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Preface

Increasing numbers of lives are endangered and substantial economic
resources are jeopardized by the growing urban expansion in earth-
quake-prone areas. This expansion will probably continue for many
years. An important factor that complicates any earthquake-hazard-
reduction program is that seismologists, geologists, and engineers still
know far too little about quantifying the various kinds and degrees of
earthquake hazard.

We can mitigate undesirable carthquake effects in a number of ways,
but not all are currently feasible. Techniques are being developed with
which land-use planners will be able to zone, as geologically hazardous,
active-fault areas, potential landslide areas, and regions of structurally
poor ground. The role of the earthquake engineer is then to reduce the
hazards to acceptable levels wherever possible. However, the vast ma-
jority of the population of earthquake-prone regions, as well as most
developed property, are located not directly in fault zones and land-
slide areas but in areas where strong ground shaking can cause loss of
life and property damage. [t follows, then, that the key to an efficient
hazard-reduction program is an adequate understanding of the destruc-
tive seismic forces involved—or, in other words, of the characteristics
of the strong ground motions of earthquakes. The earthquake at
Managua, Nicaragua, on December 23, 1972, is a recent example of a
moderate earthquake (M = 6.2) that caused extensive destruction di-
rectly related to local strong ground motion.

Many groups have attempted to develop a better understanding of
earthquakes and their effects, including strong ground motion, but
when the Committee on Seismology reviewed the seismological pro-
grams currently under way in federal agencies, it found significant in-
adequacies. Because the emphasis on strong-motion seismology is



changing, as well as institutional responsibilities for its conduct and
support, the present appears to be a critical time to develop recom-
mendations that will help formulate future directions for this very
important program. For these reasons, the Panel on Strong-Motion
Seismology was formed to determine whether the needs of the nation
are being met by current work and by the present state of the art of
strong-motion seismology.

The Panel has developed the four recommendations presented in
this report. The first recommendation is concerned with the geo-
graphic distribution of strong-motion instruments and the immediate
requirement for a substantial increase in the number of instruments.
Recommendations 2 and 3 encompass an integrated approach ranging
from the extremes of pure research to applications with short-term
payoffs. It is important to note that these recommendations are con-
cerned with concurrent efforts as well as with a method that will allow
the results of pure research to be applied in the quickest possible man-
ner. The fourth recommendation calls for funding of $4 million a year
to establish and maintain the new program over the next five years.

KARL V. STEINBRUGGE, Chairman
Panel on Strong-Motion Seismology
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Summary of
Recommendations

The Panel on Strong-Motion Seismology believes that an accelerated
program must be instituted immediately. It is needed to provide the
strong-motion information required for engineering purposes, im-
proved handling and utilization of data, and at the same time, an im-
proved understanding of earthquake source mechanisms.

The Panel recommends the following:

1. An increase of 2,000 strong-motion instrument stations in the United
States, at least one fourth of them to be emplaced east of the Rocky
Mountains.

2. A carefully planned strong-motion program that will include effi-
cient distribution of instruments, improved gathering and processing
of data, and improved education in the use and application of data.

3. Immediate intensification of research into the causes and mecha-
nisms of earthquakes.

4. Funding of about $20 million to establish and maintain the recom-
mended program over the next S years.



Introduction

Strong-motion seismology is concerned with the measurement of the
-amplitude-time history of seismic waves in the proximity of the source
of an earthquake, where they are strong enough to be hazardous to life
and damaging to man-made structures. The hazardous effects of mo-
tions caused by earthquakes result from a combination of factors, of
which ground acceleration and duration are especially important. For
this reason, strong-motion seismographs are designed primarily to re-
cord acceleration as a function of time and are therefore frequently
called accelerographs.

The teleseismic instruments in the 300 seismographic observatories
around the world record seismic waves generated by distant earth-
quakes. These instruments are much more sensitive than accelero-
graphs and have different recording characteristics. Strong-motion
seismographs, however, are used to record the ground motions in the
near-source regions of earthquakes, which are of primary importance
for engineering purposes. Knowledge of the key elements of strong
ground motion—displacement, velocity, acceleration, and duration—
is essential to the development of earthquake-resistant engineering
design and is an important factor in understanding basic seismological
phenomena such as the focal mechanisms of earthquakes.

Probably no part of the world has a denser network of strong-motion
instruments than the Los Angeles area. Yet, even here, the distribution
of instruments was inadequate to provide records of the motions of the
San Fernando earthquake of February 9, 1971, in many of the major
damage areas. Clearly, more and better-placed instrument stations are
needed to enable scientists and engineers to extract the key information
from the observed performance of buildings and other structures. In
less-well-instrumented areas, it may be virtually impossible to interpret
structural performance.
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In 1964, no strong-motion instruments were in operation anywhere
in Alaska when it was struck by one of the strongest earthquakes
known to have occurred on the North American continent. Approxi-
mately 50 recently installed accelerographs are now operating in the
entire eastern United States (R, B. Matthiesen, June 1973, personal
communication), despite the fact that no state is completely immune
to earthquake hazard (282 earthquakes were felt in 22 states in 1972).
Moreover, applying strong-motion information from one region to the
conditions in another is of debatable validity without a fuller under-
standing of the major factors involved (source mechanisms, transmis-
sion of energy, and geological effects). Thus, design of structures in
cities such as Charleston, South Carolina; Buffalo, New York; Boston,
Massachusetts; and St. Louis, Missouri, based on information obtained
from such events as the San Fernando earthquake near Los Angeles,
California, and the 1940 El Centro carthquake in the Imperial Valley
of California, involves many uncertainties.

No strong-motion data are available for earthquake sources east of
the Mississippi. An accelerogram of even a moderate earthquake would
be of great value. If the necessary information is to be made available
to guide structural engineers and public officials in their efforts to safe-
guard millions of people, then the need for developing and expanding
strong-motion seismology must be more widely recognized.

There is good reason to believe that, with concerted effort, major
advances toward decreasing the earthquake hazard in all regions can
now be made. Recent analytical and technological advances offer tan-
gible opportunities for major gains in nearly every aspect of earthquake-
hazard reduction. Important advances in the understanding of seismic-
source mechanisms, transmission of energy from the source region,
effect of local geology on vibrations, and the dynamics of structural
response are all possible with appropriate facilities and adequate study.

As an example of the delay in the growth of scientific knowledge
that has resulted from the inadequacy of the distribution of strong-
motion instruments, the accepted values of maximum accelerations
believed to have been reached during earthquakes have increased with
increasing instrument coverage of ground motion over the past 30 years
as follows:

1940-1966 Maximum believed to be about 0.31 g*
(El Centro earthquake)

*g is defined as acceleration equal to one gravity unit or 980 cm/sz.
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1966-1971 Maximum believed to be about 0.5 g
(Parkfield earthquake)

197 1-present Maximum believed to be as high as 0.7-1.2 g
(San Fernando earthquake)

The increased number of instrument stations has made possible this
improved understanding of ground acceleration and thereby created
greater awareness of the potentially destructive forces that must be
considered in design. It is expected that the use of more instruments
will allow other critical information about earthquake effects to be
recognized without undue time delays.

Response to Recommendations of Earlier Study Groups

Several highly competent groups have previously made recommenda-
tions for updating seismological instrumentation and for improving the
deployment of instruments. They have also recommended basic studies
of the effects of local geology on vibrations, basic studies of source
mechanisms and propagation paths, revised analytical procedures, and
better dissemination of the data. Little is to be gained by restating their
accepted conclusions. It is time, however, to take stock of actions that
have resulted from recommendations made in the following earlier re-
ports:

Earthquake Prediction: A Proposal for a Ten-Year Program of Re-
search. A report of the Ad Hoc Panel on Earthquake Prediction to the
Office of Science and Technology, 1965.

Earthquake Engineering Research. A report to the National Science
Foundation, prepared by the NAE-NRC Committee on Earthquake
Engineering Research, 1969.

Seismology: Responsibilities and Requirements of a Growing Science:
Part I, Summary and Recommendations; Part II, Problems and Pros-
pects. A report of the NAS-NRC Committee on Seismology, 1969.

Report of the Task Force on Earthquake Hazard Reduction. A report
to the Executive Office of the President, Office of Science and Tech-
nology, 1970.

Inquiries directed to the appropriate federal agencies show that
adequate action has not been taken on most of these recommenda-
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tions. Only small-scale efforts, including small grants, have been made
in improving the design and construction of new strong-motion instru-
ments. Some work on packaging of instruments and on down-hole in-
strumentation is currently in progress. The Veterans’ Administration
is in the process of installing about 100 strong-motion instruments,
one at each of their facilities located in seismic zones 2 and 3—areas
where stronger earthquakes have occurred in the past. In California,
some limited studies using strong-motion instruments are being con-
ducted on source mechanisms, near-source transmission of seismic
waves, and the effects of local geology and topography on vibrations.*
In general, however, the deployment of strong-motion instruments in
areas other than California is proceeding too slowly.

*In 1971, the California State Legislature passed the Strong-Motion Instrumentation Program
Act. The resulting program is administered by the California Division of Mines and Geology
and supported by construction fees collected by cities and counties. The Act provides that
strong-motion instruments will be placed in geographic areas not yet covered, in representa-
tive buildings and structures, and on representative soil and rock sites throughout the state.
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Recommendations

Because of the importance of strong-motion seismology in providing
the basic information needed to mitigate earthquake effects, the Com-
mittee on Seismology assigned to the Panel on Strong-Motion Seis-
mology the responsibility of reviewing the status of the field. The
Panel presents its findings in the following recommendations and
discussions.

1 Number and Distribution of Strong-Motion Stations

The Panel recommends an immediate increase in the number of strong-
motion instrument stations in the United States by approximately
2,000, with at least 500 of the new stations installed east of the Rocky
Mountains.

The strong-motion data currently available for western United States
earthquakes are, at best, scanty, and we know of no strong-motion data
for eastern earthquakes. A desirable distribution of strong-motion seis-
mic instrument stations would permit every damaging earthquake in
the United States to be recorded at one or more instrument stations,
making it possible to scale the event with some accuracy rather than
relying on speculation. Furthermore, at specified locations (such as
Los Angeles, San Francisco, Seattle, Salt Lake City, Charleston, and
the New Madrid area) the density of station coverage should be suffi-
cient to ensure that records are obtained within 10 km of future earth-
quake sources to provide critical information about close-in ground
motion. The inadequacy of the current data bank is illustrated by
Table 1, which gives the numbers of all strong-motion records accu-
mulated in the last 40 years for earthquakes in the United States.
There is a clear need for a major increase in the number of instrument
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TABLE 1 Strong-Motion Records vs Distance from the Fault for
U.S. Earthquakes During the Past 40 Years®

Distance (km) Numbers of Records
0 I
0-5 1
5-10 8
10-20 11
20-40 52
40-60 33
60-80 25
80-100 7
100-150 19
150-200 6
200-300 50
300-400 12

“Data provided by the Earthquake Engineering Research Laboratory, California Institute of
Technology.

stations to provide the data essential for engineering and scientific
purposes.

Strong-motion instruments are designed to record the violent shaking
of destructive or damaging earthquakes at or near their sources. The
Committee defines a strong-motion instrument station* as an installa-
tion including one or more strong-motion instruments in a single struc-
ture or in-adjacent structures. It is estimated that 600 to 800 such
stations exist at this time, mainly in California. Of the 2,000 additional
instrument stations recommended, 1,500 stations are to be distributed
west of the Front Range of the Rocky Mountains, taking into con-
sideration the current strong-motion instrument programs in California.
It is recommended that 500 stations be installed east of the Rocky
Mountains, where about 50 moderate earthquakes and at least two
major earthquakes have occurred in historic time. Particular attention

*Most seismograph stations contain only sensitive instruments, designed to record distant

earthquakes to provide information on source mechanisms and the character of the earth’s
interior. These instruments are much too sensitive to record the violent shaking in or near

the epicentral regions of damaging or destructive earthquakes, because they are promptly

driven off scale when strong ground motions occur.

7



(~abewep (eo0| Jo amnseaw e s1 Ayisuaiuj) ‘06 L Ybnoays
A101s1y 359|400 WO} $33BIS PalIun 3y} ul sayenbyriea buibewep jo uoieso] pue Aususiul | IHADIL

St 08 .58 06 .56

1IX-X Avsuaug (@

X-X1 Ansuaiu] @
XA Ssunu] o
114 Susuoi] o

ANIDAT

UoIPI 0£61 PasIadY o o
221435 eIeQ 1RWAWUONAUY

UONESIIWPY J3YCSOWIY PUB DIVEADD |RUCHEN

EQ o7 B3 08 ES 06 56 I ot BT i k5




should be given to the more seismically active areas in the east, with
commensurately more stations in the states of Arkansas, Missouri, [1li-
nois, Tennessee, Kentucky, Ohio, New York, Mississippi, and South
Carolina.

It is by no means certain that strong-motion records obtained from
large shocks in California can be used to represent adequately the shak-
ing that would be produced by large earthquakes occurring in the east.
The spectra (amplitude and frequency data) are likely to be signifi-
cantly different. There are no existing data for earthquakes in the east,
and it is essential, therefore, that measurements be made there now.

Figure 1 shows the intensities and locations of damaging earthquakes
in the United States from the earliest on record through 1970. Figure 2
shows the present locations of strong-motion instruments in the United
States. Figure 3 shows the population distribution of the United States.
Figure 4 shows the locations by state of nuclear power plants, both
those operable or being built and those planned (reactors ordered). The
greater seismicity of the western United States is evident from Figure 1.
However, the seismicity of portions of the eastern United States is sig-
nificant, and because of population density and the distribution of such
features as nuclear power plants, refineries, dams, and high-rise build-
ings, all of which must be constructed with particular consciousness of
earthquake hazards, many additional strong-motion instruments must
be deployed in the eastern United States to collect invaluable and vi-
tally needed strong-motion data.

An increase in the number of stations such as that proposed would
undoubtedly inspire the development of more efficient instruments, but
the strong-motion seismographs already developed are capable of obtain-
ing the kinds of information needed. The installation program should
therefore proceed immediately with currently available equipment.

The continuing operation of a strong-motion network such as that
proposed would repay the nation many fold in the years to come, par-
ticularly as population continues to move into larger concentrations
that are more vulnerable to the devastation of large earthquakes. The
recommended increase in stations would provide for the minimum
number of instrument stations required to help evaluate structural
design and aid in planning for future development in all parts of the
United States.

2 Planning the Strong-Motion Program

The Panel recommends that the strong-motion program be carefully
planned so as to optimize its usefulness and effectiveness in all parts

9
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of the country. A truly effective strong-motion program requires ef-
ficient distribution of instruments, better means of gathering and
processing data, and better methods of education in the use and appli-
cation of these data.

Careful planning of the strong-motion network and augmentation
by development programs designed for the most effective use of the
data obtained will more than repay the costs, and the survival of
structures designed to resist earthquakes will be more certain if these
programs are put into effect. Every earthquake that occurs in a popu-
lated region re-emphasizes the inadequacies of our preparations for
such disasters as well as the need to improve our ability to predict the
zone of earthquake damage and to make more informed and more ac-
curate estimates of earthquake effects in urban areas. (The moderate
San Fernando earthquake, on the fringe of a major high-density popu-
lation center, caused damage estimated as high as §$1 billion.) Attention
should be directed specifically to the following aspects of the problem.

Although some strong-motion data are available on which to base
engineering studies for earthquake-resistant design, the information is
incomplete and covers only a limited range of conditions. Strong-
motion seismologists and engineers need a distribution of stations
that will provide data for a wide range of earthquake magnitudes, dis-
tances from source of energy release, geological conditions, and depths
below ground surface. Little information is available, for example, con-
cerning the influence of depth of foundation materials on the ground
motion transmitted to a structure, or concerning the influence of struc-
ture-foundation interaction on motions in the vicinity of a structure.
Consequently, even while new strong-motion stations are being installed,
the locations of future stations should be carefully selected to extend
the potential engineering usefulness and effectiveness of the instruments
deployed and of the records that will be obtained. When appropriate,
the planning for new stations should include the locations of future
carthquakes as identified by prediction methods that are currently
being developed.

To make strong-motion data more useful, the processing of strong-
motion records and their distribution to all workers in the field must
be speeded up and improved. Because of the expected increase in the
amount of data that will be developed, the processing methods used
in the past will no longer be adequate or satisfactory. Automation in
data handling and interpretation is essential if we are to benefit fully
and expeditiously from the increased amounts of empirical data ob-
tained from actual earthquakes. Moreover, data-handling processes
should be compatible, through use of international standards when
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they are available, in order to permit interchange of information from
one country, or one geographic region, to another.

Specialists at research institutions are currently working on the ap-
plication of strong-motion data to earthquake-resistant design, but
the training of architects, engineers, and planners should include in-
creased emphasis on this subject so that the work done in research
can be put into practice immediately and directly, Short courses,
texts, tutorial sessions, and other methods should be used to instruct
the users of strong-motion data in efficient methods of applying the
results of research.

Appropriate government agencies should be assigned the responsi-
bility for the management of the various aspects of the program, such
as (a) planning and optimization of instrument placement, (b) pro-
cessing and distribution of records, and (c¢) applications to practice.

3 Intensification of Earthquake Research

To support and supplement the program in recommendations 1 and 2,
the Panel recommends immediate intensification of research into the
causes and mechanisms of earthquakes.

Perhaps one of the least-understood aspects of an earthquake is the
mechanism operating at its source. What are the differences among
earthquakes in different geological regions? How much stress is required
to rupture the rocks at a particular location, and how much is necessary
to overcome friction? At what velocities do these crustal ruptures prop-
agate and over what distances? These and other pertinent questions
must be answered before an acceptable model of an earthquake can
be constructed. The deployment of instruments and the collection of
data are essential elements in achieving the goal of mitigation of earth-
quake effects, but these efforts must be supported by an expanded pro-
gram of research into the causes and mechanisms of earthquakes.

At best, our sampling of earthquakes in time and space is sparse. [t
is necessary, therefore, to make use of models to the fullest extent pos-
sible in order to study earthquake mechanisms and to develop methods
for predicting the general nature of strong ground motion at a given site.
Although major advances have been made in the analysis of earthquake
mechanisms, a theory acceptable to most seismologists has not yet been
developed. The present inadequacies stem from the complexity of the
phenomena, the lack of strong-motion data, and the absence of ade-
quate modeling or simulation of earthquake source and propagation
mechanisms. Hence, research is needed to develop concepts for instru-
ment deployment that will yield data that can be used to evaluate hy-
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potheses concerning earthquake mechanisms and that will lead even-
tually to improved understanding of seismic phenomena in general.

To develop models that will be of maximum usefulness, it is essen-
tial to document near-source strong motions, in particular, by increased
deployment of instruments around active faults. Unfortunately, the
distribution of instruments in the past has generally not been carried
out with this purpose in mind.

More detailed studies should be made of the effects of the:geologic
structure in the region between the source and the damage site, of
surface topography and local soils effects, and of the interaction be-
tween soils and geologic structure. These and related investigations will
help to characterize the similarities and differences between earthquakes
in the eastern and in the western United States, in general, and among
tectonically different regions or provinces, in particular, so that knowl-
edge gained in one region can be used or applied in another. in addition,
the Panel urges that near-source seismological studies be conducted in
other countries where earthquakes occur more frequently than they do
in most parts of the United States, especially when there is a reasonable
likelihood that the knowledge gained will be transferable.

4 Funding Requirements for the Program

The Panel believes that to implement recommendations 1, 2, and 3, ap-
proximately $20 million will be needed over the next five years; the
Panel recommends that this amount be made available to the appro-
priate federal agencies.

A considerable proportion of these funds will have to be used to in-
stall and maintain the new stations proposed in recommendation 1;
however, it is equally important that the planning discussed in recom-
mentation 2 and the supporting research on source mechanisms of
earthquakes proposed in recommendation 3 also be adequately funded
to assure the maximum benefit from the overall program.

The amount of support recommended for this program is small
compared with the cost of a moderate earthquake near or in a great
metropolis, or a major earthquake in a sparsely populated area. The
damage caused by the moderate San Fernando earthquake of Feb-
ruary 1971 was estimated between $0.5 and $1 billion, and there were
64 deaths; the damage caused by the great Alaska earthquake of 1964
was over $300 million, and there were 115 deaths. It has been esti-
mated, moreover, that if an earthquake similar to the 1906 earthquake
occurred today in San Francisco, damage would be measured in billions
of dollars and deaths in the thousands.
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With billions of dollars being spent each year in construction, a
worthy national goal would be to ensure the integrity of future struc-
tures in all earthquake-prone areas and to require standards for essen-
tial public-use structures already in existence, Even so, it is necessary
to have sufficient and appropriate data to prevent excessive construc-
tion costs that could result from overdesign. We have been taught by
previous earthquakes that we must be better prepared—but have we
really learned the lesson? The recommended additional $4 million per
year may help to answer that question.
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