by geologists and how good the ex
posures of bedrock are. Areas like the Puget Sound region may not show
many fau 1ts, for examp 1e, if they are covered by a th ick blanket of
recent glacial material which makes them inaccessible for geologic map
ping. The scale of faulting varies from tiny. millimeter-size features
you can see in a rock fragment up to global-size features that are best
seen in satellite imagery. Obviously not all these features have the
same potential for generating earthquakes. Size or length of faulting
is an obvious distinction. but perhaps the most important characteristic
is the age of most recent movement.

Age of Most Recent Movement

Host observed faults are very old. representing past periods of defor
mation under stress conditions that are very different from what we
have today. In geology we do our forecasting somewhat like the meterol
ogist does his when he uses the "strategy of persistence"--i .e •• the
most likely conditions for tommorrow are more of what we have seen to
day. In that sense, the faults most likely to cause a problem by gener-
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at ing earthquakes are the ones that have the most recent history of
movement. The development of radioactive age dating techniques. parti
cularly those that involve short half life elements like Carbon 14. and
can be used to date materials as young as thousands of years. provides
the means to d ist ingu i sh very young and. thus. potent ia 1Iy dangerous
faults from those that that are old and no longer active. Investigations
are generally made by trenching across the fault trace. or boring through
it, with careful mapping of the materials on either sides. The key is
to find features that are continuous across the fault and to date these
features. For example. an old soil layer that lies uninterrupted across
a dip slip fault and has an age of 2,000 years tells us that the fault
has not moved in at least 2.000 years. Conversely, if the soil layer
were disturbed. it wou Id estab I ish that the fau 1t had moved somet ime
(exactly when could not be said) in the past 2.000 years.

In western Washington our heavy glacial cover obscures most fault fea
tures that might be useful in assessing the record of past earthquakes
(and guessing the future ones). Some evidence of ancient fault motion
on the Olympic Peninsula was developed a number of years ago by dating
trees that were submerged as a possible effect of fault-dammed streams.
Some lineaments are visible in air photographs of the Cascade Mountains
and ins ide-look i ng radar imagery (SLAR). but thei r s ignifi cance is
not as clearly understood as would be the case in California or Nevada
where the overall record of surface geology is much better preserved.
In the Mojave Desert of California. fault scarps that moved thousands
of years ago are so well preserved they look as if they might have moved
yesterday. In contrast, here in the Northwest the rate of growth of
vegetation (such as Douglas fir) and the erosion due to heavy rainfall
are so great that fau Its can eas i 1y be obscured ina short period of
time. In addition, the plate tectonic configuration is basically dif
ferent in the Pacific Northwest from what it is in California. In Cali
fornia. the boundary between the Pacific and North American plates is a
nearly vertical fault plane (or collection of planes) that intersects
the surface of the earth produc ing obv ious features (e. g., the San
Andreas fault). In contrast. our plate boundary in the Northwest lies
beneath us. the gently dipping interface between the Juan de Fuca plate
and the North American plate. Its only intersection with the surface
where one might look to see its expression is under water several hundred
mi les offshore.

Definition of Capable Fault

The technology for recovering the history of fault movement has developed
remarkably during the past decade driven by society's need to assess
the "capabi I ity" of faults in connection with large dams and nuclear
power plants. There are no firm rules to tell us how old a fault has
to be before we can classify it as inactive. It seems to be a sliding
scale depending on how high the stakes are. In the case of nuclear power
plant siting. a specific criteria has evolved in which a fault that has
moved at least once in the past 50,000 years must be considered
"capab 1e. " Genera 11 y, however, if there is no ev idence of movement
since .the last period of glaciation. approximately 10,000 years, it
appears unlikely that future movement will occur.
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CRUSTAL DEFORMATION

Obviously, with all the plates stretching, squeezing and colliding with
one another, there should be some possibly measurable deformation going
on between earthquake occurrences. In the earliest days of seismology,
an earthquake was attributed to either explosive action or magma movement
deep in the earth. It wasn't until the 1891 earthquake at Mino-Owari in
Japan that serious consideration was given to sudden fault slip being
the cause of an earthquake. The excellent set of geologic and geodetic
data that was collected before and after the 1906 San Francisco earth
quake, however, really set the stage for the first rational explanation
of earthquake sources, the "elastic rebound" theory.

A number of fundamental questions remain to be answered concerning the
slow deformation that precedes (and follows) major earthquakes. The
tools to measure these effects are available, primarily laser distance
measuring devices both land-based and satell ite-based, but since the
mot ions are slow, it is go ing to take qu ite a few more years before
many of the questions are satisfactorily answered. For example, how
does the stress increase irithe years (possibly centuries) leading up
to the earthquake? Is it rather steady, simply building gradually to a
point of failure and then starting over again to produce .a periodic
recurrence of earthquakes? Alternatively, is the stress quiescent most
of the time, with rapid periods of buildup just prior to large earth
quakes? These two possible scenarios lead to quite different strategies
for predicting future earthquakes.

SEISMIC WAVES

We have been using sudden fault slip or rupture asa working model for
an earthquake source. The phenomenon that we normally associate with an
earthquake, however, i s ground-shak ing • What's the re 1at ion between
these two observat ions? The ground-shak ing we not ice some distance
away from an earthquake (and some time after the faulting occurred back
at the hypocenter) is simply the effect of seismic waves that have tra
veled from the hypocenter to our point of observation. The principal
shaking motion that is experienced in an earthquake is due to two broad
categories of seismic waves, namely, "body waves" and "surface waves."
The term "body wave"means a disturbance that travels directly through
a sol id medium, choosing a path that is the quickest possible route
between source and receiver. There are two general types of body wave,
compress iona 1 or P waves and shear or S waves. Surface waves trave I
along the surface of the earth in a manner somewhat analogous to water
waves. They also come in two varieties--Love waves that produce strictly
hor izonta 1 shak ing and Ray lei gh waves that cause vert ica I as we lIas
horizontal shaking.

For a number of fundamental reasons, the frequency of both types of
surface waves, Love and Rayleigh, is much lower than that for the direct
body waves, P and S. As a result. surface waves are of much more concern
for long period structures such as bridges and high-rise building than
for more conventional structures. Simple consideration of how the wave
energy spreads out ina surface wave (two-d i mens i ona 1 or cy I i ndr i cal

7-9



traveling along the surface) compared with body waves (three-dimensional,
spherical waves traveling through the medium) tells us that the wave
ampl itude wi I r die off faster with distance for a body wave than it
will for a surface wave. As a result, if a site is near an earthquake.
it will most likely be the body waves that do the damage, whereas if
the epicenter is a long distance away, it is more likely that the surface
waves will present the largest motion.

EARTHQUAKE SIZE

We have now established that earthquakes are the sudden slip or rupture
on a fault plane and that the shaking we observe is a result of seismic
waves produced by that fault slip. Intuitively, we might expect more
intense shaking from a fault that had a relatively large amount of slip.
We also might expect more intense shaking if the fault surface on which
s lip took pIace was a Iarge one since that wou Id permi t construct ive
interference effects to occur. As a result. the measure of earthquake
"s ize" shou Id somehow inc Iude both the amount of s lip as we I I as the
size of the fault area.

Now, the observab Ie quant ity we have ava i Iab Ie to measure earthquake
size is generally a seismogram. Only very rarely do we have the oppor
tunity to directly measure fault slip and area. Thus, we need a measure
of earthquake size that depends on something we can measure on a seismo
gram. such as the amp I itude of some part icu Iar se i smi c wave. In the
ear Iy deve Iopment of the magn itude sca Ie, Char Ies Richter at Ca Itech
simply measured'the maximum amplitude on seismograms. To avoid differ
ences in the response of different kinds of instruments. he restricted
himself to a particular type, namely, the Wood-Anderson torsion seismo
graph. This instrument has two attractive attributes for development
of a magnitude scale. First, it is a very "broad band" instrument that
responds uniformly to vibrations of both very short and very long pe
riod. Second, since it is a mechanical-optical device, there are no
amplifiers, variable resistors, or. in fact. any knobs at all that can
be tWiddled to change its sensitivity. Thus. it is nearly "technician
proof." and even year s after an earthquake has been recorded, one can
have confidence in the published sensitivity of the instrument.

Rfchter Local Magnftude. HI

Richter noted that the max imum amp I itude on se i smograms behaved ina
organized way. Although there were rapid variations in amplitude and a
lot of scatter in data, he found that the maximum amplitude data formed
a one-parameter fami Iy of curves when the logarithm of the ampl itude
was plotted versus the logarithm of distance. The free parameter was
some kind of arb itrary number wh ich denoted the "s izen of the earth
quake. He defined that number as the local magnitude and it has been
denoted as ML. There is an arb itrary "start i ng po int" for th is sea Ie
and he chose it such that a magnitude a shock would have an amplitude
of I mm at a distance of 100 km.
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Body Wave Magnitude. IDb

Richter didn't specify which seismic wave he was measuring. he simply
chose the largest excursion on the record. Since the instrument was
measuring horizontal motion and since he was generally deal ing with
Ioca 1 (nearby) earthquakes. the max imum a Iways corresponded to the SH
wave. Subsequent work using earthquakes from further distances showed
that th is process was inadequate. As waves trave I through the earth
they preferentially lose their high frequency constituents and. thus.
appear longer in period (lower frequency) the further away you observe
them. It was found that dividing the amp I itude by the period provided
a convenient and useful way to normalize out this effect. It was also
necessary to have a sea I e based on compress iona I waves as recorded on
vertical instruments. The resulting relationship with some empirical
corrections added to make it fit reasonably well with the ML scale looked
like:

I1lt:> = 10g(A/T) + O.l~ + 5.9.

where A is the amplitude of ground motion. T is the period of the wave.
and ~ the distance.

Surflce WRY' HI;nttudl. Ms

It soon pecame clear that a single number. either ML for nearby earth
quakes or "b for distant ones. wasn't adequate to describe the "size"
of an earthquake. Two earthquakes of the same magnitude might produce
remarkably different damage effects. and they certainly could write
remarkably different looking seismograms. One of the big differences
was in the amount of surface waves generated. and this observation soon
led to the development of yet another magnitude scale. It utilized the
amplitude of Rayleigh waves at a period of 20 seconds. Because of some
waveguide effects in the earth. this period usually corresponds to the
maximum part of the train of Rayleigh waves and is thus easy to iden
tify. The resulting expression for surface wave magnitude, again ad
justed so that it corresponds as closely as possible with the other"
magnitude scales, is:

Ms = 10gA + 1.6610g~+ 2.0.

51 t smt c Moment

In addition to these empirical studies, which led to several magnitude
scales that were very useful in classifying earthquakes. there were
mathematical developments that led to a characterization of the strength
of a seismic source. In the differential equations that describe the
mot ion of an e last ic med iurn. there is a source term expressed as a
force. We have no way to describe an earthquake as some kind of force
system since we are unable to observe forces directly in the earth and
it seemed that there was no apparent way to use an earthquake as the
source term in the equations of motion. This situation improved after
the deve Iopment of a mathemat ica I representat ion theorem that showed
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how a dislocation (fault slip) model could be expressed as an equivalent
force. An important parameter was ident i f ied in the resu It ing equat ions.
the product of rock strength. fault area. and average slip:

M=J-JAw.

It has the dimensions of a "moment," (Le •• force times length) so it
was called "seismic moment." Here was a parameter that could be measured
from a se ismogram and cou I d a I so be direct I y reI atedto observations
that a geologist could make in the field. It also formed the basis of
a calculation of energy or work done during an earthquake. and this, in
turn, was used to deve I op yet another (hopefu I I y the last) magn itude
scale, the so-called moment magnitude.

STATISTICS AND RECURRENCE CURVE

One of the first ways of utilizing the magnitude scale was in examinIng
the size d istr ibut ion of earthquakes. It is i rrmed iate lye I ear that
there are more small earthquakes than large ones so the question concerns
whether the distribution behaves in some organized fashion. The answer,
of course, is yes! If we choose a particular area of the earth and
record earthquakes over some specific time, then plotting the log of
NM' the cumulative number of earthquakes that exceed magnitude Mas a
fonction of magnitude. yields a straight line:

10gNH= a - bM.

The intercept "a" is a measure of how active the region is and the slope
lib" te I Is us how many sma 11 shocks there are for each Iarge one. We
will have only a segment of a straight line because we will run out of
data at both ends of the magn itude d istr ibut ion. There wi I I be some
magnitude so small that itwill escape detection by our seismic networks.
and there will be some upper limit. namely the largest magnitude shock
that has occurred during our time of observation. Within this range of
magnitudes. the distribution generally does fit a straight line quite
well with the slope ranging from 0.5 to 1.2.

An important question concerns how far we can extrapolate such a line
to predict the rate of occurrence of earthquakes larger than those that
have a Iready been observed. It wou Id be very conven ient if one coul d
record and count earthquake statistics in a region for a short period
of time, say several months or even several years. and from this data
determine both the maximum magnitude that could be expected in the region
and its recurrence period. Unfortunately. this procedure doesn't work
because wi thout some add itiona 1 informat ion about the fau Its, thei r
behav ior, and the age of most recent movement. we do not know how to
extrapolate the earthquake statistics to large magnitude. To illustrate
th is. Figure 3 shows the earthquake d istr ibut ion for the Puget Sound
region. Figure 4 shows a map distribution of the earthquakes that have
occurred in Washington since 1841. Note that the largest event shown
is the 1949 Olympia earthquake and that if this curve is a fair repre
sentation of the long-term seismicity. we should expect a repetition of
a shock of this size every 130 years on the average. Can we extend the
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curve to larger magnitude? If we do, how often would we "expect" a
magnitude 9.0 quake and would this make any geologic sense? The Pacific
Northwest is a good illustration of the pitfalls of using such curves
because we suffer from a very short historic record, a poorly preserved
surface geologic record, and a plate geometry not well suited for pro
ducing surface fault scarps. Thus, the critical information needed to
intelligently use the meager earthquake statistics is simply not avail
able.

GROUND MOTION

When the ground shakes during a nearby earthquake, we may (it does re
quire some luck) obtain a record (strong motion seismogram) that displays
the history of ground-shaking. A considerable amount of information is
present in such records, but for our purposes we will mention only a
few parameters that can be easily obtained. First, we have the maximum
of acceleration, velocity, and displacement. In Figure 5 we illustrate
a ground motion recording from the 1949 Olympia earthquake, magnitude
7.1, arguably the largest earthquake to have occurred in historic time.
Note that acceleration is measured as a percent of the acceleration of
gravity (g) or in units of cm/sec2 reached a value of 134 cm/sec2 or 13
percent g for this particular record. Velocity and displacement records
are obtained by integrating the original acceleration record once and
twice, respectively. Second, we have the duration of strong shaking,
which can be defined, for example, as the length of time during which
the shaking exceeded same particular value such as 5 percent g. Finally,
we have same measure of the frequency content, basically a measure to
describe how the energy of shaking is distributed between high and low
frequencies. A variety of measures are possible ranging between simply
the period of ground during which the maximum motion occurred to a re
sponse spectrum which displays the maximum motion that would be encoun
tered by hypothetical buildings (single degree of freedom pendulums) of
differing resonant frequency.

Intensity

A completely different way to characterize ground motion is through its
damage effects on structures. Earthquake intensity scales are used for
this purpose. For the United States, the modified Hercalli scale is
the most popu Iar • It character izes ground mot ion from I to XI I by a
series of descriptions ranging from I as barely perceptible through VI
where we see the onset of bui lding damage to XI I where one has "total
destruction." The principal usefulness of such scales is to characterize
the "size" of ancient earthquakes for which there are no measurements
of actual ground motion. Another useful measure is the area over which
the earthquake was felt since this information can often be easily deter~

mined from 0 Id newspaper reports by s impl y not i ng in what Ioca lit ies
the shaking was felt.
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Attenuation Curves

Obviously, any of these "measures" of ground motion will be more severe
for an observation site close to the earthquake than it will be for a
more distant 1ocat ion. Attenuat ion curves are the dev ice we use to.
display this relation. Any parameter can be used to construct an atten
uat ion curve. even intens i ty . Typ ica 11 y we d i sp Iay the Iog~r i thm of:
peak horizontal acceleration as a function of distance for one particular'
size earthquake. The shape of th,is curve depends critically on a number
of seismologic and geologic parameters such as fault type. depth, crustal
thickness, and specific dissipation (Q-l>. This 'last parameter is a
measure of how much of the e last ic energy ina wave is converted to
heat as the wave passes through the crust. Thus. each region wi II have,'
its own distinctive curve. Such a curve, when constructed with locally·
derived ground motion data. together with a recurrence curve. also lo
cally derived. and a map of the potential earthquake source regions are
the basic ingredients that one needs to calculate seismic risk.

CONCLUSIONS

Western Washington I ies on top of an active sUbductfon zone. AlthOU9h~:
the character ist fcs of th is zone are not yet we I I j~inderstood. :compar i ng,:
it with other subduct fon zones around the wor 1d' Ieads us tb pred ictJ.
tnat an earthquake as large as 8.25 on the moment I"Sgn i tude scale could4
happen here. The effects of such an earthquake would not be 'localized
to a narrow fault zone such as is the case for the San Andreas fault in.
Caljfornia but might be spread widely from the coast inland to the Cas-'
cade Mountains and from Vancouver Island to the Columbia River •. Although
the sc i ent if ic ev idence po ints toward the possib i lei ty of an eprthquake
of th iss ize. we have not yet been ab Ie to deterOii ne if such;. an event1
is like Iy to occur once per century or once per mil:11 enn i urn. ft is th is::·
rate of occurrence that wi II determine if the ri:sk from such a large\
earthquake i s greater than the .risk we know for Eerta i n ex i sts due to~·
the repetition of smaller historical earthquakes Such as those of 1949
and 1965. .

.;
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MANAGEMENT OF EARTHQUAKE SAFETY PROGRAM~

BY STATE AND LOCAL GOVERNHENT~

DELBERT B. WARD

This paper deals with fundamental concepts for management of earthquake
hazards and assoc iated earthquake safety programs at state and 1oca,
levels of government. The focus of the paper is upon recognizing and
narrowing a gap which the author believes to exist between earthquake
hazards information (essentially research data) and applications of th~

i nformat ion (pub1ic po1ic ies for imp Iementat ion of hazards reduct iof'
methodologies).

BACKGROUND

That natural hazards can be managed for the overall benefit of our so
c iety is a not ion accepted by most of us. We be1t eve--correct1y, 1
th ink--that 1ife loss, inJur ies, and property losses can be reduced
through prudent pre-event practices and effective deployment of resources
when disasters occur. Emergency management isan institution of govern
ment that has evolved over the past two or three decades whose primary
purpose is to articulate and carry out a broad array of activities di
rected to loss prevention and/or loss reduction due to extreme events-
both natural and man-made.

Emergency management practices traditionally have separated into several
phases, due no doubt to the time-re,lated character of the activities.
For this discussion, we refer to four such phrases--preparedness, miti
gation, response, and recovery. other divisions have been used, but
the variations have no significance to our purposes here.

Beyond these t ime-re1ated character ist ics that are coomon to near 1y
all emergency management activities, the simi larities among the risk
reduction activities appear to end for the various hazards. Each type
of natural hazard-- earthquakes, tornadoes, hurricanes, and floods--de
rives from a different sort of natural phenomenon, has different physical
characteristics that create risks to life safety and property, and, con
sequently, requires different methods for effective control (management)
of the risks.

Mr. Ward is an architect with Structural Faci 1ities, Inc •• Salt Lake
City, Utah. He presented this paper at the FEMA Earthquake Education
Curr icu 1urn Workshop he 1d at the Nat i ona 1 Emergency Tra in ing Center,
Emmitsburg, Maryland, June 27-~9, 1984.
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If the reader accepts that there are physical distinctions between the
several types of natural hazard named above, then it is useful to exa
mine brief:ly the implications of these distinctions with respect to
the time-related emergency management activities of preparedness, miti
gation, response, and recovery. Although management concepts for the
hazards may be similar in some cases, the specific risk-reduction acti
vities are quite different for each type of hazard. Moreover, the Im
portance (priority) of the types of action with respect to the end goal
of risk reduction seems to be different for each type of hazard.

For example, for a variety of reasons control of losses due to a hur
r i cane requ ires d ifferentemphas is upon preparedness and recovery ac
tions than does control of losses due to an earthquake, In the case of
hurricanes, preparedness actions based upon pre-ev~nt warning are pos
sible; mitLgatlon Is largely a matter of siting considerations. and res
ponse activities can be coordinated to occur even during the event. On
the assumption that life safety is the paramount objective, preparedness
based upon pre-event warning is emphasized.

Riverine flooding, too. requires a different emphasis for effective
loss control. Once again, preparedness actions can be based upon
pre-event warning, but effective loss control requires that emphasis be
placed upon mitigation actions.

Earthquake events, in contrast, say, to hurricanes happen without warning
and are of very short duration--a few minutes at most and hardly enough
time to do anything more than duck. Current technology does not allow
short-term prediction of the events. although regions of greater earth
quake potential and even long-term (several yearstoseve.ra I decades)
speculations about impending events are within current technical state~
:-of-the-art capab iIi ties.. Moreover. we present Iy do not know how to
control (eliminate or soften the occurrences) of the earthquake events.
Accordingly, emergency management methods presently are limited to (1)
reducing the effects of the earthquake upon buildings and people--miti
gation--and/or (2) providing recovery services--picking up the pieces,
so to speak--after the events.

Either of the above types of emergency management actions will help to
reduce earthquake losses to some extent, but mitigation assuredly can
be the most effective of t~e two types of actions. Mitigation can eli
mi nate losses in some casE!s and certa inIy can reduce losses In most
cases whereas recovery actlons can on Iy attempt to conta In the extent
of losses and restore essential lost facilities and services.

These di fferences among the hazards Iead to di fferences in management
methods that must be acknowledged and met. This entails, first, recog
nizing the characteristics of each type of hazard and their consequent
effects upon us. The appropr iate kinds of management act ivities and
the relative effectiveness of each activity then can be tailored to the
type of hazard. We now take the specific case of earthquake safety for
elaboration upon this point.
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The argument developed above aims essentially at making a strong case
for mi ti gation as the most effect ive means avai lab1 e to us today to
reduce earthquake losses. If this argument is accepted. than we are
Ieft wf th the task of def in i ng mit igat ion for earthquake safety and.
consequently. with describing the implication that a mitigation approach
has with respect to emergency management methods. '

Mitigation of earthquake risk is accomplished almost entirely through
contro1 of the ttbu i It env ironment. II Earthquakes themse1ves rare Iy if
ever ki II or injure people directly. Rather. they displace bui Idlngs.
building components and other elements of the build environment such as
highway structures, dams. water and electric systems, etc., which in
turn may jeopordize I ife safety and cause great social and economic
Inconvenience. By control 1ing the qual ity of the things we but Id and by
selecting construction sites less likely to feel hazardous earthquake
effects. it is possible to achieve reduced life loss, reduced injuries.
and reduced property losses. None of the other emergency management
phases accomplish this to any degree even though the phases are necessary
parts of a comprehensive comprehensive emergency operation.

Construction of the bul It environment is controlled by construction
regulations. codes. zoning ordinances. siting evaluations, and good
design practices. Most of these controls already are a part of every
commun ity' s governance mechan Isms. Itis through act Ions that Impact
uRPn these processes of control that earthquake mitigation must be accom
plished.

The control procedures Indicated In the paragraph above are Implemented
through organizations which have not been dealt with to any great extent
by trad itiona I emergency management agenc ies In the past. Even when
emergency managementagenc Ies have worked wi th these ex 1st i ng Infrastruc
tures. such as land-use regulatory agencies for flood mitigation efforts.
the physical and technical difference between earthquakes and the other
hazards allow very little carry-over of learning experiences. It seems
clear to this author that effective earthquake hazards mitigation actions
wi I I requ ire new I ia i sons to be forged between emergency management
personne1 and organ izat ions that contro1 or regu 1ate construct ion of
the built environment.

These new I ia i sons like Iy wi 11 be somewhat different than the I ia ison
formed in traditional emergency management activities of the past, most
notably the civil defense program of the past that dealt with problems
not faced by many existing agencies of government. In the case of earth
quake mitigation, we find that existing agencies already are in place
which have responsibility for controlling the quality of the built en
vironment. It is most likely that these agencies will Insist upon pre
serving their regulatory jurisdictions when earthquake hazards miti
gation processes are introduced. Under these circumstances, it is even
questionable whether or not the traditional emergency management agency
has a role with regard to earthquake hazards mitigation.

Severe flood threat In the State of Utah during the past two years i1 lu
stratesthis point. Having experienced excessive springtime run-off in
1983, with consequent flooding of stream beds and mudslides, Utah coun-
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ties and cities undertook hurried public works improvements to mitigate
similar future problems. Without exception. these prejects were managed
by existing full-time public works administrators and flood control per
sonnel. These personnel are not part of the state's emergency services
agenc i es and work independent Iy of those agenc ies • AIthough coord i nat ion
between the public works agencies and the emergency services agencies
occurred. this was primarily with respect to preparedness and recovery
actions. Mitigation actions were carried on by the public works agen
cies.

Mitigation for earthquake safety seems to have silmilar restraints in
the sense that there are existing governmental agencies responsible for
control of the qual ity of the bui It environment. Once publ ic pol icy
has been set for earthquake hazards mi t igat ion. as was the case for
mitigation of flooding. the existing agencies having jurisdiction will
proceed to carry out the policy mandates. I believe.

One implication of the above observation is that the problem of achiev
ing effective earthquake safety is not so much one of management. but
rather is one of persuading a reticent public sector of the need for a
sound public policy for earthquake safety. If the public commitment is
clear in this regard. the machinery is available in government to carry
out the mandate.

THE GAP BETWEEN TECHNOLOGY (RESEARCH) AND APPLICATIONS

Knowledge about the behavior of earthquakes. although far from adequate
for the scientific community. is quite adequate today for applying earth
quake risk mitigation techniques to the built environment. The liter
ature on earthquake physical characteristics and on techniques for con
struction of earthquake-resistant facilities--buildings. transportation
systems. dams. utilities systems. etc.--is extensive. Sufficient tech
nical information can be assembled to allow preparation of earthquake
risk evaluations which. in turn. allow estimates of possible earthquake
losses to be prepared. One also can ascertain the types of likely con
struction failures associated with the losses.

With such information. one can suggest modifications in siting practices
and construction methods that are most effective for saving lives and
most cost-effective for the community. Indeed. these kinds of data
have been assembled in a variety of forms and for a variety earthquake
conditions. As well. some of the data are even assembled for different
regional earthquake conditions.

Despite this wealth of information. there has not been widespread ap
plication of earthquake risk reduction measures in the private or public
sectors of this nation. Except in California, public apathy about earth
quake risk prevails. and local governments resist adopting public poli
cies that would encourage appl ication of risk reduction. There is a
large gap between the available technical information and application
of earthquake mitigation measure.
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Credit is due to the federal government which has been actively promoting
improved earthquake safety pract ices and encourag ing deve 1opment of
emergency management too 1s to dea I with the hazard. However. these
efforts have aimed largely at making the federal government a helpful
partner with state and local government in such matters. In general.
mandated federal requirements for earthquake safety do not exist.

Given this present working arrangement, it should come as no surprise
that the federal efforts can be no more effective than the efforts of
the other half of the partnership--state and local government. It is
at these state and local government levels that earthquake safety has
failed to receive the attention that I believe is warranted--the excep
tion again being California. Other states and local governments occa
s Iona 11 y give verba I support (motherhood statements) to earthquake
safety. Rarely have they set forth public policies to bring about the
needed changes.

Yet. contro I and regu 1at Ion of construct ion of the bu i It env ironment
lies almost entirely within the domain of state and local government in
this nation. The federal government has not usurped this prerogative.
State and local governments zone the land; they adopt building codes;
and their personnel design many of the public facilities. such as trans
portation systems. water supply systems. waste systems. and even some
utilities systems. Mitigation of earthquake risk. therefore, apparently
mast be accomplished through these existing institutions and processes
of state and local governments. For them to do so, however. the pol icy
maker must be convinced that the public interests are well served. At
this time. they do not appear to be convinced.

Some forward motion in Improved earthquake safety practices has occurred
through the private sector inways that generally are independent of
government. Recognition of this motion is pertinent to our discussion
of the gap between technology and applications because it provides fur
ther insight into the reasons why the gap occurs.

Construct ion pract ices are inf Iuenced. samet imes even contro 11 eel. by
groups bes ides governmenta I regu 1atory agenc ies. Two such groups are
the design professionals and developers of construction codes and
standards. The design professional--the architect or engineer--always
has the option of specifying construction of a quality that exceeds the
minimum requirements of adopted codes and standards. To some extent
this has occurred. although randomly. throughout the nation with respect
to earthquake-res i stant construct ion. However, without a clear statutory
mandate •. designer attentiveness to earthquake hazards mitigation will
continue to be random and susceptible to client pressure that the faci
lities meet only minimum standards of performance.

The national model building code organizations and similar other groups
who deve Iop construct ion codes and standards a1so have great inf1uenee
over construction quality. This occurs because the common practice is
that state and local governments often adopt these codes as their stan
dards or regulations. Yet. these codes and standards essentially are
developed outside of governm~nt by mixes of design professionals. buil
ding officials acting independently of their agencies. product repre-
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sentatives, and trade organizations. Hence, it is possible to achieve
improved earthquake safety practices by including appropriate standards
in the codes which eventually get adopted by most, but not all, states
and local governments. The process for Introducing new concepts into
codes and standards Is long and tedious, but the avenue is available to
us.

A1though forward mot ion in earthquake safety pract ices has occurred
through the two types of groups described above, the efforts have been
constrained by inadequate knowledge In application. It is one thing to
gain appropriate language in the codes and standards; it is quite another
thing to interpret and apply the recommendations in actual construction
cond i t ions. Broader and better focused tra in Ing is essent iali f the
design professional s and the standards are to be a primary means for
achieving improved earthquake mitigation practices.

C~N EDUCATION NARROW THE GAP?

In th Is paper, the ex i stence of a gap between our 1eve 1 of techn Ica 1
knowledge about earthquake hazards and a publ ic wi 11 Ingness to apply
the available knowledge to loss reduction practices has been emphasized.

In the author's experience with earthquake safety, this lack of public
willingness to utilize available knowledge is the major reason for the
lack of public policies that are needed to promulgate effective earth
quake loss reduction actions. Public apathy toward the problem is mani
fested by the absence of political commitment by state and local govern
ments to deal with the situation in any signif'icant way.

Although the public generally seems to have knowledge about earthquake
hazards and associated risks to 1ife and property, albeit sometimes
incornplete and inaccurate. this author's view is that there is adequate
knowledge and information for the public to take risk reduction actions
if only the \'01111 to do so were present.

Several conclusions can be drawn from this observation. One can only
speculate as to which. if any. of the conclusions are accurate, and, of
course. none of the conclusions may be valid if the underlying premise
lacks validity--namely, that a public commitment is missing. Five pos
sible conclusions are listed below and then discussed briefly:

I. The risks posed by earthquakes are not believed to be suffi
ciently great to warrant doing any more than presently is being
done to control losses.

2. Earthquake risks are perceived to be too narrowly limited to
just a few population centers (earthquake regions) to justify
any public policies aimed at abating the problems.

3. In an economic, cost-benefit sense. earthquake risks are per
ceived (or actually are) lower than the costs of risk reduction.
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4. Potent ia I vi ct ims of loss be 1ieve that governments (federa I ,
state. and 1oca I)wi I I prov ide the resources to recover any
losses. (This conclusion fails to be responsive to the possi
bilityof life loss and injury.)

5. The public simply does not know enough about earthquake risk to
give the problem much attention and so does not care.

If Conclusion 1 is accurate. then efforts to broaden the public concern
for earthquake safety may be the equivalent of "beating· a dead horse."
If Conclusion 2 is accurate. then the case can be made for strengthening
publIc information and education programs. If Conclusion 3 is accurate,
then some research efforts ought to be shifted to economic analyses to
confirm or reject the perceptions. If Conclusion 4 is accurate, then
either some changes in governmental assistance pol icies ought to be
made so that individuals and local governments are held accountable for
the i r fa i Iure to act prl,!dent Iy or governments shou Id red irect the ir
emergency management funct ions to preparedness. response, and recovery
and abandon mitigation efforts for which the cost is borne by others.
If Conclusion 5 is accurate, then intensified efforts in public education
seem to be warranted.

This author is not aware of any studies that aim at verifying or reject
ing the conclusions suggested above. Until that is done, we can only
speculate about which among them may be the more accurate. We therefore
cannot direct educational resources to deal with a situation which is
inadequately identified.

That the public is not ready at the present time to make policy commit
ments to earthquake safety is the best that can be said. While those
of us who seek improvements in earthquake safety can point to a number
of individuals and organizations around the nation who feel the same as
we do, it i s a sad fact that the numbers of us have not grown sign if i
cantly in recent years nor have we achieved much in the way of public
policy changes.

Enough has been sa idin the negat ive. The rema ini ng quest ions are
whether or not education and training can help to change this situation
and, if so, what might be the form and focus of this education and train
ing. This author's view is that educational efforts in earthquake safety
must continue regardless of publ ic receptivity. To do otherwise would
reduce, in effect, the level of present knowledge about earthquake ha
zards and risk reduct ion for we wou Id fa il even to prov ide an oppor
tunity for follow-up generations to inform themselves. Old timers even
tually are replaced by new faces. It is the natural way of things. We
would do a disservice to the younger generations by failing to provide
for the transfer of our knowledge.

What kind of education, then, and for whom? Sidestepping for a moment
the lack of publ ic coomitment to earthquake risk reduction. need for
at least three types of education and training can be identified in the
comments made in prior portions of this paper: training of emergency
management personne I that aims at c Iar ify ing t;,e new types of I ia i sons
needed for earthquake risk reduction through mitigation; training for
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design professionals and governmental regulatory agency personnel that
aims at improving their skills in applying mitigation concepts that may
be recommended or mandated in standards and codes; and general pUblic
education that aims at advancing the understanding of earthquake risks
by the public and their political representatives.

Concurrent with these education and training efforts. it would be helpful
to have results from studies of public apathy with respect to earthquake
risk--their perceptions. misperceptions. and views--in order to determine
whether or not public education is even warranted and. if so. the form
it should take to be most effective.
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THE NATURE Of THE EARTHQUAKE THREAT IN ST. LOUIS

OTTO W. Hum I

Earthquake hazard in the St. Louis area arises from two causes: nearby
earthquakes that produce short-durat ion, high-frequency ground mot ion
and more distant earthquakes that produce re1at ive 1y 1ong-durat ion.
low-frequency ground motion.

Figure 1 shows my version of the earthquake source zones of the central
United States together with my estimates of the surface-wave magnitude
of the earthquake with a l,OOO-year recurrence time. The source zones
closest to the St. Louis area are the St. Francois Mountain uplift to
the southwest and the Illinois Basin to the east. The more distant zones
are the Wabash Va 11 ey fau 1t zone to the southeast and the New Madr id
fault zone to the south. On average, St. Louis is 150 to 200 km form
the Wabash Valley Zone and 175 to 350 km from the New Madrid Zone.

All four sources zones have produced earthquakes that caused damage in
St. Lou is. An Hs = 4.4 earthquake in Apr i1 1917, wh ich occurred inthe
St. Francois uplift region about 60 km south of St. Louis, caused modi
fied Merealli intensity (I1Ml) V-VI effects in the city. This resulted
in bricks being shaken from chimneys, broken windows, cracked plaster,
and horses thrown to the pavement.

Two damaging Illinois Basin earthquakes occurred near Centralia. Illi
nois. about 100 km east of St. Louis. The June 1838 event was of Ms=5.8 and the October 1857 event of Hs =5.3. Contemporary newspaper ac
counts and some current earthquake catalogs mistakenly put their epi
centers at st. Louis because of the amount of damage that occurred in
the city. The former event caused a number of chimneys to be thrown
down in St. Louis. corresponding to a MI1I of VII. The latter produced
only fallen plaster and cracks in walls and chimneys in the St. Louis
metropolitan area. corresponding to a 11M I of VI.

A Ms = 5.2 earthquake originated in the Wabash Valley region about 150
km from St. Lou is in November 1968. In St. Lou i s the 11M I was on1y V
(cracked plaster, objects thrown off shelves. etc.) but in the eastern
part of the metropolitan area the 11M I was at least VI (cracks in walls
and chimneys and people thrown to ground).

Dr. Nutt Iii s Professor of Geophys ics in the Department of Earth and
Atmospheric Sciences, Saint Louis University. St. Louis. Missouri, He
prepared this paper for presentation at the BSSC Meeting in St. Louis
on January 23. 1985.
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The largest earthquake shaking In theSt; Louis area since the city:s
founding in 1764 was caused by earthquakes of the New Madrid fault zone.
Earthquakes in December 1811 and January and February of 1812 (Ms values
ranging from 8.0 to 8.7) caused chimneys to be thrown down in St. Louis
and 2-foot thick stone building foundations to be badly cracked. There
were reports of sand cater Ing and so ill iquefact Ion In Cahokl a. I 11 Ino is,
just across river from St. Louis. The four largest earthquakes caused
MMIs of VI I to IX in St. Louis area. The October 1895 earthquake (Ms
about 6.5) occurred near the northern end of the New Madrid fau 1t and
caused MMI VI effects at St. Louis. A' few chimneys and old bui lding
wall swere thrown down, suspended objects were thrown from wall s, and
groceries and other objects were thrown off shelves.

Future, earthquake damage. in St. Louis can be·.expected to be 'more severe
than the damage produced by the past earthquakes. In the nineteenth
century the population density was low and there were no high-rise
structures. There were on Iy 2, 000 people living In the metropo I itan
area in 1811 as opposed to 2,400,000 today. Previously there were no
pipelines, bridges, dams, or manufacturing plants with toxic substances
to be affected. Futhermore. there was no great dependence on e1ectr~
icity. telephones , highways ~ and airports • and the economic impact of
the qisruption of such facilities must be considered.

It is not now possible to make short-term predictions of earthquakes in
the Mississippi. Valley; however, our knowledge of the earthquake history
and the source physics of the New Madrid region permit somegeneraliza
tions. During ,the next 50 years MMI VII motion can reasonably be expect
ed inthe St. Lou is area from earthquake in the St. Francois up lift,
the Illinois Basin. or the Wabash Valley region. The shakiing will be
of· relatively short duration (30 seconds' or less) and can be expected
to cause widespread damage to the walls and chimneys of low-rise struc-
tures. :

According to my calculation,s, the maximum earthquake that the New Madrid
faljlt is capable of generetting in the near future is one of Ms '" 7.6.
Figure 2 shows the Hi'll curves for such an earthquake if it were to occur
on the centra 1 part of fau It. The mot ion at St. Lou isaga in wou Id be
of about MMI of VII. but it would be of relatively low frequency. (about
5 to 0.1 Hz). of possibly 2 or more minutes duration. and sinusoidal
in character. It would not cause structural damage to well designed.
high-rise structures, but it would cause large-amplitude displacements
at the upper levels and much nonstructural damage (e.g •• fallen ceiling
panels and light fixtures. moved and overturned furniture, and fallen
debris within and outside the buildings). Widespread chimney damage to
low-rise structures also should be expected. Sensitive equlpment. in
cluding computer facilities. could be put out of operation or damaged.
The probabil ity of suchan Ms '" 7.6 earthquake occurring on the New
Madrid fault is about 25 percent in the next 50 years according to Pro~

Fessor Arch Johnston of Memph is State Un ivers ity. However. he fi nds
. the probability of occurrence during the next 50 years of the size of the

1895 event to be about 90 percent. The extent of damage of this smaller
earthquake in the St. Lou is area will depend upon whether It occurs
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near the northern end of the fault as it did in February 1812 and 1895,
near the southern end of the fault as in December 1811 and 1843, or in
the central portion as in January 1812.

LA
SO 100 IliM

---------

- --------

,....._-
I

--~

""'11'4"'" _---'"'f-------
I
I

'I
I
I
I,,

M$ :
-1
I
I
I
I
I
I

•,
I

•8
I
I
I

... II.....

"\ .., '" KY, ,
.\• .. -.. \

,
I,

\

"\
' ...,

I,
I

- a· __ ._ ..... --;...
\ .

•,
\
I

I

FIGURE 2 MMI curves for earthquakes generated in the New Madrid fault.
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APPENDIX A

SUMMARIES Of THE BSSC MEETINGS
IN CHARLESTON. MEMPHIS. ST. LOUIS. AND SEATTLE
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CHARLESTON

It was noted that many persons in Charleston bel ieve there wi 11 eventual
ly be another serious seipmic event but do not have any understanding
of what it wou 1d do. It: la 1so was noted that when adopt i ng improved
seismic requirements, one must make sure that the average person does
not assume that the use of a building code incorporating seismic con
siderations wi] 1 eliminate all damage. It must be emphasized that codes
only provide for "minimums" and that their purpose is 1ife safety; seis
mic code requirements generally are aimed at saving occupants by prevent
ing major structural collapse but are not intended to el iminate property
damage.

It was stated that often new construction and even renovation work is
done by speculative developers who have no lasting association with the
buildings and that buyers therefore must be taught what questions to ask
about building seismic safety. Further, many building officials need
to be made aware of the seismic hazard, especially since many of them
do not have engineering training.

It was explained that prior to 1981, even though the county had adopted
the Standard Building Code, which includes seismic provisions for new
buildings, enforcement was spotty. Since that time, an ordinance order
ing the i r enforcement has been passed. It was noted, however, that

"because of the hi stor i ca 1 nature of much of Char 1eston, rep 1acement
of the existing building stock with new and, hence, seismic-resistant
structures will occur quite slowly--that is, while a complete turnover
of buildings could be expected to occur in about 100 years in most ci
ties, it will probably take about 300 years in Charleston. It was also
noted that some contractors prefer not to work in Charleston or fn the
county but that is simply because it is cheaper to work in nearby areas
where there are no codes at all, not because of the seismic requirements
of the city and county. Costs were also discussed to some extent and
the need for cost-benefit analyses was mentioned.

Cons iderab 1e d i SCLJSS ion focused on the South Caro I ina Se ism ic Safety
Consort i um headquartered at The Citade 1• Th i s organ izat ion i nvo 1ves
120 representatives from a variety of professions and interest groups;
members come from Virginia, North Carolina, and Georgia as we1 1 as South
Carolina. It was described as a grass roots but coordinated approach to
action. The major activities of the consortium involve digesting avail
ab lei nformati on, data and techno logy and repackag i ng it in different
forms for various audiences (e.g., building community professionals and
homeowners). It was noted that the consortium's work has highlighted
the need for techn i ca 1 informat ion, vu 1nerab i 1i ty anal yses, and tech
nology transfer. The consortium believes it has three main audiences

Currently in force in the city of Charleston is the 1982 Standard Sui ld
ing Code (SBC). Although the sse incorporate ANSI AS8. 1-1972 for seismic
design if required by local building authorities, at the time of the
BSSC tr ia 1 des i gn effort, the city of Char 1eston bu i 1ding author ity
recommended that the more recent ANSI AS8. 1-1982 be used for its seismic
requirements.
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to consider when preparing eQucational information: the general publ ic,
the building official, and the architects and engineers. It was further
noted that .the profess iona 1 commun i ty shares in the respons i b i 1i ty to
make the public aware.

\II i th respect to the impact of new or improved se i smi c prov 1s Ions on
regulatory practices, it was stated that the critical stage is design
review. Since inspectors only determine if things are being constructed
in accordance with plans and specifications, they would require 1ittle
if any special ized training. If that is not the case, it is up to the
bu i 1ding off i cia 1 to take act i on. In fact, it was suggested that the
building officials ought to take someone found to be in violation of
the code to court every now and then just to keep everyone on their toes.



MEMPHIS

Many quest ions arose about costs, some focus ing on those re 1ated to
act ions prov iding for more than structura 1 i ntegr i ty. The tentat i ve
nature and form of the cost data presented at this meeting led the par
t i ci pants to cone Iude that the project ions of cost der ived from the
trial designs probably represented minimums. The participants also
indicated that they would like to have cost-benefit data as well as
comparative data concerning what seismic protection would cost in com
parison with protection from other hazards. Some wondered just how
much a building owner would be willing to invest in seismic protection
when there do not appear to be any financial incentives like those pro
vided by the insurance industry for fire protection. The subject of
whether it is a lessen ing of property damage or 1i fe safety that the
insurance industry is trying to stimulate was discussed.

Some be 1ieved that the NEHRP Recommended Prov i s ions are des igned to
address the worst case and frequent problem areas like those inCa1ifor
nia. It was sugge~ted that in areas like those in the East where earth
quakes are possible but not probable, use of the NEHRP Recommended Pro
vis ions ;wou 1d tend to overprotect low-dens i ty areas and underprotect
high-density ones.

A- discussion of the model codes led one participant to maintain that
the best way to implement the NEHRP Recommended Provisions would be to
get them incorporated in the model codes. It was noted that local gov
ernment probab1 y wi 11 not act without strong pressure from sor:newhere
and that consensus by the building community is a necessary first step.

The 1ack of pub1ic awareness of the earthquake threat. in Meniph i s was
discusse.d at length. It was stated that even most Memphisbui Iding
profess iona 1s be I i eve the like I i hood of life loss due to earthquake
is remote. Since the community has limited resources and wants to at
tract new industry to provide more jobs and a bigger tax base, it is
feared that any increase in bui lding costs would prompt busines,ses to
go somewhere cheaper. It also is feared that many economically marginal
buildings simply would not be built at al I if higher rents would have
to be charged.

It was noted that some Memphis buildings are being designed with seismic
protection that not required by the local code and that this shows that
at least some people recognize the risk and are wil ling to pay for pro
tection. It also was stated that lenders sometimes require seismic
resistant design and that the expanding use of computers and other sensi
t i ve electron i c equ ipment may attract tenants to protected bu i 1dings
and permit premium rents to be charged. (Such determinations, however.
are difficult to make in that one does not know whether it is the seismic
protectipn or just the prestige of a new building that is attracting
tenants .)

Currently in force in the city of Memphis and in Shelby County is the
Standard Building Code (SSC). 1982. with adopted revisions (which include
no seismic requirements) and with seismic design requirements excluded.
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There was considerable discussion of the negl igence/l iabi I ity issue.
It was explained that since a body of scientific knowledge regarding
the earthquake threat is available, earthquakes can no longer be con
sidered "acts of God." When the technical literature shows that there
is a risk, a building owner or developer or even a regulatory or other
commun ity agency might we 1I be cons idered neg 1 i gent if an earthquake
occurs and fatalities result, even if there is no building code require
ment for seismic protection. The issue might be further complicated if
some buildings in a community are designed to be seismic resistant. It
was noted that this precedent has not yet been tested in court speci
fically concerning earthquakes but that it has for other natural phenom
ena.

Great concern was expressed that enactment of s.eismic provisions for
new buildings would necessitate something being done for some existing
bu i Idings, part i cu Iar 1y schoo Is and other cr i t i ca I or high-occupancy
buildings, and that the cost of such retrofit would be extremely high.
It also was noted that problems could arise if the general public became
overly sensitive to the earthquake hazard. Information about experiences
in other.places with similar risks was requested.

Some maintained that the life safety issue is of paramount importance
and that studies show that many more people would be injured or killed
If an earthquake occurred during the day rather than at night. It was
noted, however, that few lives have been lost due to earthquakes in the
United States during the past 100 years and that people therefore are
unaware of or ignore the potent iaIr i sk, deem i ng it to be of 1i ttl e
significance to them. In addition, although one can speculate about
what the damage would be from specific seismic events, no one knows for
sure what will happen and this uncertainty contributes to apathy.

With respect to enforcement of se ism ic code prov i s ions, it was noted
that cons iderab 1e tra i n i ng of bu i 1ding inspectors and probab Iy add i tiona I
inspectors wou Id be requ ired. One a Iternat i ve might be to have the
designer provide for the inspection.



ST. LOUIS

Questions arose concerning the existing degree of seismic risk actual 1)
present and the probabilities of a major seismic event over time. Ques
tions also focused on the sorts of effects to be expected from various
degrees of shaking since the geology of the eastern United States is
different from that of the West.

Cons iderab Ie attent ion was pa id to the archi tectura I or nonstructura I
damage that might occur and whether the NEHRP Recommended Prov is ions
wou Ide lim inate such damage in the future. Simil ar Iy, concern was -ex
pressed about the poss ibiIi ty of fire damage and whether it might not
cause far more -damage and deaths than structura I co II apse. Further,
many were concerned about the "i nterface" area and whether necessary
critical faci 1ities would be operational after a seismic event even if
theydfd not collapse.

Another ,major concern was that prov iding se ism ic-res i stant structures
wou 1d increase the average bui ld i ng cost and, therefore, a j ur isd ic
t ion enforc ingse i smi c provisions would be at a disadvantage relative
to neighboring jurisdictions that did not enforce seismic provisions.
Any resulting increase in rents was deemed to be of special importance
since it might we I I reduce the market and resu Itin aloss of renta I
Lncome to the owner, tax revenue, and jobs.

Much discussion was focused on publ ic awareness of seismic risk. It
was genera I Iy be I ieved that awareness is develop i ng among St. Lou is
bui Iding convnunity professionals and, to a I imited extent, among the
general public. All seemed to believe that what is needed is awareness
without alarm and that the public must be made aware that it is not now
protected. Many seemed to think that publ ic officials were not convinced
that there is a risk. It also was noted that the adoption of seismic
prov is ions for newconstructi on wou Id ra i se quest ions concern ing retrof i t
of ex i st i ng structures; the, retrof itissue· poses spec ia I prob Iems because
of the relatively high costs and great number of buildings thought to
be involved. Some maintained that clear cost-benefit data are of major
importance. but others felt that the economics are somewhat irrelevant
since public safety must be guaranteed whatever the cost.

The question of I iabi 1ity also arose. The discussion reflected the
fact that it is difficult to reach agreement on how much one is obI igated
to do. It was po inted out that most large industr ia I organ izat ions
concern themselves with seismic design because they do not want to ex
perience either a shutdown or life loss but that the speculative devel
oper is concerned only about his market and, hence, would resist arlything
that would increase costs. Many seemed to believe that public officials
need to be made aware that the courts most likely would hold them just
as liable as a building designer or owner if an earthquake occurred and
1ives were lost.

Currently in force in St. Lours is the Bui Idfng Officials and Code Admin
istrator's (BOCA) Basic Building Code with no enforcement of seismic
requirements.
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Economic incentives to promote seismic design were deemed to be needed ..
Many thought that the insurance industry should encourage seismic safety
the way it does fire safety. Concern by mortgage bankers also was con
sidered important.



SEATIlE

The discupsion rt=vea}ed .that because Seattle already has seismic pro
visions in its code, there probably would be little enthusiasm for chang
ing to incorporate the NEHRP Recommended Prov is ions. . In add it ion, it
was noted that any current concern about seismic regulations in Seattle
is related to existing construction and enforcement.

With respect to costs, the parti c ipants warned those in commun ities
without seismic provisions about several points: (I) incredibly er
roneous statements are made about how much seismic protection increases
costs. (2) the speculative developer will resist any increase in costs
and will be as shortsighted as the buyer will permit him to be. and (3)
sometimes a small design change can cost a lot. One participant asked
if there were any data available on life-cycle costs for buildings with
se ism ic protecti on that might revea I secondary benef its and another
wondered whether the structure's useful life would be extended.

The fact that some financial institutions are requiring seismic design
and insurance was mentioned. Questions arose about whether the insurance
industry really recognizes the benefits of seismic protection and whether
seismic protection is acknowledged in company rate structures. If so,
it was thought that this would be an economic incentive for owners.

Much of the discussion focused on the importance of awareness and edu
cation. It was noted that even government officials, scientists, and
building community professionals lack a clear awareness of the problem.
It was mentioned that the general knowledge many have of the California
earthquake situation presents a problem because people assume there is
no risk in the i r area because there is no obv ious act ive fau It zone
like the San Andreas.

It was stated that public officials and community decision-makers must
understand the problem if they are to be able to respond effectively to
their constituents once awareness develops. With respect to the general
public, they must be made aware of the seismic hazard, but in ways that
suggest that there is something they can do about the it.

In a community with no seismic-resistant building requirements, no one
group can hope to stimulate action; all sectors of the community must
be involved. It also was maintained that the bui lding professionals
in such communities must have the tools they need to provide appropriate
se ism ic des igns and that there must be a close re Iat ionsh ip with the

,code enforcement agency. In addition, it was noted that the regulatory
agency must have enough trained people to provide for review of designs
and to ensute enforcement of any seismic provisions adopted.

Current Iyin force in Seatt Ie is the Un i form Bu il di n9 Code, 1979, i n
eluding seismic requlrements~
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INTRODUCTION

An important aspect of dealing with community seismic safety involves
making sure that everyone "speaks the same language." If the community
at large is to gain any real understanding of complex seismic issues.
all of the persons involved in seismic safety activities need to under
stand and use the commonly accepted definitions for important terms.

GENERAL TERMS

The following definitions are from a 1984 U. S. Geological Survey
Open-F i 1e Report (84-762). A Workshop on "Earthquake Hazards in the
Virgin Islands Region". (Reston, Virginia: USGS):

Acceptable Risk - a probability of social or economic conse
quences due to earthquakes that is low enough (for example in
comparison with other natural or manmade risks) to be judged
by appropriate authorities to represent a realistic basis for
determining design requirements for engineered structures, or
for taking certain social or eponomic actions.

Damage - any economi closs or destruct ion caused by earth
quakes.

Desian Earthauake' - a specification of the seismic ground
motion at a site; used for the earthquake-resistant design of
a structure.

Design Event. Design Seismic Event - a specification of one or
more earthquake source parameters. and of the 1ocat ion of
energy release with respect to the site of interest; used for
the earthquake-resistant design of a structure.

Earthquake - a sudden motion or vibration in the earth caused
by the abrupt release of energy in the earth's lithosphere.
The wave motion may range from violent at some locations to
imperceptible at others.

Elements at Risk - population, properties, economic activities.
including public services etc., at risk in a given area.

Exceedence Probabi I ity - the probabi 1ity that a specified
level of ground motion or specified social or economic conse
quences of earthquakes. will be exceeded at the site or in a
region during a specified exposure time.

Exposure - the potential economic loss to all or certain subset
of structures as a resu 1t of one or more earthquakes in an
area. This term usually refers to the insured value of stru
ctures carried by one or more insurers. S~e "Value at Risk."
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Intensity - a qualitative or quantitative measure of the se
verity of seismic ground motion at a specific site (e.g.,
Modified Mercall i intensity, Rossi-Forel intensity, Housner
Spectral intensity, Arias intensity, peak acceleration, etc.).

Loss - any adverse economic or social consequence caused by
one or more earthquakes.

Seismic Event - the abrupt release of energy in the earth's
lithosphere, causing an earthquake.

Seismic Hazard - any physical phenomenon (e.g., ground shaking,
ground failure) associated with an earthquake that may produce
adverse effects on human activities.

Seismic Risk - the probability that social or economic conse
quences of earthquakes will equal or exceed specified values
at a site, at several sites, or in an area, during a specified
exposure time.

Seismic Zone - a generally large area within which seismic
design requirements for structures are constant.

Value at Risk - the potential economic loss (whether insured
or not) to all or certain subset of structures as a result of
one or more earthquakes in an area. See "Exposure. 1I

Vulnerability - the degree of loss to a given element at risk,
or set of such elements, resu1t ing from an earthquake of a
given magnitude or intensity, which is usually expressed on a
scale from 0 (no damage) to 10 (total loss).

The following excerpt from the 1983 National Research Counci 1 report,
Multiple Hazard Mitigation (Washington, D.C.: National Academy Press),
defines several other terms that sometimes cause confusion in discussions
of seismic safety:

• •• The 1eve1 of intens ity or sever ity that is capab1e of
causing damage depends upon the vulnerability of the exposed
community; vulnerabi I ity is generally a function of the way
in which structures are designed, built, and protected, and
the vulnerability of a structure.or community to a particular
natural event is a measure of the damage likely to be sustained
shou 1d the event occur. The degree to wh ich .a commun ity is
prone to a particular natural hazard depends on risk, exposure,
and vulnerability. When a natural hazard occurrence signifi
cantly exceeds the community's capacity to cope with it, or
causes a large number of deaths and injuries or significant
economic loss, it is called a disaster.

Hazard management includes the full range of organized actions
undertaken by public and private organizations in anticipation
of and in response to hazards. Hazard management has two
pr imary (but not comp1ete Iy dist inct) components: emergency
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management. typified by the police. fire. rescue. and welfare
work carried on during a disaster; the advance planning and
training that are necessary if emergency operations are to be
carried out successfully; and the post-disaster recovery period
in which damage is repaired; and mitigation. which focuses on
pIann ing. eng ineer ing des i gn. economi c measures. educat ion.
and information dissemination. all carried out for the purpose
of reducing the long-term losses associated with a particular
hazard or set of hazards in a particular location.

MEASURES OF EARTHQUAKE MAGNITUDE AND INTENSITY

The following excerpt from the 1976 thesis. Seismic Design of a High-Rise
Building. prepared by Jonathan Barnett and John Canatsoulis in partial
fulfillment of the requirements for the degree of Master of Science at
the Worcester Polytechnic Institute explains the Richter magnitude scale
and the modified Mercalli intensity scale:

There are two important earthquake parameters of interest to
the structural engineer. They are an earthquake's magnitude
and its i ntens ity. The intens ity is the apparent effect of
an earthquake as experienced at a specific location. The
magnitude is the amount of energy released by the earthquake.

The magnitude is the easiest of these two parameters to mea
sure. as. unl i'ke the intensity which can vary with location.
the magnitude of a particular earthquake is a constant. The
most wide1y used sea Ie to measure magn itude is the Ri chter
magnitude scale. Using this scale. the magnitude. measured
in ergs. can be found from the equation Log E = 11.4 + 1.5 M.
where M is the Richter magnitude. This relationship was ar
rived at by an analysis of the amplitude of the traces of a
standard seismograph located 100 kilometers from the epicenter
of an earthquake and correlating this information with the
rad i ated energy as determi ned, through measurements of the
waves released by the earthquake. The epicenter of an earth
quake is the point on the surface of the earth directly over
the focus. The focus (or hypocenter) is the po int in the
earth's crust at which the initial rupture (slippage of masses
of rock over a fault) occurs. In use. the Richter scale rep
resents an increase by a factor of 31.6 for each unit increase
in the Richter magnitude. Thus. a Richter magnitude of 6 is
31.6 times larger than Richter magnitude 5••••

[A] problem with using the Richter magnitude is that it gives
1itt lei nd icat ion of an earthquake's intensity. Two earth
quakes of identical Richter magnitude may have widely different
max i mum i ntens ities. Thus. even though an earthquake may
have only one magnitude. it will have many different inten
sities.

In the United States. intensity is measured according to the
modified Mercalli index (MMI). In Europe. the most common
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intensity scale is the Rossi-Forel scale while in Russia a
modification of the Mercalli scale is used.

The following excerpt from Bruce A. Bolt's ;1978 book, Earthquake: A
Primer (San Francisco, Cal ifornia: W.H. Freeman and Company), describes
the mod ff i ed Merca 11 i i ntens i ty va lues (1956 versf on};masonry def in 1
tions from C. F. Richter's 1958 book, ElementarY Seismology (San Fran
cisco. Ca 1i forn ia: W. H. Freeman Company),. are inserted in brackets:

I. Not felt. Marginal and long-period effects of large
earthquakes.

I I. Felt by persons at rest. on upper floors, or favorably
placed.

I II. Felt indoors. Hanging objects swing. Vibr;ation 1ike
passing of I ight trucks. Duration est.imated. May not

. be recogn i zed as an e.aJrthquake.

IV. Hanging .objects swing. Vibration like passing of heavy
trucks; or sensation of a jolt.! ike s'hei3vy ball strik
ing the walls•. Standing cars rock. Windows, dishes,
doors ratt Ie. Glasses eli nk. Crockery cl ashes. In
the upper range of IV, wooden walls and frames creak.

V. Fe It outdoors 9 .direct ion est imated. ; Sleepers wakened.
Liquids disturbed, some spilled. Small unstable objects
displaced or upset. Doors swing, close, open. Shut
ters • pictures move. Pendulum clocks stoP. start,
change rate.

VI • Fe It by a II • Many fr i ghtened and run outdoors. Persons
walk unsteadily. .Winc:l0ws. gj.shes,: glassware broken.
Kn icknacks, books, etc., off.she1lies. Pictures off
wa 11 s. Furn i ture moved or overturned. Weak plaster
andmasonry.D [weak materi{:lls such as adobe. poormor
tar. low standards of work~nship;weakhorizontallYJ

cracked. Small bells ring (church and ·school).
Trees. bushes shaken visibly, or heard to rustle.

VI I. Difficult to stand. Noticed by drivers. Hanging ob
Jects quiver. Furniture broken. Damage to masonry D,
i ncl ud i ngcracks. Weak chimneys broken at ,roofliJie •.!.

Fall of plaster, loose bricks" stones" tJ les ,.comi tes
a I so unbraced parapets and architectural ornaments.
Some cracks in masonry C [ord i nary workmansh ip and
mortar; no extreme weaknesses like failing to tie in
at corners but not rei nforced or des igned aga 1nst hor-
Izonta I forces) • Waves'. on ponds. water turb id with
mud. Small slides and caving in along sand or gravel
banks. Large bells ring. Concrete Irrigation ditches
damaged.



VI [I. Steering of cars affected. Damage to masonry C; partial
collapse. Some damage to masonry B [good workmanship
and mortar; re i nforced but not designed i n deta i I to
resist lateral forces]; none to masonry A [good work
manship, mortar, and design; reinforced, especially la
tera II y; bound together by us i ng steeI, concrete, etc.;
des i gned to res i st Iatera I forces]. Fa I I of stucco
and some masonry walls. Twisting, fall of chimneys,
factory stacks, monuments, towers, elevated tanks.
Frame houses moved on foundations if not bolted down;
loose pane I wa I I s thrown out. Decayed pi ling broken
off. Branches broken from trees. Changes in flow
or temperature of springs and wells. Cracks in wet
ground and on steep slopes.

IX. General panic. HasonryD destroyed; masonry C heavily
damaged, somet i mes with comp I ete co I I apse; masonry B
seriously damaged. General damage to foundations.
Frame structures, if not bolted down, shifted off foun
dat ions. Frames racked • Ser i ous damage to reservo irs.
Underground pi pes broken • Conspicuous cracks in the
ground. Inalluviated areas, sand and mud ejected,
earthquake fountains and sand craters.

x. Host masonry and frame structures destroyed with their
. foundat ions. Some we I I-bu i I t wooden structures and
bridges destroyed. Serious damage to dams, dikes,
embankments. Large landslides. Water thrown on banks

.of cana Is, rivers, lakes, etc. Sand and mud sh i fted
.horizontally on beaches and flat land. Rails bent
sl ightly.

Xl. Rails bent greatly. Underground pipelines completely
out of service.

XII. Damage nearly total. Large rock masses displaced.
Lines of s i ghtand I eve I distorted. Objects thrown
iii the air.

EARTHQUAKE OCCURRENCES

The following maps are included to give the reader some idea of where
. damaging; earthquakes have occurred in the United States.
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APPENDIX C

SEISMIC SAFETY INFORMATION SOURCES
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INTRODUCT ION

This list is designed to identify potential sources of seismic safety
information useful at the local level. Although the I ist is far from
exhaust i ve, it does inc I ude many of the assoc iat ions, organ izat ions,
and centers that provide various types of data ranging from relatively
general information to specific technical guidance.

Since much information is best obtained at the local level, the reader
is urged to contact local academic institutions and the local chapters
of the various professional organizations.

ORGANIZATIONS

American Concrete Institute
B.a. Box 19150
Detroit, Michigan 48219
(313)532-2600

American Consulting Engineers Council
1015 15th Street, N.W., Suite 802
Washington, D.C. 20005
(202)347-7474

Amer ican Inst itute of Arch itects
1735 New York Avenue, N.W.
Washington, D.C. 20006
(202)626-7300

American Institute of Architects Foundation
1735 New York Avenue, N.W.
Washington, D.C. 20006
(202)626-7421

American Institute of Steel Construction
400 North Michigan Avenue
Chicago, Illinois 60611
(312)670-2400

American Insurance Association
85 John Street
New York, New York 10038
(212)669-0400

American Planning Association
1313 East 60th Street
Chicago, Illinois 60637
(312)947-2082
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American Plywood Association
7011 South 19th Street
Box 11700
Tacoma, Washington 984411-0700
(206)565-6600

Amer ican Soc iety of Civi I Eng ineers
345 East 47th Street
New York, New York 10017-2398
(212)705-7496

American Red Cross, National Office of Disaster Assistance
18th and E Streets, N.W.
Washington. D.C.
(202)857-3718

App1ied TechnoIogy Coonc i I
247\ East Bayshore Road. Suite 512
Palo Alto. California 94303
(415)856-8925

Arizona State University, Office of Hazard Studies
Center for Public Affairs
Tempe. Arizona 85287
(602)965-4518

Arkansas Earthquake Advisory Council
Arkansas Geological Commission
3815 West Roosevelt
Little Rock. Arkansas 72204
(501)663-9714

Associated General Contractors of America
1957 E Street. N.W.
Washington, D.C. 20006
(202)393-2040

Association of Bay Area Governments
Metro Center
P.O. Box 2050
Oakland, California 94606
(415)464-7900

Association of Engineering Geologists
Box 506
Short Hills. New Jersey 07078
(201)379-7470

Association of Kajor City Building Officials
200 North Spring Street
Los Angeles, California 90012
(213)485-2021
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Association of the Wall and Ceiling Industries International
25 K Street, N.E.
Washington, D.C. 20001
(202)783-2924

Bay Area Regional Earthquake Preparedness Project
·Metro Center
I018th Street, Suite 152
Oakland, California 94607
(415)540-2713

Bay Area Regional Earthquake Preparedness Project Pol icy Advisory Board
Assistant Director, Institute of Governmental Studies
University of California
109 Moses Hall
Berkeley, California 94720
(415)642-6722

Battelle Human Affairs Research Centers
4000 N.E. 41st Street
Seattle, Washington 98105
(206)525-3130

Br ick Inst itute of AIDer ica
11490 Commerce Park Drive, Suite 300
Reston. Virginia 22091
(703)620-0010

Building Officials and Code Administrators, International
4051 West Flossmoor Road
Country Club Hills, Illinois 60477
(312)799-2300

Building Owners and Kanagers Association, International
1221 Massachusetts Avenue, N.W.
Washington, D.C. 20005
(202)638-2929

Building Seismic Safety Council
1015 15th Street, N.W., Suite 700
Washington. D.C. 20005
(202)347-5710

Business and Industry Council for Earthquake Preparedness
Director of Emergency Planning and Office Administration
Atlantic Richfield Company
515 South Flower Street
Los Angeles, California 90071
(213)486-2535

Cal ifornia Seismic Safety COOInission
1900 K Street
Sacrament, Ca I i forn ia 95814
(916)322-4917
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Canadian Nat iona I Coomittee on Earthquake Engi neer i ng
National Research Council of Canada
Division of Building Research
ottawa. Ontario KIA OR6

Centra I Un i ted States Earthquake Consort i lID

2001 Industrial Park Drive
Box 367
Marion. Illinois 62959
(618}997-5659

Concrete I'Iasonry Association of Cal ifornia and Nevada
83 Scripps Drive. Suite 303
Sacramento. California 95825
(916)920-4414

Concrete Reinforcing Steel Institute
933 North Plum Grove Road
Shaumburg, Illinois 60195
(312)490-1700

Ccunei 1 of American Bui lding Officials
5205 Leesburg Pike, Suite 1201
Falls Church. Virginia 22041
(703)931-4533

Earthquake Educat I on Center
Baptist College
P.O. Box 10087
Charleston. South Carolina 92411
(803)797-4208

Earthquake Engi neer ing Research Inst i tute
2620 Telegraph Avenue
Berkeley. California 94704
(415}848-0972

f edera I EI'Ilergency I'Ianagement Agency" Di vis i on of Earthquakes and Natura1
Hazards PrograllS

500 C Street, S.W.
Washington. D.C. 20472
(202)646-2797

Governor's EarthqUake and safety Technical Advisory Panel
Kentucky Division of Disaster and Emergency
EOC Building. Boone Center
Frankfort, Kentucky 40601
(502}564-8600

Governor's Earthquake Emergency Task force
California Office of Emergency Services
2800 Meadowview Road
Sacramento. California 95832
(916)427-4285
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Illine', Earthquake Advisory Board
Illinois Emergency Services and Disaster Agency
110 East Adams Street
Springfield, Illinois 62706
(217)782-4448

Indiana Earthquake Advisory Panel
Indiana Department of Civil Defense
B-90 State Office Building
100 North Senate
Indianapolis, Indiana 46204
(317)232-3834

Insurance Information Institute
110 Williams Street
New York, New York 10038
(212)669-9200

Interagency Committee on Seismic Safety in Construction
c/o Center for Building Technology
National Bureau of Standards
Gaithersburg. MD 20899
(301)921-3377

International City Management Association
1120 G Street, N.W.
Washington, D.C. 20005
(202)626-4600

International Conference of Building Officials
5360 South Workman Hill Road
Whittier, California 90601
(213)699-0541

Masonry Institute of America
2550 Beverly Boulevard
Los Angeles, California 90051
(213)388-0412

Masonry Institute of Washington
925 116th Street, Suite 209
Bellevue. Washington 98004
(206)453-8820

Hetal Building Manufacturers AssociatIon
1230 Keith Building
Cleveland. Ohio 44115
(216)241-1333

MississIppi Seismic Advisory Panel
Mississippi Emergency Management Agency
P.O. Box 4501, Fondren Station
Jackson, Mississippi 39216
(601)352-9100
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us

Missouri State Earthquake Safety Advisory Council
P.O. Box 116
Jefferson City, Missouri 65101
(314)751-2321

Nat i ona I Academy of Sc i ences, Ccmnlttee on NaturaI Oi sasters
2101 Constitution Avenue, N;W:
Washington, D.C. 20418
(202)334-3312

National·Associatlonof. Home Builders of the U.S.
15th and MStreets,~N.W.

Washington. D.C. 20005
(202)822-0200

Nat i ona I Bureau of Standards, Center for Bui 1ding Techno Iogy
Room B168, Building 226
Gaithersburg, Maryland 20899
(301)921-3471

Nat i ana I Concrete Masonry Assoc i at i on
2302 Horse Pen Road
Herndon, Virginia 20072
(703)435-4900

National Conference of States on Bui Idings Codes and Standards
481 Carlisle Road
Herndon,'VIrginia 22070
(703)437-0100

Nat i ana I Coord i nat i ng Counci I on Emergency' Hanagement
3126 Beltline Boulevard
Columbia, South Carolina 29204
(803)765-9286

National Elevator Industry, Inc.
I Farm Spring
Farmington. Connecticut 06032
(212)986-1545

National Emergency I'lanagers Association .
c/o Director
Colorado Division of Disaster Emergency Services, EOC
Camp George West. Golden, Colorado 80401
(303) 273-1624

National Fire Sprinkler Association
5715 West 76th Street
Los Angeles. California 90045
(914)878,..4200



National Forest Products Association
1619 Massachusetts Avenue, N.W.
Washing~on, D.C'. 20036
{202 )797"'5800

Nat iona I. Inst itute of Bu il ding Sc ienCttS
lOIS 15th Street, N.W., Suite 700
Washington, D.C. 20005
(202)347-5710

National Science Foundation, Directorate for Engineering, Fl,Jndemental
Research for Emerging and Critical Engineering Sy,tems DivIsion

1800 G Street, N.W.
Washington, D.C. 20550
(202)3S7-7710

Natural Disaster Resource Referral Service
P.O. Box 2208
Arlington, Virginia 22202
(703)920-7176

Natural Hazards Planning Council
Director, Planning Office
P.O. Box 3088
Christiansted, St. Croix, Virgin Islands 00820
(809)773-1082

Natural Hazards Research and Applications Informetlon C.~t.r

University of Colorado. IBS 6
Campus Box 482
Boulder, Colorado 80309
(303) 492-681 8

New England Seismic Advisory Council (proposed)
P.·O. Box 1496
400 Worcester Road
Framingham, Massachus~tts 01701
(617)87S-1318

Ok Iahoma Masonry .. 1nst itute .
3601 Classen Boulevard, Suite 108
Oklahoma City, Oklahoma 73118
(4051524,...8795

Port IandC~nt Association'
5420 ,Old Orchard Road
Skokie, Illinois 60077
(312) 966-6200 .

Prestressed Concrete Institute
201 ~orthWel1s Street
ChicagO, I !linois 60606
(312)346-4071
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Rack Manufacturers Institute
1326 Freeport Road
Pittsburgh, Pennsylvania 15238
(412)782-1624

School Education Safety and Education Project
State Seismologist
Geophysics Department, AD-50
University of Washington
Seattle, Washington 98195
(206)545-7563

Soi 1 and foundation Engineers Association
P.O. Box 92630
El Taro, California 92630
(714)859-0294

South Carol ina Seismic Safety Consortium
Department of Civil Engineering
The Citadel, The Military College of South Carolina
Charleston, South Carolina 29401
(803) 792-7677

or
Baptist College
P.O. Box 10087
Charleston, South Carolina 29411
(803)797-4208

Southeastern United States Seismic Safety Consortium
Department of Civil Engineering
The Citadel, The Military College of South Carolina
Charleston, South Carolina 29401
(803)792-7677

Southern Building Code Congress International
900 Montclair Road
Birmingham, Alabama 35213
(205)591-1853

Southern California Earthquake Preparedness Project
6850 Van Nuys Boulevard
Van Nuys, California 91405
(213)787-5103

Southern Cal ifornia Earthquake Preparedness Project Pol icy Advisory Board
Director of Emergency Planning and Office Administration
Atlantic Richfield Company
515 South Flower Street
Los Angejes, California 90071
(213)486-2535
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Steel Plate Fabricators Association, Inc.
2901 Finley Road, Suite 103
Downers Grove, Illinois 60515
(312)232-8750

Structural Engineers Association of Arizona
2415 West Colter
Phoenix, Arizona 85015
(602)249-0963

Structural Engineers Association of California
217 2nd Street
San Francisco, California 94105
(415)974-5147

Structural Engineers Association of utah
2126 South 1000 South
Salt Lake City, Utah 84106

Structural Engineers Association of Washington
1411 4th Avenue, Suite 1420
Seattle, Washington 98101
(206)624-7045

:rechn ica I Advi sory Coonc i I
Deputy Director, State Emergency Management Office
Public Security Building 22
State Office Building Campus
Albany, New York 12226
(518)454-2156

Tennessee Earthquake Information Center
Memphis State University
Memphis, Tennessee 38152
(901)454-2007

Tennessee Seismic Advisory Panel
Tennessee Emergency Management Agency
Tennessee EOC, 3041 Sidco Drive
Nashville, Tennessee 37204-1502
(615)252-3311

u.S. Geo Iog ica I Survey, Office of Earthquakes, Vo Icanoes, and'Engineer ing
905 National Center
Reston, Virginia 22092
(703)860-6471

CSM Campus
1711 Illinois Avenue, Mail Stop 966
Golden, Colorado 80401
(303)236-1611
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345 Middlefield Road. Building I. Mail Stop 22
Menlo Park. California
(415)323-81 II. Ext. 2312

u.s. Public Health Service. National Institute aT Mental Health. Center
for Mental Health--Studies aT Emergencies

5600 Fishers Lane
Rockville. Maryland 20857
(301)443-1910

u.s. Small Business Administration Disaster Assistance Division
Area I (Connecticut. Maine. Massachusetts. New Hampshire. New Jer
sey. New York. Puerto Rico. Rhode Island. Vermont. Virgin Islands)
15-01 Broadway
Fair Lawn. New Jersey 07410
(201 )794-8 195

Area 2 (Alabama. Delaware. District of Columbia. Florida. Georgia.
11 I inois. Indiana. Kentucky. Maryland. Michigan. Minnesota. Mis
sissippi. North Carolina. Ohio. Pennsylvania. South Carolina. Ten
nessee. Virginia. West Virginia. Wisconsin)
75 Spring Street, S.W .• Suite 822
Atlanta. Georgia 30303
(404)221-5822

Area 3 (Arkansas. Iowa, Kansas, Louisiana. Missouri. Nebraska. New
Mexico. Oklahoma. Texas)
2306 Oak Lan~, Suite 110
Grand Prairie. Texas 75051
(214}767-7571

Area 4 (Alaska, Arizona, Cal ifornia, Colorado, Guam, Hawaii, Idaho,
Montana. Nevada, North Dakota, Oregon, South Dakota. Utah, Washing
ton, Wyoming)
P.O. Box 13795
Sacramento, California 95825
(916)484-4461

University of Delaware. Disaster Research Center
Newark. Delaware 19711
(302)451-2581

Western States Structural Engineers Association
304 Great Western Building
Spokane, Washington 99201

Western States Clay Products Association
9780 South, 5200 West
West Jordan, Utah
(801)561-1471

C-12



Western Seismic Safety Council
c/o Hugh Fowler
Washington State Department of Emergency Services
4220 East Martin Way
Olympia, Washington 98504
(206)459-9191

DATA BASES

American Geological Institute
Indexes approximately 5,000 serials on the world's geological li
terature.

GeoRef
4220 King Street
Alexandria, Virginia 22302
(703) 379-2480

Department of Agri~ulture

Data bases or·computer ized records ma inta ined by agenc ies with i n
the department include material on emergency disaster assistance,
emergency loanqistribution, insurance paid out For crop losses,
ava 1anches, ha,i I, and drought. AGR ICOLA is a computer ized bib 1i
ographic reference service dealing primarily with agriculture.

(301)344':'3755

Earthquake Eng i neeri ng Research Center Library
Extensive library on all aspects of the earthquake problem. Publi
cations avai lab1e by mai 1.

University of California
47th and Hoffman Boulevard
Richmond, California 94804
(415)231-9403

f edera1 Emergency t1anagement Agency, 0isaster I1anagement Infonnat ion
System

More than 65 elements of informat ion on pres ident ia I 1y dec I ared
disasters are available on magnetic tape.

FEMA/SL-DA
500 C Street, S.W.
Washington, D.C. 20472
(202)382-6423

National Geophysical Data ~enter

Maintains an earthquake data file, photo files, and a set of data
bases of direct interest to Pacific tsunami research and operations

NOAAjEDIS/NGDC
D62
Boulder, Colorado 80303
(303)497-6337

National Technical Information Service
The source for the pub lie sal e of government-sponsored research,
development, and engineering reports and other analyses prepared
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by federal agencies and their contracto~s and grantees. For general
i nformat ion ca 11 (703) 487-4604. For informat ion on research in
progress call (703)487-4808. For information on the transfer of
federal technology having potential commercial or practical appli
cations, call (703)487-4808.

NTIS
5285 Port Royal Road
Springfield, Virginia 22161

Smithsonian Institution
Prov ides the Sc ient i f ic Event AIert Network (SEAN) that offers
monthly bulletins summarizing short lived events around the world.

SEAN NHB
Smithsonian Institution
Mai 1 Stop 129
Washington, D.C. 20560
(202)357-1511

u.s. Geological Survey
For information on the books, maps, and photographs of the USGS
call the Reference Librarian at the:

National Center
(703)860-6671

or
Western Regional Library
(415)323-811"1

or
Central Regional Library
(303)234-4133

USGS Circular 777, A Guide to Obtaining Information from the USGS.
assists in obtaining USGS products and unpublished information and
USGS Circular 817, Scientific and Technical, Spatial, and Bibl io
graphic Data Bases of the U.S. Geological Survey, lists 223 USGS
systems. Copies are available free from the:

USGS Branch of Distribution
604 Pickett Street
Alexandria. Virginia 22304.

USGS Earth Resources Observation Systems (EROS) offers a computer
ized reference service for searches for remote sensing data. Con
tact:

EROS Data Center
Sioux Falls, South Dakota 57198
(605)594-6151

Geographic Information Systems, Methods, and Equipment for Land Use
PI ann ing. 1ists many manua 1 and computer-a ided systems, systems
design, and data sources for land use planners and managers. It is
available as PB 286-643 from:

NTIS
5285 Port Royal Road
Springfield, Virginia 22161
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APPENDIX D

SELECTED SEISMIC SAFETY REFERENCES
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INTROOUCT ION

This list of references focuses on the national arena generally and on
the three spec i f ic geograph ic areas exam ined by the BSSC Convn i ttee on
Societal Impl ications: the Mississippi Valley area; the Charleston,
South Carolina, area; and the Puget Sound area. It is not intended to
be an exhaustive list but rather to serve as the basis for specialized,
area-specific research. Not all of the documents cited are widely avail
able but an attempt has been made to identify the authors and/or original
publication sites in sufficient detail to permit interested readers to
make the necessary contacts. See also the list of information sources
in the preceding section.

TOPICS COVERED

The references are presented under the following major headings:

1. Nature and Description of the Seismic Hazard
a. National
b. Mississippi Valley Area
c. Charleston Area
d. Puget Sound Area

2. Seismic Hazard Mitigation
a. National
b. Mississippi Valley Area
c. Puget Sound Area

3. Seismic Safety Code Development and Implementation
a. National
b. Charleston Area

4. Risk Perception and Hazard Awareness
5. Economics
6• Li ab i 1i ty
7. Public Policy
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NATURE AND DESCRIPTION OF THE SEISHIC HAZARD

National

Algermissen. S. T. 1984 An Introduction to the Seismicity of the United
States. Berkeley. California: Earthquake Engineering Reseach
Institute.

Algermissen. S. T•• Ed. 1972. Co~ference on Seismic Risk Assessment
for Bui lding Standards. Washington, D.C.: U.S. Department of
Commerce and U.S. Department of Housing and Urban Development.

Bolt. Bruce A. 1978. Earthquakes: A Primer. San Francisco: Califor
nia: W. H. Freeman and Company.

Hays, 'Walter W•• Ed. 1981. Evaluation of Regional Seismic Hazard and
Risk. USGS Open File Report 81-437. Reston. Virginia: U.S. Geo
logical Survey.

Hays. Walter W. 1981. Facing Geological and Hydrologic Hazards: Earth
Science Considerations. USGS Professional Paper 1240-B. Washing
ton. D.C.: U.S. Government Printing Office.

National Oceanic and Atmospheric Administration and U.S. Geological
Survey. 1979. Earthquake History of the United States (1971-1976
Supplement). USGS/NOAA Publication 41-1. Washington. D.C.: U.S.
Department of Commerce and U.S. Department of Interior.

U.S. Geological Survey. 1978. Proceedings of Conference V, Com muni
cating Earthquake Hazard Information. USGS Open File Report
78-933. Menlo Park, California: U.S. Geological Survey.

Hississippi Valley

Beavers. James E•• Ed. 1981. Earthquake and Earthquake Engineering:
The Eastern United States. 2 volumes. Ann Arbor, Michigan: Ann
Arbor Science Publishers, Inc.

C1ifton. Juan ita W. I980.
ville. North Carolina:

Reelfoot and the New Madrid Quake.
Victor Publishing Company.

Ashe-

Department of Earth and Atmospheric Science. St. Louis University (Mis
souri). 1980. The New Madrid Fault Zone: Potential for Disasters.
Probl ems. and Information Needed for Disaster ReI ief Planning.
Unpublished paper.

Department of Earth Sciences, St. Louis University (Missouri). 1980.
Earthquake Damage Potential in Missouri. Unpublished paper.

Ferritto. John M. 1979. Seismic Analysis of Memphis. Technical
Memorandum 51-79-18. Port Hueneme, California: U.S. Navy,
Naval Construction Ballation.
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Fu 11er, Myron Les 1ie. 1912. The New Madr id Earthquake. Wash ington,
D.C.: U.S. Government Printing Office.

Fuller, M. B. 1912. The New Madrid Earthquake. USGS Bulletin 494.
Reprinted by Ramfre Press, Cape Girardeau, Missouri, 1966.

Hami lton, Robert M. 1980. "Quakes Along the Mississippi." Natural
History 89 (8):70-74.

Hami Iton, R. 11., and M. D. Zoback. 1919. Seismic Reflection Profi Ie in
the Northern Mo. Embayment. USGS Open File Report 79-1688.
Reston, Virginia: U.S. Geological Survey.

Hays, W. W., Ed. 1981. Proceedings of Conference XV, A Workshop on
Prepar ingand Responding to a Damaging Earthquake in the Eastern
United States. USGS Open File Report 82-220. Reston, Virginia:
U.S. Geological Survey.

Heyl, A. V•• and F. A. McKeown. 1978. Preliminary Seismotectonic Map
of Central Mississippi Valley and Environs. Miscellaneous Field
Studies Map MF 1011. Reston, Virginia: U.S. Geological Survey.

Johnson. Arch C., and Susan J. Nava. 1985. "Earthquake Hazard in the
Memphis, Tennessee. Area." In BSSC Program on Improved Seismic
Safety Prov is ions. Soc i eta I Imp I icat ions: Se 1ected Read ings.
Washington. D.C.: Building Seismic Safety Council.

Liu, B. C.• C. T. Hsieh, R. Gustafson. et aJ. 1979. Earthquake Risk
and Damage Functions: An Integrated Preparedness and Planning
Model Applied to New Madrid. Kansas City, Missouri: Midwest Re
search Institute. (Available from the National Technical Informa
tion Service, Springfield, Virginia.)

M& H Engineering and Memphis State University. 1974. Regional Earth
quake Risk Study. Memphis, Tennessee: MATCOG/MCDD.

Nuttli, Otto W. 1985. "Nature of the Earthquake Threat in St. Louis."
In BSSC Program on Improved Seismic Safety Provisions, Societal
Imp 1i cat ions: Se Iected Readings. Wash ington, D.C.: Bu i 1di ng
Seismic Safety Council.

Nuttl i, Otto W. 1981. Evaluation of Past Studies and Identification
of Needed Studies of the Effects of Major Earthquakes Occurring in
the New Madrid Fault Zone. St. Louis, Missouri: St. Louis Univer
sity.

Nuttli, Otto W. 1974. "Magnitude-Recurrence Relation for Central Mis
s iss ipp i Va I 1ey Earthquakes." Se i sma Iog ica 1 Soc iety of Amer i ca
Bulletin 64 (4):1189-1207.



Nuttl i, Otto W. 1974. "The Mississippi Valley Earthquakes of 1811 and
1812." Earthquake Information Bulletin 6 (2).

Nuttl i, otto W. 1973. "Mississippi Valley Earthquake of 1811-1812:
Intensities, Groundmoution, and Magnitudes." Seismological Society
of America Bulletin 63:227-248.

Nowak, Andrzej S., and Eli zabeth L. Rose Morr i son. 1982. Earthquake
Hazard Analysis for Commercial Buildings in Memphis. Ann Arbor:
University of Michigan.

Parks, W. S., and R. W. Loun~Oury. 1976. Summary of Some Current and
Possible Future Environmental Problems Related to Geology an~
drolo9Y at Memphis, Tennessee. USGS Water-Resources Investigation
76-4. Reston, Virginia: U.S. Geological Survey. (Avai lable as
Report PB-264 513/AS from the National Technical Information Ser
vi ce.)

Penick, James L. 1981. The New Madrid Earthquake. Columbia: Univer
sityof Missouri Pres~.

Pen ick , James L. 1978. The New Madr id Earthquake of 1811 and 181 2•
Columbia: University of Missouri.

Russ, David. 1981. "Model for Assessing Earthquake Potential and Fault
Activity in the New Madrid Seismic Zone." In Earthguakesand Earth
quake Engineering, edited by J. Beavers. Ann Arbor, Michigan:
Ann Arbor Science.

Street, R. L. 1980. A Comp i 1at ion of Accounts Oeser ibing the Mi ss
issippi Valley Earthquake of 1811-1812. Lexington: University
of Kentucky.

U.S. Geological Survey. 19~~. Proceedings of Conference XVIII, Con
tinuing Actions to Reduce Losses from Earthquakes in the Mississippi
Valley Area. USGS Op~n File Report 1983-157. Reston, Virginia:
U.S. Geological Survey.

U.S. Geological Survey. 1982. Proceedings of Conference XV, Preparing
for and Responding ts a DamaQing Earthquake in the Eastern United
States. USGS Open File Report 82-220. Reston, Virginia: U.S. Geo
logical Survey.

U.S. Geological Survey. 1982. 'Investigation of the New Madrid, Mis
souri, Earthquake Region. USGS Professional Paper 1236. Washing
ton, D.C: U.S. Government Printing Office.

Zoback, M.D., et a 1. 1~§Q.
New Madrid Seismic ZOne.

"RE!E'urrent Intrap 1ate Tecton ism in the
Science 209 (August).
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Charleston Area

Bo Iii nger. G. A. 1985. "Earthquake at Char 1eston in 1886." In BSSC
Program on Improved Se ismi c Safety Prov is ions. Soc ieta 1 Imp 1ica
tions: Selected Readings. Washington. D.C.: Building Seismic
Safety Counci 1•

Boll inger, G. A., and Ellen Mathena. 1982. "Seismicity of the South
eastern Un ited States. Ju 1y 1, 1981-December 31. 1981. " South
eastern U.S. Seismic Network Sui letin (9). (Published by the Divi
sion of Earth Sciences, Virginia Polytechnic Institute and State
University, Blacksburg.)

Ltndbergh. Charles. Ed. 1982. Earthquake Hazards and Risk in South
Caro I ina and the Southeastern U. S. Char Ieston •. South Caro I ina:
Seismic Safety Consortium.

Rankin, D. W•• Ed. 1977. Studies Related to the Chrleston, South Car
olina. Earthquake of l888--A Preliminary Report. USGS Profession
al Paper 1028. Reston. Virginia: U.S. Geological Survey.

Reagor. 8. G. Se i sm icity Map of the State of South Caro I ina. USGS
Miscellaneous Field Studies Map MF-1225 (:1.000,000). Reston, Vir
ginia: U.S. Geological Survey.

8.5. Geological Survey. 1977. Studies Related to the Charleston. South
Carolina, Earthquake of 1886. USGS Professional Paper 1028. Wash
ington. D.·C.: U.S. Government Printing Office.

U.S. Geological Survey. 1983. Proceedings of Conference XX. The 1886
Char I eston, South Caro I ina. Earthquake and I ts I mp I i cat ions for
Today. USGS Open File Report 83-843. Reston. Virginia: U.S. Geo
logical Survey.

U.S. Geological Survey. 1983. Proceedings of Conference XXIII, Con
tinuing Actions to Reduce Potential Losses from Future Earthquakes
in Arkansas and Nearby Sttes. USGS Open File Report 83-846. Res
ton. Virginia: U.S. Geological Survey.

Puget Sound Area

AI germ issen. S. T., and S. T. Hard i ng .1965. The Puget Sound Earth
quake of Apri 1 29. 1965. Washington. D.C.: U.S. Department of
Commerce Coast and Geodetic Survey.

Algermissen, S. T., Samuel T. Harding. Karl V. Steinbrugge. and William
K. Cloud. N.d. The PugetSound.Washington. Earthquake of April
29, 1965. Prel iminary repor for the U.S. Coast and Geodetic Survey.

Chaney, Eric S. 1978. GeoloQY. Man, and Nuclear Plan Sites on the
Skagit. Seattle, Washington: Junior League at Seattle.
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Coombs, Howard A. 1974. Report to the Washington State Legislature
from the ad hoc Committee on Geologic Hazards. Olympia: Washing
ton State Legislature.

Coombs, H. A•• and J. D. Barksdale. 1942. "The Olympia Earthquake of
November 13. 1939." Bu 11et in of the Se i smo 1og i ca 1 Soc iety of Amer
i ca 32 (1).

Crosson. R. C. 1972. "Small Earthquake Structure and Tectonics of the
PugetSound Region." Bulletin of the Seismological ·Society of
America 62 (5).

Freeman. Sigmund A•• Joseph P. Nicoletti. Joseph B. Tyrrell, and John
A. Blume and Associates. 1975. U.S. National Conference on Earth
guake Eng ineer ing Proceed i ngs. Eva 1uat ion of Ex i st i ng Bu i 1dings
for Se ismic Risk. Oak 1and. Ca 1iforn ia: Earthquake Eng i neer ing
Research Institute.

Gower, H. D. 1978. Tectonic Map of the Puget Sound Region. Washington.
USGS Open Fi 1e Report 78-426. Men 10 Park. Ca 1iforn i a: U.• S. Geo lo
gica� Survey.

Rasmussen. Norman H•• R. C. Mallard. and S. W. Smith. 1974. Earth
quake Hazard Evaluation of the Puget Sound Region, Washington
State. Seattle: University of Washington Press.

Smith. Stewart W. 1985. "Introduction to Seismological Concepts Related
to "Earthquake Hazards in the Paci fi c Northwest." In essc Program
on Improved Se i smi c Safety Provi sions. Soci eta 1 Impl icat ions:
Sel ected Readings. Washington. D.C.: Bui lding Seismic Safety
Counci 1•

Stepp. C. J. 1971. An Investigation of Earthquake Risk in the Puget
Sound Area by Use of the Type I Distribution of Largest Extremes.
College Park: Pennsylvania State University.

U.S. Department of Housing and Urban Development. Federal Disaster As
s istance Adm in istrat ion. 1978. Federa I· Earthquake Preparedness
Plan for the Puget Sound Area. Seattle. Washington: U.S. Depart
ment of Housing and Urban Development. Federal Disaster Assistance
Administration.

U.S. Geological Survey. 1975. A Study of Earthquake Losses in the
Puget Sound. Washington. Area. USGS Open File Report 75~375. Menlo
Park. California: U.S. Geological Survey.

Weaver, Craig 5.• and Stewart W. Smith. 1982. Regional Tectonic and
Earthquake Hazard Imel icat ions of a Crusta 1 Fau 1t Zone in South
western Washington. Seattle: University of Washington. Geophysics
Program.
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Yount. James C.. and Robert S. Crosson, Eds. 1980. Proceed i ngs of
National Earthquake Hazards Reduction Program. Earthquake Hazards
of the Puget Sound Region. USGS Open File Report 83-0019 .. Menlo
Park, California: U.S. Geological Survey.
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