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Preface 

Construction in the United States presently represents an investment 
of approximately $230 billion per year. Of this amount, approximately 
$180 billion per year is invested in the some 40 states that have 
experienced moderate or major earthquakes in the past. (The only 
states that have not experienced widely perceptible earthquake shaking 
during historical times are Wisconsin, Iowa, and North Dakota. 
Minnesota, Michigan, Mississippi, Louisiana, and Florida have not 
experienced moderate to strong shaking.) In view of the potential loss 
of life and possibly great economic losses that large earthquakes could 
cause, it is important that the United States make substantial efforts 
to mitigate the hazards of earthquakes by developing safe and eco­
nomical methods of earthquake-resistant design and construction. 

In 1967-1968 the Committee on Earthquake Engineering Research 
of the National Research Council-National Academy of Engineering 
prepared a report that discussed the practical problems related to 
earthquakes and the research needed to solve these problems.* The 
purpose of the report was threefold: 

1. To describe briefly the nature of the earthquake problem and the 
present state of knowledge in the field. 

2. To indicate to research workers where knowledge was lacking 
and where further research was needed. 

3. To bring the earthquake problem to the attention of government 
agencies and other organizations that initiated, directed, or funded 
research and to provide them with information helpful in planning. 

The report was influential in calling attention to the earthquake problem, 
in shaping legislation, and in guiding the formulation of a comprehensive 
program of research aimed at solving major problems of safety and 
economy posed by earthquakes. 

During the 1970s a number of damaging earthquakes occurred in the 
United States. The greatest loss was suffered in the 197 1 San Fernando, 
California, shock, which caused more than $ 1  billion in damage. 

*Committee on Earthquake Engineering Research, Earthquake Engineering 
Research, National Academy of Sciences, Washington, D.C., 1969. 

ix 
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Substantial research programs on earthquake hazard mitigation were 
subsequently developed in earthquake engineering and geophysics by 
the National Science Foundation (NSF), in seismology and geology 
by the U.S. Geological Survey (USGS), in building standards by the 
National Bureau of Standards, in seismic analysis of nuclear power 
plants by the Nuclear Regulatory Commission, and in disaster relief 
by the Federal Emergency Management Agency. The total federal 
support for these programs was approximately $60 million in fiscal 
year 1981. The 1969 Earthquake Engineering Research report and a 
subsequent report* provided important guidance for the researchers 
and managers of these programs. 

In 1981 the National Science Foundation requested that the National 
Research Council make another study of earthquake engineering 
research to evaluate progress since 1968 and recommend research 
opportunities for the next 10 years. The study's purpose was to enhance 
the engineering aspects of efforts in earthquake hazard mitigation now 
under way in the United States. 

The National Research Council organized a committee specifically 
for this purpose. It included specialists in earthquake engineering, soil 
and rock mechanics, structural dynamics, structural design, architec­
ture, the design of lifeline facilities (transportation, power, communi­
cations, water, sewer), disaster research, and coastal engineering. 
Additional specialists were asked to serve on relevant working groups 
appointed for the study. (See Appendixes A and B for biographical 
sketches of committee members and a listing of working group 
members.) 

In preparing this report, the Committee addressed the following two 
questions: What progress has research produced in earthquake engi­
neering, and which elements of the problem should future earthquake 
engineering research pursue? So many advances have occurred in 
earthquake engineering since 1968 that the Committee could not identify 
and discuss all of them in a relatively short report. Thus this report is 
not complete in that sense, but it does include sufficient coverage to 
make clear that very significant progress has indeed been made. 

During the course of its deliberations, the Committee identified areas 
in which research programs could make significant advances. While 
the report was being prepared, several committee members also visited 
Japan and China to learn about their earthquake engineering research 
efforts. The committee members found that both countries are ex­
pending greater research efforts than is the United States, particularly 
in experimental research. Clearly, these two countries are rapidly 

*National Science Foundation and Department of Interior, Earthquake Pre­
diction and Hazard Mitigation Option for USGS and NSF Programs, U. S. 
Government Printing Office, Washington, D. C. , September 1976. 

X 
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1 

Overview and Recommendations 

In this report, earthquake engineering is broadly interpreted as encom­
passing the practical efforts to mitigate earthquake hazards. Research 
in earthquake engineering thus consists of the investigation and solution 
of problems posed by destructive earthquakes . These problems may 
include the assessment of earthquake hazards, the nature and char­
acteristics of destructive ground motions ,  the performance of structures 
during earthquakes ,  the earthquake-resistant design of structures and 
facilities,  and the protection of the public. This report seeks to evaluate 
the effectiveness of past earthquake engineering research by assessing 
the influence this research has had on the practice of engineering, the 
mitigation of damage , and public safety and welfare during future 
earthquakes .  In addition, this report identifies areas of research that 
should be given special consideration in future research programs.  
During the preparation of this report, i t  became increasingly evident 
that the earthquake problem in the United States is much broader than 
has usually been considered in the past. All facets of our modem 
industrialized society can be severely affected by earthquakes,  and if 
the earthquake problem is to be solved all of its aspects must be 
considered. 

The results of earthquake engineering research form the basis for 
the safer design of many kinds of buildings , emergency, essential , and 
critical facilities ,  commercial , financial , and industrial facilities , gov­
ernment facilities and operations , and other structures and systems. 
Each such category requires different kinds of information and different 
methods of coping with the hazard. For example , in the design of 
ordinary buildings economic considerations are relatively important , 
whereas for emergency facilities such as fire and police stations , 
hospitals, and emergency operation centers the critical element is that 
they continue to function immediately after an earthquake . The main 
consideration for essential facilities or lifelines-which include water 
and sewage systems ; gas , electricity , and fuel distribution systems ; 
and communications systems-is that the system may be restored to 
operation without serious impact on the public . For such critical 
facilities as major dams, nuclear power plants, petroleum facilities , 
offshore platforms,  liquefied natural gas (LNG) storage tanks, and 
chemical and biological facilities ,  the consequences of uncontrolled 
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2 EARTHQUAKE ENGINEERING RESEARCH-1982 

failure are so serious that safety is an overriding consideration . 
Commercial , financial , and industrial facilities are key elements in 
large urban areas and must be protected from severe , prolonged 
disruption .  Government facilities and operations ,  which include mili­
tary airports, naval installations , army facilities ,  and government 
communications systems , must be protected from serious damage or 
prolonged disruption of operations . 

Earthquake engineering is a relatively new field. Fifty years ago 
building codes included no earthquake requirements, there were no 
recordings of strong ground shaking, the education of engineering 
students did not include any information on the effects of earthquakes 
on structures ,  and knowledge of earthquake engineering was virtually 
nonexistent. In his paper on building damage in the 1906 San Francisco 
earthquake, which appeared in the 1907 Transactions of the American 
Society of Civil Engineers , Professor Charles Derleth, Jr. , stated, "An 
attempt to calculate earthquake stress is futile . Such calculations could 
lead to no practical conclusions of value . "  This remained the general 
view until the destructive Long Beach, California, earthquake of March 
10,  1933 . In fact, the field of earthquake engineering in the United 
States can be said to have been born at 5 :54 p.m.  on that date , when 
this magnitude 6.2 earthquake killed several hundred persons , caused 
some $600 million in damage ( 1982 dollars) ,  and forcibly brought the 
problem to the attention of legislators and public officials. 

Following the Long Beach earthquake , west coast universities carried 
out some research projects , but these were interrupted by the second 
world war and not begun again until the 1950s . Only when the National 
Science Foundation began funding research did an effective program 
of earthquake engineering research come into being. 

The effectiveness of earthquake engineering research can be attrib­
uted, in large part, to the fact that so little was known about the 
subject. Almost every incremental increase of knowledge satisfied a 
definite practical need. Also, the planning, design, and construction 
of major projects , such as nuclear power plants, high-rise buildings , 
offshore platforms,  dams, LNG storage tanks, and oil pipelines,  have 
created special needs for information on earthquake engineering, and 
these needs have tended to outpace research. 

The research considered in this report is mainly basic earthquake 
engineering research, which aims to develop relevant information 
about the occurrence and generation of destructive earthquakes ,  about 
the nature of ground motions , about the behavior of man-made 
structures during earthquakes ,  about methods of analyzing the per­
formance of structures during earthquakes , about the dynamic prop­
erties of materials and structural elements, about the dynamics of soils 
and soil structures ,  and about urban safety and welfare. Engineering 
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OVERVIEW AND RECOMMENDATIONS 3 

The magnitude 6.3 earthquake of March 10, 1933 ,  in Long Beach, California, damaged 
many school buildings, such as the high school shown here. It occurred late on a Friday 
afternoon when no students were in the schools, though some 200 people were killed 
in other buildings. This earthquake marked the beginning of earthquake engineering in 
the United States .  

organizations and government agencies in turn use this information to 
develop better methods of seismic engineering and earthquake protec­
tion. 

When assessing the effectiveness of earthquake engineering research, 
two different approaches might be employed. One would be to review 
research reports and published papers and subjectively judge which 
have contributed valuably to knowledge in earthquake engineering; 
however, this report does not employ this method. Rather, this report 
identifies improvements that have actually taken place in coping with 
earthquakes .  This has the advantage of being an objective assessment , 
though it may overlook valuable research that has not yet worked 
down to the level of practical application . 

This introductory chapter summarizes some of the material covered 
in later chapters and presents the more important recommendations 
made in those chapters . 
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4 EARTHQUAKE ENGINEERING RESEARCH-1982 

The Earthquake Problem 

One way of describing the earthquake problem is to say that earthquake 
engineering research seeks to mitigate future disasters by reducing 
loss of life ,  economic losses , the adverse impacts on society, and the 
impacts on governmental and military operations. The possibility of 
future disaster provides strong motivation for addressing the earthquake 
problem ; in this ,  it differs from most other engineering research, which 
aims at providing social benefits but does not so clearly seek to prevent 
a major disaster. 

Three physical conditions determine the occurrence of an earthquake 
disaster. First is the magnitude of the earthquake, because a small 
earthquake will not have sufficiently severe ground shaking to produce 
extensive damage . In fact, in the highly seismic regions of the United 
States an earthquake having a Richter magnitude greater than 5 .5  is 
needed to produce significant damage. Second, the source of the 
earthquake must be sufficiently close to a city , because at greater 
distances the ground shaking will be attenuated below the level of 
serious damage . Third, the possiblity of disaster depends on the degree 
of earthquake preparedness . A city with poor preparation will suffer 
much more than a city with good preparation. Obviously , the larger 
and nearer the earthquake and the poorer the preparation, the greater 
will be the disaster. 

The Sylmar Veterans Administration Hospital collapsed during the 1971 San Fernando, 
California, earthquake. Forty-nine people were killed in the collapse, and 16 survivors 
were dug out of the ruins. This photograph was taken 2-1/2 days after the earthquake, 
just before the last survivor was found. 
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OVERVIEW AND RECOMMENDATIONS s 

An example of an extreme earthquake disaster is the one that 
shattered the city of Tangshan, China on July 28, 1976. This indus­
trialized city of approximately one million people is located 100 km 
(60 miles) east of Beijing. The Chinese building code had placed 
Tangshan in a seismic zone for which earthquake-resistant design was 
not required, so this city of unreinforced brick buildings was almost 
totally unprepared. The magnitude 7 .8 earthquake was a large event 
generated by a fault slip over a length of some 140 km. The epicenter 
of the earthquake was within the city and the fault slip extended 
beyond both of its borders . Thus this very large earthquake occurred 
very close to a very poorly prepared city , and the result was a very 
great disaster. Eighty-five percent of the city's  buildings collapsed or 
were severely damaged, and several hundred thousand people lost 
their lives . *  Industries in Tangshan, including steel plants ,  cement 
plants, locomotive works, and coal mines, were put out of operation 
for extended periods of time, and by 1982 only one half of the city 
had been rebuilt . 

Such an earthquake disaster, causing the deaths of perhaps one third 
of a city' s  inhabitants , is not unprecedented. A similar disaster, though 
on a smaller scale , struck the unprepared city of Agadir, Morocco 
(population 30,000) , on February 29, 1960, when a magnitude 5 .7  
earthquake centered beneath the town killed 10,000. Fortunately , a 
majority of the world's earthquakes do not occur close to a city and, 
though causing some damage and deaths, do not cause a disaster. 
Nevertheless,  the possiblity that a future earthquake will occur close 
to a city provides strong motivation for earthquake engineering re­
search. Large but infrequent earthquakes have occurred in the mid­
western and eastern parts of the United States (in New Madrid, 
Missouri , in 1 8 1 1 - 1 8 12  and in Charleston, South Carolina, in 1886) , 
and since cities in these regions are poorly prepared there exists the 
potential for greater disaster in those parts of the country than in the 
western United States where cities are better prepared. 

Although in theory it might be possible to construct a completely 
prepared city that could survive the strongest shaking without damage , 
it would not be practicable to do so, even if all the necessary information 
were available . For example, nuclear power plants are designed to 
withstand the maximum expected ground shaking, and this requires a 
large and sophisticated engineering effort that must make conservative 
judgments , producing relatively costly structures and facilities .  If all 
the structures in a city were researched and analyzed as thoroughly 
and designed as conservatively , there would not be enough engineers 

*Official statistics have never been announced, but Chinese engineers speak 
of 250,000 deaths, presumably a lower bound. Other estimates have placed 
the number of casualties at 400,000 to 500,000. 

Copyright © National Academy of Sciences. All rights reserved.

Earthquake Engineering Research, 1982
http://www.nap.edu/catalog.php?record_id=19571

http://www.nap.edu/catalog.php?record_id=19571


6 EARTHQUAKE ENGINEERING RESEARCH-1982 

to carry out the required effort and construction costs would severely 
curtail the number of structures that could be built . It is therefore 
necessary to take a different view of the earthquake problem. The 
design of a structure should be based on considerations of the degree 
of seismic hazard, the consequences of damage, and the overall cost . 
Because larger earthquakes occur less frequently than smaller earth­
quakes ,  and because the area affected by strong shaking in any 
earthquake is less than the area affected by moderate or weaker 
shaking, the probability that a structure will experience very strong 
ground shaking during its lifetime is relatively small compared to the 
probability of its experiencing moderately strong ground shaking. 
Economic considerations then indicate that there is "acceptable dam­
age" whose cost of repair in the long term is less than the cost of 
building to prevent this damage. 

The concept of acceptable damage involves monetary loss , but loss 
of life is, in general , not acceptable . A broad consideration would 
indicate that for a city acceptable damage should occur infrequently 
and should not have an unduly severe impact on the population. 
National considerations would indicate that acceptable damage should 
not have a severe impact on important governmental services ,  military 
installations, etc . There is a need for research to determine what is 
acceptable damage and how to design to achieve it. 

Application of Results From Earthquake Engineering 
Research 

In a broad sense the results of earthquake engineering research are 
applied to protect life and property and to reduce adverse impacts on 
society . Thus the users of the results of earthquake engineering research 
are all the individuals and groups in our industrialized society that 
could be adversely affected by an earthquake and therefore must 
consider earthquake protection or earthquake disaster mitigation. The 
ultimate beneficiaries of earthquake engineering research are the 
citizens of the country, but the immediate users of the research results 
are the various professions , industries ,  and government agencies that 
are concerned about earthquake hazards .  

Earthquake engineering research can be divided into two categories: 

1 .  Applied research for immediate practical application. For example, 
can the electrical switching gear for a nuclear power plant survive 
strong ground shaking? This question is answered through applied 
research done by or for the equipment manufacturer; this report does 
not consider such research. 
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OVERVIEW AND RECOMMENDATIONS 7 

2 .  The more basic research that provides the knowledge and data 
needed to do the applied research or develop methods of design. 

The results of basic earthquake engineering research ultimately find 
use in practical applications , though considerable time may elapse 
before the results are used fully . The way in which this research 
usually leads to practical application is as follows: the owners , planners , 
and designers of special facilities ,  such as nuclear power plants ,  major 
dams , offshore drilling platforms , and high-rise buildings of fifty stories 
or more , usually recognize the advantages to be gained by making use 
of research results . They gather these results by reviewing technical 
publications and interacting with research workers . Mter critical 
facilities and high-technology projects have used these results , the 
state of the art works its way down to the design of ordinary engineered 
structures and facilities that are governed by building codes, industrial 
codes,  and other standards .  Finally,  nonengineered structures ,  such 
as single-family dwellings ,  are affected through highly simplified re­
quirements in building codes ,  which the builder follows without 
necessarily understanding why they are required . 

The lag time for research results to be used in critical facilities is, 
typically , about one to three years . For research to be reflected in 
building codes and other codes usually takes on the order of five to 
ten years or longer. For nonengineered structures the lag time may be 
much longer. 

Following are some examples of the application of results from 
earthquake engineering research to special facilities. 

High-Rise Buildings 

Very tall high-rise buildings are densely populated, with as many as 
10,000 people in a single building, and represent major investments of 
as much as $200 million each. The owners thus usually require that 
the methods of earthquake analysis and design used for them be based 
on the latest relevant research results . When designing high-rise 
buildings of 40 to 60 stories in Los Angeles , for example, seismic 
hazard assessments have estimated the nature and intensity of ground 
shaking that regional earthquake faults could produce, and dynamic 
analyses with digital computers have determined how the structures 
would vibrate in response to the ground shaking. The buildings were 
then designed so that the structural members could accommodate the 
stresses and strains .  Similar seismic designs have been made in other 
cities .  Such structures can be said to have, in effect, successfully 
experienced several strong earthquakes prior to construction. These 
procedures for the seismic design of high-rise buildings have gone 
beyond the building code requirements and were developed through 
interaction with research workers . 
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8 EARTHQUAKE ENGINEERING RESEARCH-1982 

Major Dams 

The disastrous consequences of failure require that a major dam receive 
careful seismic analysis and design. For example , the dams of the $5 
billion California State Water Project, which brings water from the 
Feather River to southern California, are sited in highly seismic regions, 
and these have undergone advanced earthquake analysis and design 
based on the results of research. The California State Department of 
Water Resources has had an Advisory Committee for Earthquake 
Analysis , which is composed mainly of university research workers , 
for the past 1 5  years , and this group brought the latest research results 
to the attention of the dams' designers . The Bureau of Reclamation, 
the U .S .  Army Corps of Engineers , and other organizations make 
similar use of earthquake engineering research in the design of dams 
in many parts of the country . These design procedures are also being 
adopted in other parts of the world . This would not have been possible 

. without _the_in[o!JDation developed by earthquake engineering research. 
A separate problem is posed by the over 1 ,000 existing dams in 

California, most of which were constructed before the development 
of earthquake engineering, whose resistance to earthquakes is not 
known. The California State Division of Dam Safety is now carrying 
out a program to evaluate their safety using dynamic seismic analyses 
and relevant research results . There are, of course, many dams in 
other seismic regions of the United States, and these pose a special 
problem to state governments. 

Electric Power Facilities 

Electric power companies in seismic regions are using the results of 
earthquake engineering research to improve the earthquake resistance 
of their generating and transmission systems and to develop earthquake 
design criteria for equipment that they purchase . The 1971  San 
Fernando earthquake heavily damaged electric power facilities ,  forcibly 
indicating the need for improved methods of seismic design. 

Nuclear Power Plants 

Because safety is an overriding concern in the design of nuclear power 
plants ,  great attention is focused on assessing the seismic hazard and 
designing the structures and associated facilities and equipment to 
resist the maximum expected ground shaking. The methods of analysis 
employed and the seismic resistances of the end products go far beyond 
the requirements of the building code. Nuclear power plants anywhere 
in the United States are subjected to very advanced methods of 
earthquake analysis and design to ensure their safety, even if the 
probability of shaking is very small . 

The rapid development of the nuclear power industry generated an 
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This electrical power equipment collapsed during the San Fernando earthquake of 197 1 .  
Using research results , improved methods of seismic analysis and design have been 
developed for electrical equipment that should prevent such disastrous damage from 
future strong ground shaking. Because such equipment is built of special materials and 
must satisfy special electrical requirements, optimum methods of seismic design are 
very difficult to develop. 

urgent need for advanced earthquake engineering information. Without 
the earthquake engineering research carried on in the United States 
over the past several decades,  the modern seismic design of nuclear 
power plants would not be possible today . In fact, the earthquake 
design of nuclear power plants throughout the world is based to a 
large degree on research performed in the United States 

LNG Facilities 

Liquefied natural gas storage tanks and associated facilities in seismic 
regions are analyzed and designed by advanced methods that use the 
latest results of earthquake engineering research. These facilities pose 
special problems of engineering analysis and design, as well as of 
safety, that are not encountered in the design of other structures.  
These analyses and designs would not be possible without the results 
of earthquake engineering research. 

Offshore Drilling Platforms 

Large offshore drilling platforms,  such as the 900-ft Hondo platform 
off the coast of Santa Barbara, California, represent investments of 
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$100 million or more each and pose potential environmental hazards .  
For these reasons they undergo advanced methods of earthquake 
analysis and design that are based on the latest results of earthquake 
engineering research and interactions with research workers . U . S .  
companies use the same methods of design for offshore platforms in 
seismic regions in other parts of the world. 

011 and Gas Pipelines 

The designs of the Alaska oil pipeline and the Alaska-U.S .  gas pipeline 
incorporate the results of earthquake engineering research. These 
facilities ,  because of their unusual dimensions and potential for envi­
ronmental impact, also pose special seismic problems whose solutions 
require a broad knowledge of earthquake dynamics and structural 
behavior. 

Bridges 

During the past decade important advances have been made in the 
seismic design of bridges .  Earthquake damage to bridges in the United 
States and in many foreign countries has emphasized the need for 
improved seismic design, and the results of research have been applied 
to achieve this .  There has been a corresponding upgrading in the 
seismic design requirements of the Seismic Design Guidelines for 
Highway Bridges of the American Association of State Highway and 
Transportation Officials .  

High-Technology Operations 

High-technology organizations, those that have a high level of scientific 
and technical expertise , have applied the results of earthquake engi­
neering research to their operations . When an earthquake problem is 
encountered, these companies can direct highly qualified persons to 
work on its solution. These persons speak directly with research 
workers to learn the latest research results and then translate them 
;into a form suitable for their design engineers . Selected examples of 
companies that are doing this follow. 

1 .  IBM manufacturing facilities in California produce highly spe­
cialized electronic computer components . Several years ago IBM 
recognized that a strong earthquake might damage these facilities ,  
which could consequently disrupt their computer manufacturing. After 
an exchange with research workers , a program was set up to analyze 
and strengthen equipment and buildings to forestall disastrous earth­
quake damage. 

2 .  AT&T, aware that earthquakes can put communications systems 
out of operation just when relief operations require the ability to 
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communicate quickly, has for a number of years had an earthquake 
group studying the application of research results to protect its 
operations throughout the United States.  Their facilities have per­
formed above average in recent earthquakes .  

3 .  Companies such as  General Electric provide mechanical and 
electrical equipment for nuclear power plants, and this must be highly 
resistant to earthquakes . The results of earthquake engineering research 
have been used to design and test this equipment. Of course , all other 
companies that supply critical equipment for nuclear power plants 
must perform similar design and testing. If they do not have in-house 
exp�rtise, they hire outside consultant organizations to extract the 
necessary information from available research results . An example of 
such an organization is the Southwest Research Institute , which 
developed a shaking table for seismic testing of special equipment. 

4. The Lockheed Aircraft Company, which has an assembly plant 
in Palmdale , California, close to the San Andreas Fault, became 
concerned about a repetition of the 1857 magnitude 8.3 Fort Tejon 
earthquake on this segment of the fault. Of particular concern was the 
possibility that newly assembled planes awaiting delivery would be 
damaged. With advice from research workers , vibration analyses were 
made of how the planes would respond to ground shaking from a large 
earthquake. Also, when Rockwell International was assembling the 
Space Shuttle at its Palmdale facility , it was concerned about the 
possibility of earthquake damage . Mter consultation with research 
workers , an earthquake study was made of the shuttle and the structure 
in which it was housed. 

5 .  Large engineering design companies such as the Bechtel Corpo­
ration, which design such facilities as nuclear power plants ,  fossil fuel 
power plants , oil refineries ,  and chemical processing plants , have 
strong engineering departments that use results from earthquake 
engineering research in special applications. Chemical companies such 
as Dupont give special consideration to the earthquake design of 
important facilities and rely on research results for this purpose . 

6. Large oil companies such as Exxon have strong engineering 
departments as well as research laboratories that give special consid­
eration to the results of earthquake engineering research. The seismic 
design of large ground-based petroleum storage tanks is a particular 
example of how results from earthquake engineering research are put 
into practice. University research on the performance of tanks and 
the movement of the contained fluid during an earthquake enabled the 
forces and stresses in the tank structure to be calculated.  These results 
led to the development of practical methods of design that have recently 
been incorporated in the American Petroleum Institute's  codes in its 
publication Seismic Design of Storage Tanks . In the past, earthquakes 
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in the United States (Tehachapi in 1952, Alaska in 1964) and in Japan 
(Niigata in 1964, Tokachi-Oki in 1978) damaged tanks with consequent 
release of contents and destructive conflagrations. 

7. Some of the larger insurance companies, for example Aetna Life 
and Travelers, make special studies of seismic risk as it influences 
earthquake insurance and company investments. The data for these 
studies come from the results of earthquake engineering research. 

8 .  The results of earthquake research have also been applied to 
improving the seismic resistance of certain military facilities where 
earthquake damage could have serious consequences. However, much 
remains to be done. 

Other examples of research applications could be cited ; however, 
the foregoing are representative cases and show how widespread the 
application of research results has become in recent years. 

A significant characteristic that enables high-technology organiza­
tions to use research results is the availability of a high level of 
scientific and engineering expertise that can ( 1 )  understand the nature 
of the special earthquake problem that is faced, (2) communicate 
directly with research workers to learn the latest results, (3) apply the 
data and information from research to solve the problem, and (4) put 
the solution in a form that the design engineers can understand and 
apply. Research workers cannot by themselves solve all the practical 
problems, because they usually do not know the special circumstances 
of the problem a company faces, nor do they know what a company's 
engineers can do. Therefore research workers must, in general, view 
the earthquake problem broadly and try to develop a body of basic 
information that can be applied to special problems as they arise. 

Recommendations 

1 .  During an earthquake any man-made object can be damaged if 
built without proper consideration of earthquake forces. Such objects 
include not only buildings and other structures but also manufacturing 
facilities, commercial facilities, equipment, large computing facilities, 
and so on, many of which are very important to the functioning of 
society. Earthquakes should be considered in the original design and 
construction of these items, at which time seismic safety can be 
achieved at relatively small cost. Continuing efforts should be made 
to bring to the attention of those responsible for planning and designing 
these items both the advantages to be gained by designing for earth­
quake forces and the availability of research results needed for this 
purpose. 

2. A strong research effort should continue to be made to enhance 
the seismic safety of ordinary buildings that do not receive a special 
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seismic design, since these pose the greatest threat to public safety. 
However, the earthquake engineering research effort should be broad­
ened to include the development of information needed for the seismic 
design of special facilities that are required for the orderly functioning 
of our industrialized society . 

Earthquake Design of Structures 

When buildings are severely damaged or collapse under the shaking 
of an earthquake, the earthquake engineering design was clearly not 
appropriate for the seismic conditions encountered. When a strong 
earthquake shakes a city , old weak buildings are usually severely 
damaged, but new buildings and new facilities are also damaged.  

Postearthquake studies of damaged structures have revealed weak­
nesses that indicated deficiencies in the building code. This was the 
case, for example , with the severe damage suffered by the new Olive 
View Hospital building during the 1971  San Fernando earthquake and 
that suffered by the Imperial County Services building during the 
Imperial Valley earthquake of 1979, which resulted in complete loss 
since these structures had to be demolished. Very significant improve­
ments in the requirements of the building code for earthquake design 
have resulted from studies of earthquake damage and from research 
on the performance of buildings during earthquakes .  Instrumental 

The new Olive View Hospital building was overstressed by the San Fernando earthquake. 
The damage was so severe that the structure was later demolished. The building had 
been designed according to the 1968 building code, but clearly the design was not 
adequate for the strong shaking it experienced. 
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recordings of strong ground shaking made during the past decade have 
clearly established that intense ground shaking can be much greater 
than once supposed by those responsible for drafting building codes. 
Although a building is more likely to experience moderately strong 
shaking than very severe shaking, the possibility of very intense ground 
shaking must still be taken into account, and the building must be 
designed to survive without becoming hazardous to its occupants. 

The Building Code 

The design and construction of ordinary buildings are governed by a 
building code, which is a legal document adopted by a government 
agency, usually the city government, that specifies minimum standards 
of construction. A large city such as Los Angeles has the expertise in 
its department of building and safety to prepare its own code, but 
most cities and towns in seismic regions adopt model codes such as 
the Uniform Building Code prepared by the International Conference 
of Building Officials (other standard building codes are also available 
for adoption). The earthquake requirements in the different codes are 
similar. However, many cities exclude the earthquake requirements 
when adopting a code. 

The function of a building code is primarily to protect the public 
from death and iaijury and only partly to protect the investment of the 
owner. Therefore, in the event of very strong shaking, damage is 
expected but it should not be hazardous to the occupants of the 
building. The earthquake requirements in the building code specify 
simplified methods of analysis and design that determine the forces to 
be resisted and define the allowable stresses and strains. These 
requirements have changed over the years as research, including the 
study of actual earthquakes, has developed new knowledge. The 
changes in the building code therefore offer a history of the applications 
of earthquake engineering research to the design of ordinary buildings. 

There is usually an appreciable time lag before relevant research 
results are reflected in building codes. This is partly because codes 
affect enormous monetary investments by the owners of buildings. 
Through their effects on the construction industry and its suppliers, 
changes in codes can have far-reaching ripple effects. In an effort to 
speed up the development of building codes, a report was prepared in 
1978 entitled Tentative Provisions for the Development of Seismic 
Regulations for Buildings.* This 500-page report, which covers the 

*Prepared by the Applied Technology Council with the support of the National 
Science Foundation and the National Bureau of Standards. The report was 
actually written by a group of committees composed of research workers and 
practicing engineers. 
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less seismic regions of the United States as well as the highly seismic 
regions, is much more detailed than the Los Angeles code , which 
covers the earthquake requirements in 1 1  pages .  The report serves as 
an educational document and model and is a means of technology 
transfer. 

To assess how earthquake engineering research has affected the 
seismic design of ordinary buildings, the earthquake requirements of 
the Los Angeles building code in 1933 , when practically nothing was 
known about the problem, can be compared with the requirements in 
1980, when much has been learned from research. Following the 
destructive March 10, 1933 , Long Beach, California, earthquake, the 
first seismic requirements appeared in the Los Angeles code: 

a. Every building and/or structure and every part and/or portion thereof, 
and every ornamentation, appendage and appurtenance attached thereto, 
shall be proportioned, designed, constructed and/or erected to comply with 
the provisions of this section and to resist the horizontal forces provided in 
this section. 

b. The following formula shall be used to determine the horizontal force 
to be resisted as provided for in this section, to-wit: F equals CW; where 
F equals the horizontal force to be applied at the points and/or elevations 
as hereinafter specified in this section; C equals a numerical constant of the 
amount and/or value hereinafter provided in this section; and W equals the 
total dead load plus one half of the total live load required by this ordinance 
at and above the point or elevation under consideration. 

c. The amount and/or value of C in the foregoing formula shall never be 
less than eight-hundredths ( . 08) (Ordinance No. 72,968). 

The 1933 code in effect stated that a building should be designed to 
withstand a horizontal thrust equal to a fixed percentage (8 percent) 
of its weight , without consideration of height, shape, rigidity , material 
of construction, use, seismic hazard, foundation conditions ,  or other 
factors . This simple earthquake requirement did result in a marked 
improvement in earthquake resistance, and as knowledge increased 
significant improvements were made to the code . The 1980 code is 
still a legal document with simplified rules for seismic analysis and 
design, but the rules are now more complex and reflect the real 
behavior of buildings during earthquakes in a way that the 1933 code 
did not. 

A good example of the application of research can be seen in the 
1980 edition of the Los Angeles code, which states (paragraph d, page 
137) that every structure over 160 ft in height shall have strength 
sufficient to resist the effects of earthquakes as determined by a 
dynamic analysis ,  and that this analysis shall be based on the ground 
shaking prescribed for the site by a soil-geology-seismology report. 
This requirement of the code thus ensures that advanced methods of 
analysis and design will be employed for tall buildings , and that the 
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design will be based on realistic ground shaking and realistic earthquake 
forces and stresses . This,  of course, had already been done for 40- to 
60-story buildings independent of the code ; the successful performance 
of these buildings, as recorded by seismic instruments , led to the 
adoption of this requirement in the code . The design of these buildings 
is thus a direct application of the results of earthquake engineering 
research. 

Present-day codes in the United States represent a major improve­
ment in the earthquake design of ordinary buildings , and this is due 
entirely to research in earthquake engineering and to the study of 
actual earthquakes .  U . S .  codes have also served as a models in other 
seismic countries ,  many of which now have similar requirements in 
their codes.  

Existing Buildings 

Cities consist largely of buildings that were designed under earlier 
building codes, and it is important to assess how these might perform 
during future strong ground shaking. Such information is needed to 
make reliable risk assessments for U .S .  cities .  For example, this 
information is needed to assess the damage that a repetition of the 
1906 earthquake would cause in San Francisco, or that a repetition of 
the 18 1 1 - 18 12  earthquakes would cause in St. Louis ,  Memphis , and 
other cities .  

The useful life of  a building tends to be  prolonged far beyond that 
originally planned. At first a building may serve an affluent sector of 
society, and then in its later years provide low-cost housing and 
commercial space . Because of this ,  cities contain many old buildings 
that are low in earthquake resistance. Thus when a destructive 
earthquake hits a city in the western part of the United States, or in 
the Midwest or the East, the collapse of old buildings will cause the 
majority of casualties . Furthermore, many cities in the Midwest and 
East, although in seismic regions , have not adopted earthquake 
provisions in their building codes;  therefore even some of the newer 
buildings may be deficient. 

Some earthquake engineering research has examined the problem 
of old hazardous buildings, but the engineering problem is accompanied 
by social and economic problems .  Although the Los Angeles County 
Earthquake Commission in its report on the 1971  San Fernando 
earthquake stressed the importance of the hazardous old building 
problem and recommended that it be completely solved in 10 years , 
not until 198 1  did the City of Los Angeles adopt an ordinance and 
building code that required such buildings to be strengthened or 
demolished ; it remains to be seen, moreover, how effectively this 
ordinance can be implemented. Continuing efforts should be made to 
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develop cost-effective ways of strengthening these old structures and 
to educate owners of buildings , government officials , and the public 
about the need to solve this problem. 

The problem of hazardous building also exists at military facilities .  
Important operations and equipment may be housed in  structures that 
would be hazardous in the event of an earthquake , and critical 
equipment may itself be insecure in the event of strong shaking. In 
addition,  earthquake damage to cities , industrial facilities ,  communi­
cations systems, etc . , may adversely affect military facilities. 

Planning of Buildings: Architectural Issues 

When a building is being planned, many nonseismic considerations 
come into play. These include such things as the desired size , shape , 
appearance , function, and cost, considerations more immediate than 
the possibility of earthquake shaking at an indeterminate time in the 
future. Thus many important parameters of the building are fixed 
before the design engineer undertakes the seismic design, and since 
these strongly influence the dynamic response of a structure , the final 
building may not incorporate all the seismic resistance that the code 
originally envisaged. Damage in past earthquakes has often revealed 
unfortunate consequences of decisions during planning that might just 
as well have been different. This problem can be solved by better 
educating architects and owners about the effects of earthquakes .  

Questions often arise about the earthquake safety of homes, that is, 
typical single-family dwellings , in highly seismic regions .  These fall 
under the classification of nonengineered construction and derive their 
seismic resistance from requirements in the code that specify details 
of construction, such as the type of foundation, the size and number 
of foundation bolts , the type of bracing, the size and number of nails, 
the size of wood members , the size of wall panels , the steel reinforcing 

These split-level houses were damaged by the 1971  San Fernando earthquake.  In this 
type of structure, part of the house is built above the garage , so special bracing is 
needed to resist seismic forces . 
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bars in brick chimneys, and the connection of chimneys to structures.  
These requirements in the present code ensure that a house will be 
much more resistant to earthquakes than houses built before 1933 ,  
although this resistance is  difficult to quantify.  In recent earthquakes 
in California, the modern single-family dwelling has performed very 
well , demonstrating that such a house typically is not a hazard to life 
and limb even though very strong shaking might damage it. 

Adequacy of Building Codes for Seismic Resistance 

There is no question that present-day building codes result in much 
better design of buildings to withstand earthquakes than did the codes 
of 20 to 30 years ago. Modern buildings in most highly seismic regions 
should survive ground shaking that has a peak acceleration of 0.2 g 
without significant damage. Such intensity of shaking would occur, for 
example, 10 to 1 5  miles from the causative fault of an earthquake of 
magnitude 6.5,  or 20 to 25 miles from the fault of a magnitude 7 
earthquake. If subjected to stronger ground shaking, some of the 
buildings will probably be damaged.  The severity of damage is difficult 
to estimate, however, because the resistance of buildings to earthquakes 
is influenced by such considerations as the desired architectural 
appearance, functional requirements , engineering judgment, materials 
of construction, and cost, and therefore different buildings can have 
different seismic resistances even though based on the same code. 
Also, adoption of a code by a community does not necessarily ensure 
that structures will have the specified earthquake resistance. The 
qualities of planning, engineering, construction, inspection, and so 
forth all influence the end product. 

An important source of the data needed to advance earthquake 
engineering design is experimental research on material properties ,  
structural elements and assemblages ,  and large-scale models of struc­
tures. The present level of experimental research in the United States 
is inadequate and compares very unfavorably with the experimental 
research being done in Japan. There should be a vigorous program of 
such research in the United States .  

An important question about a building code is, "What factor of 
safety does the code provide against strong ground shaking?" That is, 
"What intensity of ground shaking will cause buildings designed to 
code levels to collapse or otherwise be hazardous to the occupants , 
and what is the probability that such strong ground shaking will 
occur?" The only way to determine this reliably is to undertake study 
projects of structures "as built" to include nonlinear dynamic effects , 
and in essence to carry out research projects on failure conditions , 
including the performance of structures during actual earthquakes . 
This is a major undertaking that has not as yet been attempted, but it 
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should be done for a variety of buildings . From the viewpoint of 
improving the building code , research to analyze the failure of structures 
should be given a high priority . The information developed by such 
research would enable improvements to be made in the earthquake 
requirements of the building code that would eliminate building col­
lapses and other hazardous damage . 

Recommendations 

1 .  A much stronger program of experimental research than now 
exists is needed on material properties, the behavior of structural 
elements, and the performance of structures, all under dynamic 
conditions similar to seismic loadings . In this regard, earthquakes 
should be viewed as full-scale experiments , and thorough studies 
should be made of structures damaged by earthquakes .  

2. Research should be done on the nonlinear response of structures 
that experience large strains during earthquakes,  and this research 
should include analysis of how structural damage develops during an 
earthquake up to the point of structural failure . 

3 .  Efforts should be made to synthesize research results and to put 
them in an easily understandable , simplified form that can be applied 
to the design of ordinary structures. In addition, continuing efforts at 
technology transfer should be made by means of lectures , short courses ,  
technical papers , monographs, and books that would bring useful and 
up-to-date information to those engaged in the design of structures. 

Assessment of Earthquake Hazard 

The occurrence of past destructive earthquakes is an indication of 
earthquakes yet to come. When preparing for future earthquakes, it is 
important to know as much as possible about their likely locations, 
magnitudes, frequency of occurrence, and intensity of ground shaking. 
Ideally ,  the size , location, and time of occurrence of damaging 
earthquakes should be predicted, so that planners would know precisely 
when and where earthquakes would occur during the lifetime of a 
project and what the nature of the ground shaking would be at the 
site . At present, such precise prediction is not possible , so assessments 
of future seismicity can only be approximate . All relevant information 
must therefore be considered to make the most reliable estimates of 
future earthquake hazard. During the past decade, knowledge of 
earthquakes has greatly expanded and methods of assessing seismic 
hazard have greatly improved. 

One source of data for assessing earthquake hazard is the historical 
record. For example, three great earthquakes occurred in 1 8 1 1 - 18 12  
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This plot of U.S.  earthquakes shows those of intensity V and above on the modified Mercalli scale through 1970. Although 
large earthquakes occur less frequently in the Midwest and East than in the West, the seismic hazard in these regions should 
not be overlooked. SOURCE: National Oceanic and Atmospheric Administration, Earthquake History of the United States , 
U .S .  Department of Commerce , Washington, D.C . , 1970. 
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near New Madrid, Missouri, a great earthquake (magnitude 8.3) 
occurred in 1857 on the southern portion of the San Andreas fault , a 
large earthquake (magnitude 7.0) occurred in 1 886 near Charleston, 
South Carolina, and a great earthquake (magnitude 8 .2) damaged Sr.n 
Francisco in 1906. The last great earthquake (magnitude 8 .4) in the 
United States occurred in Alaska in 1964. Unfortunately , the historical 
record in the United States extends only for the past 200 years or so, 
not for 2 ,000 years as in China or Italy , so hazard assessment must 
depend largely on an analysis of the occurrence of smaller, more 
frequent earthquakes .  (Table 1 presents a selection of significant U .S .  
earthquakes . )  

During the past 50 years a second source of data has emerged. 
Earthquake recordings made by sensitive seismographs can pinpoint 
the location of earthquakes and determine their magnitudes .  This more 
complete set of data includes smaU, more frequent earthquakes as well 
as large, infrequent earthquakes and gives a much better picture of 
seismic activity . During the past decade , strong ground shaking 
recorded close to the fault has provided valuable information about 
the source mechanisms and nature of earthquake shaking. 

In recent years seismologists have come to realize that the earth's 
crust contains a record of past earthquakes (paleoseismicity) that can 
be deciphered to provide valuable information for assessments of 
seismic hazard. Ground shaking is caused by the passage of seismic 
stress waves generated by a sudden slip on a fault .  The displacement 
of the fault resulting from the slippage is therefore a record of that 
earthquake, and the size of the displacement indicates the earthquake's 
magnitude. When the fault displacement extends to the surface of the 
ground, it can be studied by trenching across the fault , by radiometric 
dating, and by other techniques. This can produce information about 
earthquakes that occurred as much as 100,000 years in the past ; 
conversely , it may determine that the fault has not displaced during 
the past 100,000 years . 

A study of the southern portion of the San Andreas fault opposite 
Los Angeles provided a very impressive application of this method of 
investigating faults . An earthquake of magnitude greater than 8 occurred 
on this segment of the fault in 1857, with surface displacements across 
the fault trace of 15 ft or so. Of course, a historical record of a single 
event cannot yield recurrence intervals for future events. Studies have 
now shown, however, that large earthquakes (fault displacements) 
have occurred on this segment of the fault 1 1  times in the last 1 ,  700 
years . This means that the average occurrence interval has been about 
150 years . Since 125 years have passed since the last event, there is 
a high probability that the next event will occur during the coming 50 
years . This has spurred the interest of professional organizations , 
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TABLE I A Selection of Significant t; -�- Earthquakes 

Year Date l...ocatioo Mag. Int. Remarks 

1663 Feb. S St. Lawrence X Rockslides near Three Rivers, 
River regiou Quebec. Chimneys feU in 

Massachusetts Bay regiou. 
1732 Sep. 16 St. Lawrence IX A large event. 

River regiou 
17SS Nov. 18 Off Cape Ann. 6.0 vm Chimneys feU and buildings 

Massach115Ctts damaged in Boston and 
elsewhere. Many ships at 
sea were jolted. 

18 1 1 Dec. 16 7 .S  xn Sequence of three large 
earthquakes. Caused JWijor 
changes in topography. 

1812 Jan. 23 New Madrid, 7.3 xn Affected two million square 
Missouri miles. Felt in Boston, 1 , 100 

miles away. Because of 
1812 Feb. 7 7.8 xn remote location, only a few 

deaths. 
18S2 Nov. 9 Fort Yuma, IX Ground fissures. Many 

Arizona aftershocks. 
18S7 Jan. 9 Fort Tejon, 8.3 XI San Andreas fault offset 30 or 

California 40 ft; fault ruptured for 2SO 
miles. Because of remote 
location, only one known 
death. 

1868 Apr. 2 Island of Hawaii 7.7 X Volcanic earthquake on south 
slope of Mauna Loa. Much 
damage to houses. Tsunami 
killed 46 people. 

1868 Oct. 21  Hayward, 1 .S  IX Extensive surface rupture on 
California Hayward fault. 30 deaths.  

Many aftershocks. 
1 872 Mar. 26 Owens Valley, 8.S XI One of the strongest U.S.  

California earthquakes. Fault scarp 20 
ft high. 27 deaths. 

1 886 Aug. 3 1  Charleston, 7.0 X Greatest earthquake in 
South eastern United States. 
Carolina Several aftershocks. Much 

building damage. 1 10 
deaths. 

1 89S Oct. 3 1  Charleston, VIII Chimneys fell . Earthquake 
Missouri felt from Canada to 

Louisiana. 
1899 Sep. 3 Alaska; near 8.3 XI Ground uplifts; seiches ; 

Cape people unable to stand. 
Yakataga 

1906 Apr. 18  San Francisco, 8.3 XI San Andreas fault ruptured 
California for 270 miles. Ground offset 

2 1  ft. About 700 deaths 
during earthquake and fire. 

19 1S  Oct. 2 Pleasant Valley, 7.6 X Large fault displacements in 
Nevada an unpopulated region. 

Adobe houses destroyed. 
192 1  Sep. 29 Elsinore, Utah VIII Chimneys toppled. Many 

aftershocks. 
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TABLE I A Selection of Significant U .S .  Earthquakes-{Continued) 

Year Date Location Mag. Int. Remarks 

1925 Feb. 28 St. Lawrence 7.0 VIII Felt over a wide area, south 
River region to Virginia and west to the 

Mississippi River. Little 
damage. 

1925 June 27 Manhattan, 6.7 VIII Buildings damaged. 
Montana Rockslides. 

1925 June 29 Santa Barbara, 6.3 IX Much building damage. 
California Sheffield Dam failed. 1 3  

deaths. 
193 1  Aug. 1 6  Valentine, 6.4 VIII Buildings damaged; chimneys 

Texas fell. 
1932 Dec. 20 Cedar 7.3 X Region was uninhabited at the 

Mountain, time. Many ground fissures. 
Nevada 

1933 Mar. 10 Long Beach, 6.3 IX Much damage to buildings, 
California especially schools. 120 

deaths. 
1934 Jan. 30 Excelsior 6.5 VIII Minor surface faulting. Minor 

Mountains, damage in Mina. 
Nevada 

1934 Mar. 12  Kosmo, Utah 6.6 VIII Many ground changes 
(fissures, rockslides, new 
springs). Chimneys fell ; 2 
deaths. 

1935 Oct. 1 8  Helena, 6.2 VIII Many buildings damaged; 2 
Montana deaths. Strong aftershock 

on Oct. 3 1  (magnitude 6.0) 
caused 2 additional deaths. 

1940 May 18  El  Centro, 7. 1 X Large ground displacements 
California along Imperial fault. Much 

building damage. 9 deaths. 
First important 
accelerogram for 
engineering use. 

1949 Apr. 1 3  Olympia, 7.3 VIII Many buildings damaged; 8 
Washington deaths. 

1952 July 2 1  Kern County, 7.7 XI Railroad tunnel collapsed; 
California buildings damaged at 

Tehachapi. Many large 
aftershocks. 1 2  deaths. 

1954 July 6 Fallon, Nevada 6.6 IX Damage to canals and roads 
east of Fallon. Minor 
building damage. 

1954 Aug. 23 Fallon, Nevada 6.8 IX Surface ruptures east of 
Fallon. 

1954 Dec. 1 6  Fairview Peak, 7. 1 X Large fault scarps. Because of 
Nevada remote location, no deaths. 

Reservoir in Sacramento, 
1 85 miles away, badly 
damaged by sloshing water. 

1954 Dec. 16  Dixie Valley, 6.8 X This earthquake occurred four 
Nevada minutes after preceding 

one; location was 40 miles 
north. 
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TABLE I A Selection of Significant U.S .  Earthquakes--(Continued) 

Year Date Location Mag. Int. Remarks 

1958 July 9 Lituya Bay, 7.9 XI Earthquake on Fairweather 
Alaska fault. Massive landslide 

created a huge water wave. 
S deaths. 

1959 Aug. 17  Hebgen Lake, 7. 1 X Huge landslide dammed 
Montana Madison River and formed 

"Earthquake Lake. "  Large 
seiche in Hebgen Lake. 
Houses and roads damaged. 
Many aftershocks. 28 
deaths. 

1964 Mar. 27 Prince William 8.4 XI Known as the Good Friday 
Sound, earthquake. Severe damage 
Alaska to Anchorage and many 

other cities. Landslides.  
Great tsunami damaged 
many coastal cities in 
Alaska and killed I I  people 
in Crescent City , California. 
1 3 1  deaths. 

1965 Apr. 29 Puget Sound, 6.6 VIII Buildings damaged in Seattle, 
Washington Tacoma, and vicinity. 6 

deaths. 
1966 June 27 Parkfield, s.s  VII Large ground accelerations 

California (O.S g) . 
1968 Apr. 8 Borrego 6.5 VII On Coyote Creek fault. 

Mountain, Surface fractures. 
California Undeveloped area; minor 

damage. 
197 1  Feb. 9 San Fernando, 6.5 XI Several buildings and highway 

California bridges collapsed. Many 
instrumental records 
obtained. S8 deaths. 

1915 Mar. 28 Malad City, 6. 1 VIII Minor damage to buildings. 
Idaho 

1915 June 30 Yellowstone 6.4 VII Rockfalls ;  new geysers 
National formed. 
Park, 
Wyoming 

1915 Nov. 29 Island of Hawaii 7.2 VIII Volcanic earthquake near 
Kalapana (on south coast). 
Much building damage. 
Landslides. Tsunami caused 
damage along coast. Two 
deaths.  

1978 Aug. 1 3  Santa Barbara, 5 .1 VIII Extensive building damage; 
California train derailed. 

1979 Oct. I S  Imperial Valley, 6.7 VII Extensive surface rupture on 
California Imperial fault. Damage to 

buildings and canals. 
1980 May 18  Mount St. 5 .2 Volcanic earthquake. 

Helens, Preceded a major eruption 
Washington that killed 60 people. 

1980 July 27 Northern S.3  VII Minor building damage. 
Kentucky 
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TABLE I A Selection of Significant U.S .  Earthquakes-(Continued) 

Year Date Location Mag. Int . Remarks 

1980 Nov. 8 Eureka, 7.4 VII Off the coast. Highway bridge 
California collapsed; moderate 

building damage. Five 
people injured. 

1982 Jan. 18  Franklin, New 4.8 VI Felt throughout New 
Hampshire England. 

1982 Jan. 20 Naylor, 4.5 v Many small earthquakes 
Arkansas during a two-week period. 

(Naylor is 28 miles north of 
Little Rock.) 

NOTE: This compilation is not complete since there is no historical record of large earthquakes 

that may have occurred in the midwestern and western United States prior to 1800. 
SOURCE: James M. Gere, Earthquake Tables, John A. Blume Earthquake Engineering Center, 

Department of Civil Engineering, Stanford University, Stanford, California, 1982. 

government agencies ,  and public groups in making preparations . 
Unfortunately , similar information is not yet available for earthquakes 
in the midwestern or eastern United States because the geological 
evidence is more obscure and the amassing of data is more difficult. 

Since it is not possible to predict the size , location, and time of 
damaging earthquakes precisely , and since the data on occurrences of 
earthquakes are incomplete , hazard assessments must rely heavily on 
probabilistic statements about the likelihood of future earthquakes and 
ground shaking. Although recent research has produced many devel­
opments in the probabilistic treatment of earthquake data, many 
questions have arisen about how to interpret probabilistic statements 
properly . One question concerns the maximum earthquake , that is, 
What is the maximum size of earthquakes that might occur in a region 
during a specified time? This is a matter of great practical importance 
that deserves further study. 

A special problem in earthquake engineering that has received 
increasing attention in recent years concerns earthquakes that have 
been triggered by filling of reservoirs behind dams . The filling of large 
reservoirs usually sets off a number of small earthquakes in the vicinity , 
but in some cases damaging earthquakes of magnitude 6 or so have 
followed. In two cases (the Koyna Dam in India and the Hsinfengkiang 
Dam in China) large concrete dams were alarmingly damaged, and 
both of these dams were in regions of relatively low seismicity . Thus 
the curious situation exists in which construction produces earthquakes 
that damage the structure . This is a point of great practical interest, 
but present knowledge unfortunately cannot identify sites where the 
filling of reservoirs will , or will not, induce earthquakes .  This is clearly 
a matter that needs further study . 
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Recommendations 

I .  Studies should continue to be made of the frequency of occurrence 
and geographical locations of earthquakes of various magnitudes, with 
the objective of improving the reliability of seismic hazard assessments. 
In parallel with these studies, research should be carried out to improve 
probabilistic methods of analyzing seismic data and quantifying seismic 
hazard. 

2. Research should specifically investigate the largest earthquake 
that might occur in a seismic region and its likelihood of occurrence, 
for this information has an important bearing on seismic safety. 
Attention should be particularly given to the differences between 
eastern and midwestern earthquakes and earthquakes that occur in the 
West so as better to quantify the seismic hazard posed by the occurrence 
of larger earthquakes in the East and Midwest. 

3 .  There is a need to improve methods of interpreting the geological 
record to learn about the occurrence of larger earthquakes in the past, 
which can then be used to assess future seismic hazard. This research 
should also include studies of reservoir-induced earthquakes so as 
better to quantify this hazard to dams. 

Recording and Analyzing Earthquake Ground Motions 

The recording of strong earthquake ground motion provides the basic 
data for earthquake engineering. Without a knowledge of the ground 
shaking generated by earthquakes, it is not possible to assess hazards 
rationally or to develop appropriate methods of seismic design. 

The instruments for recording strong ground shaking have some 
unique requirements. When an earthquake occurs, the recording 
instruments should be in appropriate locations for recording the desired 
ground shaking. Also, because earthquakes occur infrequently, instru­
ments must be able to remain quiescent for long periods, sense the 
onset of shaking, and then tum on and record the motions. 

Almost all countries with seismic regions now use strong-motion 
instruments developed and manufactured in the United States, though 
Japan and New Zealand have developed their own acc�lerographs. 
Particularly valuable records have been obtained from the 1968 To­
kachi-Oki, Japan, earthquake ; the 197 1  San Fernando, California, 
earthquake ; the 1979 Imperial Valley, California, earthquake; the 1979 
Montenegro, Yugoslavia, earthquake ; and the 1980 Campania-Basili­
cata, Italy, earthquake. 

In the United States over about the last decade, federal, state, and 
local government agencies, public utilities, research laboratories, and 
building owners have installed many accelerographs. The U.S. Geo-

Copyright © National Academy of Sciences. All rights reserved.

Earthquake Engineering Research, 1982
http://www.nap.edu/catalog.php?record_id=19571

http://www.nap.edu/catalog.php?record_id=19571


OVERVIEW AND RECOMMENDATIONS 27 

0.5g 

0.5g 
1 0  Seconds 

This accelerogram was recorded above the causative fault at the center of energy release 
during the 197 1  magnitude 6.5 San Fernando earthquake. This very intense ground 
shaking was recorded on the side of a steep hill. More than $500 million ( 197 1  dollars) 
in damage was caused by this intermediate-sized earthquake . 

logical Survey (9 percent) and the California Division of Mines and 
Geology ( 1 3  percent) have instrument programs that are mainly for 
research purposes . The remaining 78 percent of the accelerographs 
have been installed for special purposes , with no overall coordination 
or planning. An overall study of the strong-motion instrument program 
in the United States should be made to prepare guidelines for the 
future development of instruments , for the installation of instrument 
networks and arrays, for the avoidance of unnecessary duplications, 
and so on. The installation of recording instruments in highly seismic 
regions in other countries that are not now instrumented should also 
be considered. 

During the past decade strong-motion accelerographs have been 
installed in structures and have recorded their vibrations during 
earthquakes .  These instrumental data showing how the structures 
responded to ground shaking are of great value to earthquake engineers . 
For example , accelerographs recorded the motions of the Imperial 
County Services building during the 1979 Imperial Valley earthquake 
while the structure was vibrating to the point of severe structural 
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damage. Such recordings of movements are valuable , but additional 
instruments should be installed to· record stresses and strains at 
significant points in structures. 

Mter the strong ground motion has been recorded during an earth­
quake, the problems of processing, disseminating, and interpreting the 
data remain. The recorded data must be processed to put it into a 
form suitable for dissemination to users . One of the difficulties is that 
no data are available until an earthquake occurs , after which there are 
many records and a demand for rapid processing. Most of the present 
instruments are of the analog type, making optical recordings on 70-
mm film. Processing thus involves developing the film, making accurate 
enlarged prints , digitizing the accelerograms,  correcting the data for 
the characteristics of the instrument, calculating the velocities and 
displacements ,  and calculating response spectra. Some of the newer 
instruments being installed record data digitally , thus simplifying the 
processing. But these require greater initial expenditures . Strong­
motion instruments need to be examined from the point of view of 
optimizing the recording and processing of earthquake data while 
considering the overall cost . In particular, recording instruments should 
be developed that have a broader frequency range, enabling higher 
frequencies and longer periods to be recorded than is now possible . 

Because recordings of strong earthquakes do not lose their value 
with time , the trend is toward an ever larger data base . This raises 
problems of disseminating the data. The potential user of data must 
be able to identify what information is available and obtain copies in 
a reasonably short time . At present there is no national program of 
data dissemination. The U .S .  Geological Survey and the California 
Division of Mines and Geology maintain instruments and disseminate 
data, but many instruments are not under the supervision of these two 
groups .  A more coordinated program to collect and disseminate all 
strong-motion data is needed so that users can know what is available 
and how to obtain it . This is not only a national problem but a world 
problem, for there is now no international coordination of strong­
motion data. 

Improved national and international programs of data collection and 
dissemination would greatly enhance the interpretation of strong­
motion data. The more data that are available , the more reliable can 
be the interpretation. This also applies to ancillary data, such as 
physical characteristics of local soils where ground motion has been 
recorded and travel paths of seismic waves as they progress from their 
source to recording points . 

Strong-motion seismology, or engineering seismology , is the study 
of potentially destructive ground shaking. It seeks to develop sufficient 
understanding of the earthquake process so that reasonable predictions 
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can be made of the nature of strong ground shaking that earthquakes 
of different magnitudes, at varying distances ,  and in regions of different 
soils and local geology would produce. Such a capability would be 
very helpful for earthquake engineering, since the present strong­
motion data base is still fragmentary . The construction of critical 
facilities , such as nuclear power plants and LNG storage tanks , in 
various parts of the country has created an urgent demand for reliable 
estimates of possible ground shaking, and in particular for estimates 
of upper bounds to the intensity of ground shaking. Only improvements 
in strong-motion seismology and the occurrence of large earthquakes 
can provide this information. At present , strong-motion data for the 
midwestern and eastern parts of the United States are almost non­
existent, and this lack of data adds uncertainty to estimations of the 
effects of future earthquakes .  

A network is  � - group of instruments in a region that are stationed 
at uncoordinated locations , for instance the basements of buildings , 
the abutments of dams , electrical power plants, and other places .  An 
array of strong-motion instruments , in contrast, is installed at coor­
dinated locations to optimize the recording of desired information. The 
simplest array consists of a number of instruments spaced along a line 
perpendicular to the causative fault of an earthquake . These can 
provide information on how the ground shaking changes with distance 
from the fault. A more complicated array may have instruments located 
at grid points near the causative fault and also at several depths 
beneath the surface of the ground . Such a three-dimensional array 
provides information not only on ground shaking at the surface but 
also on motions at depth. This information provides valuable data on 
the propagation of seismic waves ,  which enhances the ability to estimate 
surface shaking in future earthquakes.  It also reveals motions that 
structures with deep foundations might experience. The desirability of 
installing such arrays in the highly seismic regions of the United States 
and the world should be studied, and they should be installed if the 
studies so indicate . 

A key element in assessing earthquake hazard is a good data base 
of recorded strong earthquake ground motions.  For example , when a 
magnitude 7 earthquake occurs , records should be obtained of the 
ground shaking close to the fault and at increasing distances from the 
fault in parallel and perpendicular directions . In this way a more or 
less complete picture can be obtained of how ground shaking varies 
across space . To date , reasonably complete pictures have been obtained 
for only two earthquakes,  both of magnitude 6.4. Larger earthquakes 
have yielded only fragmentary information. Vigorous efforts should 
be made to obtain the needed recordings when future destructive 
earthquakes occur. 
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1 .  A strong effort should be made to record destructive ground 
shaking of future earthquakes . Better methods of forecasting these 
motions should be developed, and careful assessments should be made 
of seismic probabilities .  Appropriate instrument networks or arrays 
should then be installed to record the strong shaking of large earth­
quakes. 

2 .  The capabilities of modern instrumentation and equipment for 
recording and processing earthquake data should be used more fully . 
The data output of these devices should contain all potentially valuable 
information in a form that is readily usable by those who wish to study 
it . 

3 .  An entity such as a U .S .  National Committee on Earthquake 
Engineering Research should be organized to plan and coordinate a 
long-range earthquake engineering research effort. In particular, a 
National Strong-Motion Program is needed to coordinate the various 
users of strong-motion data and those organizations that install, 
maintain, and process the data from strong-motion networks . The 
availability of strong-motion data should be increased not only in the 
United States but worldwide . 

Soil Mechanics and Earth Structures 

For structures founded upon the earth, the ground beneath must be 
able to withstand the forces applied to it by the structure . In addition, 
earth structures such as dams and embankments must be designed and 
constructed so that they will not fail due to the action of earthquakes .  
Earthquake shaking has often caused highly damaging soil failures in 
the past . For example, many landslides occurred during the 1964 
Alaska earthquake , and a number of these were very damaging. In 
Anchorage the Turnagain Heights landslide destroyed 35 homes, and 
at the waterfront town of Valdez an underwater landslide destroyed 
the port facilities and generated a very damaging waterwave . During 
the 1925 Santa Barbara, California, earthquake , Sheffield Dam, an 
earth structure, failed completely ,  releasing the water in its reservoir. 
During the 197 1  San Fernando earthquake the upstream slope of the 
earthen Lower San Fernando Dam slid beneath the water, and the 
dam was close to releasing the contents of its reservoir upon the 80,000 
persons living below. During the 1964 Niigata, Japan, earthquake the 
sandy water-filled soil underlying the city underwent extensive lique­
faction and was not strong enough to support structures, resulting in 
several billion dollars of damage ( 1982 dollars) due to settlement. 

These cases provided a strong incentive for studying the behavior 
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This photograph of the Lower San Fernando Dam, taken a week after the 197 1  
earthquake, shows the extensive residential area below the dam. Eighty thousand 
residents were evacuated for three days until the reservoir was lowered to a safe level. 

The upstream slope of the Lower San Fernando Dam slid beneath the water during the 
1971 San Fernando earthquake, leaving just 4 ft of freeboard. This 140-ft-high earth 
dam was constructed prior to 1920 at a time when earthquake hazard was not considered. 
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of soil and the dynamics of earth structures during earthquakes .  Much 
progress has been made during the last decade in understanding such 
behavior and in developing sound concepts and procedures for de­
signing new structures and strengthening existing facilities that are 
hazardous . This progress has resulted from studies of destructive 
earthquakes ,  from fundamental examinations of the stress-strain be­
havior of soils during earthquakes ,  from new methods of dynamic 
analysis that use powerful computers , from improved methods of 
evaluating soil properties ,  and from comparisons of the predicted 
responses of earth structures and soil deposits with observations and 
measurements made during actual earthquakes .  Because there are 
many different kinds of soils,  which have been deposited under different 
conditions and contain different amounts of moisture (factors that 
strongly influence their physical properties) , studying the engineering 
properties of soils is much more complex than is studying the engi­
neering properties of, say, steel . 

When seismic waves approach the base of a structure , they must 
travel through the layers of soil overlying the bedrock, and the behavior 
of the soil can modify both the seismic waves and the response of the 
structure . For example , a very soft soil , such as that underlying Mexico 
City , may behave like a bowl ofjelly , causing the surface of the ground 
to move much differently than if the soil were firm. In addition, the 
flexibility of the soil beneath a structure will affect the vibrations of 
the structure . Research during the past decade has markedly advanced 
knowledge about these effects , and the seismic requirements of building 
codes have been modified to reflect this increased knowledge. 

Soil liquefaction results when a sandy soil with a high water table 
is subjected to earthquake action. This causes a reorientation of the 
soil particles and closer packing, thus adjusting the load from the soil 
to the water, with consequent loss of strength. Twenty years ago very 
little was known about soil liquefaction during earthquakes, and its 
potential for damage was not widely recognized. Then the disastrous 
Niigata, Japan, earthquake of 1964 forcefully brought the enormous 
potential for damage from liquefaction of soils to the attention of the 
engineering profession. Since then, signs of liquefaction have been 
observed in most large earthquakes and laboratory research has been 
done to elucidate this behavior: The research has demonstrated that 
an important feature of liquefaction is the building up and dissipation 
of pore water pressure during an earthquake. Consequently, analytical 
procedures have been developed that can explain how this phenomenon 
occurs and what might be done to control it. 

Retaining walls that hold back earth, quay walls in harbors , and 
abutments in bridges have frequently been damaged by strong earth­
quake ground shaking because of excessive pressure exerted by the 
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earth behind the wall . In recent years research has developed a new 
approach to the design of such structures, one based on a more realistic 
evaluation of the behavior of the earth-wall system. This procedure 
has been incorporated into the new Seismic Design Guidelines for 
Highway Bridges of the American Association of State Highway and 
Transportation Officials. 

Past earthquakes have often extensively damaged buried pipelines 
in soft soils.  Buried waterlines , sewerlines,  and gaslines are stressed 
by seismic waves passing through the surrounding ground; in addition,  
soil consolidation, slumping, and sliding can produce damage. At 
present experimental data on the actual performance of buried pipelines 
during earthquakes are lacking; this complex problem requires addi­
tional research. 

When major earthquakes occur in regions where the surface of the 
ground is sloping or where there are hills or mountains , landslides ,  
rock falls , and avalanches are frequently generated. Urban areas in 

The city of San Francisco burned out of control the day after the April 18,  1906, 
earthquake. The city of Tokyo similarly burned after the September I , 1923, earthquake ; 
in that city over 300,000 dwellings were burned or shaken down. These are two instances 
of earthquakes putting fire departments out of action and causing conflagrations. In both 
cities damage to underground pipes cut off the water suppy. It is of prime importance 
to have the fire-fighting system functional after an earthquake , especially when conditions 
are favorable to the spread of fires. 
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seismic regions should assess the hazards of potential landslides and 
other soil failures, and this information should be used in zoning. 
Recent years have seen some advances in making such assessments 
of hazard. But because the hazard depends on the properties of the 
ground itself and on the anticipated severity of the ground shaking as 
well as on the slope of the ground's surface , the problem is very 
difficult. Better methods of assessing such hazards are needed, ones 
that are sufficiently reliable to be acted upon by local governments . 

Soils are complex particulate media whose physical properties under 
large strains and stresses are not simple . To develop methods for 
determining seismic resistance , a good understanding of these prop­
erties is important. Recent years have produced advances in studying 
soil properties in the laboratory and in the field, and methods of 
analysis have been developed to study the behavior of soils under 
varying stresses, but further research is needed. 

During the last decade or so, important advances have been made 
in identifying potentially hazardous soils and soil structures, and 
methods of analysis and design are now much more realistic and 
reliable . However, additional research is required, particularly where 
critical facilities or large areas may be involved. 

Recommendations 

1 .  The performance during earthquakes of soils and soil structures 
and soil-structure interaction should be studied by measuring and 
recording displacements ,  deformations, and stresses under conditions 
like those produced by earthquakes .  These studies should include both 
experimental laboratory tests and field investigations . Centrifuge tech­
niques ,  shaking tables ,  vibration generators , and other devices should 
be used to reproduce suitable dynamic stresses and strains . 

2. Studies should be made of the response of large-scale structures ,  
such as earth dams, under actual earthquake conditions .  These obser­
vations should be correlated with the results of laboratory experiments 
and theoretical analyses.  

3 .  A two-pronged attack should be made to (a) develop better 
methods of analyzing the dynamic stresses and strains and failure 
conditions of soils and (b) to synthesize and simplify the results of 
research to make them easier to apply in practice . 

Analytical and Experimental Structural Dynamics 

Before a building is constructed, decisions must be made as to the 
size and shape of each member, the composition of each member, and 
the interconnections between members . If these decisions are not 
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correct, the building may be unsafe. They are based on analyses of 
the stresses and strains that specified forces ,  such as gravity , wind, 
and earthquakes ,  would produce . The design of ordinary structures is 
usually governed by the requirements of the building code, which 
specify rather simplified forces for wind and earthquake. Even so, 
rather complex stress analyses must be made. For example, a 10-story 
office building may have 1 ,000 beams and columns and almost 2 ,000 
interconnections whose stresses and strains must be analyzed. This 
information, together with a good knowledge of material properties ,  
will enable the designer to  decide on the correct members and 
connections .  In the case of special structures, such as high-rise 
buildings , dams, long-span bridges ,  nuclear power plants , LNG tanks ,  
and offshore platforms , dynamic analyses using specified earthquake 
ground shaking are customarily made to obtain realistic values of the 
maximum stresses,  strains , and displacements . The seismic design 
thus relies on the ability to calculate structural performance reliably 
under the action of realistic earthquake forces . 

Because the calculation of dynamic stresses and strains plays such 
an important role in seismic design, it has been the subject of much 
research during the past decade. Dynamic analyses, using computers , 
of structures excited by moderately strong shaking are now satisfac­
torily reliable , provided that the structure is not highly complex. 
However, a structure must be able to survive even if it is subjected 
to very intense ground shaking. In this case the stresses and strains 
will exceed the elastic limits , and calculations must then be made for 
a nonlinear structure , which is a much more complicated problem. 
During the past decade the understanding of nonlinear vibrations and 
the ability to make such calculations have improved significantly. 
However, this difficult problem is far from solved, mainly because the 
physical properties of a system change continually during inelastic 
vibrations. The recorded response of the Imperial County Services 
building during the 1979 Imperial Valley earthquake strikingly dem­
onstrated how the response of a structure to ground shaking changes 
as its structural parts are damaged . This is the only case where the 
motions were recorded in a structure that suffered increasingly severe 
damage during the ground shaking, and there is an urgent need for 
more recordings made in buildings that are significantly damaged by 
an earthquake . 

The ground beneath a structure is not rigid, and its deformation 
under forces influences the dynamic behavior of the structure . When 
a structure vibrates during an earthquake , the deformability of the 
ground permits the base of the structure to rotate and displace 
horizontally , and analyses of earthquake response must take this into 
account . This effect is small for light flexible structures on hard ground, 
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------

This reinforced column was shattered by earthquake forces. Research has developed 
methods of design that will prevent such columns from shattering. 

but it becomes increasingly important for more massive rigid structures 
on softer ground. The response to an earthquake of a massive rigid 
containment structure of a nuclear reactor can be very significantly 
affected. Considerable research has been done in recent years on this 
problem of soil-structure interaction and its effect on dynamic response, 
and quite reliable dynamic analyses can be made if the ground is 
treated as an elastic medium. If the ground exhibits significant nonlinear 
characteristics, however, the problem becomes much more complex 
and further research is needed to develop satisfactory methods of 
analysis .  
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A major source of difficulty in earthquake engineering is that each 
building is a custom-designed structure . If buildings were mass pro­
duced so that only a few types of structure needed to be studied, the 
problem would be much simpler. As it is , buildings of widely varying 
sizes and shapes and of different materials must be considered . 
Extensive laboratory research is thus required to clarify the physical 
properties of the materials, the structural elements, and the complete 
structures .  Rarely is it possible to test a full-scale structure under 
realistic conditions of stress and strain ; therefore it is necessary to 
test models of structures and structural elements in the laboratory. 
The information provided by these tests is of great importance in 
developing reliable methods of earthquake-resistant design. 

A significant analytical development in recent years has been the 
study of the physical properties of structures by analyzing the motions 
recorded in them during earthquakes .  This method, called system 
identification, has made it possible to make very reliable estimates of 
a structure' s  physical properties when the recorded vibrations are 
linear or only slightly nonlinear. Further research is now under way 
on possible extensions of this method to more strongly vibrating 
structures .  

Shaking tables ,  which can subject models of structures to realistic 
earthquake shaking, have provided valuable information on structural 
dynamics .  Some very large shaking tables are now being constructed 
in Japan that will be able to test large models with shaking that 
corresponds to a very large earthquake . 

Recommendations 

1 .  Dynamic structural analysis, a key element in the seismic design 
of structures,  should continue to be developed to handle the response 
during earthquakes of complex structures subjected to large , inelastic 
strains up to the point of failure . Methods of theoretical analysis , 
experimental investigation, and digital computation should be devel­
oped in parallel. 

2 .  A strong program of experimental investigation is needed to 
provide the necessary information on the physical properties of 
materials ,  structural elements , and full-scale structures under earth­
quake conditions . 

3 .  Special studies should be made of the actions of soils upon 
structures ,  including that of short-wavelength seismic waves upon the 
foundations of extended structures and that of dynamic deformations 
of the soil upon structural behavior. 

4. Appropriate instrumentation should be installed to record the 
motions and deformations of real structures during actual earthquakes,  
and improved methods should be developed for identifying the physical 
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properties of structures as they vary during the ground shaking of a 
large earthquake . 

Seismic Interaction of Structures and Fluids 

The behavior during earthquakes of structures that contain fluids,  are 
surrounded by fluids ,  or are immersed in fluids is strongly influenced 
by the interactions between the structure and the fluid . Such structures 
include dams , liquid storage tanks,  offshore structures,  and coastal 
structures that interact with water waves generated by earthquakes .  
In  all of these cases ,  the forces exerted by the fluid upon the structure 
can produce large and potentially damaging stresses . 

During an earthquake the motion of the ground moves a dam against 
the water in the reservoir, generating water pressures against the face 
of the dam. In addition, the vibrations of the dam induced by the 
earthquake interact with the water, producing additional dynamic fluid 
pressures .  In recent years three major concrete dams have been 
strongly shaken by earthquakes of approximately 6.5 magnitude , and 
in two cases serious damage resulted. A 338-ft-high concrete gravity 
dam in Koyna, India, was severely cracked. A concrete buttress dam 
in Hsinfengkiaqg, China, was also alarmingly cracked. Pacoima Dam, 
a concrete arch

. 
structure, was intensely shaken by the San Fernando 

earthquake, but the reservoir was only partly full and the dam was 
not damaged. 

During the past decade or so, very important developments have 
been made in assessing seismic hazard for dams, in making dynamic 
analysis of dams excited by earthquakes,  and in producing more 
reliable seismic designs.  These advances ,  which were made possible 
by earthquake engineering research , are now used in the United States 
by the Bureau of Reclamation, the U .S .  Army Corps of Engineers , 
and t�e California Department of Water Resources.  They are also now 
being applied in other parts of the world . 

Although the modem methods of seismic analysis and design are a 
great improvement over the old equivalent static force methods ,  much 
remains to be learned. The vibratory motions of a dam structure during 
very strong ground shaking have never been recorded, although this 
is needed to check the methods of analysis and design . A dam is a 
three-dimensional structure with large dimensions , and ground shaking 
can presumably have quite different characteristics over the extended 
area of a dam's foundation; unfortunately , the recordings needed to 
understand these variations have never been made . For dams of more 
complicated shapes or with complicated construction, very extensive 
computer calculations must be made with the material properties 
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throughout the dam precisely specified. At present , these calculations 
are research projects in themselves .  There is thus a need to develop 
practical , as well as reliable , methods of seismic analysis and design. 
Such methods should also apply to studying the safety of existing 
dams. 

Liquid storage tanks are important elements of modem industrialized 
society. Water storage tanks serve the needs of a city and provide for 
fire fighting; petroleum storage tanks are a vital element of a functioning 
urban community ; chemical fluid storage tanks are widely used through­
out industry ; and LNG storage tanks will be of increasing importance 
in the future . Tanks of increasingly large size , at present 300 ft in 
diameter and 60 ft high, are being constructed. During an earthquake 
the ground motion vibrates the tank against the fluid, and the resulting 
pressures cause the fluid to slosh, producing pressures against the wall 
of the tank that vary more slowly. In recent years research has 
developed methods of seismic analysis that give a realistic picture of 
the stresses and strains produced in a tank during an earthquake. 
Results of this research have now been incorporated into the American 
Petroleum Institute's  Seismic Design of Storage Tanks . 

Liquid storage tanks have failed in many past earthquakes.  For 
example, destructive fires resulted from damage to petroleum storage 
tanks in the 1952 Tehachapi , California, earthquake, the 1964 Alaska 
earthquake , the 1964 Niigata earthquake, the 1968 Tokachi-Oki earth-

Damage to oil storage tanks during the 1968 Tokachi-Oki, Japan, earthquake led to the 
release and ignition of petroleum products ,  resulting in destructive fires. 
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quake , and others . Damage to tanks from earthquakes has included 
buckling of the tank walls , buckling of the roof, cracking of welds, 
tearing of plates ,  breaking of connections , and even complete collapse . 
Methods of seismic analysis have not yet been developed to the point 
where they can reliably estimate tank failures .  The motions of a large 
tank during an earthquake have never been recorded,  and in particular 
they have never been recorded for a tank shaken hard enough to be 
damaged. The use of LNG storage tanks, which are critical facilities 
that require more refined and reliable methods of seismic hazard 
assessment, analysis,  and design than do ordinary tanks , provides 
motivation for additional research. 

In recent years offshore drilling for oil in seismic regions has posed 
the problem of the seismic analysis and design of large structures of 
unusual form standing in relatively deep water. Earthquake engineering 
research has provided the information for making detailed dynamic 
analyses and designs of offshore structures ,  and this information is 
the basis for the seismic design criteria that appear in the American 
Petroleum Institute' s  Recommended Practice for Planning, Designing, 
and Constructing Fixed Offshore Platforms and in the American 
Concrete Institute ' s  Guide for Design and Construction of Fixed 
Offshore Concrete Structures. However, to date , no recordings have 
been made of earthquake ground motion underwater that would clarify 
the nature of ground shaking that offshore structures might experience ; 
neither has the earthquake shaking of an offshore structure been 
recorded .  Until this important information becomes available , the 
adequacy of the methods of analysis and design cannot be checked. 
The structural configurations of offshore platforms are quite different 
from those of onshore buildings , so experience cannot easily be 
transferred. The physical properties of platform structures and their 
foundations should therefore be studied. 

Tsunamis 

Tsunamis are long water waves generated by vertical displacements 
of the ocean bottom during an earthquake ; such destructive waves 
can also be generated by underwater landslides,  volcanic eruptions , 
and other forces . Although only a small fraction of earthquakes generate 
significant tsunamis ,  when a tsunami does strike a coast it can cause 
extensive destruction. This was demonstrated in the 1964 Alaska 
earthquake, in which the coastal cities of Kodiak, Seward, and Valdez 
were extensively damaged by the impact and run up of large waves. 
A tsunami can travel thousands of miles across the ocean and still be 
destructive , as demonstrated by the damage done to Crescent City, 
California, by the 1964 Alaska earthquake tsunami . Thus even events . 
occurring across the ocean can lead to tsunami hazard . Damaging 
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waves can also be generated in inland reservoirs , as happened during 
the 1959 Hebgen Lake, Montana, earthquake , in which the wave 
passed over the crest of the dam. 

Recent research has developed methods for calculating the genera­
tion, propagation, and run up of tsunamis under simple geographic 
conditions and their effects on harbors . This has significantly improved 
the reliability of the tsunami warning system. However, the actual 
topography of the ocean bottom, of the continental shelf, and of the 
coastal shore is usually not simple , and these complications can strongly 
influence the run up of a tsunami. Further study is needed of this 
complex problem. In particular, studies should be focused on evaluating 
the impact of tsunamis on exposed coastal facilities in the United 
States .  

Recommendations 

I .  Analytical and experimental studies should be made of the behavior 
of dams during earthquakes with the objectives of (a) making more 
reliable safety assessments and failure analyses of existing dams and 
(b) developing more realistic methods of analysis and design of dams 
to take into account their actual shapes and the properties of their 
foundations. 

2 .  Seismic instrumentation should be installed on selected modem 
petroleum storage tanks to record their performance during earthquakes 
so that new methods of seismic design can be corroborated.  Further 
studies should also be made of the seismic behavior and design of 
superlarge storage tanks .  

3 .  Earthquake instrumentation should be  installed on selected off­
shore drilling platforms in seismic regions to confirm the reliability of 
presently used methods of design and construction. 

4. Studies to assess hazards should be made of those regions that 
might experience tsunamis in the future . These studies should consider 
the engineering features of tsunami generation and run up and the 
hydrodynamic forces exerted upon structures. 

Social and Economic Aspects 

In planning and preparing for protection of the public during earth­
quakes ,  social , economic, and political factors may be very important . 
For example , every city in the United States contains many buildings 
that would be very hazardous in the event of strong ground shaking, 
and many of these are in regions where strong earthquakes have 
occurred in the past . But efforts to deal with the problem of hazardous 
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buildings in Los Angeles and in San Francisco have encountered 
complex social and economic issues.  Because these buildings provide 
low-cost housing and low-cost commercial space, landlords are opposed 
to strengthening them unless they foresee a demand for upgraded 
accommodations,  tenant groups are opposed because they expect an 
increase in rents ,  and senior citizen groups are opposed because they 
feel that the reduction in short-term hazard would not be worth the 
increased cost . Such programs to reduce hazards can also significantly 
affect a city' s  redevelopment program, its tax base, and so on. Planning 
and preparing for earthquakes and for earthquake relief measures raise 
similar problems. A basic question is, In view of the social , economic, 
and political considerations ,  what are the appropriate measures to be 
implemented? 

Only since the 1964 Alaska earthquake has research been done on 
the foregoing aspects of mitigating earthquake hazards. In recent years 
city governments, state governments, and the federal government have 
become increasingly aware of the earthquake problem and the need 
to do something about it. Newspapers , magazines, and TV programs 
have devoted considerable attention to earthquakes and their hazards,  
and this has clearly increased public and governmental interest in the 
problem. 

During the past decade earthquake prediction has received much 
attention from the news media and, therefore , from the public. News 
accounts of earthquake predictions in China, Japan, and the Soviet 
Union have often been sensationalized so as to be quite misleading, 
and in many cases the accounts have been based on incorrect reports . 
Even international earthquake predictions have been reported in 
newspapers , as when a Russian seismologist predicted a large earth­
quake in California, or when a U.S .  scientist predicted a major 
earthquake in Peru. Recently, a U.S .  National Earthquake Prediction 
Evaluation Council was formed whose function is to evaluate predic­
tions and to give advice about their scientific validity. In China and 
Japan predictions of earthquakes ,  both real and rumored, have pro­
duced social unrest. In the United States a generally accepted earth­
quake prediction would clearly have serious impacts on financial 
institutions ,  insurance companies ,  local governments ,  and the public 
itself. It is not yet known how best to deal with the social implications 
of earthquake predictions. 

When a destructive earthquake does occur, it is clearly advantageous 
if the cities affected have made plans to cope with the effects of 
earthquakes .  Government agencies ,  relief organizations,  and other 
concerned groups should be prepared to take appropriate actions 
without lengthy delay ; individuals should also have an understanding 
of appropriate actions to take. In some highly seismic regions of the 
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United States ,  local government agencies are making plans and prep­
arations,  and the public is receiving advice. However, the study of 
the social science aspects of the earthquake problem is still in its 
infancy, and significant improvements can no doubt be made in the 
methods used to prepare for and respond to a destructive earthquake. 

It would be very helpful for government planning if reliable , albeit 
approximate , analyses could be made of the impact of an earthquake 
on a city . For example , what would be the impact on Los Angeles if 
a magnitude 7 earthquake were to occur on the Newport-Inglewood 
fault? What would be the impact on Salt Lake City if a magnitude 7 .5  
earthquake were to occur on the Wasatch fault? What would be the 
impact on St. Louis or Memphis if there should be a repetition of the 
18 1 1 - 1 8 12  earthquakes? Studies of this nature have been carried out 
in recent years , but they have reached widely differing conclusions as 
to the number of casualties and economic losses .  The scanty data 
available on past earthquake damage in a form appropriate for extrap­
olating to future earthquakes make a reliable estimation of loss difficult . 
Studies of future destructive earthquakes should contain a component 
aimed at collecting data specifically for improving the estimation of 
loss.  

The subject of earthquake insurance has been debated ever since 
the 1906 San Francisco earthquake. Insurance companies have tech­
nical reasons for not wanting to carry much earthquake insurance, and 
it is not clear that earthquake insurance for homeowners can be justified 
economically .  A combined study by earthquake experts and insurance 
experts should take an in-depth look at this problem. 

During recent years land use planning has received increasing 
attention in seismic regions . Planners recognize that some areas in a 
city may be much more hazardous than others because of proximity 
to a fault , hazard from landslides, danger of soft soils settling during 
earthquakes ,  hazard from tsunamis, etc . For example, state law in 
California now requires that special geological investigations be made 
of proposed building sites for schools to ensure that they have no 
special earthquake hazards. In general , however, land use planning 
for earthquakes has not progressed very far because of the many 
social , economic, and political issues involved. 

The social science studies of the earthquake problem that have been 
made have increased knowledge and put the problem into sharper 
focus ,  but they are just beginning. 

Recommendation 

1 .  Studies should continue on aspects of the societal response to 
earthquakes and on the social aspects of earthquake preparations . 
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These studies should include analyses of the social costs and benefits 
involved in mitigating and in responding to earthquake disasters . 

Postearthquake Investigations 

Many of the most important aspects of destructive earthquakes cannot 
be studied in the laboratory. For example, it is not possible to model 
physically the earth' s  crust with its faults , strains , and generation of 
earthquakes ;  nor is it possible to test realistically such structures as 
buildings , bridges ,  and dams. Only during and immediately after an 
earthquake can these subjects be observed in action and studied. It is 
important therefore to think of the earthquake as a full-scale experi­
ment, and preparations should be made to learn from an earthquake 
when it occurs . 

Over the past decade postearthquake investigation of damaging 
earthquakes ,  emphasizing both engineering and geological factors , has 
contributed greatly to an increased understanding of earthquake haz­
ards and to an implementation of corrective measures.  For example, 
postearthquake studies of the 197 1  San Fernando earthquake led 
directly to ( 1 )  major improvements in local building codes, (2) recog­
nition by statute that hospitals deserve special considerations in seismic 
design, (3) major tightening and upgrading of dam inspection proce­
dures,  (4) new state laws regarding the placement of structures within 
active fault zones , (5) revised building standards for highway bridges ,  
(6) renewed pressure to rehabilitate pre- 1933 unreinforced masonry 
structures ,  (7) improved response procedures by police, fire , and other 
emergency forces , (8) accelerated studies of fault zones, emphasizing 
the establishment of earthquake recurrence intervals and degrees of 
activity, and (9) the installation of instruments and the recording of 
strong ground shaking and strong building vibrations , which provided 
the basis for an advance in earthquake engineering. 

Much can be learned from the full-scale experiment presented by 
an earthquake . Moreover, the funds expended in preparing for and 
studying an event are minute compared with the actual cost of the 
experiment. For example, the cost of damage from the San Fernando 
earthquake was about $500 million ( 197 1 dollars) , whereas the cost of 
studying it was less than one tenth of one percent of that amount. 

To learn from earthquakes it is important to make adequate prepa­
rations for learning. Extensive preparations are being made in Japan, 
where in 1923 the capital and largest city suffered the worst earthquake 
disaster in the country' s  history . The same sense of urgency is not 
evident in the United States , where the worst earthquake disaster 
occurred 3 ,000 miles from the capital in 1906. When an earthquake 
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occurs , field studies must immediately be initiated to investigate the 
mechanism of the earthquake and the performance of structures and 
facilities .  Research must then be carried out on the data collected from 
the earthquake . Since the occurrence usually has no forewarning, the 
expertise for studying the event must be mobilized, the effort must be 
coordinated , and these activities must be funded without delay. This 
has been difficult to accomplish for past earthquakes .  The problem of 
how best to learn from earthquakes has not yet been solved ; in 
particular, having funds immediately available for carrying out the 
necessary work both inside and outside the United States is a problem. 

One of the difficulties in studying destructive earthquakes is that 
they occur relatively infrequently in a region. This , of course, is a 
problem that is not unique to the United States but that all countries 
with seismic hazards face. Because of this, it is desirable to view 
earthquake engineering as a world problem and to cooperate with 
other countries in studying earthquakes and sharing information. During 
the past decade many countries have developed expanded programs 
of earthquake engineering research and have installed networks of 
strong-motion instruments. Countrie� with which the United States 
exchanges such information include Japan, China, Yugoslavia, New 
Zealand , India, Turkey,  Italy, Mexico, Peru, Chile, Taiwan, and others . 
World conferences on earthquake engineering are held at four-year 
intervals, with the next to be held in San Francisco in 1984 . Among 
the shared information is data on earthquake generation, strong-motion 
accelerograms ,  recordings of structural vibrations , observations of 
damage to buildings , and descriptions of the performance of industrial 
facilities .  Because building practices differ, probably the most impor­
tant information shared among seismic countries comes from studies 
of earthquake generation and recordings of strong ground motions . 

Because studies of earthquakes have only humanitarian motives and 
no political implications , there should be no real impediments to 
international cooperation. Such cooperation would seem to be partic­
ularly appropriate for U . S .  aid programs for third world countries . 
The possibilities for cooperating and learning from earthquakes world­
wide are illustrated in Table 2 ,  which gives a selection of destructive 
earthquakes that have occurred outside the United States since 1960. 

Postearthquake investigations of foreign earthquakes by American 
teams have provided important information in the past. For example , 
studies by American teams of damage to large petroleum tanks from 
the 1978 Miyagi-Ken-Oki, Japan, earthquake have contributed to 
improved design procedures in this country ; postearthquake field 
studies of the 1980 El Asnam, Algeria, earthquake have provided a 
better understanding of the tectonic processes and damage associated 
with thrust faults , such as those present in much of the American 
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TABLE 2 A Selection of Significant Foreign Earthquakes Since 1960 

Year Date Location Mag. Deaths Remarks 

1960 Feb. 29 Morocco; Agadir 5 .1 12 ,000 One third of population 
of Agadir killed. Most 
of the city destroyed. 

1960 May 22 Chile ; Arauco 8.5 2,230 Tsunami caused 61 
Province deaths in Hilo, 

Hawaii , and 120 
deaths in Japan. 
Travel time of 
tsunami from Chile to 
Japan ( 1 1 ,000 miles) 
was 22 houn. 

1962 Sep. I Northwestern Iran; 7.3 12,200 
Qazvin 

1963 July 26 Yugoslavia; Skopje 6.0 1 ,070 Many buildings 
damaged or collapsed. 

1964 June 16 Japan; Niigata 1.5 26 Considerable 
liquefaction and 
subsidence caused 
much building 
damage. Large 
tsunami caused 
coastal flooding. 

1965 Mar. 28 Chile (central) 1.5 600 Extensive damage. 
1967 July 29 Venezuela; 6.5 266 Many buildings 

Caracas damaged. Several 
high-rise buildings 
collapsed. 

1967 Dec. 1 1  India; Koyna Dam 6.4 1 77 Caused by filling of the 
reservoir. Village of 
Koyna Naga heavily 
damaged. 

1968 Jan. 14 Sicily (western) 6. 1 740 Seventeen earthquakes 
with magnitudes 4. 1 
to 6. 1 from Jan. 14 to 
Feb. 6. 

1968 May 16 Japan; Hachinohe 8.6 48 Known as the Tokachi-
(off the coast) Olti earthquake. 

Damage to many 
buildings and port 
facilities from 
tsunami. 

1968 Aug. 3 1  Iran (eastern) ; 7.3 12 , 100 About 60,000 people 
Khorasan homeless. 
Province 

1970 Mar. 28 Turkey; Gediz 7.3 1 , 100 Many buildings 
collapsed. 

1970 May 3 1  Peru; Chimbote 7.8 67,000 Greatest earthquake 
disaster in the 
Western Hemisphere. 
About 800,000 people 
homeless. Huge 
landslide on Mt. 
Huascamn buried 
18,000 people in 
Ranrahirca and 
Yungay. 
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TABLE 2 A Selection of Significant Foreign Earthquakes Since 1960-{Continued) 

Year Date Location Mag. Deaths Remarks 

197 1  May 22 Turkey; Bingol 6.7 750 Many villages damaged. 
197 1  July 8 Chile ; Illapel 7.5 83 Tsunami at Valparaiso. 
1972 Apr. 10 Iran; Qir 7. 1 5 ,400 City destroyed. 
1972 Dec. 23 Nicaragua; 6.2 5 ,000 Extensive building 

Managua damage. 
1973 Jan. 30 Mexico; 7.5 56 Heavy damage. 

Michoacan coast 
1973 Feb. 6 China; Sichuan 7.9 Casualties and damage. 

Province 
1973 Aug. 28 Mexico; northern 7.2 530 Many houses destroyed. 

Oaxaca 
1974 May 1 1  China; Yunnan 7. 1 20,000 

Province 
1974 Oct. 3 Peru ; Lima 7.6 78 Extensive damage in 

Lima. 
1975 Feb. 4 China; Liaoning 7.3 10,000 Earthquake was 

Province; successfully 
Haicheng predicted. 

Evacuations took 
place. Heavy damage, 
but many lives saved. 

1976 Feb. 4 Guatemala 7.5 23,000 Extensive damage to 
adobe-type buildings. 
Numerous landslides. 
One fifth of the 
population homeless. 

1976 May 6 Italy ; Friuli region 6.5 965 Extensive damage; 
(near Gemona) many buildings 

destroyed. 
1976 July 28 China; Hebei 7.8 243 ,000 Major industrial city 

Province; totally destroyed. 
Tangshan Four aftershocks on 

same day of 
magnitudes 6.5,  6.0, 
7. 1 ,  and 6.0. 

1976 Aug. 1 7  Philippine Islands ; 8.0 6,500 Many buildings 
Moro Gulf damaged. Large 

tsunami. 
1976 Nov. 24 Turkey (eastern) 7.3 5 ,000 Many buildings 

collapsed in the towns 
of Muradiye and 
Caldiran. 

1977 Mar. 4 Romania; Vrancea 7.2 1 ,570 Many buildings 
region collapsed in 

Bucharest. 
1978 June 12  Japan; Sendai 7.5 27 Some buildings damaged 

in this modem city. 
1978 June 20 Greece; 6.5 50 Much damage to 

Thessaloniki buildings. 
1978 Sep. 16  Iran (central); 7.7 1 5 ,000 In Tabas, 9,000 out of 

Tabas 1 3 ,000 killed. 
1979 Mar. 14  Mexico; State of 7.6 5 Many buildings 

Guerrero damaged. 
1979 Apr. 15  Yugoslavia; 7.0 1 56 Near the Adriatic coast. 

southern Extensive damage. 
Montenegro 
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TABLE 2 A Selection of Significant Foreign Earthquakes Since 1960-(Continued) 

Year Date Location Mag. Deaths Remarks 

1980 Oct. 10 Algeria; El Asnam 7.3 5 ,000 Large fault scarps. 
Many buildings 
collapsed; 200,000 
people homeless . El 
Asnam 60 percent 
destroyed. 

1980 Nov. 23 Italy (southern) 7.0 3 , 100 Several large shocks. 
Great damage to 
homes built of stone 
masonry in Calabritto 
and nearby towns. 

198 1  Feb. 24 Greece (Gulf of 6.6 18 Several buildings 
Corinth) collapsed in Loutraki, 

northeast of 
Corinth. Minor 
damage in Athens. 
Many aftershocks. 

198 1  June 1 1  Iran 6.9 3 ,000 Town of Gol Bagh 
(southeastern); severely damaged. 
near Kerman 

198 1  July 28 Iran 7.3 1 ,500 Town of Shahdad 
(southeastern); severely damaged;  
near Kerman 50,000 people 

homeless.  
198 1  Sep. 1 2  Kashmir 6. 1 2 1 2  Many houses damaged. 

SOURCE: James M. Gere, Earthquake Tables, John A. Blume Earthquake Enaineering Center, 

Department of Civil Eqineering, Stanford University, Stanford, California, 1982. 

This eight-story building in Central America collapsed like a deck of cards during 
moderately strong earthquake shaking. By studying earthquake failures in the United 
States and in foreign countries , engineers learn about structural weaknesses and how 
to improve seismic design. 
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west ; and field studies of the great earthquake of 1960 in southern 
Chile (magnitude 8 .5) enhanced the understanding of the regional 
tectonic framework for the remarkably similar great 1964 Alaska 
earthquake (magnitude 8 .4) . 

To improve our understanding of earthquake hazards, it is essential 
that postearthquake investigations ,  including investigations of signifi­
cant foreign earthquakes ,  continue to be encouraged and supported in 
a timely fashion so that critical evidence does not disappear, and it is 
essential that the investigations involve a wide spectrum of expertise . 

Recommendation 

l. Greater effort should be made to learn from earthquakes .  This 
effort should include appropriate instrumentation for recording signif­
icant aspects of ground shaking and structural response, studies of 
instrument records obtained , analyses of building performance and 
damage, and investigations of earthquake generation.  Particular atten­
tion should be paid to learning what improvements should be made in 
hazard assessment, earthquake zoning, seismic analysis and design of 
structures,  social impact, and so on. This process should involve both 
prompt postearthquake investigations and in-depth follow-up studies .  

Earthquake Engineering Education 

An effective program of earthquake hazard mitigation requires research 
to produce information about earthquakes ,  their effects , and how to 
cope with them. In addition, however, the implementation of a program 
of earthquake hazards mitigation requires a body of educated engineers 
who understand the nature of the problem and know how to design 
structures and facilities that can withstand earthquake shaking. 

During the past decade education in earthquake engineering has 
notably improved in the universities of the United States .  The advanced 
nature of the subject requires that it be taught mainly at the graduate 
level , but undergraduate students now receive more introductory 
information than before on dynamics and structural vibrations in 
courses on mechanics and structures.  This contact at an undergraduate 
level with the subject prepares students if they elect to study earthquake 
engineering later in their careers . 

Postgraduate engineering education in the United States is facing 
serious problems because of (l) the difficulty of attracting good new 
staff members , (2) the difficulty of attracting a sufficient number of 
capable students , and (3) obsolete laboratory equipment for teaching 
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and research. Postgraduate education in earthquake engineering faces 
all these problems even more severely because of the special conditions 
involved in an earthquake hazards reduction program. 

Only a fraction of engineering students continue into graduate school. 
Thus the number of students who study earthquake engineering is 
small , and the number who proceed to the Ph.D.  degree is much 
smaller. This problem of small numbers is exacerbated by the fact that 
approximately one half of the students studying earthquake engineering 
are from foreign countries with seismic regions , such as India, Taiwan, 
and the Middle East , and many of these students return to their 
countries of origin. Industry has a large demand for graduates that 
have studied earthquake engineering and an even larger demand for 
students knowledgeable in structural dynamics and digital computa­
tions, and the high salaries and other perquisites industry offers are 
effectively enrolling graduates and draining personnel from university 
faculties.  These personnel shortages are expected to continue and, 
possibly, to become more critical . Incentive programs,  with continuity 
of funding, are urgently needed that will encourage able U .S .  students 
to attend graduate school and specialize in earthquake engineering and 
related subjects . 

An important element of education in earthquake engineering is the 
publication ·.of research reports, papers in technical journals,  and 
proceedings of conferences . This is how research results are brought 
to the attention of the earthquake engineering community . During the 
past decade the number of such publications has increased substan­
tially .  Two international journals of earthquake engineering are now 
published, and papers on earthquake engineering appear in the publi­
cations of the American Society of Civil Engineers , the Seismological 
Society of America, and the American Society of Mechanical Engi­
neers . There is now a need for scholarly syntheses to be made of 
published research results on important topics in earthquake engi­
neering. Such syntheses would be of great learning value to those who 
want to study these topics.  A number of books on earthquake 
engineering have been published , along with monographs on special 
aspects of the subject (the Earthquake Engineering Research Institute 
is now publishing a series of monographs on earthquake engineering) . 
Most of the foregoing publications are of interest mainly to research 
workers and graduate students and are less suitable for practicing 
engineers . Books and articles on specialized topics in earthquake 
engineering are needed in which the author has presented the relevant 
results from research in a form suitable for practical application and 
in a way easily understood by practicing earthquake engineers . 

The majority of those now responsible for the practice of earthquake 
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engineering did not have courses in the subject during their university 
education,  and this situation will apparently not change substantially 
in the foreseeable future . There must therefore be a program of 
continuing education consisting of concentrated short courses ,  semi­
nars , special 

·
lectures,  and so on. During recent years activity in 

continuing education has increased, but this has served mainly middle 
management personnel . There is a need for more effective continuing 
education for younger engineers . A fellowship program that would 
allow engineers to return to universities full time for one or more 
academic terms would be desirable . 

Specialized workshops and seminars have in recent years effectively 
educated engineers , architects , and planners in various aspects of 
seismic safety. These workshops typically bring together 15 to 30 
people for one or two days to concentrate on a specific aspect of the 
subject and then draw up a position statement. Such workshops have 
been very effective, but unfortunately they reach only a relatively 
small number of people , who are expected to disseminate information 
to their colleagues .  Organized by the Earthquake Engineering Research 
Institute (EERI) , seminars in major cities in the United States have 
had from 50 to 500 people in the audience listening to lectures on 
specialized topics in earthquake engineering. Technical meetings of 
these types play an important role in disseminating the results of 
research and in educating the profession; they should certainly be 
continued. 

A number of societies and organizations play important roles in 
earthquake engineering. These include the Universities Council for 
Earthquake Engineering Research (UCEER), the Earthquake Engi­
neering Research Institute , the Seismological Society of America 
(SSA) ,  the Applied Technology Council (ATC) , the Structural Engi­
neers Association of California (SEAOC), the American Concrete 
lnstitue (ACI) , the American Society of Civil Engineers (ASCE), the 
American Society of Mechanical Engineers (ASME), and the Inter­
national Association for Earthquake Engineering (IAEE) . These or­
ganizations hold conferences, organize workshops and seminars , pub­
lish technical papers and monographs, and in general play important 
roles in disseminating information in earthquake engineering. In ad­
dition, the National Information Service in Earthquake Engineering 
(NISEE) maintains two data centers that collect books, reports , 
technical papers , journals , accelerograms,  computer programs,  and 
other resources and make these available to researchers , engineers , 
public officials ,  the news media, and others . There is also an Abstract 
Journal in Earthquake Engineering, which provides a comprehensive 
collection of abstracts and citations of world literature in earthquake 
engineering. 
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Recommendations 

EARTHQUAKE ENGINEERING RESEARCH-1982 

1 .  The number of U .S .  graduate students studying earthquake 
engineering should be increased by means of appropriate incentives 
to satisfy the needs for research workers , university faculty members , 
and advanced engineering consultants for industry . 

2. Earthquake engineering research and teaching laboratories at 
universities should be modernized and upgraded. 

3 .  A program of continuing education for practicing engineers , 
government officials , and others concerned with the earthquake prob­
lem should be maintained . This program should seek to create an 
awareness of the earthquake problem and to disseminate the results 
of earthquake engineering research through the publication of technical 
papers , monographs ,  specialized books,  and other resources . 

Research in Japan 

Japan and the United States are two large industrialized countries with 
serious earthquake problems , and both have conducted programs in 
earthquake engineering research during the past decade. Examining 
the program of earthquake hazards mitigation in Japan and comparing 
it with that in the United States can therefore be very informative. 
Both countries have suffered similar earthquake-fire disasters in this 
century: the 1906 San Francisco earthquake and the 1923 Tokyo 

This aerial view shows a fallen bridge in Japan. Japan is another large industrialized 
country with a serious earthquake problem, so a comparison of the earthquake research 
program in Japan with that in the United States can be very informative. 
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earthquake . Both countries now expect another large earthquake to 
occur in the not-too-distant future . Because many of Japan's  1 12 
million inhabitants are concentrated in large cities, their exposure to 
seismic hazards is large . 

Although both countries face similar earthquake problems and have 
been carrying out research aimed at solving these problems, it is 
difficult to compare their programs of earthquake hazard mitigation 
because of certain differences in approach. Research on earthquakes 
is carried out at universities in Japan, just as it is in the United States.  
However, government agencies do more research in Japan than do 
government agencies in the United States .  Many large industrial 
corporations in Japan also have laboratories that carry out earthquake 
engineering research, and this represents a much larger effort than 
that done by U . S .  corporations. The six largest engineering construction 
companies in Japan maintain large research laboratories with as many 
as 500 employees , and applied research in earthquake engineering is 
an important part of their activities . *  

Japan has a vigorous earthquake prediction and warning program. 
At present much attention is being focused on the Tokai region, west 
of Tokyo, in which a large earthquake is expected. Elaborate plans 
have been formulated to warn the public of a predicted earthquake , in 
which the Prime Minister receives information about the prediction 
and, in consultation with the Cabinet, decides whether to issue an 
earthquake warning statement. The consensus of earthquake scientists 
in Japan is that the Tokai warning system may issue a false alarm, but 
that it is not likely to miss the imminent occurrence of a big event. 

*It was not possible, within the time frame and funding level of this project, 
to make a detailed evaluation of earthquake engineering research in Japan, 
though it is desirable that it be done. If such a follow-up study is made, it 
would be better to describe the effort in terms of manpower rather than dollars 
or yen. The approximate number of man-years of research personnel and 
support personnel should be given. Experimental facilities should be described, 
and the estimated capital costs and operating costs in dollars should be given. 
Examples of research that the Japanese program is accomplishing should be 
described and compared with the U. S. research program. The long-term 
advantages and disadvantages of the Japanese program should be discussed. 
The U . S. research program should also be described in terms of manpower 
and experimental facilities. It would also be informative to develop a similar 
description of the Chinese earthquake engineering research program, which 
is also larger than the U.S. program. The 1982 Chinese program included 
approximately 2,500 men (one third research personnel and two thirds support 
personnel) and more experimental facilities than the U. S. program. Clearly, 
the 1923 Tokyo, Japan, and the 1976 Tangshan, China, earthquake disasters 
have provided strong motivation for developing vigorous programs of research 
in these two countries. The next earthquake disaster in the United States can 
also be expected to motivate the development of a strong research program, 
and preparations should be made to put it into effect. 
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The instrumentation program for recording strong ground shaking 
in Japan is similar to that in the United States. However, government 
agencies have installed a larger fraction of the instruments in Japan 
than have government agencies in the United States.  The Port and 
Harbour Research Institute , the Public Works Research Institute , and 
the Tokyo Metropolitan Government operate over 500 stong-motion 
instruments. Other governmental groups ,  universities , private com­
panies ,  and building owners operate many additional strong-motion 
instruments . 

Earthquake engineering research in Japan has a much stronger 
component of experimental research than is the case in the United 
States. Many very impressive experimental research facilities have 
been, or are being, constructed in Japan. For example, the new 
National Research Center for Disaster Prevention in Tsukuba Science 
City has a 15-m by 15-m shaking table with a capacity of 500 tons that 
is capable of planar motion. The Building Research Institute in Tsukuba 
has a large structural laboratory with two test floors and a common 
reaction wall that cost about $8 million. In addition, it has another 
structural laboratory with large static test machines and a 4-m by 4-m 
shaking table . The Public Works Research Institute has constructed 
facilities for earthquake engineering research in Tsukuba at a cost of 
about $20 million. A 6-m by 8-m shaking table has a capacity of 100 
tons, and work is now under way to add four smaller shaking tables 
along an axis so that independent earthquake excitations can be applied 
to the piers of models of long-span bridges .  The Institute has also 
recently completed a 4-m by 4-m earthquake simulator for dams and 
a laboratory with a strong-room test pit for testing the nonlinear 
characteristics of structures and structure-soil specimens . The test pit 
is 20 m by 15  m, and the maximum alternating force is 125 tons at a 
speed of 1 m/s . The Nuclear Power Engineering Test Center in Tadotsu, 
Shikoku, is now completing construction of a high-performance earth­
quake shaking table facility at a cost of about $200 million. The table 
is 1 5  m by 15  m with a capacity of 1 ,000 tons at 1 .84 g horizontally 
and 0.92 g vertically . These experimental facilities will provide the 
Japanese with engineering data of great value, which in general will 
not be available to U.S .  research workers . Also, it is felt that 
cooperative Japan-U .S .  experimental research carried out in Japan is 
not a productive way to provide data to U.S .  research workers . 

A very large program of earthquake preparedness is being carried 
out in Japan. The basic policy is formulated in the 1978 Large-Scale 
Earthquake Counter Measures Act, which outlines the basic steps 
required of the national, prefectural, and local governments once an 
area, such as the Tokai region, has been designated an "intensified 
,area. " These steps include the "intensified plan ,"  which deals with 
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medium- to long-term issues such as the installation of earthquake 
instruments ; the identification of high-damage areas ; strengthening of 
buildings, lifelines,  and other facilities ;  public education ;  and the 
establishment of public announcement procedures. In addition, a short­
term plan deals with such issues as notification, evacuation, care and 
handling of refugees, medical treatment, traffic control, and repairs . 
The act also deals with emergency powers , financial assistance to 
effectuate the plans, promotion of scientific research, and other issues. 

In accordance with the act the national government in 1980 issued 
its Basic Plan of Earthquake Disaster Prevention for Areas Under 
Intensified Measures Against Earthquake Disaster, in preparation for 
the Tokai earthquake . This is a policy statement that requires ministries ,  
agencies ,  and local governments to  prepare detailed plans and under­
take activities to prepare for an earthquake . For the anticipated Tokai 
earthquake, approximately $ 1 .5 billion is being spent during the period 
1980- 1984 . The Tokyo city government spent some $5 billion for 
disaster prevention in 1972-1 977 and plans to spend about $7 billion 
for the period 1978- 1 983 . Osaka, the third largest city in Japan , is 
spending about $200 million a year over the 1978- 1987 period for 
disaster mitigation (divided about equally between ftood and earthquake 
mitigation) . 

A difficulty was encountered in trying to compare funding for 
earthquake research in Japan with that in the United States.  The 
figures in Japan do not include salaries ,  overhead, or other indirect 
costs, whereas the figures in the United States do include these costs , 
which for most projects represent at least 75 percent of the budget. 
Nevertheless,  the earthquake engineering research effort in Japan 
appears to be approximately four or five times greater than that in the 
United States ,  excluding the costly large experimental research facil­
ities in Japan. The research effort related to earthquake prediction 
seems also to be approximately four times greater in Japan than in the 
United States .  

In addition, recent visits to the People 's  Republic of China have 
shown that the government is building up its earthquake engineering 
research, with the effort already greater than that in the United States .  
For example, in Harbin a staff of 550 is devoted entirely to earthquake 
engineering research; the Academy of Building Research in Beijing, 
with a staff of 1 ,200, has very large and impressive earthquake 
engineering research facilities ;  Tsinghua University in Beijing, Tongji 
University in Shanghai , and Dalian Polytechnical University in Dalian 
have major programs of earthquake engineering research that include 
impressive laboratory facilities ;  and a number of government ministries 
maintain large earthquake engineering research laboratories.  The total 
effort is estimated to be three to four times that of the United States.  

Copyr ight  © Nat ional  Academy of  Sciences.  Al l  r ights reserved.

Earthquake Engineer ing Research,  1982
ht tp: / /www.nap.edu/cata log.php?record_id=19571

http://www.nap.edu/catalog.php?record_id=19571


S6 EARTHQUAKE ENGINEERING RESEARCH-1982 

In conclusion, the United States has fallen behind Japan (and China) 
in the size of its earthquake engineering research effort. This is 
particularly the case for experimental research facilities. This is cause 
for concern, because the experimental facilities produce the basic data 
needed for progress in earthquake engineering research. Without 
progress in earthquake engineering research, the practice of earthquake 
engineering in the United States will become a second-class operation. 

Recommendation 

1 .  A much stronger experimental earthquake engineering research 
program should be implemented in the United States. An in-depth 
examination should be made of the present program in the United 
States , and this should be compared with the program in Japan. The 
needs for a vigorous U.S.  program should be identified, including 
small- and medium-scale experimental facilities as well as large-scale 
facilities .  This study of the U . S .  and Japan experimental research 
programs should be undertaken immediately ,  and suitable reports with 
recommendations should be prepared and acted upon. 

General Conclusions and Funding Recommendations 

Earthquake disasters , which can cause thousands of deaths and billions 
of dollars of destruction, result from the failure of buildings and 
facilities that are not properly designed to resist strong ground shaking 
and are therefore weak relative to earthquake loads. Cities in the 
United States, as well as in the rest of the world, are vulnerable to 
disaster should strong shaking occur. Cities in highly seismic regions 
of the United States are less vulnerable because of earthquake require­
ments in building codes, but they contain many buildings that were 
constructed before these requirements were adopted,  and these struc­
tures could collapse in the event of a strong earthquake. Even buildings 
constructed according to earlier seismic codes can be susceptible to 
severe damage and collapse, as earthquakes in Alaska in 1964, San 
Fernando in 197 1 ,  Santa Rosa in 1974, Imperial Valley in 1979, and 
elsewhere have demonstrated. Special structures , public utilities ,  
industrial facilities ,  and other structures not governed b y  the seismic 
requirements of building codes are similarly vulnerable. 

The long-term solution of the earthquake problem is to replace the 
vulnerable structures by appropriately designed buildings that will not 
suffer undue damage when an earthquake occurs. This requires research 
to provide the necessary knowledge and to develop correct and practical 
methods of design, a body of educated earthquake engineers with the 
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expertise to carry out the required design, and a high level of earthquake 
engineering over the years. If the required knowledge had been available 
in 1882 and the necessary engineering expertise had existed, and if the 
decision had been made that structures and systems in all cities should 
be properly designed, there would not now be an earthquake problem. 
The long-term solution of the earthquake problem is the objective of 
earthquake engineering, even though practical difficulties may obstruct 
and delay that solution.  Unfortunately ,  destructive earthquakes are 
certain to occur before the long-term solution is achieved, so short­
term problems must also be faced. 

Federal, state , and city governments must recognize that the earth­
quake problem will continue to exist until man-made works are 
upgraded and no longer vulnerable. In addition, they should be aware 
that large destructive earthquakes will occur before the long-term 
solution is reached, and special preparations must be made to mitigate 
the earthquake hazard as much as is practically possible. 

This conclusion can be put into focus by comparing the U .S .  effort 
with that of Japan and China. The earthquake engineering research 
program in Japan is four or five times greater than that in the United 
States ,  even excluding the large costly experimental facilities in Japan. 
China also has a program of earthquake engineering research that is 
three or four times larger than that of the United States .  The short­
term level of effort in Japan to prepare for coming earthquakes is also 
very much greater than that in the United States. Of course, the fact 
that Japan and China both are implementing large earthquake hazard 
reduction programs does not of itself mean they should necessarily be 
emulated by the United States .  However, the existence of these large 
programs alerted the Committee to examine them and to compare 
them with the U . S .  program. The Committee was greatly impressed 
by the potential of the Japanese and Chinese programs,  particularly in 
experimental research, and concluded that the present level of the 
U .S .  program is inadequate to accomplish what the Japanese and 
Chinese programs will accomplish. While urging that the United States'  
program be expanded, the Committee recognizes that its future quality 
cannot be ensured by trying to match foreign programs dollar for dollar 
or person by person. Rather the Committee feels that an increase in 
earthquake engineering research funding should be closely tied to 
increased educational efforts in this field. 

In view of the short-term and long-term earthquake problems facing 
the United States ,  the present level of earthquake engineering research 
in the United States should be increased. Funding should be increased 
to $35 million per year now with a gradual increase to about $50 million 
per year in 10 years . These levels consist of increases in the range of 
50 to 1 50 percent over the present funding levels and represent a 
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feasible program of earthquake engineering research. This program 
would have as its research components ( 1 )  the assessment of earthquake 
hazard, (2) recording and analyzing strong earthquake ground motions , 
(3) soil mechanics and earth structures ,  (4) analytical and experimental 
structural dynamics ,  (5) the seismic interaction of structures and fluids , 
(6) the social impact of earthquakes,  (7) architecture and planning, (8) 
postearthquake investigations ,  (9) earthquake engineering education, 
( 10) an expanded program of experimental research, ( 1 1 )  upgrading of 
experimental facilities at universities ,  and ( 1 2) an upgrading of methods 
of seismic design. 

The program of research represented by the funding levels recom­
mended above can provide data that would lead to safer and more 
economical design of structures and facilities .  However, the Committee 
would be remiss if it did not emphasize that these recommended levels 
of funding for research will not solve the earthquake problem in the 
foreseeable future. It will improve earthquake safety but will not 
eliminate earthquake risk. The problem is too large for this to be the 
solution. Construction in the United States takes place at a rate of 
about $230 billion per year, or about $5 trillion in 20 years . A problem 
of this magnitude requires a correspondingly strong earthquake hazard 
reduction program if it is to be solved in the next 100 years. The 
earthquake engineering research in Japan is four or five times greater 
than that in the United States ,  even excluding the large costly 
experimental facilities in Japan. China also has a program of earthquake 
engineering research that is three to four times larger than that of the 
United States .  Moreover, the short-term level of effort in Japan to 
prepare for coming earthquakes is very much greater than in the 
United States .  

I t  is the Committee's  judgment that much more effort should be 
applied in the United States toward reducing earthquake risk. The 
Committee recommends levels of effort represented by the funding 
shown in Table 3 for earthquake engineering hazard mitigation.  This 
recommendation is made from a broad view of earthquake engineering. 
In particular, it includes funds for a strong national program in large­
scale testing and experimental facilities. It should be noted that the 
information developed by earthquake engineering research can also be 
used in the fields of wind engineering and blast engineering as well as 
to upgrade ordinary engineering and construction.  

Although the recommended funding is  much larger than the present 
U .S .  program, it is perhaps on the small side for a program that seeks 
both short-term and long-term solutions to the earthquake problem. 
However, because the accumulated investments in buildings and 
facilities amount to trillions of dollars , and because these investments 
are now being added to in areas subject to moderate and major 
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TABLE 3 Recommended Funding for Categories of Future Earthquake Engineering 
Hazard Mitigation (in millions of 1982 dollars) 

Seismic 
Instru- Code Devel-

Large- menta- opment, An-
Scale Testing tion, Data ciliary Test-

Basic Re- and Experi- Analysis , ing,  and 
search and mental and Hazard Continuing Preparing for 

Year Education Facilities Assessment Education Earthquakes 

1984 25 28 12  8 17  
1985 28 40 18  10 24 
1986 32 55 24 12  32 
1987 38 65 32 1 2  40 
1988 45 70 32 14 48 
1989 52 65 36 14 48 
1990 56 55 36 12  45 
1991 53 so 32 10  45 
1992 50 45 28 10  40 
1993 so 45 28 10  40 

earthquakes at a rate of approximately $ 180 billion per year, the 
potential for disaster is of alarming proportions . 

The constituents of the categories listed in the Table 3 are as follows: 

Basic research and education include university research by faculty 
members , graduate students, and postdoctoral fellows , education of 
future research workers and faculty members through the Ph.D. degree, 
education of future design engineers , planners , and other professionals 
through the B .S .  and M.S .  degrees , upgrading of research laboratories 
with modem equipment and instrumentation, and postearthquake 
investigations. 

Large-scale testing and experimental facilities include instrumen­
tation and equipment for testing and recording full-scale structures in 
the field (including earthquake motions) , experimental facilities for 
testing large-scale models of structures,  full-scale structural compo­
nents, and large-scale soil samples ,  and large testing centers . 

Seismic instrumentation, data analysis, and hazard assessment 
include strong-motion instrument networks and arrays ,  the processing 
and analyzing of seismic data, instrument development, dissemination 
of data, and hazard assessment. 

Development of codes, ancillaty testing, and continuing education 
include applied testing and research for design and code development, 
development of building codes and specialized codes, and continuing 
education of practicing engineers , planners , and architects . 

Preparing for earthquakes includes studies and programs of reducing 
the hazard of existing weak buildings, strengthening deficient structures 
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and systems, preparing state and local government agencies to cope 
with earthquakes , and educating the public . 

The Committee strongly recommends that the federal government 
recognize the magnitude of the national earthquake hazard and under­
take a long-term program to mitigate it . In addition, the federal 
government should take steps to prepare for the disastrous earthquakes 
that can be expected in the next several decades .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

E a r t h q u a k e  E n g i n e e r i n g  R e s e a r c h ,  1 9 8 2
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 5 7 1

http://www.nap.edu/catalog.php?record_id=19571
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Applications of Past Research 

Thirty years ago earthquake engineering was in its infancy. Only in 
more recent years, with the development of an active program of 
research, has the subject come to maturity . An important stimulus to 
the development of earthquake engineering research has been an urgent 
need for information by the designers of critical high-technology 
projects , such as thermal and nuclear power plants , major dams, high­
rise buildings , offshore structures , liquefied natural gas (LNG) facilities ,  
oil and gas pipelines ,  and sensitive industrial equipment. But the 
information developed by earthquake engineering research has been 
applied in many directions , as government officials, industrial corpo­
rations, practicing engineers , and even the public have come to realize 
the importance of preparing for earthquakes . In the United States,  and 
in most other seismic regions of the world, increases in population 
and industrialization have generated a greater exposure to earthquakes 
and have thus increased earthquake risk. For example, 10 times as 
many people now live in the San Francisco metropolitan area as in 
1906, and the public utilities ,  industrial facilities, and other systems 
are vastly greater now. Fortunately , most of the man-made structures 
in San Francisco are now much more resistant to earthquakes than in 
1906, mainly through the application of the results of research. 

The designs of nuclear power plants and transcontinental pipelines 
are good examples of how earthquake engineering research was able 
to satisfy an urgent need for information. Safety is an overriding 
concern in designing such critical facilities , much more so than for 
ordinary buildings. The ability to resist earthquake forces was therefore 
given special attention in their designs, not only in the highly seismic 
regions of the country but also in the remainder of the country, where 
earthquake hazard is much less . If a structure is to be designed for 
California or southern Alaska, regions of high seismicity , it is obvious 
that moderate to great earthquakes may occur and that the site can 
expect to experience strong ground shaking. On the other hand, around 
such regions as New Madrid, Missouri , and Charleston, South Carolina, 
where major to great earthquakes have occurred in the past but are 
very infrequent, the seismic hazard is not so clear. In regions of the 
country that have very low historical seismicity , the site of a structure 
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The 4-ft-diameter trans-Alaska oil pipeline traverses a region where large earthquakes 
occur, so the line was designed to resist ground shaking without jeopardizing the 
integrity of the pipe . This view shows the pipeline where it crosses the Denali fault. 
The special seismic design enables the pipeline to accommodate 20 ft of lateral fault 
displacement without interfering with the ftow of oil . 

will probably not experience strong earthquake ground shaking, but 
the possibility cannot be ruled out. 

When designing a critical facility such as a nuclear power plant or 
a pipeline, it is therefore of great importance to assess realistically the 
likelihood of earthquake ground shaking in the future, particularly the 
strongest ground shaking that might occur. New methods of assessing 
earthquake hazard have thus been of great value in the safe design of 
these critical facilities .  An important part of assessing seismic hazard 
is to specify the ground shaking to be considered in the design. The 
instrumental recordings of strong earthquake ground shaking in the 
western United States provided a data base for establishing such 
ground motions .  Were this data base not available , the seismic design 
of critical facilities would have been seriously inhibited. Although 
originally developed in the United States, the foregoing methods of 
hazard assessment are now used in all other parts of the world for the 
seismic design of major facilities .  

The seismic design of critical high-technology projects i s  based on 
the free-field ground shaking that the assessment of seismic hazard 
has specified. Detailed dynamic structural analyses are then made to 
determine the vibratory motions that this ground shaking would 
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generate in the different parts of the structure and the dynamic stresses 
and strains that the structure must resist. During an earthquake massive 
structures interact with the surrounding ground, and this soil-structure 
interaction significantly influences the response of the structure itself. 
The vibratory motions of the structure in tum affect the equipment 
attached to various parts of the structure . Research on soil-structure 
interaction and on the dynamic response of complicated structural 
systems provided information that has been essential to the analysis 
and design of these systems .  The highly developed methods of seismic 
analysis now used in the design of complicated structural systems 
were made available only through the results of relevant research. 

These complex vibrational systems, composed of the structure , the 
surrounding ground, internal equipment, piping systems, piping con­
nections between adjacent structures,  and so on, are being studied 
further. Some of the more important topics are the interaction of the 
structure with impinging seismic waves ,  energy losses into the sur­
rounding ground, the development of reliable, simplified methods to 
analyze complex systems dynamically , the resistance of construction 
materials to transient stresses and strains of high amplitude, and the 
motions and strains developed in the structure and equipment during 
actual earthquakes . The earthquake problems of critical facilities differ 
from the earthquake problems of ordinary structures,  just as the level 
of design of an airplane differs from that of an automobile . Research 
into the problems of these facilities does not therefore necessarily 
apply to the design of ordinary structures, and vice versa. 

When an earthquake occurs , everything connected to the ground 
directly or indirectly will experience motions and stresses and must 
be designed to resist these to avoid damage or failure . There are also 
many differences in seismic behaviors and in the knowledge needed 
to cope successfully with earthquake forces . Thus the scope of 
earthquake engineering is extremely broad. For example , the seismic 
design of a high-rise building requires quite different information than 
does the design of a single-family dwelling; the seismic design of a 
bridge is quite different from the seismic design of a dam; and the 
seismic design of electric power equipment is quite different from that 
of offshore drilling platforms .  In the early days the earthquake problem 
was thought to be mainly one of designing ordinary buildings and 
dwellings to resist ground shaking. Now it is clear that public safety 
and welfare also depend on many special structures,  industrial proc­
esses , urban lifelines,  communication systems , operations of govern­
ment agencies ,  and so on. As the populations of urban centers continue 
to increase and as the industrialization of our economy progresses , it 
will become increasingly important to cope with the earthquake 
problem. 
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Facilities Benefiting from Research 

The results of earthquake engineering research form the bases for the 
safer designs of buildings ; emergency, essential , and critical facilities ;  
commercial, financial, and industrial facilities ;  and government facilities 
and operations . These categories can be subdivided further as follows: 

1 .  Dwellings , institutional buildings , and public structures 
•Single and multifamily residences 
•School buildings 
•Hotels and motels 
•Low-rise and high-rise office buildings 
•Auditoriums, theaters , and stadiums 
•Airports ,  bus stations , and ports 

2. Emergency facilities 
•Hospitals 
•Fire and police stations 
•Emergency operations centers 

3. Essential facilities (lifelines) 
•Water and sewage 
•Energy (gas , electricity, fuel) 
•Communications (telephone , telegraph, radio, television, 
emergency systems) 

4. Critical facilities 
•Thermal and nuclear power plants 
•Petroleum facilities (refineries ,  oil and gas pipelines ,  offshore 

platforms ,  petroleum storage tanks ,  liquefied natural gas storage 
tanks) 

•Chemical and biological facilities 
•Dams (water supply, flood control , and power generation) 

5. Commercial , financial, and industrial facilities 
•Retail and wholesale establishments 
•Financial centers (banking, savings and loan, insurance) 
•Manufacturing plants 
•High-technology industrial plants 

6. Government facilities and operations 
•Military airports 
•Naval installations 
•Army facilities 
eGovernment communications systems 

The foregoing list is not complete , since it is intended to show only 
the scope of the earthquake problem and the many ways that earthquake 
engineering research can be applied. The following sections discuss 
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some of these applications to show the importance of the problem and 
the needs for future research. 

Dwellings, Institutional Buildings, and Public Structures 

Most people work and live in ordinary buildings, and research and 
observations of their performance during past earthquakes have greatly 
increased the resistance of these structures to earthquakes .  The seismic 
requirements of building codes, which govern the design of these 
structures ,  have been greatly improved in the last decade. Thus, if 
designed according to the new requirements , the types of structures 
that were badly damaged in past earthquakes will perform much better 
in future earthquakes .  High-rise office buildings and public structures 

The gridwork of beams and columns in these high-rise buildings provides the strength 
to resist earthquake forces .  An earthquake hazard assessment was made for this project, 
and design earthquakes were specified. A digital computer analysis simulated the 
vibrations of the buildings under ground shaking produced by a magnitude 8 earthquake 
originating 35 miles from the site . 
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now being designed and constructed also have reduced seismic risk, 
because of an improved understanding of the seismic hazard, a better 
knowledge of earthquake ground shaking, a greatly enhanced capability 
of making structural analyses, and a better understanding of the physical 
characteristics of building materials.  

Housing construction has also benefited from the results of earth­
quake engineering research. Improvements in seismic design, in the 
quality of materials,  and in construction procedures are now being 
incorporated into single-family residences through building codes and 
requirements of the Federal Housing Administration of the Department 
of Housing and Urban Development (HUD). Guidelines for appropriate 
arrangements of earthquake-resisting elements and better connections 
between parts of the structure are presented in the HUD report 
Methodology for Seismic Design of Single Family Dwellings . 

The proof that newer buildings can better resist earthquakes comes 
when an earthquake strongly shakes a city and the performance of 
modern buildings is compared with that of older buildings . The Long 
Beach earthquake of March 10,  1933 ,  was generated on the Newport­
Inglewood fault that passes through the city . Many dwellings were 
damaged, many commercial buildings collapsed in whole or in part, 
and many school buildings were severely damaged and would have 
caused deaths and injuries had the earthquake occurred earlier in the 
afternoon, when the schools were in session. Since then, no comparable 
event has occurred in the United States in which a fault passing 
through the center of a large city has generated a sizable earthquake, 
but numerous earthquakes have strongly shaken modern structures. 
Recent earthquakes in California have demonstrated that the resistance 
of single-family dwellings to earthquakes has been much improved, as 
has the performance of ordinary commercial buildings . In particular, 
modern school buildings in California have withstood ground shaking 
of an intensity equal to that in the 1933 Long Beach earthquake without 
sustaining significant damage because of the requirements of the Field 
Act, which came into force as a result of the severe damage to school 
buildings in that earthquake. The seismic design of common commercial 
and institutional building types has also been much assisted by the 
knowledge provided by accelerographs placed in the basements and 
upper parts of buildings and by the records obtained during earthquakes ,  
notably San Fernando in  197 1 .  However, since motions of strongly 
vibrating buildings have been recorded only during a few earthquakes ,  
many recordings are still needed of buildings shaken so strongly that 
they are on the verge of damage or collapse . 

The ability of structures to resist earthquake motions strongly 
depends on the physical properties of their materials of construction. 
Over the years an increased understanding of the capability of most 
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structural materials to withstand dynamic earthquake stresses has 
developed, and the properties of the materials themselves have been 
improved. Better and more uniform concrete can now be produced 
because of improvements in the manufacture of cement, the production 
of concrete aggregates ,  and the procedures for mixing, placing, and 
curing concrete . Since concrete is used so widely as a building material, 
these improvements have had a significant effect on the strength and 
durability of structures.  The construction of high-rise buildings has 
also benefited from improved procedures for rolling structural shapes 
in heavy steel without adverse side effects such as laminar tearing and 
from the development of steels that can be welded more easily. 

Emergency Facilities 

In the event of a destructive earthquake, it is of great importance that 
emergency facilities be in a functioning condition following the earth­
quake. The event should not put local government headquarters , fire 
and police facilities ,  disaster mitigation and communication centers , 
and hospitals out of operation. Unfortunately, in �any past earthquakes 
emergency facilities have been put out of operation. In the 1906 San 
Francisco earthquake the fire department could not operate because 
of a lack of water;  the 1933 Long Beach earthquake damaged the 
headquarters building of the fire department and knocked out the 
emergency communications system; the 1964 Alaska earthquake dis­
abled the entire communications system in Anchorage and made 
hospitals unusable ; the 197 1  San Fernando earthquake put all five 
hospitals in that region out of operation. 

During the past decade progress has been made in improving the 
resistance of some emergency facilities to earthquakes .  The California 
State legislature passed an act requiring that all new hospitals be 
designed to be functional following a strong earthquake ; the Veterans 
Administration has had its hospitals analyzed and strengthened to be 
safe during earthquakes ;  and a number of city administrations are 
examining the earthquake safety of their emergency facilities.  The 
seismic design requirements for such facilities often incorporate state­
of-the-art analysis and design, not only for the structure but also for 
equipment, systems ,  and components required for proper functioning. 
Disruption during past earthquakes has demonstrated a need for 
emergency operations centers where essential communication systems 
are centralized ,  and a number of governmental entities have established 
such centers in new facilities .  However, even though progress has 
been made in improving the earthquake safety of emergency facilities , 
much remains to be done on this important earthquake problem. 
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This parking structure coUapsed on ambulances during the 197 1  San Fernando, California, 
earthquake. Five hospitals were in the region of strong shaking, and all were put out of 
operation by the earthquake, just when hospitals were most needed. California state 
law now requires hospitals to be designed to be functional after a strong earthquake. 
The methods of hazard assessment and seismic design employed for hospitals are now 
based on earthquake engineering research carried out during the past decade or so. 

Essential Facilities 

Past earthquakes have frequently damaged essential (lifeline) facilities. 
For example, in the region it shook most strongly, the 197 1  San 
Fernando earthquake interrupted the water supply system and the 
sewage system, put the telephone system out of operation for a month, 
disabled the electric power distribution system, put the gas distribution 
system to homes out of operation, and caused a number of freeway 
overpass bridges to collapse . Disasters in urban areas can be partic­
ularly serious if, in addition to failures of buildings , the network of 
essential facilities that serve the community is substantially disrupted. 
Energy, transportation,  communication systems, and water facilities 
are the lifelines of the community. It is important after an earthquake 
that lifeline facilities continue to perform, or that they at least can be 
easily repaired so that a community can quickly resume normal activity . 
Sometimes the loss of a lifeline facility , such as the failure of the 
telephone system to communicate emergency messages,  or the failure 
of the water system to fight fires, can create secondary losses that are 
greater than the primary losses caused by the earthquake itself. 
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Furthermore, the earthquake problem of lifelines is complicated by 
the fact that . engineering, governmental, and social aspects are all 
involved. 

In recent years the effects of earthquake on lifelines have become 
a formal part of research. In the 1970s the American Society of Civil 
Engineers (ASCE) established the Technical Council on Lifeline 
Earthquake Engineering (TCLEE), a multidisciplinary group that 
through technical publications ,  conferences , and seminars could de­
velop and exchange information on the earthquake engineering of 
lifelines . At present, ASCE-TCLEE committees are preparing technical 
advisory notes on the seismic design of lifeline facilities. The earth­
quakes in San Fernando in 197 1 ,  Miyagi-Ken-Oki, Japan, in 1978, El 
Asnam, Algeria, in 1 980, and Campania-Basilicata, Italy , in 1980 
provided many examples of lifeline failures during earthquakes that 
greatly aggravated the impact on the population. The lessons learned 
from these earthquakes will be of great value for future design and 
construction. However, even though research has improved our un­
derstanding of how essential facilities perform during earthquakes ,  the 
development of necessary knowledge has just begun. 

In several states strong-motion recording instrume.nts have been 
installed on lifeline facilities to monitor their performance during 
earthquakes and to evaluate seismic design criteria. During the 1979 
Imperial Valley, California, earthquake, such an instrumented freeway 
overpass bridge was in the region of very strong shaking and produced 
an unusually complete and valuable set of recordings. Nonseismic 
vibration measurements have been made on a number oflarge bridges­
for example , the Golden Gate Bridge in San Francisco-from which 
dynamic analyses have been made to throw light on their behavior 
during earthquakes .  In recent years research has also developed 
methods of seismic analysis and design for liquid storage tanks and 
networks of underground water, sewer, and gas pipelines . 

In 1969 the Federal Highway Administration (FHWA) initiated 
studies on the effects of earthquakes and wind on highway bridges, 
which were subsequently expanded to include tunnels and highways 
after the 197 1  San Fernando earthquake . A recent project of the 
Applied Technology Council (ATC) resulted in the Seismic Design 
Guidelines for Highway Bridges, which the Bridge Committee of the 
American Association of State Highway and Transportation Officials 
is now considering for adoption. The California Department of Trans­
portation and the FHW A have established guidelines to strengthen 
existing bridges using seismic retrofit methods, and most of the freeway 
overpass bridges in California have now been so strengthened. 

The Bell Telephone Laboratories have developed new standards for 
the design and construction of telephone switch gear to ensure 
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This highway bridge collapsed but the adjacent railway bridge remained standing during 
the 1964 Alaska earthquake, demonstrating that the seismic performance of a structure 
depends on the engineering design. 

satisfactory performance during earthquakes .  The engineering prob­
lems of telephone communications are perhaps more easily solved 
than are the social problems. For example , during the San Fernando 
earthquake the Bell Telephone System remained operative, but for 
many hours afterward incoming phone calls saturated both the local 
and the long distance systems,  making the emergency service of the 
systems ineffective . 

The past decade has brought both research and development in the 
seismic design of electric power distribution systems . Concerned power 
companies have drawn up seismic design criteria for electric power 
systems and equipment. Inexpensive methods to improve the seismic 
response of power systems have been identified, and information about 
them has been disseminated. 

There is a continuing need for research on the actual performance 
of lifelines during earthquakes ,  on improved procedures of design for 
new lifeline facilities ,  and on techniques for upgrading the many 
existing essential facilities .  

Critical Facilities 

Structures such as thermal and nuclear power plants ,  liquefied natural 
gas storage tanks ,  petrochemical facilities ,  offshore platforms,  and 
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dams are representative of structures considered to be critical facilities.  
During the past decade important advances have been made in the 
seismic design of nuclear power plants . Such designs now involve the 
investigation of design ground motions , the dynamic characteristics of 
foundation soils ,  soil-structure interaction, and the response of struc­
tures,  equipment , and piping. It is significant that these methods of 
seismic design for nuclear power plants , which were developed in the 
United States ,  are now used in the design of power plants throughout 
the world . The earthquake problem of nuclear power plants has many 
special features that do not arise in the seismic design of other structures 
and facilities .  The same statement can be made for many other critical 
facilities . 

In 198 1  the American Petroleum Institute (API) published its Rec­
ommended Practice for Planning, Designing, and Constructing Fixed 

This reinforced concrete containment structure houses the nuclear reactor of the San 
Onofre power plant in California. This structure was designed on the basis of a dynamic 
analysis, using a 0.67-g design spectrum, to survive the maximum credible ground 
shaking. 
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Offshore Platforms. This report, which is based on the results of 
earthquake engineering research, discusses seismic design criteria, a 
seismic risk map for U.S .  offshore platforms ,  the use of earthquake 
design spectra, normalized design procedures,  and the development 
of a computer model for calculating stresses and strains . 

The potential for consequences of a dam failure makes a high degree 
of safety in the design of such structures imperative. Dynamic analyses 
superimpose earthquake stresses on the stresses produced by water 
pressure and gravity loads on the dam, and the structure is then 
designed to withstand the effect of the combined stresses.  Modem 
methods of seismic analysis and design, based on earthquake engi­
neering research, are now employed by such agencies as the Bureau 
of Reclamation , the U .S .  Army Corps of Engineers , and the California 
Department of Water Resources . The National Dam Inspection Act 
requires that both existing and new dams located in highly seismic 
regions be analyzed to determine their capability to resist earthquakes .  
Analyses of existing dams have revealed that certain dams in  Wyoming, 
Tennessee , and California would not perform satisfactorily under a 
maximum seismic event . As a result, the water in their reservoirs has 
been lowered to a safe level, pending reconstruction. The full extent 
of the problem of hazardous old dams in seismic regions is not yet 
known. 

Liquefied natural gas storage tanks pose special earthquake problems 
because of the temperature and combustibility of their contents. The 
seismic design of these facilities employs advanced methods of hazard 
assessment and dynamic analyses that would not have been possible 
without the results of earthquake engineering research. 

Commercial, Financial, and Industrial Facilities 

Earthquake research has had a very significant impact on commercial, 
financial , and industrial institutions . Organizations such as IBM,  
Standard Oil of California, Exxon, Hewlett-Packard, North American 
Aviation, the Dupont Corporation, and Bell Telephone Laboratories 
have applied the current state of knowledge in developing their own 
corporate earthquake preparedness plans . Many of these organizations 
have also developed their own building design and construction 
standards, which are sometimes more stringent than the applicable 
building codes.  A strong motivation for these developments is the need 
to minimize any disruption of the industrial processes that are involved. 

A decade ago financial institutions such as commercial banks , federal 
reserve banks , and insurance companies did not consider the impact 
of an earthquake on their ability to operate after an earthquake. 
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However, now that computers are handling most of the transactions , 
so that records could be lost, financial institutions have started planning 
for redundant functional systems, as well as for other preparedness 
measures to mitigate the impact of an earthquake. Insurance organi­
zations such as Aetna Life and Travelers are evaluating their real 
estate investment portfolios and insurance exposures to determine the 
regional impact of earthquakes .  Such direct use of current research in 
banking and financial institutions will certainly decrease the impact of 
an earthquake on society in general, and on commercial, industrial, 
and financial institutions in particular. 

Government Facilities and Operations 

Government operations are essential in times of crises, and minimizing 
the downtime before resumption of operations is an important consid­
eration in the design of government facilities . Using state-of-the-art 
methods of analysis and design that have been developed since the 
San Fernando earthquake of 197 1 ,  various government agencies have 
initiated programs to evaluate the earthquake resistance of their major 
facilities.  Navy bases (including drydocks) , dams, and army facilities 
have been investigated, and strengthening methods have been devel­
oped to correct structural deficiencies .  A triservice manual has been 
issued for the seismic design of new installations , and an interagency 
committee on seismic safety in construction has published guidelines 
for seismic safety in federal buildings. 

Earthquake Planning, Preparedness, and Response 

With the new knowledge gained in earthquake engineering during 
recent years , communities are learning to cope with their earthquake 
hazards. The value of seismic planning can be seen by comparing the 
results of the 197 1  San Fernando, California, earthquake and the 1972 
Managua, Nicaragua, earthquake, which had magnitudes of 6.4 and 
6 .2 ,  respectively . In both instances the population of the strongly 
shaken area was approximately one million. The major difference was 
that the San Fernando earthquake affected a relatively new region of 
metropolitan Los Angeles in which construction was governed by 
earthquake requirements in the building code, whereas Managua had 
few buildings designed under requirements in a modern seismic code. 
In the San Fernando earthquake 65 people died, damage amounted to 
about $500 million ( 197 1 dollars) ,  and there was no long-term adverse 
social or economic disruption. In Managua more than 5 ,000 people 
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died and the economic loss was estimated to be approximately equal 
to the gross national product. Nicaragua's economic base was com­
pletely disrupted, with strong social and political implications,  and the 
reconstruction of the city and rebuilding of the economy is still not 
complete 10 years after the earthquake. 

Such vast differences in the impact of the earthquakes were due in 
part to the suburban setting of San Fernando as contrasted with the 
metropolitan setting of Managua. But a greater factor was the earth­
quake-resistant design codes , the building construction technology, 
the disaster preparedness , the recovery capabilities , and the overall 
educational and technical know-how in the United States. These have 
continued to improve during the last decade. Table 4 gives elements 
of the policies to reduce losses that are now being implemented ; these 
constitute the earthquake preparedness program. An analysis of the 
impacts that recent earthquakes have had in the United States leads 
to the conclusion that some of the policies listed in Table 4 have 
reduced economic losses,  injuries ,  and deaths and hastened postearth­
quake recovery. 

Some examples of the direct preearthquake actions that have been 
taken and have resulted in better overall preparedness are given below. 

1 .  Building codes have been updated as better knowledge is devel­
oped. The recent ATC publication Tentative Provisions for the De­
velopment of Seismic Regulations for Buildings, which represents the 

TABLE 4 Elements of Loss Reduction Policies 

When 

Preearthquake 

Postearthquake 

Which Policy 

Direct 

Building code 
development, 
land use 
planning, and 
zoning 

Warning systems 
Soil stabilization 
Land modification 
Strengthening of 

existing high-risk 
structures and 
facilities 

Source of funds for 
repair 

Bearing of loss 
Provision of 

disaster relief and 
reduced impact 
of earthquake 

Indirect 

Earthquake 
insurance 

Quality control of 
construction 

Licensing of design 
professionals 

Education of the 
public 

Prediction/warning 
procedures 

Emergency plans 

Education of the 
public 

Social and 
psychological 
help 

Affected Parameter 

Exposure 
Risk 
Primary and 

secondary 
hazards 

Vulnerability 

Exposure 
Risk 
Hazard 
Vulnerability 
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state of the art in the formulation of model building codes , is a good 
example of hQw recent research results can be transferred into practical 
recommendations . 

2. Recent developments in earthquake hazard assessment provide a 
better description of the hazard than was available in the past . Also, 
advanced methodologies in seismic hazard and risk analysis have given 
engineers , designers , and decision makers better tools in land use 
planning and in siting and designing critical facilities . 

3 .  Pioneering efforts conducted or supported by the U .S .  Geological 
Survey and individual states have produced hazard maps that can be 
used to categorize various seismic risks .  Maps of the potential for 
strong ground motion, surface faulting, landslides , and soil liquefaction 
have been developed using methodologies and procedures that have 
come primarily from the research of the past 15 years . Such maps are 
now used for land use planning, for zoning, and for siting essential 
facilities in states such as California, Utah, Nevada, and Missouri . 

4. As an example of actions taken by states ,  the Alquist-Priolo 
Special Studies Zones Act passed in California requires that a registered 
engineering geologist make a special geological study before a facility 
can be sited within 50 ft of an active fault . This is the minimum 
criterion for all structures.  For special or critical structures , more 
restrictive criteria may be imposed. 

5 .  The rehabilitation and strengthening of old buildings constitute 
one of the major problems facing governmental decision makers in 
seismically active regions .  In future earthquakes the major causes of 
injury and loss of life will almost certainly be the collapse of old 
structures that were designed and built before modern building codes 
were developed. During recent years educational efforts have devel­
oped a widespread awareness of this problem. Many communities are 
now attempting to address this issue and to pass legislation to mitigate 
this risk. In 198 1  the City of Los Angeles adopted an Earthquake 
Hazard Reduction in Existing Buildings ordinance, which shows how 
current awareness can be implemented in practice. 

6. Many urban centers in recent years have prepared seismic safety 
elements as part of their general plans. These identify areas where 
major damage can be expected during an earthquake. Proximity to 
faults, geotechnical considerations, and the age of buildings help to 
determine the expected damage . Seismic safety elements also help in 
the planning and implementation of postearthquake recovery measures . 
The importance of such planning and implementation was demonstrated 
by two recent Italian earthquakes .  The 1976 Friuli earthquake (mag­
nitude 6.5) caused extensive damage and about 1 ,000 deaths in a region 
that had a well-defined economic base of small-scale light industries .  
Mter the earthquake the Italian government placed high priority on 
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reestablishing this economic base . There was no exodus of the labor 
force,  and in just two years the economic and social base was thoroughly 
reestablished. In contrast, the Campani�-Basilicata earthquake of 1980 
(magnitude 7 .2) ,  which killed 3 , 100 people , struck an area that had no 
industrial base. It is'clear that much more than two years will be 
required to overcome the economic and social disruption of this 
earthquake. 

Approximately 30 million people live in the highly seismic regions 
of the United States, and perhaps another 100 million live in regions 
that are less seismic but where the possibility of destructive earthquakes 
cannot be ignored. The optimum course of action for the various 
states ,  counties ,  and cities involved have not been established, and 
even if these were known it would be very difficult to implement 
actions that affect 1 30 million people . Although significant progress 
has been made in earthquake planning, preparedness, and response, 
this difficult problem has not yet been completely solved. 

Conclusions 

During the past decade the application of research results to practical 
problems has advanced significantly. In some cases research has 
developed and improved existing methods ,  as in the seismic design of 
buildings ; in other cases research is being applied in areas where 
practically nothing was done before 1970, as in the seismic design of 
equipment, LNG facilities ,  and offshore platforms .  The field of earth­
quake engineering and seismic hazards has clearly expanded very 
much over what it was in 1970. The result is that as the results of 
research are applied to recognized problems,  new problems arise that 
before now were not considered. 

While research continues to seek solutions to problems not previously 
addressed, new knowledge in earthquake hazard mitigation is being 
synthesized for application. Various documents that represent such 
syntheses include: 

• Tentative Provisions for the Development of Seismic Regulations 
for Buildings (ATC 1975) 

• Seismic Design Guidelines for Highway Bridges (ATCIFHWA 
1978) 

• The Current State of Knowledge of Lifeline Earthquake Engi­
neering (ASCE 1980 and 198 1 )  

• Methodology for Seismic Design of Single Family Dwellings (ATCI 
HUD 1976) 

• Earthquake Spectra and Design (EERI 1982) 
• Earthquake Design Criteria (EERI 1982) 
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In reviewing the field, it has become clear that a very important 
element in applying the results of research is a continuing effort in 
education in a broad sense . Not only should research workers and 
practicing engineers be educated, but those in government agencies ,  
industries ,  and other organizations need to know about earthquakes 
and earthquake countermeasures. The program of earthquake hazard 
mitigation has produced much new knowledge that is being applied to 
practical problems. The lag time between research and its application 
is shrinking as technical communities engaged in research and practice 
interact and as decision makers are educated in techniques of earth­
quake hazard mitigation. Governmental agencies and practitioners in 
the private sector are aware that earthquake hazard mitigation must 
use the new knowledge that research develops . Although the accom­
plishments cited in this chapter are impressive, the need for continued 
research is imperative to address the issues that remain unresolved in 
the reduction of earthquake hazard. 

It will be important in the future for society to recognize the 
pervasiveness of earthquake hazard. Not only structures whose design 
is governed by building codes are threatened by ground shaking but 
so are all the activities of industry, commerce, public utilities ,  govern­
ments , and other organizations. Planning, designing, and constructing 
in seismic regions should always take into account the possibility of 
ground shaking and in this way avoid the construction of structures 
and facilities susceptible to damage. This will require identifying the 
seismic problems that can be encountered, solving the problems of 
research, and a broad educational effort. In seismic regions earthquakes 
should be considered part of the environment, just as rain, wind, and 
snow are parts of the environment. 
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Assessment of Earthquake Hazard 

Preparing for future earthquakes requires knowledge of the seismic 
activity that can be expected. For example, an engineer about to design 
a structure would like to know precisely the ground shaking that the 
structure will experience during its lifetime, so that he can make an 
appropriate seismic design. Since earthquakes and earthquake ground 
shaking cannot be precisely predicted, all relevant information about 
earthquake hazard in the vicinity must be used. 

The engineer can obtain this information with different degrees of 
thoroughness, depending on the importance of the project being 
designed and the quality of the scientific data base available . For 
example, ordinary buildings in the United States are governed by the 
earthquake design requirements of local building codes , and these 
normally include a seismic map that zones the country into five 
categories of expected intensity of shaking. For major projects such 
as dams , power plants , pipelines, and offshore drilling platforms, 
special studies are usually made to assess the earthquake hazard at 
the particular site, and the design criteria for the projects are then 
based on these studies .  If the hazard assessment greatly overestimates 
the expected intensity of ground shaking, the cost of the project may 
be excessive ; if, on the other hand, the expected intensity of ground 
shaking is seriously underestimated, the result may be costly damage 
and loss of life . Earthquake hazard assessment is therefore of great 
importance in coping with the practical aspects of the earthquake 
problem. 

The assessment of earthquake hazard involves specifying the like­
lihood, magnitude, location ,  and nature of earthquakes that might have 
damaging effects in the region or at the site under consideration and 
estimating the intensity , duration ,  and frequency characteristics of the 
ground shaking. Everything that can be said in this context must 
originate in one or more of the following sources of data: ( 1 )  the 
history of felt earthquakes in the region, (2) the seismographic record 
of earthquake occurrence in the vicinity, (3) the recent geological 
history of the region,  especially that within the past few hundred 
thousand years , and (4) accelerograms of strong ground shaking 
recorded during past earthquakes .  The past five years have produced 
important scientific and engineering advances from improved data 
bases .  Especially significant advances have been made in using geo-
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logical evidence to evaluate earthquake hazard quantitatively . This 
chapter will emphasize these achievements ,  as well as the promise for 
future development . Local soil conditions can also have an important 
impact on the evaluation of seismic hazard, but this problem is 
considered in Chapter 5 .  

Historical Seismicity 

However brief or inadequate the historical record of earthquakes may 
be for a given region, documenting this record is an essential first step 
in hazard assessment. The historical record of earthquakes that are 
known to have affected an area in the past is the most direct clue to 
the kinds of earthquakes that might affect that region in the future. 
Local published catalogs are not always adequate, and experience has 
shown that specific historical studies using local sources of data often 
yield considerable improvement. 

Even if the historical record is complete over a period of years , 
considerable caution must be used when estimating future seismicity , 
for a short history may not reliably indicate the future . In China, with 
its 2 ,000- to 3 ,000-year historical record of earthquakes ,  the data show 
that over long periods of time the frequency of occurrence of large­
magnitude events has varied appreciably.  Also, evidence from world­
wide geological studies indicates that major earthquakes on a given 
fault may not recur for hundreds , or even thousands ,  of years , so that 
a short historical record might not include any examples of such 
events. Thus studies of historical seismicity , while necessary and very 
important , should be supplemented by geological studies that can look 
farther back in time . 

Seismographic Record 

Because sensitive seismographs can detect many more earthquakes 
than can be felt, instruments can produce a much larger statistical data 
base than can historical records.  Furthermore, the use of seismograph 
records to determine an earthquake' s  magnitude, location, and time 
of occurrence provides quantitative data that are not available from 
reports of felt ground motions. Seismographic recordings in the United 
States are now creating a data base with which analysts can make 
various types of statistical and probabilistic projections .  Furthermore, 
the precise locations of earthquakes give important clues to the 
locations of active faults, areas of high and low activity, and other 
spatial parameters . 
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These zoning maps from the Uniform Building Code show the approximate seismic risk in different parts of the United 

States .  Earthquake design requirements are based on these maps. However, the requirements are not effective unless city 

governments officially adopt and enforce them. Reproduced from the Uniform Building Code, 1979 Edition, copyright 

1979, with permission from the publisher, the International Conference of Building Officials, Whittier, California. 
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It must be recognized that a complete seismographic record for a 
given time period may not statistically represent the longer time period 
for which projections are desired (e .g. , the 100-year service life of a 
dam). This is ,  of course, the same problem encountered in the historical 
record, but it is not always recognized when analyzing the copious 
data that seismographic catalogs may provide . The problem is partic­
ularly difficult for areas of low seismicity , such as parts of the eastern 
United States ,  where destructive earthquakes occur very infrequently . 
It is not clear how well a 50-year seismographic record represents 
long-term seismicity in these regions .  

Better methods to analyze the occurrence of earthquakes statistically 
should be developed, methods that present the relevant information 
in a form most pertinent to hazard assessment. Such statistical 
developments must be based on a better knowledge of earthquake 
processes . In particular, they should consider improved data on the 
occurrence of earthquakes of magnitude 5 .5  or greater, how the 
occurrence of large-magnitude earthquakes is related to the occurrence 
of small-magnitude events, how the frequency of occurrence varies 
over periods comparable to the lifetimes of structures, and so on. 

One useful predictive technique has arisen in recent years from 

The Dixie Valley, Nevada, earthquake of 1954 caused this large fault displacement. The 
shaking of this magnitude 7 earthquake was felt over an area of 200,000 square miles.  
Fortunately it was not near a city . 
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studies of highly seismic regions .  Within a continuous zone of high 
long-term seismicity , such as along the Aleutian Islands or the west 
coast of South America, well-delineated segments that have been 
seismically quiescent for a number of years often have a large 
earthquake that abruptly fills the gap. This is called the "seismic gap" 
theory, and large gap-filling earthquakes in Mexico, Japan, Alaska, 
Chile , and other highly seismic zones have demonstrated its veracity .  
Identifying a seismic gap is  therefore of great practical importance. 
The U . S .-supported Worldwide Standardized Seismographic Network 
(WWSSN) has been critical in identifying and studying seismic gaps, 
including two currently identified gaps in southern Alaska. Even in 
California, the highly seismic San Andreas fault presently has two 
distinct segments that are almost totally quiescent, and these seismic 
gaps are generally recognized as the most likely places for truly great 
earthquakes in California in the foreseeable future . 

Geological Studies 

The geological record deciphered from the earth' s  crust (paleoseis­
micity) has an advantage over historical and seismographic records in 
that it extends far enough back in time to provide information on long­
term earthquake processes. The challenge in applying the technique, 
however, is to identify in some realistic and practical way the geological 
evidence left by past earthquakes . That is, just what in the geological 
record can be used to identify the occurrence of earthquakes hundreds 
or thousands of years in the past . Great progress has been made in 
this area in the past decade. 

A major earthquake can leave a distinct geological record in several 
ways. First and foremost, the faulting that caused the earthquake may 
displace strata at shallow depths beneath the surface. It may also 
create a fault scarp on the surface that remains visible or is subsequently 
buried by younger strata and thus preserved for future examination. 
Secondly, the intense ground shaking in the central region of a large 
earthquake may produce effects on surficial soils, such as sandblows 
or landslides ,  that are preserved. Sand blows result from the liquefaction 
of water-saturated sand at depth, which then "erupts" through to the 
ground surface, leaving small volcanolike hillocks of sand. 

Preserved geological features such as the above can best be observed 
in trenches that are excavated across fault zones. Recently, improve­
ments in trenching and dating techniques have produced very significant 
results .  Foremost among these is a series of trenches excavated across 
the San Andreas fault at Pallett Creek, northeast of Los Angeles .  
These trenches exposed several branches of the San Andreas fault , all 
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within a few meters of one another, cutting a series of alternating sand 
and peat layers deposited during the past 2 ,000 years . The peat layers 
could be dated by radiometric methods . Fault offsets have also been 
dated in the older underlying strata, offsets that do not appear in the 
younger strata. All of these offsets indicate recurrent fault displace­
ments in successive earthquakes during the interval in which the 
sediments were being deposited. Distinct evidence of sandblows also 
appears at a number of horizons , indicating heavy shaking at those 
times . 

Putting together all the available evidence, research workers have 
been able to show that, in addition to the great historic earthquake of 
1857, similar large prehistoric events have occurred along this segment 
of the San Andreas fault . They have established the following dates 
for these events : A.D.  260, 350, 590, 735 ,  845 , 935 ,  1015 ,  1080, 1 350, 
1550, and 1 720. Thus great earthquakes recur on the segment of the 
San Andreas fault opposite Los Angeles about every 1 50 years on the 
average, although such events have occurred as close together as 65 
years and as far apart as 270 years . Since 125 years have passed since 
the last large earthquake on this segment of the fault, southern California 
clearly is in a dangerous period now. This has spurred state and local 
governments in California to undertake earthquake preparedness pro­
grams. 

Similar field investigations have been made of the prominent Wasatch 
fault in Utah. These have identified fault displacements that indicate 
that damaging earthquakes have occurred along this fault approximately 
every 500 years on the average. The earthquake hazard in Utah is thus 
greater than the short historical record would indicate . The State of 
Utah now recognizes the existence of the hazard and has initiated a 
preparedness program. 

Thus, for the first time, quantitative measures of the frequency of 
large earthquakes along a given fault segment are available. This 
information has important engineering implications for the formulation 
of building codes, for land use planning, and for the siting of critical 
facilities.  Similar studies are now under way on other seismogenic 
faults throughout the world. One surprising result to date has been the 
great differences in degrees of earthquake activity among faults that 
would otherwise simply be classified as "active. "  The San Andreas 
fault , with its short recurrence interval, is highly active by worldwide 
standards . Other major faults-some of which have caused great 
historical earthquakes-are considerably less active , with recurrence 
intervals measured in thousands of years . The great variations in fault 
activity tend to make obsolete the arbitrary classification of faults as 
"active" or "inactive, "  for the degree of activity has great practical 
importance. 
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Trenching across the San Andreas fault permits radiometric dating of horizon levels 
and reveals evidence of fault displacements, sand blows,  and other signs of past 
earthquakes . The A.D. 1720 layer is labeled, and relative vertical displacement can be 
seen below the label but not above. On this fault the major component of displacement 
is horizontal, perhaps 15 times greater than the vertical component. These studies have 
shown that over the past 1 ,500 years large earthquakes have occurred with an average 
recurrence interval of about 1 50 years. Since the last great earthquake on this segment 
of the fault (near Los Angeles) was the magnitude 8 .3  Fort Tejon earthquake of 1857, 
this information on recurrence intervals is of great practical significance. 
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In areas where earthquake-generating faults are not obvious at the 
earth's  surface, other phenomena can sometimes be used to infer 
earthquake recurrence intervals. For example, great earthquakes in 
Alaska have typically been "subduction zone" events, occurring on 
shallow dipping faults that lie many kilometers under the continent. 
Thus, although geophysical measurements can identify the faults , the 
faults cannot be studied with normal techniques in the field. However, 
great earthquakes on these faults have almost always been associated 
with major regional uplifts, such as the abrupt 10-m uplift of parts of 
Prince William Sound that accompanied the 1964 "Good Friday" 
Alaska earthquake (the largest U .S .  earthquake of this century). These 
uplifts have left successive raised beaches along the shores of islands. 
On Middleton Island in the Gulf of Alaska, for example, five distinct 
raised beachlines have been dated with carbon- 14 methods ,  and the 
resulting ages indicate that earthquakes comparable with that of 1964 
have occurred on the average about every 850 years for the past 5 ,000 
years . 

Studies of the above-mentioned types obviously rely very heavily 
on absolute age dating of young geological materials ,  usually by 
radiometric techniques .  Advances in these studies thus depend, in 
part, on the development of more accurate, quicker, and cheaper 
methods of age dating. A better understanding of the chronology of 
soil development will also advance these studies,  since surficial soils 
are often the youngest materials broken by individual faults. Also, 
major earthquakes that have occurred during the past few thousand 
years have often left fault scarps preserved on the ground surface, and 
these are potential sources of information. An increased understanding 
of how scarps degrade over the years would help considerably in 
quantitative hazard assessment. Significant progress has been made in 
each of these fields within the past five years , and it is essential that 
such progress continue. 

The occurrence of a large earthquake with surface faulting provides 
an unparalleled opportunity for studying tectonic processes, so it is 
important to be prepared to make studies in the field immediately 
following the earthquake. Valuable information can be obtained from 
foreign earthquakes as well as from U.S .  earthquakes ,  particularly 
since foreign earthquakes occur much more frequently. For example, 
postearthquake field studies of the 1980 El Asnam, Algeria, earthquake 
have provided a better understanding of the tectonic processes asso­
ciated with thrust faults, such as those present in much of the American 
West, and the field studies of the great earthquake in southern Chile 
(magnitude 8 .5) considerably enhanced the understanding of the re­
gional framework for the remarkably similar great Alaska earthquake 
(magnitude 8 .4) . To improve our understanding of earthquake hazards, 
it is essential that postearthquake field investigations continue to be 

Copyright © National Academy of Sciences. All rights reserved.

Earthquake Engineering Research, 1982
http://www.nap.edu/catalog.php?record_id=19571

http://www.nap.edu/catalog.php?record_id=19571


ASSESSMENT OF EARTHQUAKE HAZARD 

50 
... 
... 

It) 
N ... 

d 
+t 
:IE 1 0  � 
z 
lLI 
lLI 5 � 

... � 

� 
lLI 
CD � 

a: ... 
lLI 
CD 
:IE 
:> 1.0 z 

-..J 

� 0.5 
-

� 
z 
<l � 
z 
<l � 
lLI 
:IE 

0. 1  t: 1-1-
.()5 

� 
·� ' 

� 
·, 

6 

� 
' 

' 

� ' 

� 

7 
MAGN I TUDE 

87 

-
-

-

: 
-

-
-

-

� 
' : 

� 
-
-

� 
-
-

\ 
-

\ 
' 
. 

It 

: 
-
-

8 9 

This bar graph shows the number of large earthquakes expected in the world per year. 
For example, five earthquakes of magnitude 7 to magnitude 7.25 can be expected per 
year. The graph is based on a 40-year statistical sample. The dotted line, representing 
the mean annual number of earthquakes in each quarter unit of magnitude, bends off at 
about magnitude 8 .6, indicating that larger earthquakes are not observed to occur. 
Earthquakes of magnitude 6 or greater have the potential for severe damage and therefore 
are of prime importance for earthquake engineering research. Reliable bar graphs cannot 
be drawn for some local regions if the statistical sample is too small. (The magnitude 
plotted in the graph is ML (local) for the smaller values and Ms (surface) for the larger 
values.) 

encouraged and supported, that they include significant foreign earth­
quakes , that they be organized in a timely fashion before critical 
evidence has disappeared, and that they cover a wide spectrum of 
expertise . 

Ea�ern Versus Western Earthquakes 

One of the principal difficulties in evaluating earthquake hazard in the 
United States has revolved around the differences between the eastern 
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and western parts of the country, with the dividing line the eastern 
front of the Rocky Mountains . Whereas most large western earthquakes 
have been clearly related to faults of considerable length that can be 
identified and studied at the ground surface, most eastern earthquakes 
can not be directly related to identifiable faults .  There can be little 
doubt that eastern earthquakes ,  such as those near Charleston, South 
Carolina, in 1886 and near Boston in 1755, originated in fault displace­
ments at depth, but these faults are yet to be identified, especially 
near the ground surface . Thus new techniques must be developed to 
study such events. In recent years a "tectonic province" approach 
has been developed to evaluate seismic hazard for critical facilities in 
the East. It assumes that the maximum earthquake that has historically 
occurred within a tectonic province can equally well happen anywhere 
else in the province. But this technique is far from satisfactory. A 
recent National Academy of Sciences study on the siting of critical 
facilities concluded that "although at present the tectonic province 
approach may be the only practical method for siting critical facilities 
in parts of the eastern United States ,  in the long run,  we must work 
toward a procedure for the East that is similar to that in the West­
one that is based on identifying individual geological structures re­
sponsible for earthquakes . " *  

The past few years have brought considerable progress i n  identifying 
such causative structures in the region of the 18 1 1 - 18 12  New Madrid, 
Missouri , earthquakes .  But the needed understanding of why earth­
quakes occur in the East and why they occur where they do has yet 
to be achieved , and research is urgently needed to answer these 
questions . 

Maximum Earthquake Size 

An often-asked practical question, particularly for critical structures 
such as dams and nuclear power plants, is , "What is the maximum 
earthquake that can occur in a given region. "  The question is almost 
impossible to answer unless it includes a time frame. That is, the 
maximum earthquake that might occur within a typical 1()()..year period 
will usually be much smaller than one that might occur in the same 
area during a 100,000-year period. While it is true that a "maximum 
credible" earthquake may exist that geologically cannot be exceeded 
no matter how long one waits, this is an exceedingly difficult concept 

* Panel on Earthquake Problems Related to the Siting of Critical Facilities, 
Committee on Seismology, Earthquake Research for the Safer Siting of Critical 
Facilities, National Academy of Sciences, Washington, D.C., 1980. 
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to quantify , and what is credible to one person may not be to another. 
Thus an increasing trend has developed toward probabilistic stipula­
tions of maximum earthquakes .  The geologist or seismologist, or even 
the engineer, should not have to decide alone whether a critical project, 
for example , should be designed for a 100-year or a 100,000-year 
maximum earthquake. This decision, which involves considering the 
acceptable level of risk, should receive input from the owner and the 
public, who usually must either accept the risk or pay the cost of 
mitigating it . Proposed projects not uncommonly now consider several 
maximum earthquakes corresponding to several degrees of likelihood. 
The project planners must then decide which of these represents the 
appropriate level of safety, recognizing that "absolute" safety is an 
unrealistic goal . 

Factors that are usually considered in the stipulation of maximum 
earthquakes include (l) the instrumental and historical record of large 
earthquakes in the general area, (2) comparisons with geologically 
similar areas elsewhere in the world that may have a more complete 
historical or instrumental record, and (3) the nature of local faults 
whose displacement might cause the maximum event . In particular, 
seismologists have long recognized that large earthquakes do not occur 
on short faults ,  and recent correlations based on numerous worldwide 
observations of the length offault rupture versus earthquake magnitude 
give considerable insight into the maximum events that a given fault 
can credibly produce . Further differences are observed for thrust 
faults, normal faults, and strike-slip faults . Consequently , the defor­
mational processes and tectonic style in the region must be understood 
to estimate the maximum earthquake . Additional clues may come from 
trenches excavated across faults, where it is sometimes possible to 
observe displacements associated with specific prehistoric earthquakes ,  
and thus to  infer something about their probable magnitudes .  The 
uncertainties associated with the foregoing items are, of course , 
reflected in seismic zoning maps ; such maps should properly specify 
levels of uncertainty as well as relative hazard. 

Probabilistic Approaches 

The preceding sections have mentioned the problems and challenges 
involved in developing more satisfactory statistical and probabilistic 
approaches to assessing earthquake hazard. Despite the many prob­
lems , such approaches will clearly increase in importance as time goes 
by, in the effort to systematize and quantify hazard assessment . It is 
important to encourage research in this area since off-the-shelf methods 
are often inadequate . 
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A. Thrust faulting under horizontal compressive 
strains .  Example: San Fernando, California; Feb­
ruary 9, 197 1 ; magnitude 6.5.  

B .  Normal faulting resulting from extensional 
strains. Example: Dixie Valley,  Nevada; Decem­
ber 16, 1954; magnitude 7 . 1 .  

""' " 
-

C. Underthrust faulting in a subduction zone. 
Example: Alaska; March 27, 1964; magnitude 8.4. 

FAULT PLANE 

D. Strike-slip displacement on a vertical fault 
plane. Example: San Francisco; April 18, 1906; 
magnitude 8.2 .  

These four types of faulting generate destructive earthquakes in the United States. 
Ground shaking close to the causative fault can be significantly affected by the type of 
faulting. For earthquakes smaller than the above, the fault displacements usually do not 
reach the surface of the ground, and the entire faulting process may occur at considerable 
depth. 

The fragmentary nature of the statistical record of earthquakes 
constrains the analyses that can be done. To overcome these con­
straints ,  assumptions about physical or statistical processes are cus­
tomarily made . The results of the statistical analyses thus contain 
information both about the seismic record and about the implicit 
assumptions, so that the reliability of an analysis strongly depends on 
the quality of the assumptions . To improve the statistical analyses 
requites a better understanding of where, when, and why earthquakes 
occur, to guide the statistical assumptions. Research should also seek 
the optimum statistical methods of analyzing fragmentary data. These 
methods themselves may depend on the results of even more basic 
research directed toward determining whether or not an earthquake 
occurrence can be described as a stationary or nonstationary process. 
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Earthquake prediction has the potential to make important contribu­
tions to earthquake engineering and disaster planning. As yet, however, 
it remains a complex and exciting scientific goal, for nowhere in the 
world is routine earthquake prediction a reality . It would be a mistake 
for engineers to assume that the near future will bring routine short­
term predictions (e .g . , to predict the size and location of events that 
will occur within weeks or months) . Furthermore , even if eventually 
successful, the capability to make short-term predictions will certainly 
have a greater impact on disaster planning and earthquake preparation 
than on normal engineering efforts . In the design of a structure, or in 
land use planning, the engineer must necessarily consider the likelihood 
of events that might occur over the total life of the project-for 
example, 50 years for a building, or 100 years for a dam. Thus short­
term predictions are somewhat irrelevant to most engineering planning, 
regardless of how valuable they may be in disaster preparation. (An 
exception would be the planning of practical engineering techniques 
to respond to a short-term prediction, for example by shutting down 
a critical facility. )  Long-term predictions (such as in the southern 

Satellite photograph of the Los Angeles region clearly shows the San Andreas fault 
running across the picture. Aerial photography has been developed as a powerful tool 
in identifying potentially hazardous faults . 
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California area) are more feasible technically and more useful to 
engineering planning. 

Nevertheless,  scientific research aimed at short-term predictions is 
not entirely distinct from that aimed at long-term predictions and 
probabilistic statements, so the engineering community has consider­
able stake in the overall program of prediction research. For example , 
during the last five years many of the dense seismological networks in 
California have been supported largely by funds for earthquake pre­
diction, and yet the output of these networks forms one of the principal 
bases for probabilistic approaches to evaluating earthquake hazard. 

Reservoir-Induced Earthquakes 

A particularly worrisome engineering problem concerns earthquakes 
that have been triggered by the filling of reservoirs . At least two major 
dams (Koyna Dam in India and Hsinfengkiang Dam in China) have 
been seriously damaged by reservoir-induced earthquakes ,  both of 
which exceeded magnitude 6. Some 70 other dams and reservoirs have 
experienced induced activity at either macro- or micro-earthquake 
levels . Although this represents only a small proportion of the total 
number of dams worldwide, engineers cannot afford to dismiss the 
possibility of triggered earthquakes associated with large and deep 
reservoirs at any major dam now being planned. 

Research on the subject during the past decade has identified several 
factors that appear to have had an influence on reservoir-triggered 
earthquakes .  However, no completely diagnostic geological, hydrol­
ogical, or geophysical criteria have been identified that can indicate 
exactly where reservoir-induced earthquakes are possible or impossi­
ble . For example , such events have occurred in a wide variety of 
geological settings , including areas of normally low seismicity and 
areas not previously known to have active faults . Statistical summaries 
do indicate that induced earthquakes are more likely to occur near 
large and deep reservoirs , and recent borehole studies of the hydro­
logical and stress regimes near reservoirs have been very promising in 
the effort to understand the mechanics of the triggering process.  But 
routine identification of dangerous areas-particularly for the larger 
and deeper shocks-remains elusive. Nevertheless, this appears to be 
a field where the implementation of a vigorous research effort could 
produce significant progress in the next decade. In the meantime, 
engineers have little choice but to assume that , virtually regardless of 
the geological environment , high dams retaining large reservoirs must 
be designed while recognizing the possibility of a large induced 
earthquake centered nearby. 
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The ultimate objective of earthquake hazard assessment is to specify 
the ground shaking that will govern the seismic design of a structure 
or facility. To assign an earthquake ground motion for a structure, a 
stipulation must be made of the magnitude and location of the most 
severe event to be considered and then an inference is made of a 
probable ground motion at the site based on actual accelerograph 
records obtained elsewhere from earthquakes of similar magnitudes at 
similar distances .  The reliability of this method clearly depends on 
having an adequate data base of recorded ground motions .  Conse­
quently, it is desirable that several accelerograms be available that 
have been recorded during earthquakes of the same magnitude and at 
the same distance from the site , at locations having similar local 
geological conditions and soil conditions , and for source mechanisms 
having different styles of faulting, depths of focus , and other rupture 
parameters . The present data base is not large enough for purposes of 
hazard assessment . 

Conclusion 

An improved ability to assess earthquake hazard can provide important 
benefits. If the hazard is underestimated, as was the case in Tangshan, 
China, a great disaster can result . If the hazard is overestimated, on 
the other hand, unwarranted expenditures can take place . There should 
be continuing research on improving hazard assessment in the United 
States , and this effort should interact closely with similar efforts in 
foreign countries . 
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Earthquake Ground Motion 

The quantitative description of earthquake ground motion i s  the starting 
point for any scientific investigation of earthquake phenomena. As 
such, it is also the indispensable foundation for the development of 
earthquake engineering. Recordings of strong earthquake ground mo­
tions are used in the analysis and design of many important structures ,  
and they provide the basic information on the characteristics of ground 
shaking that is used to set design criteria for nuclear power plants, 
high-rise buildings , major dams, offshore platforms , and other struc­
tures. Such recordings also form the basic data for research on the 
source mechanisms of destructive earthquakes. 

Major advances have marked the study of earthquake ground motion 
during the past decade, but it is now evident that new planning and 
organizational strategies are needed to ensure continued optimal 
development . Much of the recent progress has resulted from the greatly 
expanded and improved instrumentation networks that collect basic 
data and from the much enlarged data bank they have provided. Many 
of the new problems relate to the rapidly escalating costs of expanding 
these networks and to uncertainties over when a principle of diminishing 
returns may take effect . 

Four of the seven major recommendations made by the Panel on 
Ground Motion in the 1969 National Research Council-National Acad­
emy of Engineering publication Earthquake Engineering Research 
directly related to improvements in strong-motion accelerographs and 
to increasing their deployment throughout the seismic regions of the 
world. These recommendations have been a factor in the rapid increase 
of installed accelerographs , which have multiplied fivefold in number. 
Today many hundreds of excellent earthquake accelerograms are 
available for recent earthquakes .  A summary of the accelerograms 
obtained during four recent important earthquakes reveals this rich 
increase in our basic data resources .  

1 .  The San Fernando earthquake of February 9, 197 1 ,  occurred near 
the center of one of the most densely instrumented regions of the 
world. These instruments had been installed by building owners , power 
companies , nuclear reactor operators , government agencies ,  and other 
groups .  Two hundred and forty-one three-component accelerograms 
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were obtained,  most of them within 75 km of the epicenter. The 
records included one important measurement adjacent to Pacoima 
Dam, which was very close to the epicenter. This record included the 
highest acceleration peak value recorded up to that time . Simultaneous 
readings at three different elevations in some 40 high-rise buildings 
were also recorded, providing an unprecedented opportunity to com­
pare measured responses with design calculations. Both seismologically 
and with regard to earthquake-resistant design, this set of records has 
been of major importance. 

2. The Imperial Valley earthquake of October 15 ,  1979, occurred in 
a highly seismic region from which records of many different earth­
quakes had been obtained.  Among the approximately 40 free-field sites 
in the epicentral region that produced excellent records was an 
important set of accelerograms from a 1 3-station linear array transverse 
to the causative fault , with all but one within 10 km of the fault . One 
of the stations , located in the V between the main fault and a branch 
fault , was 1 km from the main fault , and it recorded a vertical high­
frequency peak acceleration of 1 .  74 g, the highest value directly 
measured so far. A recently designed multistory building 7 km from 
the fault , which suffered major structural damage, was instrumented 
with a central recorder and 13 accelerometer transducers . A highway 
bridge within 2 km of the fault , which was essentially undamaged, was 
instrumented with two central recorders and 26 transducers . These 
important records are being analyzed and will contribute substantially 
to the study of structural response to earthquakes .  

3 .  The Friuli earthquake of May 6, 1976, was centered in a region of 
northern Italy well covered by an accelerograph network. Ten stations 
operating in the epicentral region before the main shock and an additional 
eight stations installed afterward to study aftershocks produced over 
200 accelerograms .  Records were obtained from a wide variety of 
distances and soil conditions ,  and analysis of them is revealing many 
important features of earthquake ground motion in the region. 

4. The Montenegro earthquake of April 15 ,  1979, was recorded by 
29 accelerographs and 2 1  seismoscopes of the Yugoslavian network. 
Over 200 accelerograms and more than 40 seismoscope records were 
obtained within one month. No records were lost because of instrument 
malfunctions , indicating that, with proper installation and maintenance , 
modem commercially available accelerographs have a high level of 
field reliability. 

These basic ground motion measurements are of major importance 
to earthquake engineers because they make it possible to ( 1 )  compare 
various earthquakes in different parts of the world according to their 
overall characteristics and potential for structural damage, (2) interpret 
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the behavior of particular structures and decide whether damage 
resulted mainly from strong ground motion or a weakness in the 
structure, (3) quantify the basic parameters of the processes of 
earthquake generation and transmission so that seismological investi­
gations can be interpreted and applied to engineering problems, and 
(4) provide the extensive data bank necessary to deal with the large 
number of variables involved in the generation and propagation of 
earthquake waves and their interactions with structures. 

A very considerable portion of the earthquake engineering research 
program of recent years has concentrated on the problem of recording 
destructive ground motions .  Twenty-five years ago rather primitive 
accelerographs for recording strong ground shaking were installed at 
only 38 stations in all of the United States, and most earthquakes were 
too far from an instrument for the strong shaking to be recorded. As 
new and improved instruments were developed, and as knowledge of 
earthquakes and of the need to record ground motions was dissemi­
nated, a substantial number of instruments were installed. This is 
clearly a success of the earthquake engineering research program in 
the United States ,  and a number of foreign countries have emulated 
it using instruments purchased in the United States .  

The existing strong-motion accelerographs in the United States have 
been installed by a large number of organizations for special purposes.  
As a result, the locations of the instruments are far from optimum for 
research purposes .  A U .S .  strong-motion program is needed to coor­
dinate between the installers of instruments and the users of data. This 
was emphasized in the report of the U.S .  National Workshop on 
Strong-Motion Earthquake Instrumentation, which was held in Santa 
Barbara, California, in April 198 1 .  * The workshop recommended that 
a National Committee on Strong Earthquake Motions be established, 
under the aegis of the National Research Council , to plan a national 
program and to coordinate efforts. This should certainly be done. 

The Measurement of Strong Ground Motion 

The three-component , mechanical-optical, 70-mm-film recording ac­
celerograph, which accounts for the vast majority of the some 5 ,000 
instruments now deployed throughout the world, has resulted from 
several generations of design development and has achieved a high 
level of effectiveness. The analog film record has a number of 
advantages ,  including the widespread availability of processing facilities 
and the ready availability of data. A disadvantage for dense networks 

* Iwan, W. D. (ed.) ,  U.S.  Strong-Motion Earthquake Instrumentation, Cali­
fornia Institute of Technology, Pasadena, California, 198 1 .  
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This ground shaking was recorded by a strong-motion accelerograph during the 198 1  Westmorland, California, earthquake. 
The recording instrument was close to the causative fault and the faulting was at a shallow depth, so the ground motions 
were relatively intense for a magnitude 5.6 earthquake. As is typical for recorded U.S .  earthquakes,  the vertical motion 
had higher frequencies than did the two horizontal components of shaking. The strong phase of shaking had a duration 
of about 4 seconds; for a magnitude 8 earthquake the strong phase would be about 30 seconds. The horizontal motions 
are composed mainly of shear waves, which travel with a speed of approximately 2 miles per second. The vertical 
motion is composed mainly of compression waves, which travel with a speed of approximately 3 miles per second, 
thus arriving I second earlier for about every 6 miles traveled from the common origin. The instrument is turned on by 
a trigger that senses vertical motion and is then turned off when the shaking stops. 
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that generate a large number of records is the relatively slow analog 
trace digitization that is often employed. This problem has been 
mitigated to some extent by the development of completely automatic 
scanning digitizers , which are now available at a number of data 
processing centers . 

All strong-motion instrumentation systems now in use or being 
designed are digital systems in the sense that important stages of signal 
conditioning and data processing occur in a digital format. All such 
systems are also analog systems in the sense that the basic transducer 
is an analog device . The basic differences between systems lie in the 
point at which analog-digital conversions take place and in how these 
conversions are done . 

The rapid development of digital data recording and processing has 
opened new possibilities for the design of strong-motion accelero­
graphs . Among the potential advantages of direct digital recording are 
the following. ( 1 )  A memory can easily be incorporated to recover the 
first ground motions .  (2) A wide dynamic range, extended if necessary 
by gain ranging, makes it possible to combine seismological and 
earthquake engineering investigations .  (3) Data processing is simplified 
and speeded up to the extent that separate digitization processes after 
recording are not required. (4) Using microprocessor techniques ,  
complicated starting algorithms can be  incorporated and parameter 
change, including the use of various transducers , can be made very 
flexible . 

In their present commercially available forms,  digital accelerographs 
also have certain disadvantages ,  some of which natural design evolu­
tions will no doubt overcome. ( 1 )  Their high power requirements 
significantly reduce stand-by time after an external loss of power. The 
stand-by time is typically several days rather than the several months 
common for analog accelerographs . (2) Their increased overall com­
plexity requires more frequent field service and a higher level of training 
for field technicians. (3) Instrumentation costs are significantly higher. 
(4) More elaborate data processing systems may be necessary to 
prepare digital tapes from the field for computer processing. 

Although the current types of systems for motion sensing, signal 
conditioning, and data processing are in general satisfactory for 
acquiring most of the ground motion data required by earthquake 
engineers , there are some points at which extensions of present 
capabilities would be desirable . Most important is an extended fre­
quency range, which could provide both the information at higher 
frequencies needed to calculate certain machinery and equipment 
responses and the very long period data required to study such 
phenomena as the movement of water in reservoirs . 

Strong-motion instrumentation is now passing through a period of 
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rapid change. Currently available digital systems have successfully 
recorded strong earthquake ground motion under field conditions, but 
none of them has yet accumulated the years of field testing under 
unattended conditions needed to establish their long-term reliability, 
a factor that is of decisive importance to earthquake engineering. 

Recommendation 

The increasing cost and complexity of modem measurement technol­
ogy, and the wide range of choices to be considered in designing 
instrumentation systems, makes more comprehensive studies of opti­
mal configurations essential. Such investigations should include a 
consideration of: 

a. The optimal division of function between field and laboratory. 
b .  The optimal match between the noise spectra of the instrumen­

tation system and the spectra of measured quantities .  
c.  Full exploitation of modem techniques of direct digital recording 

and data processing, consistent with economic constraints and field 
reliability . 

d. Increased development of systems with wide dynamic and fre­
quency ranges for joint seismological and earthquake engineering 
applications. 

Networks and Arrays 

The first strong-motion accelerographs were independent stations at 
sites having a high probability of strong earthquake ground motion in 
the near future . As the number of accelerographs multiplied, the 
assemblage of instruments began to be seen as a network, whose 
primary function was to ensure that no earthquake would occur 
anywhere near the network without being recorded by at least one 
accelerograph. This modest goal has now been achieved for many 
important seismic regions in the world, but there remain many other 
highly seismic regions for which even this minimal objective has not 
yet been attained. 

A network may be defined as any group of instruments having some 
common feature, such as management, maintenance,  or data process­
ing. Each station of the network can independently produce information 
of value, but the total information from the network is greater than 
the sum of the parts, since relationships between measurements at 
various sites can be established. 

Very early in the development of strong ground motion instrumen­
tation the idea emerged of deploying a number of interconnected 
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instruments to study in detail particular features of ground motion or 
structural response . Such an interrelated group of instruments , which 
may or may not also be part of a broader network, is called an array . 
The first arrays were structural arrays installed in tall buildings . They 
usually involved three accelerographs,  one at ground level to record 
input ground motions, and two at upper-story locations to define the 
modes of structural response . The three accelerographs were hard­
wired so that common time signals would synchronize the records. 
Presently there are hundreds of high-rise buildings in the world 
instrumented in this way, and structural arrays involving multiple 
transducers recording at central points have been installed in many 
dams, bridges ,  power plants ,  and buildings. 

The next development in array design sought to study ground motion 
itself. One of the first ground motion arrays was a line of accelerographs 
located transverse to the San Andreas fault near Parkfield, California. 
Because of this array, the Parkfield earthquake of 1966 produced 
valuable information about the attenuation of ground motion with 
distance from the fault and about details of ground motion in the 
immediate vicinity of the fault . 

Ideas of network and array design were brought to a focus in 1978 
by the International Workshop on Strong Motion Earthquake Instru­
ment Arrays in Honolulu, Hawaii, which was sponsored by the National 
Science Foundation (NSF) and the United Nations Educational, 
Scientific and Cultural Organization (UNESCO). This workshop iden­
tified 28 sites in the world that combined high seismicity, accessibility, 
and the presence of features of geologic or engineering interest to 
make them favorable locations for instrument arrays .  Six of the sites 
were selected as high-priority areas , and the workshop strongly 
recommended that instruments be installed there. The judgment of the 
workshop was confirmed by strong earthquakes at two of the high­
priority sites within about a year of the conference. 

The first major ground motion array to be installed in response to 
the Honolulu recommendations , and the first to exploit modem instru­
ment technology fully, was the Taiwan array . This geometric array of 
37 digital accelerographs in three concentric circles with an outer 
radius of 2 km was designed, installed, and is being operated by the 
Institute of Earth Sciences and National Taiwan University in coop­
eration with the University of California at Berkeley. The accelero­
graphs have high-accuracy internal clocks for common timing and 
digital memories for first motion information. Since the array was 
installed in 1980, several strong earthquakes very near to it have 
provided much information for both seismologists and earthquake 
engineers . 

From such arrays earthquake engineers can expect to learn much 
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more about such important factors as the spatial variation of ground 
motion over short distances (on the order of the dimensions of 
engineering structures), the variation of ground motion with depth, 
and the correlations between motions in different directions at a point. 
These are matters of key importance in applying much current theo­
retical work in soil-structure interaction. 

Under the stimulus of the Honolulu workshop, several other arrays 
are in various stages of design and implementation. An array has been 
designed and funded and the instruments have been procured for a 50-
accelerograph network with highly accurate timing in the Himalayan 
regions of India. A special array has also been designed and funded 
for location near Beijing in the People's  Republic of China. Preliminary 
planning has occurred and proposals have been made for special 
purpose arrays in Mexico, Turkey,  and Greece. 

Another product of the Honolulu workshop was the formation of 
the International Strong Motion Arrays Council, which is under the 
auspices of the International Association for Earthquake Engineering 
(IAEE) with UNESCO support. This committee hopes to play a 
coordinating role in the areas of development, data analysis, and data 
dissemination for the many instrument networks and arrays now 
forming. 

The rapid expansion of networks and arrays throughout the world 
has created a series of new problems for earthquake engineering. The 
costs of instrument acquisition, maintenance, and data collection and 
analysis are mounting rapidly , and questions of optimal resource 
management are now of pressing importance. A proper division of 
resources between the various elements of earthquake engineering 
demands that priorities be studied much more carefully than they have 
been in the past. 

Recommendation 

The number of strong-motion accelerographs in the world has now 
grown to the point at which major problems of maintenance, data 
processing, and data dissemination are appearing. Additional increases 
in strong-motion instru

'
mentation, which are essential for some seismic 

areas of the world, should proceed only after detailed studies of optimal 
combinations of single sites, networks, and special arrays .  Careful 
thought should also be given to their integration with existing instru­
mentation systems. However, a number of highly seismic regions in 
the world, with populations exposed to a high seismic hazard, still 
have no adequate instrumentation for measuring destructive earthquake 
ground motion. The minimal goal of at least one measurement of 
damaging ground motion for every destructive earthquake, no matter 
where it occurs , should be sought. 
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Data Processing 

From recordings of strong ground motion made in the field, earthquake 
engineers wish to derive the maximum possible information about 
ground displacements , velocities , and accelerations and about the 
associated frequency spectra over as wide a dynamic and frequency 
range as is feasible within the cost constraints of instrument deploy­
ment, maintenance, and data processing. None of these significant 
parameters of ground motion is directly measured by the current 
commercial instrumentation systems over the desired frequency range. 
Hence data corrections and extensions of various kinds are a necessity 
for all measurements. For a number of technical reasons,  the instru­
mentation system that most nearly meets all practical requirements­
simplicity, ruggedness, ease of installation and calibration, and long­
range field reliability-produces outputs closely proportional to ground 
acceleration over the frequency range most often involved in earth­
quake engineering calculations .  It is in this sense that the basic 
instruments used for strong ground motion and structural response are 
called "strong-motion accelerographs ."  

Methods for extending the frequency range of accelerographs by 
introducing transducer corrections, and for minimizing various sources 
of instrumental and digitization noise with digital filter techniques , thus 
permi.tting the accurate calculation of other ground motion quantities ,  
have been worked out in  considerable detail and are widely used in 
all countries. Investigations have shown that alternate data processing 
techniques produce essentially the same result , and there is general 
agreement as to the accuracy of present-day measurements when they 
are made with care and processed with the most modem procedures.  
Further improvements in data processing are likely to consist of gradual 
improvements in the computational aspects of the problem and greater 
ease in transmitting digital data from the field to the laboratory to the 
final user. 

Data Dissemination 

As the global data bank of strong-motion measurements grows at a 
rapid pace, the problem of data dissemination is causing increasing 
concern. The situation is further complicated by a tendency in many 
countries toward more and more agencies engaged in data acquisition 
and processing. This matter is being addressed by the IAEE's Inter­
national Strong Motion Arrays Council , but so far no completely 
effective organizational procedures have emerged. 

Small-scale demonstrations have shown the effectiveness of com-
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puterized data retrieval systems for strong-motion data, and this is 
clearly a field in which such modem data retrieval systems could be 
easily applied. The main requirement for successful initiatives in this 
area is a reasonably long-range funding commitment, until an educa­
tional program can make the project self-sustaining. 

Recommendation 

A major effort should be made to increase the availability of past 
ground motion measurements in a standard format to all investigators 
in all countries .  Much existing information is not used to full advantage 
because investigators do not know about it or do not know how to get 
it in a suitable form. Modem computerized data retrieval systems 
should be able to solve this problem, given stable long-term organization 
and funding. 

Data Interpretation 

For several seismic regions in the world, the data bank of strong­
motion measurements is sufficiently large that meaningful statistical 
investigations can begin. Most commonly, regression analyses are 
made for various quantities such as peak ground acceleration or 
spectrum ordinates .  These regressions are based on three variables­
earthquake magnitude, distance from the site to the point of major 
se.ismic energy release, and a simplified local soil parameter. Such 
analyses usually result in reasonably stable averages, and for some 
regions , such as Japan or the western United States ,  these average 
values are clearly well determined and not likely to change drastically 
with additional data. The problem is the very large dispersion-usually 
an order of magnitude or more-which will be very- difficult to reduce 
significantly .  The problem has been greatly oversimplified and many 
more variables will have to be introduced, though many of these 
complications have been widely recognized. Clearly, surface ground 
motion can be much influenced by such factors as ( 1 )  details of energy 
transformation in the focal region, (2) transmission path effects , 
involving nonuniform layers , surface topography, focusing effects , 
etc . ,  and (3) local geology and soil conditions . But there is not now 
enough information on most of these factors to permit their inclusion 
in regression analyses . As seismological and earthquake engineering 
research proceeds , we can expect a gradual narrowing of the presently 
unacceptable dispersion limits. 

A striking example of how difficult it is to obtain very basic 
information needed to interpret strong-motion accelerograms is the 
lack of accurate information on local soil and geological conditions at 
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0. 4-

0.2 
Idealized contour lines of shaking intensity show how the intensity of motion decreases 
with distance from the causative fault. For a real earthquake the contour lines are 
irregular, reftecting the details of the source mechanism, the geology of the travel path, 
and local geology. The attenuation is due to two causes: ( 1 )  geometric attenuation as 
the seismic energy spreads over larger volumes of material (this is particularly effective 
in the region of strong shaking) and (2) energy dispersion and dissipation due to 
inhomogeneities and other properties of the rock through which the waves pass (this 
nongeometric attenuation is particularly effective at larger distances from the fault) . 
The above curves are based on scanty data, because few strong earthquake ground 
motions have been recorded. For instance , no recordings have ever been made near 
the strong shaking of an earthquake with a magnitude of 7.8 or greater. This lack of 
data is a particular problem for studies of disaster prevention. 

accelerograph sites .  A recent detailed investigation of a number of 
local site conditions ,  involving borehole investigations , showed that 
36 of 50 sites generally reported in the literature as being on rock were 
in fact on at least 50 ft of alluvium. With so much uncertainty at the 
accessible end of the transmission path, the difficulty of describing the 
whole path can be imagined. 

Recommendation 

Increased efforts should be made to reduce the dispersion in estimates 
of ground motion parameters at a given site . This will probably involve 
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This simplified set of curves iUustrates how the intensity of shaking diminishes 
with distance from the fault for California earthquakes .  For example, a peak 
acceleration of 100 cm/s2 (or about 0. 1 g) could be produced by a magnitude 5 
earthquake at a distance of 12 km, whereas a magnitude 8 .5  event could produce 
the same acceleration at a distance of 200 km. The magnitude 8.5 earthquake 
would have much stronger long-period components of motion and much longer 
duration than the magnitude 5 earthquake, and therefore a greater potential for 
damage. At close distances the shaking is inftuenced by the details of the faulting 
process . 

the introduction of additional parameters to describe details of the 
earthquake source mechanism and transmission path, requiring major 
programs of theoretical investigations and field measurements . 

Strong-Motion Data and Design 

Earthquake engineers who develop earthquake-resistant designs must 
somehow translate the measurements of ground motions from field 
instruments and laboratory analyses into quantities directly related to 
the destructive effects of earthquakes on structures. An accurate 
measure of seismic destructiveness has so far eluded earthquake 
engineers , despite many notable attempts . Such a measure is , of 
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PERIOD (sees) 
This response spectrum, calculated from the north-south ground acceleration 
recorded at the Holiday Inn during the 197 1  San Fernando, California, earthquake, 
shows how effective the motion is in vibrating structures. The values in the graph 
are the maximum acceleration, maximum velocity, and maximum displacement 
of a simple vibrating system of specified period of vibration if subjected to the 
ground motion. (The curves are for 0, 0.02, 0.05 ,  0. 1 ,  and 0.2 fraction of critical 
damping.) 

course, a key step in approaching a major goal for earthquake 
engineers-the selection of an earthquake ground motion appropriate 
for design. 

A wide range of quantities have been suggested and examined for 
this purpose: ( 1 )  peak values of ground acceleration, velocity , or 
displacement, (2) modification of such peak values , defining various 
"effective" peaks, (3) various ordinates or limiting values offrequency 
spectrum curves ,  (4) areas under response spectrum curves for selected 
parameters , (5) root-mean-square ground acceleration,  or spectral 
density , and (6) quantities of the above type combined with the duration 
of strong ground shaking, defined in various ways. General agreement 
now exists that no one number can be expected to characterize damage 
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phenomena of such complexity satisfactorily, and attention is turning 
to various combinations of parameters. A basic difficulty is the complete 
absence of actual tests to collapse or failure of full-scale civil engineering 
structures .  This makes it very difficult to assess such factors as the 
deterioration caused by repeated loads, and hence to bring the effects 
of duration into the picture. 

Developing suitable measures of seismic destructiveness is the most 
important problem in earthquake ground motion now facing earthquake 
engineers . Solving this problem will require not only a more thorough 
study of existing ground motion data but also a much more detailed 
knowledge of how earthquakes damage structures. Progress in this 
second phase of the subject will call for many more laboratory 
investigations, analytical studies of the nonlinear response of struc­
tures, and detailed studies of the effects of earthquakes on actual 
structures ,  involving measurements of structural response during 
destructive earthquakes . For this reason the inclusion of instrumented 
structures in the strong-motion networks of the world is of key 
importance. Recent advances in the subject of "systems identification" 
have facilitated the interpretation of such structural records. This 
procedure seeks to identify and analyze structural models using input 
and output measurements made at discrete points in a structural 
system. 

Recommendation 

Major efforts are needed to relate measured earthquake ground motion 
parameters to structural damage in the critical range approaching 
complete failure . Using measured quantities to define a "damage 
parameter" that would correlate well with earthquake damage would 
be a major step forward in earthquake engineering. 

Management of the Strong-Motion Data Acquisition 
Program 

The details of the organization, management, and operation of various 
strong-motion networks in the world have varied greatly from country 
to country . The interchange of information has mainly resulted from 
many informal arrangements between key individuals. This has been 
an effective process in the past, but it will certainly encounter increasing 
difficulties in the future, as the number of stations in the world increases ·  
and as new generations of researchers enter the field. The IAEE's  
International Strong Motion Arrays Council should be an important 
force in anticipating and dealing with some of these future problems. 

In the United States the basic organizational structure that has 
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slowly evolved over the 50 years of the program, which has been 
highly informal, now faces a number of inevitable changes. In the past 
the program has depended on an effective but ill-defined cooperation 
between government organizations, university research groups, and 
professional engineering organizations. Current social and economic 
forces are altering the traditional patterns of cooperation between 
these three elements. If the past successes of the program are to be 
continued and expanded, as they must be for the health of all earthquake . 
engineering, the entire earthquake engineering community must guide 
these changes through thoughtful consideration. 

A top priority for earthquake engineers in the United States is thus 
to review carefully the organization and funding of the strong-motion 
instrumentation program and to set realistic goals and procedures that 
can be agreed upon by all concerned. The impulse for such an exercise 
must come from the earthquake engineering community itself, and this 
group must expect to play an active and continuing role in the whole 
program. The U.S .  National Workshop on Strong-Motion Earthquake 
Instrumentation in 198 1  addressed these matters in some detail , and 
the workshop proceedings contain a number of significant recommen­
dations that could initiate effective action if implemented. 

Recommendation 

Because major changes can be expected in the organization, manage­
ment, and funding of the strong-motion instrumentation program in 
the United States ,  earthquake engineers should undertake a compre­
hensive study of management and funding problems, with a view of 
formulating specific recommendations for action. 

Strong-Motion Seismology 

In addition to the developments summarized above in collecting and 
analyzing basic strong-motion data from the standpoint of the earth­
quake engineer, the very active research programs of seismologists, 
geophysicists, and geologists have brought major advances in the 
theoretical aspects of the subject over the past decade. The increasing 
availability of near-field ground motion measurements close to the 
source of seismic energy release has provided strong incentives to 
study source mechanisms for earthquakes and to increase research on 
all aspects of the generation and transmission of earthquake waves.  

Within a year after the installation of the Parkfield ground motion 
array mentioned above, a strong earthquake on the San Andreas fault 
occurred virtually at the center of the array, giving an excellent set of 
near-field records. This first recording of ground motion in the imme-
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diate vicinity of a fault aroused great interest among seismologists and 
geophysicists , who recognized the value of these measurements for 
investigating basic fault mechanics .  More than 20 papers were published 
that used these strong-motion records to study the rupture process of 
the Parkfield earthquake. 

This resurgence of interest in basic problems of earthquake me­
chanics has taken the form of a variety of attempts to model and 
parameterize earthquake rupture processes while fully exploiting mod­
em advances in computing techniques. At first, simulations of strong 
motion had to assume an overly simplified earth model, but now more 
realistic crustal structures ,  including sedimentary layers , can be han­
dled within reasonable computer time limits. In the meantime, several 
more earthquakes ,  including Borrego Mountain in 1968, San Fernando 
in 197 1 ,  Oroville in 1975 , Coyote Lake in 1979, and Imperial Valley 
in 1979, have produced high-quality strong-motion records, and nu­
merous modeling and simulation studies of these have been made. 

These studies have boosted the confidence of investigators in trying 
to estimate strong ground motion from a basic understanding of fault 
mechanics .  Now a major goal is to extrapolate the results from these 
moderate-sized earthquakes to estimate ground motion for major 
earthquakes .  Researchers would also like to learn how to apply the 
results from these California earthquakes to earthquakes elsewhere in 
the country and the world. Recent work on measuring the attenuation 
of high-frequency seismic waves throughout the United States may 
help answer this question. 

Recommendation 

Basic information about earthquake source mechanisms and seismic 
wave propagation, while of value to earthquake engineering, must be 
developed mainly by seismological and geological research. The U.S .  
programs in  seismology and earthquake geology should accept the 
responsibility for funding vigorous programs of research on these 
important subjects . 

Fault Mechanics and Source Parameters 

By the end of the 1960s researchers widely agreed that an earthquake 
results from a slip dislocation, that is, a discontinuous displacement 
across a fault plane. The slip is, in general, a function of time and 
location on the fault plane . Once this slip function is given, seismograms 
can be calculated within a certain frequency band for any observation 
point, provided that the impulse response for the earth (the so-called 
Green' s  function) is known. Various forms of the slip function based 
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on simulations, fracture mechanics ,  and intuition have been proposed. 
For example, one of the simplest forms, called Haskell' s  model, 
describes a rectangular fault with width W and length L over which a 
uniform slip, AU, takes place. The rupture propagates along the length 
with a constant velocity , v. The slip at any point on the fault starts to 
increase linearly with time at the arrival of the rupture front, and stops 
when the amount of slip reaches AU. The time required to complete 
the slip is called the rise time, T, and is assumed to be the same at 
every point . Thus five parameters (L, W, AU, v, and 1) describe 
Haskell' s  model completely . 

This simple kinematic model has been remarkably useful in repre­
senting the gross features of an earthquake source. But various 
modifications have been proposed to add to the details of the process, 
including the following: (l) Instead of a unidirectional propagation, a 
two-dimensional spreading of the rupture front from a nucleation point 
is assumed, at least in the initial stage. (2) Instead of a uniform slip 
and constant rise time over the fault plane, a uniform drop in stress 
over the fault plane is used. (3) Instead of a constant rupture velocity, 
the propagation of the rupture front is assumed to be controlled by a 
certain criterion of the fracture . (4) Instead of a uniform strength, a 
heterogeneous distribution of strength over the fault plane is used. 

In the slip dislocation model of an earthquake, one source parameter 
does not depend on the details of the rupture process. That is the 
seismic moment, Mo, which equals the final slip integrated over the 
whole area of the fault plane and multiplied by the medium rigidity , 
f.l.· For Haskell ' s  model, Mo = f.I.(AU)LW. The seismic moment is now 
widely accepted to be the most fundamental source parameter of an 
earthquake. It directly measures the extent of faulting and therefore 
the damage caused by static deformation, including the damage from 
a tsunami in the case of a submarine earthquake. The seismic mo­
ment also particularly interests geologists because it is related to the 
fault slip and its area, for which there is often direct field evidence. 

The seismic moment is proportional to the level of the seismic 
spectrum at frequencies much lower than the so-called comer frequency 
of the earthquake (roughly the reciprocal of the duration of the rupture 
process) . On the other hand, the frequency range of strong motion 
from a large earthquake is usually comparable with or higher than the 
comer frequency of the earthquake. Therefore the seismic moment 
may not directly interest engineers , who are concerned mainly with 
the effects of shaking of typical structures .  

The magnitude of an earthquake does not have as simple a physical 
meaning as does the seismic moment, because it is based on the 
amplitude of a particular wave measured by a particular seismograph. 
It is, however, generally believed that Ms (the surface wave magnitude), 
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Mb (the body wave magnitude) , and ML (the local magnitude) are 
proportional to the source spectrum at the periods of 20 seconds , l 
second, and less than l second, respectively .  Therefore, Mb and ML 
measure seismic motion in the frequency range of particular interest 
to engineers . For this reason, ML, as estimated from strong-motion 
records by calculating the response of an equivalent Wood-Anderson 
seismogram, is a useful parameter for earthquake engineering. 

The dependence of the seismic source spectrum on the size of the 
earthquake-that is, the scaling law of seismic spectra-appears to 
vary from place to place. In particular, the differences between 
earthquakes at the margins and in the middle of plates seem to be 
significant, especially in relations between the observed moment and 
the fault area, the magnitude, and the comer frequency. This difference 
has to be carefully considered when applying results from California 
earthquakes to the central and eastern United States.  

Recommendation 

The significance to engineering of basic earthquake source parameters 
such as seismic moment and variously defined earthquake magnitudes 
should be clarified so that earthquake engineers can use them in a 
consistent way. 

Simulation of Strong Motion 

The simulation of strong motion in a realistic model of earthquake 
faulting requires a time-consuming computation. For example, the 
exact solution for an arbitrary slip dislocation in an arbitrary layered 
medium is given by a fivefold integral: two over the fault plane, another 
two over two horizontal wave numbers , and one over frequency. The 
computer time increases with earthquake size, distance to the observer, 
and maximum frequency. A present-day computer, for example, can 
simulate within a reasonable time the strong motion for the great 
California earthquake of 1857 (using the detailed distribution of slip 
obtained by a recent geological study) at l ,000 sites throughout 
California if the frequency range is limited to lower than 0.2 Hz. This 
is ,  of course, too limited a frequency range to answer many questions 
of importance in engineering. To save computer time, various approx­
imate methods (such as mode and ray decompositions) have been 
used, whenever applicable , to evaluate the fivefold integral. More 
general models ,  involving a laterally heterogeneous earth, have also 
been studied using such methods as finite differences, finite elements,  
ray methods, integral equation methods,  and the Rayleigh ansatz 
method. A semiempirical approach in which actual seismograms for 

Copyright © National Academy of Sciences. All rights reserved.

Earthquake Engineering Research, 1982
http://www.nap.edu/catalog.php?record_id=19571

http://www.nap.edu/catalog.php?record_id=19571


1 12 EARTHQUAKE ENGINEERING RESEARCH-1982 

small earthquakes are used as Green's function to calculate strong 
motion for a major earthquake has also made some progress . 

These simulation methods have been applied to the strong-motion 
records for several California earthquakes,  including Parkfield in 1966, 
Borrego Mountain in 1968, San Fernando in 197 1 ,  Oroville in 1975, 
Coyote Lake in 1979, and Imperial Valley in 1979. In addition to the 
strong-motion data, teleseismic body wave data have been used to 
constrain the modeling. Teleseismic data are particularly useful for 
comparing the source processes of earthquakes between the eastern 
and western United States .  

One of the main results that have emerged from these studies i s  that 
the observed high-frequency motions are much stronger than the 
motions calculated with a fault model in which stress drops uniformly 
over the whole area of the fault plane. A heterogeneous drop in stress, 
nonuniform rupture propagation, or nonuniform slip is needed to 
explain observed high-frequency motions, so heterogeneities on the 
fault plane (sometimes called patches,  asperities ,  or barriers) have 
been postulated. 

For frequencies higher than a few hertz, simulation by a deterministic 
model becomes difficult because specifying the required detail requires 
too many parameters . To avoid this difficulty, several attempts have 
been made to introduce a hybrid of deterministic and stochastic models. 
These models specify gross features of rupture propagation determin­
istically and consider detailed ruptures to take place randomly in a 
manner specified by a few statistical parameters . The results of this 
approach have been encouraging. The parameters used to specify 
stochastic models , such as the average local stress drop (within a 
barrier interval) and the cutoff frequency (sometimes calledfmaJ, have 
been remarkably stable for the moderate-sized California earthquakes 
studied so far. 

Recommendation 

Simulations of strong ground motion over the frequency range of direct 
interest to earthquake engineering should be extended, making full use 
of modern theoretical and computational techniques.  

Upper Bounds on Ground Motion : Extrapolation of Data 
from Moderate-Sized Earthquakes 

One of the important problems in strong-motion seismology is to 
estimate the upper bounds on ground motion for a given site. This 
difficult task must be shared with geologists . The strategy is to find 
the maximum possible fault length and width (or depth in the case of 
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a vertical fault) that can break a given section of a mapped active 
fault . Trenching and other archeoseismological methods can be applied 
to find the maximum possible amount of fault slip along the section. 

Once the expected maximum slip is found, the stability of the local 
stress drop (discussed in the preceding section) can be used to find 
the barrier interval or patch size . The stability of the cutoff frequency 
(f......,.) allows this parameter to be extrapolated to a large slip. The 
dependence of the barrier interval and the cutoff frequency on local 
geology and the mechanical properties of rocks in the fault zone should 
be studied to estimate these parameters reliably. 

Once these parameters (length, width, slip, barrier interval, and 
cutoff frequency) are known, the time history can be calculated from 
deterministic modeling for the low-frequency part of strong motion 
and the power spectrum can be calculated from stochastic modeling 
for the high-frequency part . As information about the detailed behavior 
of faults increases , the transition frequency between the two modeling 
regions can be pushed upward. 

Recommendation 

Basic studies of the upper bounds of earthquake ground motion are of 
fundamental importance in evaluating seismic hazards. A combined 
approach using geological and seismological techniques has been 
fruitful, and such investigations should be enlarged. 

Strong Motion of Eastern U.S. Earthquakes: Inference 
from the California Earthquake Data 

Another important problem in strong-motion seismology is to extend 
the results from California to estimate strong motion in other parts of 
the country. 

As mentioned previously, the scaling law of seismic spectra may 
differ between earthquakes at the margins and in the middle of plates ,  
with a higher stress drop possible for the latter. A higher stress drop 
corresponds to a shorter duration of the rupture process. For example, 
a teleseismic waveform study found that the Bermuda earthquake of 
1978 (which was similar to the Boston earthquake of 1755 in tectonic 
setting) had a duration of only 3 seconds at the source, which is 
relatively short for an earthquake with a seismic moment of about 
3 x 1()25 dyne-em. 

A more distinct difference between eastern and western U.S .  
earthquakes concerns the attenuation of seismic amplitude with dis­
tance. In general, this attenuation is much less for the eastern United 
States than it is for the western United States .  The difference is strong 
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for frequencies around l Hz and diminishes with increasing frequency. 
This means that the frequency dependence of attenuation differs 
between the two regions . In the western United States attenuation is 
roughly independent of frequency over an intermediate frequency 
band. This justifies the frequent practice of using similarly shaped 
response spectra for California earthquakes regardless of distance. In 
the eastern United States ,  on the other hand, higher frequencies 
attenuate considerably faster than do lower frequencies. Thus similarly 
shaped response spectra cannot be used at all distances.  This effect 
must be taken into account in applying California response spectra to 
the eastern United States .  As knowledge increases, it may prove that 
an even more detailed breakdown into smaller regions is possible or 
necessary to consider the generation and propagation of damaging 
earthquake waves .  

Earthquakes i n  California and i n  the eastern and central United 
States also differ in that many western earthquake faults rupture to 
the surface, whereas those in the eastern and central states usually do 
not. 

Because of the extremely low attenuation in the eastern United 
States as compared with California, seismic waves traveling along 
multiple paths through the heterogeneous lithosphere arrive at an 
observation site with significant amplitude. This effect tends to make 
the duration of shaking longer, although the source duration may be 
shorter in the eastern United States,  as mentioned earlier. The unusually 
long duration (4- 1/2 minutes) of the Boston earthquake of 1755 perhaps 
resulted from this multipath effect. Such an effect is not strong in 
California, as shown by the relatively short duration (40 seconds) of 
strong shaking during the San Francisco earthquake of 1906. The latter 
duration must be attributed to the duration of the rupture process . 

Thus a correct understanding of fault mechanics and seismic wave 
propagation in each region is absolutely essential before the empirical 
results obtained in one region can be applied to other regions.  

Recommendation 

Progress has been made in comparing source mechanisms and seismic 
wave propagation between California and the eastern and central 
United States .  Further studies are needed to gain basic understanding 
of these subjects , an understanding that is essential to apply results 
from California to sites in the eastern and central United States .  
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Soil Mechanics and Earth 
Structures 

The effects of earthquakes during recent years and a developing 
understanding of these effects have demonstrated the great importance 
of soil mechanics to earthquake engineering. Not only have the 
foundations of structures lost their support during ground shaking, but 
soil deposits and earth structures have themselves failed. Examples 
of such failures include the destructive Turnagain Heights landslide 
during the great Alaska earthquake of 1964 and the near-catastrophic 
collapse of the Lower San Fernando Dam during the San Fernando 
earthquake of 197 1 .  The failure of this earth dam threatened the lives 
and property of 80,000 residents downstream. 

Even when the soil does not fail ,  it may modify the ground shaking 
experienced by structures .  This was vividly illustrated by the contrast 
between motions recorded at the Humboldt Bay nuclear power station 
in 1975 . At the base of the station 75 ft underground a maximum 
acceleration of 0. 14 g was recorded, while at the ground surface a 
maximum acceleration of 0.30 g was recorded. 

Great progress has been made in understanding and explaining such 
behavior and in developing sound concepts and procedures for de­
signing new structures and strengthening existing hazardous facilities . 
A blend of different research undertakings have produced these 
advances .  

• Careful observation, description, and classification of significant 
occurrences-ground failures or collapse of dams, for example-during 
earthquakes and study of their relation to geological and geotechnical 
settings. 

• Fundamental study of the stress-strain behavior of soils during 
earthquake shaking. 

• Development of methods of analysis for a wide variety of problems, 
making use of the enormous power of computers . 

• Improvement of practical methods for evaluating the soil properties 
required as input to analytical methods .  

• Checking and further improving theories of soil mechanics by 
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This large landslide in the Turnagain Heights suburb of Anchorage, Alaska, destroyed 
many homes.  The magnitude 8.4 Alaska earthquake of 1964 caused many large and 
damaging landslides because of its prolonged shaking. The shaking in Anchorage was 
perceptible for 4 minutes.  

comparing the predicted responses of earth structures and soil deposits 
with observations and measurements made during actual earthquakes.  

The following sections discuss these advances and the important 
research that remains to be done. 

Effect of Local Ground Conditions on Earthquake Motions 

Knowledge of the intensity and nature of ground motions is fundamental 
to sound earthquake engineering design. For some time it has been 
evident that local ground conditions can have profound effects on 
earthquake ground motions .  Not until the 1970s , however, were these 
complex phenomena understood well enough for relevant items to be 
incorporated into building codes and design procedures. 

In the simplest terms, local ground conditions can be described as 
rock or as soil . Generally , the more deformable the site (either in 
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The maximum accelerations recorded at the Humboldt Bay nuclear power station during 
the Ferndale , California, earthquake of June 7, 1975 , were much greater at the surface 
of the ground than at the base of the station. This shows how the surrounding soil and 
soil-structure interaction can modify the ground shaking experienced by structures.  

tenns of the softness of the soils or the greater thickness of the soil 
deposit) , the greater the difference between ground motions on a rock 
site and ground motions on a soil site . The soil can either increase or 
decrease the response of a structure, depending on the type of structure 
and the dimensions and physical properties of the soil . This is why it 
has been difficult to develop simple and reliable rules describing the 
effects of site conditions .  

The present-day understanding of the important characteristics of 
earthquake motions and of how local ground conditions affect these 
characteristics has come from two sources:  ( 1 )  recordings obtained 
during earthquakes over the past four decades (and, in particular, over 
the past 1 2  years) and (2) theoretical considerations and analytical 
studies based on research conducted over the past two decades .  Some 
analytical procedures that were developed late in the 1960s have been 
significantly improved in the past decade by research, especially by 
the opportunity to compare predicted motions with actual recordings 
of earthquake motions .  More recently, analytical procedures based on 
the propagation of seismic waves from the earthquake source to the 
site have been developed. These latter procedures have not yet reached 
the point of practical application. 

Today it is common practice to evolve site-specific ground motions 
to use in designing very important facilities such as nuclear reactors . 
This is done by careful selection from existing records , guided and 
supplemented by analytical methods. The results of research and 
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experience have also been incorporated into the present edition of the 
Unifonn Building Code and into the Tentative Provisions for the 
Development of Seismic Regulations for Buildings prepared by the 
Applied Technology Council (ATC). These steps have resulted in safer 
designs, and in some cases in more economical facilities .  

The recorded data cannot yet fully reveal all the parameters that 
are believed to influence earthquake motions . Therefore there is a 
great need to continue and to expand the recording networks in seismic 
regions . Better instrumental coverage will increase the data base and 
provide significantly improved means for assessing, isolating, and 
understanding the effects of local ground conditions on earthquake 
motions , thus improving seismic design criteria. Most existing recording 
instruments provide data at or near the ground surface,  but recorded 
earthquake motions at various depths are also urgently needed. Down­
hole instrument arrays, such as those used in Japan, can most readily 
meet this need. Future effort will also be required to evaluate the 
nonlinear soil effects that influence earthquake motions,  particularly 
for sites underlain by relatively soft sediments such as exist in many 
offshore areas . It is harder to evaluate the long-period components of 
ground motions than it is for the shorter-period components . Such 
long-period motions are particularly important for some structures 
(such as high-rise buildings, offshore platforms, large tanks, and high 
dams) , and more accurate procedures need to be developed. 

Soil-Structure Interaction 

The phrase "soil-structure interaction" refers both to the influence of 
a structure on ground motions that occur in its vicinity and to the 
influence of adjacent soil on the dynamic response of a structure . 
Because of its importance in the seismic design of nuclear power 
plants ,  soil-structure interaction during earthquakes has received much 
attention during the past decade . The research done has contributed 
to a greater insight into the phenomenon and to an understanding of 
the factors that influence the interaction. Among these are embedment 
of the structure, the nature of the ground motions (whether they result 
from surface waves or body waves) , the wave lengths of the ground 
motions , nonlinear effects within the soil , and in some instances 
nonlinear effects at the interface between the structure and the soil . 

Various sophisticated computer programs have been developed to 
include the effects of soil-structure interactions in the dynamic analysis 
of a structure. One reason for the variety of programs is that the choice 
of an analytical model for a structure affects the choice of a model for 
the soil, and vice versa; this matter is touched upon again in Chapter 
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6. When done in a consistent manner, the several procedures give 
similar results .  A key to this consistency is in specifying the seismic 
input to the structure . Consequently, understanding and defining the 
lateral and vertical variation of the ground motion is a key element in 
studies of soil-structure interaction. To date there has been a lack of 
recorded data from instruments located so as to provide this infor­
mation. Arrays of instruments should be installed at selected sites to 
provide data in this important area. 

The currently used analytical procedures have been developed for 
massive mat-supported structures constructed on (or embedded into) 
relatively competent rock and firm soil , typical conditions for nuclear 
plants .  The procedures have been checked against the limited data 
available from actual earthquakes and have been found to provide 
reasonably good predictions. For ordinary buildings a simplified method, 
which has been included in the ATC provisions ,  appears to be adequate . 
For special structures and foundations, such as offshore platforms, 
tall towers , long-span bridges ,  pile foundations, and very soft soils, 
the situation is not yet satisfactory and further research is needed. 
Nonlinear soil effects, and in some cases nonlinear structural effects, 
can be important , and both require further work. Although the vibrating 
interaction of adjacent structures has received some study , this problem 
also calls for more research. 

Soil Liquefaction During Earthquakes 

During earthquakes a statically stable sandy soil can become liquefied 
or semiliquefied, losing its ability to support a structure or remain in 
place on a slope. Accounts of earthquakes over the past 2,000 years 
contain evidence of soil liquefaction, but not until the extensive 
occurrence of this phenomenon in the Alaska and Niigata, Japan, 
earthquakes of 1964 did the scientific and engineering communities 
fully appreciate its potentially catastrophic consequences .  The result 
was a major effort to provide the capability of determining which soil 
deposits can be expected to liquefy under different intensities of 
earthquake shaking. There have been two parallel and often overlapping 
lines of investigation, one aimed at understanding the underlying basic 
phenomena-intergranular movements , etc .-and the other aimed at 
developing practical procedures for use in analyzing specific sites. 

The early evaluation procedures involved a combination of analytical 
and experimental techniques , the success of which depended largely 
on the ability of the engineer to test samples of soil under conditions 
similar to those in situ. The large number of laboratory investigations 
clearly showed that liquefaction occurs only in cohesionless soils 
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The foundations of these apartment buildings failed due to liquefaction in the Niigata, 
Japan, earthquake of 1964. These reinforced concrete buildings survived without 
structural damage despite settling into the ground and in some cases tilting. A strong­
motion accelerograph recorded the shaking on the ground floor of one of these buildings, 
and it showed that the acceleration did not exceed 0. 1 g,  which is only moderately 
strong ground shaking. 

(usually sands and silty sands) and that even small quantities of clay 
inhibit the increased pore water pressure that is required in liquefaction. 
A major benefit of these laboratory studies was the recognition of the 
many factors that determine the liquefiability of a given sand deposit. 
Research has produced a large body of information in recent years 
that has resulted in a good understanding of the physical processes 
leading to liquefaction and in a better appreciation of the difficulties 
in applying the laboratory-based evaluation procedures. 

While these basic experimental and analytical studies were in 
progress, concerted efforts were also made to identify case studies 
where liquefaction did or did not occur during earthquakes .  Such 
studies have been obtained from many different countries,  including 
the United States ,  Japan, China, Argentina, and Guatemala, and over 
200 case histories now form the basis of empirical procedures for 
evaluating the resistance to liquefaction at different sites. The frame­
work for these procedures evolved from the earlier analytical ap­
proaches,  but they are based on a relationship between certain in situ 
properties of sands (usually the penetration resistance) and the observed 
performance of many deposits in many earthquakes .  The extensive 
data from these earthquakes have provided a reasonable basis for 
practical methods now used in design. 
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As noted earlier, an important feature of liquefaction is the building 
up and dissipation of pore water pressure during an earthquake. 
Research into this phenomenon has had broad applications. For 
instance , the analytical procedures developed can now be used to 
understand the behavior of coarser ground deposits , such as gravels 
or rockfills .  They can also be used to develop drainage schemes that 
can prevent liquefaction by dissipating pore water pressures as rapidly 
as earthquake shaking can generate them. 

Thus a period of intensive research, mainly in the United States and 
Japan, has been very effective in building up the scientific and 
engineering understanding of liquefaction, leading to useful methods 
for evalu:!ting the liquefaction potential of sand deposits . It has also 
led to methods for mitigating the hazards associated with this phenom­
enon, thus providing for increased public safety and welfare through 
avoidance of loss of life and prevention of extensive damage to 
structures .  

Despite the progress that has been made toward solving the lique­
faction problem,  additional research is needed, especially concerning 
the generation and dissipation of pore water pressures and the transient 
and permanent deformations associated with liquefaction. It is partic­
ularly important to observe and measure these aspects of responses 
during actual earthquakes . Research sould also consider the liquefac­
tion of soils other than sand, such as silts, silty sands , and deposits 
containing cobbles and boulders . A further effort should be made to 
increase the precision of methods of predicting liquefaction. On a very 
practical level , research is needed leading to standardization of the so­
called standard penetration test and to improved techniques for in situ 
investigation.  

Earth Dams 

Not until the mid- 1960s did significant interest develop in the possibility 
of earthquake-induced failures of earth dams. While several dams were 
known to have failed as a result of earthquake shaking, the prevailing 
view prior to this time held that these dams failed because of poor 
construction and that well-constructed earth dams designed by existing 
static methods were adequately resistant to earthquakes .  However, as 
earth dams were constructed to increasing heights in the 1960s, design 
and regulatory c.gencies became concerned about seismic stability , and 
research on the problem was initiated. Important progress resulted, 
but the near failure of the Lower San Fernando Dam in 197 1  finally 
convinced the engineering profession of the urgent need for improved 
design procedures .  The earthquake damage lowered the height of the 
dam so that only 4 to 5 ft of badly cracked earth remained above the 
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Cross section through the failed Lower San Fernando Dam. SOURCE: H. Bolton Seed, 1975 , "The Slides in the San Fernando Dams During the 
Earthquake of February 9, 197 1 , "  Journal of the Geotechnical Engineering Division IOI (July):674. 
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water level . Many feared that a strong aftershock might release the 
water in the reservoir; people living downstream of the dam were 
ordered to evacuate, and steps were taken to lower the water surface 
to a safe level as rapidly as possible . This was accomplished without 
any further sliding of the portion of the dam that remained standing. 
However, the margin by which a major disaster was avoided was 
uncomfortably small . 

This event triggered a major program of research and investigation 
into earthquake-resistant design procedures for earth dams. Significant 
progress had already resulted from the development of cyclic loading 
tests to simulate earthquake effects on soil samples ,  the development 
of finite element analysis procedures to determine the response of 
structures to earthquake motions , and the development of analytical 
approaches to evaluate the stability of embankments during earth­
quakes .  A comprehensive investigation was made of the sliding that 
took place during the failure of the Lower San Fernando Dam. This 
was followed by research on the dynamic response of the dam, and 
recommendations were made for improved seismic safety evaluations .  
As a result , new methods of evaluating seismic stability were adopted 
by the U . S .  Army Corps of Engineers , the Bureau of Reclamation, 
the Tennessee Valley Authority , the Federal Energy Regulatory Com­
mission, the State of California Division of Safety of Dams, and many 
other government and private engineering organizations throughout 
the world . Application of these advances has led to the replacement 
of some old hazardous dams and the strengthening of a number of 
weak dams, with a corresponding increase in public safety . However, 
the problems posed by existing dams that would be unsafe in the event 
of an earthquake are not yet completely solved. 

Other research, both experimental and analytical , has investigated 
the behavior of dams during earthquakes ,  including studies to relate 
performance to design and construction procedures. This research has 
established that certain types of cohesionless soils are extremely 
susceptible to loss of strength during earthquake shaking, while other 
soils,  such as moist sands and gravels or clays, show negligible 
reductions in strength and retain high levels of seismic stability . 
Progressive improvements in analysis techniques in recent years have 
yielded methods to estimate the permanent deformations of earth dams 
due to earthquake shaking, predict the changes in pore water pressure 
within the body of the dam, and assess postearthquake stability. As a 
result of these and related studies in geotechnical engineering, practical 
and simplified methods of evaluating seismic stability are now available . 

While much has been accomplished, much remains to be learned 
before the dual requirements of safety and economy can be achieved 
in these critical structures. Current methods of analysis need to be 
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refined, and there is a need for improved procedures to evaluate the 
deformation of earth dams during earthquakes.  Better information 
should be sought on how induced pore pressures are dissipated, what 
the associated deformations are, how stable dams are after shaking 
and with respect to aftershocks, and how highly nonuniform natural 
deposits behave in dam foundations. 

Retaining Structures, Tunnels, and Pipelines 

Retaining walls that hold back earth, quay walls in harbors, and bridge 
abutments have been frequently damaged by strong earthquake ground 
shaking, with considerable economic losses and disruption of trans­
portation. Through research, a new and more rational approach to the 
design of gravity retaining structures has been developed, based on 
the principle of limiting movement rather than avoiding overstressing. 
This procedure has been incorporated into the new Seismic Design 
Guidelines for Highway Bridges, which the American Association of 
State Highway and Transportation Officials is now considering for 
adoption. 

Advances have also been made in the methods available for com­
puting dynamic earth stresses against rigid structures, so as to permit 
more rational design of, for example, basement walls for large buildings . 
Other research has established the basis for seismic design rules for 
reinforced earth-retaining structures.  

As experiences during earthquakes have accumulated over the past 
decade , it has become clear that deep tunnels are usually little affected 
by an earthquake , unless, of course, they pass through a zone of fault 
movement. Shallow tunnels can experience damaging movements , 
especially the opening of joints between sections.  Methods have been 
developed to determine the amount of motion that must be tolerated 
at joints, allowing the necessary seals to be designed. This work also 
applies to buried pipelines .  While earthquake-induced stresses in 
continuous pipes are usually not of overriding concern, methods for 
computing these stresses have been developed to take them into 
account in design . 

Major damage can occur when a tunnel or pipeline crosses a fault 
that displaces during an earthquake. Novel concepts have been de­
veloped to minimize the likelihood of such damage, especially for 
buried pipelines ,  along with analytical procedures for the rational 
design of fault crossings . Such techniques have been applied, for 
example, to the Alaska oil pipeline . 

Another major threat to pipelines is slumping or sliding of ground 
through which they pass.  At present there are no economical methods 
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This water hydrant was shattered by the high water pressures generated during the 1971 
San Fernando, California, earthquake. The pressures were presumably the result of 
underground deformations of pipes caused by soil strains . Such damage to the water 
supply system makes a community vulnerable to uncontrolled fires. 

(other than relocation) for reducing this threat, and research into this 
problem is needed. 

Many of the developments mentioned in this section have taken 
place during the last few years . Although they have found their way 
into practice for specific projects , they need to be verified experimen­
tally and the disparate developments need to be brought together into 
a coherent body of practice . Particularly needed are additional data 
from specially designed arrays of strong-motion instruments to reveal 
relative movements during earthquakes between points in the earth 
separated by from 100 to several thousand feet. 

Stability of Slopes 

Aside from slope failures associated with liquefaction, landslides,  rock 
falls ,  and avalanches are common features of a major earthquake in 
mountainous or hilly terrain. Such occurrences have caused deaths,  
destroyed buildings, blocked routes of transportation, dammed streams, 
and in exceptional cases destroyed entire cities .  Where a particular 
slope is identified as being of concern, and where the expense of 
detailed geological and geotechnical investigation is warranted, the 
analytical tools used to study earth dams can be similarly used to 
assess the safety of a slope and design remedial works. However, the 
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problem is generally regional, where so many slopes might be suscep­
tible to earthquake-triggered sliding that they cannot all be individually 
analyzed.  Geologists and geotechnical engineers of the U .S .  Geological 
Survey have developed techniques for mapping areas most likely to 
be hazardous because of earthquake-triggered earth movements , and 
such maps are a valuable tool for regional planning. Intensive studies 
should be made of significant landslides with the objective of improving 
the ability to assess the earthquake resistance of natural slopes. 

Understanding and Evaluating Soil Properties 

Soil , as an engineering material , is extremely complex. The particles 
that make up soil have widely differing sizes, shapes, and physical 
properties .  Furthermore, the physical properties of the soil medium 
depend on such things as the origin of the particles ,  the manner of 

A large landslide during the 1964 Alaska earthquake caused extensive damage to these 
commercial buildings on Fourth Avenue. Research has done much to clarify the 
mechanism of such slides,  but more needs to be done on assessing the potential for 
slides .  
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deposition, the age of the soil deposit , the pressures to which the soil 
was subjected in the past, the amount of moisture in the soil , and the 
state of stress existing in the soil . It is not possible, therefore, to 
generalize about soil properties .  Each particular soil deposit is, rather, 
a unique material whose properties must be determined before engi­
neering can proceed. 

The advances described in the preceding sections have been possible 
only because of the significant progress in two areas: understanding 
the stress-strain behavior of soil when subjected to earthquake motions, 
and developing reliable methods for evaluating the parameters required 
in analytical methods .  Basic research on dynamic soil behavior during 
the past 20 years has provided the foundations for this progress , and 
the recent decade has seen major developments in putting this research 
into practice . 

Because of the complex nonlinear behavior of soils when subjected 
to stress , idealized stress-strain relations adapted to the particular 
problem under consideration generally have to be used. Three types 
of problems can be distinguished. 

1 .  Evaluation of Modulus and Damping In some situations only the 
transient seismic response of soils is of concern, and then it is usually 
sufficient to model the soil as a "linear" material with modulus and 
damping adjusted for the level of strain predicted by the calculations. 
These situations include such problems as the effect of local soil 
conditions on earthquake ground motions and the interaction between 
a structure and the supporting or surrounding soil . Even when failure 
or large permanent deformations must be considered, the overall study 
often includes a "linear" response analysis . Thus one very important 
practical problem is to evaluate the modulus and damping of soil as a 
function of the level of strain. Determining the stiffness and damping 
of soils throughout the range of shearing strains of interest usually 
requires two steps . First, in situ seismic methods ,  which develop only 
small shearing strains , determine the soil stiffness at the proposed site. 
Then laboratory tests on representative samples from the site establish 
the stiffness and damping for large-amplitude shearing strains . Cus­
tomarily,  the soil stiffness is given in terms of the shear modulus , 
which is closely related to the propagation velocity of shear waves 
through the soil . 

Several geophysical methods of investigation are in use today, but 
cross-hole tests are the most versatile . In this method, energy is 
imparted to the soil at some depth in a borehole , and the arrival of 
this energy is detected at the same depth in nearby bore holes.  Recent 
improvements in this method include the development of reversible 
impact mechanical hammers that can act in cased boreholes ,  techniques 
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for ensuring positive contact of pickups against the casing, and 
improved methods and instrumentation for signal enhancement. With 
present techniques the shear wave velocity can be identified in a 
particular soil layer with much greater accuracy than was possible a 
decade ago. The conventional geophysical methods produce only 
small-amplitude shearing strains in the soil , but a few research-type 
studies have achieved earthquake-level shearing strains . Further re­
search should be done to develop methods of inducing large strains 
that can lead to practical applications. Research should also be done 
on methods of determining in situ soil damping as a function of shear 
strains induced by stress waves . 

A variety of tests have been developed for measuring soil rigidity 
and damping in the laboratory . Resonant column tests , which can be 
used to evaluate modulus and damping for strains ranging from those 
used in geophysical tests in situ to those encountered during earth­
quakes ,  can now be performed by more than 70 engineering laboratories 
in at least 14  different countries. Torsional tests on hollow cylinders 
of soil can give data for even larger strains ,  but such tests are still 
primarily a research tool , as are other forms of testing. 

The stiffness and damping of clean, cohesionless soils depend 
primarily on the density of the soil and the confining stress that acts 
upon it. Evaluation techniques applicable to these soils have been 
developed and checked during the past dozen years , and these methods 
have been adopted in practice . 

Many factors , some arising from the sampling and laboratory testing 
procedures,  influence the behavior of cohesive soil . During the past 
decade research concerning time effects has helped explain the differ­
ences found between field and laboratory soil stiffnesses at low strain 
amplitudes ,  and at larger strains significant progress has been made in 
identifying how shearing strain amplitude and the number of repetitions 
of straining influence test results . 

Continued research on the effects of strain history is needed for 
natural cohesive soils and cohesionless soils containing silt-sized 
particles on one hand or gravel and cobbles on the other. Where 
significant pore pressures develop during cyclic loading, more work is 
required to evaluate the resultant reduction of soil stiffness. Cumulative 
changes in stiffness and damping during seismic stressing need intensive 
study, as does the effect of such stressing on subsequent strength. 

2. Evaluation of Permanent Deformations Many problems in soil 
mechanics ,  such as safety studies of earth dams, require that the 
possible permanent deformations that would be produced by earth­
quake shaking of prescribed intensity and duration be evaluated. Where 
failure develops along well-defined failure planes ,  relatively simple 
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Laboratory apparatus have a range of shearing strain amplitude capabilities over which they give useful 
information. 
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elastoplastic models may suffice to calculate displacements . However, 
if the permanent deformations are distributed throughout the soil , the 
problem is much more complex,  and practical , reliable methods of 
analysis are not available . Future progress will depend on development 
of suitable plasticity models for soil undergoing repetitive loading. This 
is currently an important area of research. 

3. Liquefaction The earlier discussion of liquefaction emphasized 
the important role of laboratory experiments in developing a basic 
understanding of the physical phenomenon. Because the soils most 
susceptible to liquefaction are also most affected by sampling disturb­
ance, in situ penetration tests are commonly used to evaluate resistance 
to liquefaction. However, such penetration testing has suffered from 
a lack of standardization and cannot be used for soils containing gravel 
or cobbles .  Research has recently turned to this problem, leading to 
the use of in situ measured shear wave velocity as an alternative for 
evaluating liquefaction resistance . Also , freezing techniques have been 
found to reduce the effects of sampling disturbance . 

The Future 

A comparison of the present state of soil dynamics with that described 
in the 1969 report Earthquake Engineering Research shows how far 
knowledge of soil dynamics problems has advanced. It also shows the 
research that remains to be done . Some new problems have come to 
light, the emphasis on aspects of old ones has changed, and some new 
equipment and techniques are available . 

Despite the enormous increase in information on soil response 
provided by the 197 1  San Fernando earthquake and the 1979 Imperial 
Valley earthquake, recorded data on ground motions in different soils 
is still needed, especially in the most strongly shaken regions of larger 
earthquakes .  Data on ground motion as a function of depth in soil are 
still lacking, since too few sites have vertical arrays of seismometers 
installed in boreholes .  To be of real value , such data must be 
accompanied by reliable information on the properties of the soil at 
various depths in the vicinity of the seismometers. Such field studies 
should be carried out wherever instrument arrays are installed. 

The continued development and extension of computerized numer­
ical methods have improved design analyses and procedures substan­
tially in the past decade, particularly with regard to the analysis of 
ground motion and soil-structure interaction at specific sites.  However, 
the soil models have for the most part remained relatively unsophis­
ticated, and the developments in complex static soil models have 
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impinged little, so far, on dynamic research. More research on the 
dynamic constitutive behavior of soils is needed. While a good 
fundamental understanding of the liquefaction process has been achieved, 
more work remains before the phenomena can be predicted in detail . 
Some of the laboratory apparatus of a decade ago has been refined 
and improved, but standardized tests and equipment are still lacking, 
and more refined experimental procedures should be developed to 
investigate complex strain conditions . Studying the effect of cyclic 
stressing on the subsequent strength of soils will be especially impor­
tant. 

Even more important than the development of new experimental 
equipment is the need to upgrade and modernize university laboratory 
equipment. Most laboratories in the United States work with outdated 
apparatus ,  and many lack modem data acquisition and processing 
equipment. This is in sharp contrast to European and, especially, 
Japanese laboratories . 

There is a great need for detailed information on the behavior of 
full-scale structures and their foundations during actual earthquakes .  
Also, with the increasing availability of analytical and laboratory test 
procedures ,  research should seek to determine the suitability of these 
analyses for predicting field performance . To this end, more full-scale 
structures should be instrumented and relevant material properties 
should be determined .  Analyses of the response of structures and 
foundations should be made whenever the opportunity presents itself. 
Such studies are essential to boost confidence in analysis and design 
procedures .  However, getting data for such studies depends on the 
coincidence of strong earthquake shaking near instrumented structures .  

Alternatively ,  the usefulness of theories can be assessed by  observing 
the behavior of smaller-scale structures in laboratory tests . More 
advantage should be taken of earthquake shaking table tests , provided 
appropriate care is exercised in determining the properties of the soils 
used in the tests at low confining pressures.  In recent years the 
development of centrifuge technology has overcome this need to scale 
soil properties ,  and this technology holds promise for important 
developments in the next decade . A centrifuge can test scaled structural 
models including soil , with linear dimensions from 1/20 to 1/200 of 
those of the prototype , under accelerations that cause stresses, strains, 
and pore pressures in the soil similar to those in the prototype. 
Geotechnical centrifuge research in the 1970s has largely emphasized 
static soil-structure performance , and relatively few dynamic tests 
have been performed. However, a number of shaking devices and 
earthquake simulators for centrifuge research have been developed. 
Additional fundamental research should be done on soil dynamics in 
the centrifuge. 
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Ideally, centrifuge research should be correlated with observations 
of full-scale dynamic behavior. In the absence of earthquakes,  man­
made excitation could produce the shaking of prototype structures.  
For example, preliminary trials of reusable in-ground explosive tech­
niques for exciting adjacent structures have shown promise, and further 
development should be pursued. 

Some structures that were only being developed 10 years ago have 
assumed importance in recent years-in particular, the very large 
offshore oil-driUing platform, of steel or concrete, in water 300 to 400 
m deep. With piles 1 50 m long and correspondingly large in diameter, 
and with concrete platform bases 100 m or more in diameter, full-scale 
static or dynamic tests appear impossible . In recent years, such 
structures have been evaluated by analytical methods alone. Evalua­
tions of their field behavior under dynamic wave or earthquake 
conditions have not progressed well or, perhaps, have been kept 
confidential by the oil companies .  Offshore platforms also place great 
demands on techniques of offshore soil investigation and on the 
understanding of the behavior of ocean-ftoor soils. For a variety of 
offshore applications, improved field investigation techniques and 
laboratory research on these soils are urgently needed. 

New or improved methods of in-place testing of soils, both statically 
and, especially , dynamically , need to be developed. It is important 
that test methods be capable of subjecting the soil to large strains, at 
least as large as those generated by ground motions or by soil-structure 
interaction during earthquakes.  Much oftoday's knowledge of dynamic 
soil behavior comes from laboratory tests on remolded or very 
substantially disturbed soils ; this needs to be supplemented by field 
tests. 

In summary, the areas of soil dynamics research in which effort 
should be concentrated in the next decade are (l) installation of arrays 
of instruments to record spatial variations in earthquake motions ;  (2) 
field tests of full-scale structures (or very large models) ; (3) centrifuge 
studies of correctly scaled models ;  (4) in-place dynamic field tests ; (5) 
development of improved dynamic laboratory tests ; (6) further devel­
opment of dynamic constitutive soil models ; (7) increased understand­
ing of soil behavior during and following earthquakes ; (8) continued 
work on the problems peculiar to soil-structure interaction; and (9) 
programs of structural and site instrumentation. Analytical targets-of­
opportunity will continue to arise as earthquakes shake instrumented 
and uninstrumented structures of interest, and full advantage should 
be taken of all such opportunities . Since major earthquakes occur 
infrequently, this need will continue well into the future. Finally , 
upgrading of university laboratory equipment and installation of data 
acquisition and processing systems are essential to underpin all of 
these efforts. 
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Analytical and Experimental 
Structural Dynamics 

The basis of all structural engineering is the analysis of stresses and 
strains that specified forces produce in structures . It is these calcula­
tions that guide the design of a structure. The ability to make reliable 
calculations of this type requires a knowledge of the physical properties 
of building materials and structural elements. This must come from 
laboratory experiments and full-scale testing. Analytical research and 
experimental research must both be done to develop structural engi­
neering properly . 

In the field of earthquake engineering, the objective of structural 
dynamics is to predict the performance of man-made structures when 
subjected to strong earthquake motions .  The analyst must determine 
whether maximum stresses in the structure will exceed the strength 
of the building materials and thereby initiate damage and possible 
failure. Similarly, the analyst must estimate the maximum displace­
ments induced in the structure by the earthquake to determine whether 
it can continue to perform its function during and after the event. To 
do this the analyst must thoroughly understand the structure's total 
function and recognize the detrimental effects that stresses or deflec­
tions can have on that function. Thus it is evident that dynamic 
response analyses provide a necessary guidance for designers , serve 
to verify the adequacy of proposed designs, and are a basic ingredient 
of seismic safety studies for existing structures.  

The essential prerequisite to any analysis of earthquake response is 
a comprehensive mathematical description of the ground motions 
expected at the site of the structure; this subject is discussed in Chapter 
4. The first step in performing the analysis is then to formulate a 
mathematical model that simulates the behavior of the real structure. 
Not only should the model predict the response behavior in the linear 
elastic range, but it should also aid in estimating the degree of damage 
to be expected and the possibility of catastrophic collapse . Therefore 
the mathematical model must describe the resistance of a structure to 
a sequence of randomly varying cyclic deformations, while accounting 
for a significant degradation of stiffness and strength in the structure. 
The 1969 National Academy of Sciences-National Academy of Engi­
neering report Earthquake Engineering Research pointed out that a 
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The gridwork of steel 1-beams and columns in this high-rise building under construction 
in Los Angeles provides the resistance against earthquake forces. The four sides of the 
building form a rectangular gridwork, anchored at its base to a heavy concrete foundation. 
This vertical tube deforms and vibrates under earthquake excitation, and the beams and 
columns and their intersections must be strong enough to withstand the imposed stresses. 
The responses of this building to several different earthquake ground motions were 
calculated on a digital computer, and the building was designed to survive strong ground 
shaking. 

lack of information on the dynamic properties of materials ,  components,  
and structural assemblages was a major obstacle to reliable predictions 
of structural performance. Accordingly , research has emphasized this 
topic in recent years . 

Once a suitable mathematical model has been defined, analyzing a 
structure's  response to a specified ground motion is a standard 
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mathematical problem, and in principle can be solved in many different 
ways.  However, because of the complexity of the models formulated 
to represent realistic structures, the only practical means to do the 
analysis are numerical procedures performed by digital computers. 
Significantly , dynamic analysis capabilities have developed in the past 
20 years in parallel with the development of electronic digital com­
puters . Advancements in computer capabilities have made it possible 
to use increasingly refined models of structural systems, ones based 
on improved understanding of materials and system properties .  

This chapter outlines the major advances made in  structural dynamics 
analysis during the past decade and focuses attention on areas where 
intensive research is still needed. The first section discusses the many 
types of response analysis procedures that have proven effective in 
various situations . A description of the problem of soil-structure 
interaction follows, including a discussion of techniques for analyzing 
such combined systems .  Although this is really just part of the general 
topic of analysis methods, it receives special treatment because so 
much of the work in structural dynamics has dealt with techniques of 
interaction analysis . 

The next sections deal with experimental research aimed at defining 
mathematical models capable of reliable predictions of response . 
Laboratory studies on materials ,  components , and structural models 
and field experiments on prototype structures are both discussed. In 
addition, the mathematical procedures for establishing the properties 
of models from experimental data are discussed ; these techniques 
generally fall under the classification "system identification. "  

Dynamic Analysis Methods 

Analysis of Buildings 

Seismic analyses of most buildings of simple and regular shapes still 
use equivalent static lateral loads whose amplitude depends on a 
seismic coefficient specified by the building code. In the last 10 years , 
however, the use of dynamic analyses, both linear and nonlinear, has 
increased substantially , not only for special structures such as nuclear 
power plants or offshore platforms but also for other important 
buildings. Major factors in this development have been the increasing 
number of engineers , educated in earthquake engineering and structural 
dynamics ,  that are graduated by engineering schools each year, the 
decreasing cost of computers , the dissemination of computer programs 
written originally for academic research, and more recently the advent 
of mini- and microcomputers . Development of programs for these 
machines will further accelerate the application of dynamic analyses 
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in the design process. Also, the developers of these programs often 
provide guidance on their use to the engineering profession through 
short courses and code recommendations such as the Tentative Pro­
visions for the Development of Seismic Regulations for Buildings 
prepared by the Applied Technology Council (ATC). 

The standard mathematical model for elastic dynamic analysis of 
framed buildings has been well known for a number of years . It uses 
stiffness matrices for the columns and girders, assumes that the slabs 
act as rigid diaphragms in their planes,  and lumps masses and mass 
moments of inertia at the floor levels . These building models have 
more recently incorporated the effect of member (or joint) size, which 
is important when dealing with deep columns, deep beams, and coupled 
shear walls. Some programs also model structural or nonstructural 
partitions, which will further stiffen the structure, or the deformability 
of panel zones in the joints, which will introduce an additional flexibility. 

Though more work remains to evaluate the effect of in plane flexibility 
of floor slabs in shear wall buildings, dynamic analyses of typical 
framed structures in the elastic range can now be performed with 
sufficient accuracy and relative economy. The state of the art is less 
advanced for other types of buildings . Only a limited number of studies 
have been performed for buildings with flat plate floor construction, 
for prefabricated panel buildings , or for masonry structures;  most of 
these studies have used finite element models ,  which are too expensive 
for routine work. Finite elements have been used extensively , on the 
other hand, to model components of special structures, such as nuclear 
power plants .  They have also been used in analyses of soil-structure 
interaction. 

Inelastic Analyses 

One important requirement of dynamic analysis not met by the 
foregoing methods is to calculate the cumulative damage experienced 
by the structural members of a building subjected to strong ground 
shaking of long duration, such as an earthquake with a magnitude 
greater than 8 would generate. According to present design philosophy, 
most buildings should be able to undergo inelastic deformations when 
subjected to severe earthquake shaking. They therefore cannot be 
analyzed adequately as an elastic system. During recent years , equiv­
alent linearization techniques have been developed that provide a 
simple way to account for one important aspect of nonlinear behavior­
the changes in natural periods of vibration. In addition, various types 
of damping matrices have been introduced to simulate different kinds 
of energy dissipation that may accompany the nonlinear response. 
Although these procedures only approximate nonlinear behavior, they 
can usefully characterize the response in special situations. For 
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example, they can be used in frequency domain analyses or probabilistic 
studies .  

To analyze structures deterministically, true nonlinear solutions are 
preferred.  Such inelastic dynamic analyses have three levels of com­
plexity. Simple models , based primarily on systems with a single 
degree of freedom that are elastic and perfectly plastic, have received 
extensive use. They have led to the definition of inelastic response 
spectra and to the determination of rules to construct these spectra 
for various levels of ductility . Such studies have also led to better 
understanding of the key effects of inelastic behavior (elongation of 
the period of the system and an increase in damping) and have served 
as a basis for the more rational definition of the seismic design coefficient 
that the ATC effort proposed. The definition of ductility in terms of a 
displacement ratio is clear, however, only for an elastoplastic system. 
The relation between ductility and damage for more general systems, 
including the effects of deterioration, remains to be explored. Also, 
the relations among the ductility of a system with a single degree of 
freedom, the overall ductility of a structure, and the ductility required 
of the various members and components (which depends on the type 
of struci.ure) need further clarification. 

Point-hinge models with localized yielding that is confined to the 
ends of the members are an intermediate approach. Originally these 
were used mainly for research purposes, but they have seen increasing 
application in practice . A number of different nonlinear moment­
rotation relations have been formulated to simulate the behavior of 
steel and reinforced concrete members . The use of an appropriate 
interaction diagram accounts for the effect of axial forces on the yield 
strength, but the coupling of axial and bending stiffness is neglected, 
as are the effects of biaxial bending, shear forces ,  and torsional 
moments. Analyses using this model give the ductilities at member 
ends , measured in terms of moments or rotations . Their relation to 
curvature or to damage is not always clear, particularly when dealing 
with significant shear forces or variable axial forces . 

More complex models,  which reproduce a cross section as a group 
of fibers , consider the spreading of yielding, the coupling between 
axial forces and bending moments in the inelastic range, and the effects 
of biaxial bending. Their use , however, is mainly restricted to academic 
research. Moreover, they cannot reproduce the effect of shear stresses 
caused either by shear forces or torsional moments , and their results 
are expressed in terms of quantities not directly related to damage. 
Two-dimensional and three-dimensional finite element models have 
also been used for inelastic analyses , and some progress has been 
made in deriving nonlinear constitutive equations for plain concrete 
under general states of stress . However, much work needs to be done 
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before these models can be applied to confined reinforced concrete. 
Nevertheless, they can play a significant role in validating simpler 
models, even though they may be costly for purposes of design. 

Mode Superposition Analysis 

Dynamic analyses have usually been conducted in the time domain. 
In the last decade, however, analyses in the frequency domain have 
become increasingly popular, particularly when dealing with problems 
of soil-structure or fluid-structure interaction. In both cases the analysis 
entails either directly solving the equations of motion or a modal 
decomposition. 

Determining the natural frequencies and mode shapes of a structure 
(i .e . , solving the eigenvalue problem) has been the subject of consid­
erable research in the last decade, particularly for systems with a large 
number of degrees of freedom. This research has resulted in a series 
of new methods (e.g. , subspace iteration, quadratic reduction) . Modal 
analyses commonly specify directly the values of damping in each 
mode. Approximate procedures then estimate modal damping values 
for systems with different types of energy dissipation in various 
components. A modal spectral analysis still normally combines the 
modal maxima using the SRSS (square root of the sum of the squares) 
rule, but the range of applicability and limitations of this procedure 
have been thoroughly investigated. Other more reliable procedures, 
suitable for multicomponent as well as single-component spectra, are 
now available that require only slightly greater computational efforts. 
Modal analysis is still used primarily for linear systems , but the last 
years have shown that modal synthesis can offer advantages for 
systems with well-defined localized nonlinearities , and that modal 
decomposition can even apply to general nonlinear systems in special 
circumstances.  

Step-by-Step Integration 

A direct solution of the equations of motion in the time domain, 
through step-by-step numerical integration, is the procedure most 
commonly used for nonlinear analysis . In the last decade the stability , 
convergence, and accuracy of different integration schemes have been 
thoroughly examined, and procedures have been proposed to derive 
algorithms with any desired characteristics .  In most cases , however, 
these techniques work only for linear systems. For some time a 
controversy existed over the relative advantages of conditionally stable, 
explicit methods,  which deal with lumped masses (a diagonal mass 
matrix) especially well , as compared with unconditionally stable, 
implicit methods,  which can use larger time increments but require 
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solving a system of equations at each step. Implicit methods may in 
addition require several iterations per step when dealing with nonlinear 
systems, and the convergence of these iterations may restrict the time 
step. A significant improvement in this respect is using a tangent 
stiffness matrix to represent the forces incrementally ,  which avoids 
the need for iteration. 

Procedures that combine explicit and implicit methods for the same 
problem, the former being applied to the parts of the domain that 
become nonlinear, the latter to parts that remain linearly elastic and 
may be much stiffer, have recently been suggested. These procedures 
take advantage of each method's  best properties .  Research along these 
lines seems very promising, particularly for nonlinear analyses of 
systems with a large number of degrees of freedom. 

Frequency Domain Analysis 

Solutions in the frequency domain have seen extensive use in the last 
decade, thanks mainly to the availability of the fast Fourier transform 
algorithms. Researchers have investigated the relation between the 
discrete Fourier transform and the continuous (analytical) transform, 
as well as the conditions needed, in terms of frequency increment, 
maximum frequency , etc . ,  for an accurate solution. One major advan­
tage of these solutions is that they allow study of continuous field 
systems, including those whose properties are a function of frequency. 
These solutions also easily represent linear hysteretic damping using 
complex moduli . Their main present limitation is that they are restricted 
to linear systems , but important research is beginning to seek the 
solution of nonlinear systems in the frequency domain. 

Probabilistic Analysis 

The uncertainties involved in seismic analyses , starting with the 
definition of the design earthquake , led very early and quite naturally 
to probabilistic formulations . Early work centered primarily around 
the response of elastic systems with a single degree of freedom subjected 
to Gaussian white noise or simple stationary excitations .  The last 10 
years have seen a substantial amount of work and considerable progress 
both in probabilistic modeling of earthquakes,  as time modulated or 
fully evolutionary random processes, and in applying random vibrations 
theory to predict the statistical response of elastic systems with multiple 
degrees of freedom. Recently developed rules can give the response 
spectra associated with a given probability of exceedance from the 
spectral density function of the earthquake,  and vice versa. Systems 
with multiple degrees of freedom can be analyzed using modal analysis 
or covariance matrices.  The probabilistic response of nonlinear systems 

Copyright © National Academy of Sciences. All rights reserved.

Earthquake Engineering Research, 1982
http://www.nap.edu/catalog.php?record_id=19571

http://www.nap.edu/catalog.php?record_id=19571


140 EARTHQUAKE ENGINEERING RESEARCH-1982 

has been studied using perturbation techniques for mildly nonlinear 
behavior; for more general cases,  equivalent linearization procedures 
or Monte Carlo simulations can be applied. More work has to be done, 
on the other hand, to account for uncertainties in structural properties.  

Multiple Support Excitation 

In analyzing the dynamic response to earthquakes,  analysts have 
customarily assumed that the same ground motions act at all points 
where the structure meets the ground. This assumption is reasonable 
for structures where the foundation occupies only a localized region, 
such as a high-rise building; but for structures with a great horizontal 
extent, such as long-span bridges ,  pipelines ,  dams, and large ware­
houses, the seismic waves, whose propagation produces the ground 
shaking, will obviously create variations in the ground motions between 
different support points. 

Theoretical procedures for calculating the dynamic response to such 
varying support motions have been available for many years, but a 
lack of information about the actual spatial variation of an earthquake's 
input has made such analyses academic. Now, however, data from 
seismograph arrays are beginning to provide this necessary information. 
Consequently an important area of future research in structural dy­
namics is to analyze the responses to spatially varying earthquake 
motions and evaluate the importance of such variations on the per­
formance of various types of structures. 

Foundation-Structure Interaction 

Progress to Date 

In the early years of earthquake engineering, analysts of structures 
subjected to seismic excitations assumed that the motion at the base 
of the structure was essentially the same as that in the free ground 
surface. Both research and field evidence supported this position, 
mainly because design and research emphasized high-rise flexible 
structures.  As a result, researchers concluded that the interaction of 
the structure with the foundation medium during an earthquake was 
minimal and not a subject for research. 

The advent of nuclear power plants changed this attitude dramati­
cally. Safety-related structures in nuclear power plants are usually 
massive and relatively rigid. The interaction between the structure and 
the soil affects the dynamic response of such structures during 
earthquakes significantly. This interaction modifies the motion of the 
free ground surface, and the level of this modification provides a way 
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to define the significance of the soil-structure interaction. Dams, 
embedded structures,  buildings with stiff shear walls, structures sup­
ported on piles, and offshore structures are other types of systems in 
which soil-structure interactions may be important. 

Remarkable research accomplishments have been made in the area 
of soil-structure interaction during the last decade. Presently, the 
phenomenon of soil-structure interaction as it affects buildings is well 
understood, and the significance of the important parameters is well 
established, even though practitioners still differ as to which method 
of analysis provides better solutions . Two kinds of analysis metho­
dologies are available :  

l. The "direct" method of analysis refers to modeling a significant 
portion of the foundation medium together with the structure in a 
single system. This system is analyzed by introducing the seismic 
excitation at the boundaries of the soil model. Usually, finite elements 
are used to model this type of system. 

2.  The "substructure" method of analysis refers to a procedure 
involving three steps . First , the input motion to the structure's  
foundation is  obtained. Second, the foundation's  dynamic stiffness 
coefficients are calculated. Third, the structural model and the foun­
dation stiffnesses are combined, with the complete systein being 
subjected to the input motion obtained in the first step. Even though 
finite elements can be used to model the foundation in the first and 
second steps, a visco-elastic layered half-space continuum is commonly 
used to idealize typical foundations. 

Computer programs for both methods of analysis have appeared during 
the last decade, each having its own special advanced features and 
limitations. 

Despite this progress, a number of topics require further research. 
Among these are defining the ground motion, modeling the soil and 
structure, and improving the cost efficiency of the computer proce­
dures. 

Ground Motions 

In the past the study of strong earthquake ground motion emphasized 
the acceleration of the free ground surface .  However, where soil­
structure interactions are important, several additional aspects of 
ground motion must be better understood: 

1 .  The variation of ground motion from point to point at a given 
site , especially for large foundations, as mentioned earlier. This relates 
to the basic question of the angle of incidence of seismic waves .  
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2. The variation of ground motion with depth for analyzing embedded 
structures.  Simplified models of the soil predict a significant reduction 
of motion with depth, but the reliability of these models is not known. 

3. The quantitative contribution of the different types of waves in 
recorded ground motions. A proper analysis of soil-structure interaction 
requires that the types of wave and associated amplitudes of motion 
be identified for ground motion. 

Because inhomogeneities along the travel path of seismic waves can 
produce variations of ground motion at a given site , the question of 
whether to express the input design motion deterministically or prob­
abilistically requires further consideration. This aspect of the problem 
has not been studied directly , although both types of analysis have 
existed for many years. 

Modeling of Soil 

Modeling the properties of soil is of paramount importance in analyses 
of soil-structure interaction. Several aspects of the problem require 
additional research: 

1 .  Determining the dynamic properties of soil in situ, including the 
effects of strain rates ,  and correlating laboratory test data and field 
information. 

2 .  Understanding the spatial variation of soil properties ,  not only 
with depth but horizontally .  

3 .  Modeling the variation of soil properties when subjected to 
different three-dimensional states of stress . Nonlinear constitutive 
relations or an equivalent linearization can be used for this purpose. 
In the latter case, the assumption of linear hysteretic damping inde­
pendent of frequency needs further study . 

Research needed on the direct method of analyzing foundation­
structure interaction includes ( 1 )  further study of techniques for 
avoiding wave reflections at the boundaries of finite element models 
and (2) development of procedures for representing an inherently three­
dimensional soil medium with a two-dimensional model . The costs of 
analysis increase by about two orders of magnitude if a three­
dimensional model is used to represent the soil . 

Modeling of Structures 

Although the modeling of the superstructure is discussed elsewhere, 
some aspects of the structural model do influence the foundation 
interaction problem-for instance, different foundation elevations in a 
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large complex. Other important considerations include the proximity 
of other structures,  even if founded at the same elevation; the question 
of geometric nonlinearities due to separation of the structure and the 
soil , both under the foundation and along the sides of embedded 
structures ; the treatment of foundations of arbitrary shape ; and incor­
poration of a foundation's flexibility. 

Experimental Study of Structural Properties 

Background 

The digital computer made possible the development of complex 
mathematical models that can represent a structural system and predict 
the effect of any given earthquake motion on that system. However, 
the accuracy of such predictions depends directly on the accuracy 
with which a model represents the structural system and with which 
the basic properties of that system's components are defined. The 
1969 report Earthquake Engineering Research pointed out that exper­
imental studies should examine the stress-strain relationships and 
energy absorption, as functions of strain amplitude, strain rate , and 
previous deformation history , of basic structural materials.  The report 
recommended as a second step that once the above properties were 
established, dynamic cyclic tests on typical beam and column elements 
should be conducted. The objective would be to determine the strength, 
stiffness,  ductility, and other characteristics of such typical simple 
elements ,  which would then be compared with predictions based on 
the material properties determined in the first step. Finally , as a third 
step, the report recommended dynamic and quasi-static reversed cyclic 
loading tests on simple beam-column subassemblages . The objective 
of these tests would be to determine how well predictions based on 
the response of simple elements could be extended to complete 
structures.  As the ultimate proof of the validity of the laboratory and 
analytical work, observations and analyses were to be made of full­
scale structures in earthquakes and of small-scale structures on shaking 
tables .  

I n  accordance with the recommendations of the 1969 report, con­
siderable research has been performed over the past decade on 
components and subassemblages subjected to simulated seismic load­
ing. Most of that work has been on structural steel or cast-in-place 
reinforced concrete subjected to quasi-static reversed cyclic loadings 
that have stressed the components inelastically to failure . Most com­
ponents have been less than full scale (one-fourth to three-fourths 
scale) , and most investigations have been designed to develop detailing 
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provisions for building codes governing new construction. The follow­
ing sections discuss the progress and future needs of this laboratory 
research. 

Steel Structures 

Research on structural steel has generated valuable data on the strength 
and behavior under seismic loading of both braced and moment­
resistant frames .  Preferred connection details have been developed for 
such systems , and criteria have been established for predicting their 
elastic and inelastic deformations and their strength. As a result, the 
eccentrically braced steel frame has become a structural system that 
combines the desirable characteristics of both braced and moment­
resistant frames .  

Whil e  these studies have been valuable, they are b y  n o  means 
complete. Most importantly, attention has focused only on inplane 
deformation effects and on the characteristics of the structural com­
ponents designed to resist earthquake forces .  The likely performance 
of those components functioning within the total resisting system of 
the "as built" structure has not received attention. Prime factors 
requiring further investigation for steel structures are ( l )  inelastic 
constitutive material laws, (2) reliable procedures for predicting local 
or lateral torsional buckling, (3) the fatigue strength of welded con­
nections ,  (4) the composite action between floor slabs and steel frames 
on the overall response of the structure, (5) the significance of three­
dimensional mechanisms in evaluating the overall response (such 
considerations can arise from the three-dimensional nature of the 
earthquake motions ,  variations in the strength and stiffness of parallel 
frames ,  lack of symmetry, variations in torsional stiffness,  and dia­
phragm action) , and (6) scale effects involved in testing reduced-size 
components , subassemblages , and complete structures.  

Reinforced Concrete Structures 

Research has produced data over the past decade on the strength and 
ductility of reinforced concrete components , the connections between 
components ,  and both ductile moment-resistant frames and concrete 
shear walls.  This research has shown that the coupled shear wall 
system and the coupled ductile frame,  shear wall system are particularly 
well suited for moderately high to tall reinforced concrete buildings in 
the more intense seismic zones.  

Although the study of seismic resistance in reinforced concrete 
components and assemblages has made significant progress , further 
effort must be devoted to the systematic definition of basic material 
properties of the concrete' s  constituents . Also, the mechanical char-
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acteristics of these constituents when working as a composite material 
should be studied. Basic data are needed on the characteristics of 
seismic response for ( 1 )  reinforced concrete, both confined and un­
confined; (2) reinforcing and prestressing steel ; (3) the bond between 
concrete and steel , particularly for the situations likely in practice; 
and (4) the transfer of shear and normal stresses across cracks . For 
frames,  the most likely problem is not strength but the degradation of 
stiffness and energy capacity with cycling. The lack of sufficient 
information on the basic properties of the materials used in reinforced 
concrete frames makes the development of reliable mathematical 
models for quantifying those effects difficult, and the situation is even 
more critical for wall systems. While model tests on walls have 
provided considerable information, measurements of the stiffness, 
deformation capacity , and hysteretic energy dissipation in those tests 
are lacking, since the basic information on the material 's  behavior is 
insufficient. Furthermore, with reinforced concrete, as with structural 
steel , more attention should be given to considering the performance 
of "as built" structures rather than "as designed" structures, .and part 
of this attention should focus on the contributions of nonstructural 
components .  The influence of the slab on bending stiffness, moment 
capacity , and requirements for torsional compatibility needs to be 
determined, as does the significance of three-dimensional interactions 
on the overall response. 

Other Structural Systems 

Structural steel and cast-in-place concrete are presently the preferred 
materials for earthquake-resistant construction, and most current 
research deals with them. However, many existing buildings employ 
other material and have structural systems and connections that are 
very different from the systems and details currently being studied. 
High priority should be given to determining criteria for evaluating 
and retrofitting existing buildings . Such evaluation and retrofitting 
involves issues of mathematical modeling, identification of the material 
properties of the existing structure, determination of the likely seismic 
performance of the existing structure, development and evaluation of 
different strengthening alternatives ,  and determination of the likely 
seismic performance of the strengthened structure. Many existing 
buildings consist of unreinforced masonry or concrete or steel frames 
of inadequate strength with infill masonry panels and masonry veneers. 
Appropriate methods for mathematically modeling such structures 
need to be examined, and procedures should be identified to evaluate 
the trade-offs of various retrofitting schemes. 

Many modem low-rise structures consist of masonry or prefabricated 
construction. The little research done to date on such construction 
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has shown that realistic mathematical modeling requires careful con­
sideration of possible rocking and sliding actions ,  as well as of possible 
local failures. Much work needs to be done to identify the basic 
properties of the materials used in masonry and precast concrete 
buildings , to understand the dynamic response measured in high­
intensity reversed cyclic loading tests on typical elements and con­
nections, and to predict the response of assemblages incorporating 
these forms of construction. Of special urgency is the need for 
information on detail design requirements to be applied in regions of 
relatively low seismic hazard. If all these data were available,  the use 
of partially reinforced or reinforced masonry and precast concrete 
construction would probably increase in zones with all levels of seismic 
activity. This might make the cost of these types of construction 
significantly less (particularly for medium-rise housing) than the cost 
of construction in structural steel or reinforced concrete. 

To date , little research has been done on new types of structures 
for seismic regions. More research of an exploratory nature on new 
types of structures and new approaches to seismic design would be 
desirable . 

Laboratory Test Facilities 

Research on the cyclic response properties of structural materials, 
elements, and assemblages ,  such as that mentioned in the preceding 
sections , has usually employed test systems incorporating electrohy­
draulic actuators to apply the specified loads or deformations. Many 
laboratories in this country have small- to medium-scale test systems 
of this type, but none is suitable for testing full-scale buildings. To 
evaluate whether full-scale testing is essential or cost effective, the 
United States and Japan have begun a cooperative research project to 
make use of a large-scale facility in Japan that can subject full-scale 
seven-story buildings to cyclic loading. These tests will show whether 
such a large-scale facility should be developed in the United States. 

Shaking table studies of structural assemblages and complete systems 
provide the essential complement to large-scale "pseudo-static" test­
ing. The significant advantage of data obtained by these tests is that 
they demonstrate the amount of deformation and damage to be expected 
from a ground motion of specified intensity ; they thus indicate an 
earthquake's  demand on the structure rather than the structure's 
capacity to resist earthquakes, which is the result of pseudo-static 
testing. An important feature of the U.S .-Japan cooperative project 
mentioned above is that the pseudo-static results obtained by testing 
the full-scale structure in Japan will be correlated with shaking table 
tests of reduced-scale models in the United States.  This comparison 
should demonstrate the relative merits of pseudo-static and shaking 
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table tests , indicating the validity of studies on reduced-scale models 
in predicting prototype behavior. 

Another major advantage of shaking table tests is that they permit 
the observed dynamic response of a structure to be correlated with 
the response predicted by dynamic response analysis computer pro­
grams. Only by such direct comparison can the various assumptions 
incorporated into the analytical procedure be verified. Also, shaking 
tables provide a way to subject large-scale models to realistic earth­
quake shaking and can thus provide information not otherwise avail­
able. For example, two shaking tables,  one at each end of a model of 
a long-span bridge, can enable the model's  response to be studied 
when the two ends are shaken with different motions.  The use of 
shaking tables for research thus complements computational research 
on structural vibrations and measurements of structural response during 
actual earthquakes .  It would be desirable to expand shaking table 
research in the United States .  

Field Measurement of Vibration Properties 

Controlled Experiments 

The · ultimate proof of the validity of mathematical models based on 
laboratory experimentation and analytical procedures can only come 
from observations of full-scale structures. Therefore the field investi­
gation of dynamic behavior in real structures is a fundamental part of 
earthquake engineering research. 

Such dynamic studies can rely on either of two types of excitation: 

1 .  Input from the natural environment, involving ambient conditions,  
such as wind or waves, or real earthquake ground motions. 

2 .  Man-made input, such as that produced by vibration generators 
or high explosives. 

With the exception of real earthquakes,  all of the foregoing types of 
excitation are "controlled" experiments (in the sense that the general 
character of the input is known in advance) . This section discusses 
briefly this kind of experiment. A discussion of research involving 
input from real earthquakes follows in the next section. 

The most convenient sources of data on the vibrational properties 
of real structures are the ambient vibrations resulting from wind, 
microtremors , and other forces . The equipment required to record 
such motions is portable and easy to install. The data can be processed 
on line in the field, using modern microcomputer technology, so that 
results become available almost instantaneously . Such ambient test 
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data provide information on the natural frequencies .  mode shapes .  and 
damping of the structure . During the past decade many tests of this 
type have been performed on buildings . concrete and earth dams.  
bridges. offshore oil platforms. and nuclear power stations . and the 
results have contributed to the study of soil-structure interaction and 
reservoir-dam interaction. Significant advances have occurred in the 
past decade. both in the capabilities of the experimental equipment 
and in techniques for using it to obtain the desired information. 

The principal limitation of ambient vibration studies is that the 
motions being measured have very small amplitudes.  Thus there are 
some doubts that the data represent the vibrational properties of 
structures during real earthquakes .  For higher-intensity controlled 
experiments . investigators can turn to vibration generators , which 
introduce harmonic forces into structures by driving masses in linear 
or circular motion at controlled frequencies .  Tests of this type typically 
produce dynamic responses significantly greater than ambient motions 
but much smaller than the damaging displacements that could result 
from a major earthquake. Great advances have been made in the 
capabilities of this type of equipment. both in the accuracy and range 
of the input frequency control and in the amplitude of the generated 
forces . Vibration generators now available can actually damage full­
scale buildings. Gas jet thrusters have also been developed recently 
that can excite vibrations in structures on which they are mounted. 
The development of large-force vibration generators should be contin­
ued. 

Because vibration generators can apply harmonic loads to the 
structure above the foundation level, they provide an excellent way 
to evaluate vibrational properties .  On the other hand. the use of 
underground explosions to generate ground shaking that simulates an 
earthquake offers an important means for verifying techniques of 
earthquake response analysis . 

Great advances have been made in understanding mathematical 
modeling through controlled vibration experiments on real structures.  
Such studies are needed on a much wider range of building types and 
structural systems in the future. 

Observations from Real Earthquakes 

Real earthquakes provide the most valuable data on the dynamic 
behavior of structures .  Only in such "experiments" can the large­
amplitude dynamic response of large structures ,  such as high-rise 
buildings ,  dams. bridges .  nuclear reactors , and offshore platforms , be 
observed. During the past decade strong-motion seismographs have 
been installed in many buildings and other types of structures in regions 
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of high seismicity . The records obtained from such structures now 
provide valuable data on real respo,nse to earthquakes. Usually ,  
however, accelerograph records are the only measured data. An 
important future need is to extend the measurement system so that 
internal deformations and relative motions can be recorded. 

The best example of a full-scale earthquake experiment is the Imperial 
County Services building in EI Centro, California, which was provided 
with an extensive strong-motion recording system shortly after being 
completed and then suffered major damage during a severe earthquake 
in 1979. The selection of this test region and building was based on 
decision theory techniques.  The structure was thoroughly studied 
before and after the event using both ambient vibrations and vibration 
generators .  The damage produced by the earthquake therefore provides 
a great opportunity to test dynamic response analysis procedures. 

Because the cost limits the number of dynamic response instruments 
that can be installed, the probability of having instrumentation in 
buildings that undergo intense earthquake motions is relatively low. 
Therefore it is also important to make postearthquake studies of 
buildings , both with and without damage , even when no input or 
response data are recorded. Detailed studies of buildings damaged by 
earthquakes reveal much about the adequacy of existing design and 

The Imperial County Services building was severely damaged by the 1979 
magnitude 6.4 Imperial Valley ,  California, earthquake. The building, designed 
in 1968, was located 7 miles from the fault. The motions of the building and 
the ground during the earthquake were recorded, giving engineers records of 
motions for the first time from a building undergoing severe structural damage. 
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The four columns at the west end of the Imperial County Services building were 
shattered at their bases, and the other columns were cracked from overstressing. 
The buildina has now been demolished because of the damage caused by the 
earthquake. 

construction procedures and identify areas for further laboratory 
research. Similarly, dynamic analyses of buildings that are not damaged 
by strong earthquakes can provide important data concerning design 
requirements and construction practices . Inasmuch as natural earth­
quakes produce an important test environment at no cost to the 
researcher, postearthquake structural investigations are one of the 
most cost-effective areas of earthquake engineering research. 

System Identification 

As the use of experimental methods in the field of structural dynamics 
has increased, a need has developed for techniques to determine 
accurately the essential properties of a structure from tests conducted 
on it . System identification is the term generally used to denote this 
process of converting test data to system characteristics. The proce­
dures employed usually originate in mathematical programming or 
optimization methods, and they usually require test data in the form 
of response time histories or frequency response curves . 

System identification has been used to address the following subject 
areas : 
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l .  Estimation of values of elastic vibration parameters from test 
data. 

2. Determination of values of elastic structural stiffness parameters 
from test data showing natural frequencies and mode shapes of 
vibration. 

3 .  Estimation of values of inelastic system parameters from time 
history test data. 

4. Evaluation of strength of existing structures. 

Most of the research in system identification has concentrated on 
estimating system parameters , although some work has been done on 
load identification. These studies first assume that the response equa­
tions are known and then obtain values of the parameters in these 
equations to produce a response that best correlates with the measured 
test response. The test response is typically determined in the frequency 
domain for elastic systems and in the time domain for inelastic systems. 
System identification studies have looked at buildings , bridges ,  and 
nuclear reactors , as well as many types of subjects in laboratory 
research. 

A significant amount of work in the last decade has applied system 
identification techniques to inelastic structural systems. This work has 
gone in two directions. The first involves estimating the parameter 
values in a nonlinear differential equation, comparing alternate types 
of nonlinear differential equations , and selecting the best for correlation 
of predicted and measured responses . The second approach assumes 
that an elastic model is valid for calculating a system's  response, but 
then identifies different parameter values in the elastic model for 
different time segments of the response. Research is needed on the 
computer programming phase of system identification, wherein pro­
grams or hardware chips are developed specifically for application to 
buildings , dams, and bridges .  

System identification techniques have recently formed part of an 
overall approach to evaluating strength and to rehabilitation of existing 
structures. In such studies the identification procedure has included 
the uncertainty associated with estimated parameters from various 
parts of the rehabilitation. A major area of future research in system 
identification should consist of evaluating the existing strength of 
structures already built . 

Research is needed on parallel full-scale and laboratory model studies 
to assess the accuracy of the results obtained from system identification 
studies. Such assessments should use measured joint rotations , relative 
displacements, and other higher-order response quantities.  
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Although the basic techniques of structural dynamics analysis were 
understood 10  years ago and had already contributed to design 
calculations and significant studies in earthquake engineering research, 
structural dynamics for earthquake engineering was really in its infancy 
then. Recent years have brought significant advances in the numerical 
procedures used to perform the analyses , and the electronic computer 
systems that do the work have made even more impressive progress. 

With regard to the mathematical modeling of structures , 10 years 
ago almost no data existed on the inelastic response of structures 
subjected to cyclic loads. Hence realistic analyses of the damage to 
be expected from such loads could not be performed, nor were the 
data available to assess the accuracy of an analysis if one were 
performed. Now, as a result of extensive field and laboratory work, it 
is possible to formulate mathematical models that characterize real 
behavior as damage develops .  Moreover, response data from structures 
subjected to real or simulated earthquake motions make it possible to 
verify analyses performed with these models .  

The foregoing comments demonstrate that structural dynamics anal­
ysis has made very significant progress during the past l 0 years. 
Nevertheless ,  future progress can be just as impressive in all aspects 
of the field. Continued research can lead the way toward the ultimate 
goal of predicting reliably how an existing structure or a new design 
will behave in a major earthquake. 
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Earthquake Desig n of Structures 

The engineering design of a structure begins with the conceptual 
development of a building system that meets certain functional re­
quirements .  The subsequent development into a final design involves 
the synthesis of many items, including loadings , properties of materials , 
sizes of members , and the use of analysis to demonstrate the adequacy 
of the design. 

Earthquake-resistant design is based on a knowledge of the following 
items: ( 1 )  the earthquake hazard at the site , (2) the response of the 
structure to ground shaking, (3) the stress-strain properties of the 
materials used in construction, (4) the performance of structural 
elements under earthquake-type loading, and (5) the desired safety 
factor or the acceptable level of damage. Once these items are known, 
the appropriate structural system and materials must be defined, the 
proper size and shape of the structural members must be determined, 
and the connections of the structural members must be described, all 
in such a way as to achieve the desired performance from the completed 
structure . Accomplishing this requires that extensive stress analyses 
and many judgmental decisions be made. In nonseismic regions , 
structural design seeks primarily to resist the force of gravity, which 
pulls steadily downward; secondarily,  the design seeks to resist the 
horizontal pressure of the wind. In seismic regions , the design must 
also resist the vibratory forces generated by earthquake ground 
motions . This significantly increases the complexity of the design 
process and the knowledge and expertise required of the designer. 

When seismic requirements first appeared in building codes, prac­
tically nothing was known about earthquake engineering. The 1933 
Los Angeles building code, for example, merely stated that a structure 
should be designed to resist a steady horizontal thrust equal to 8 
percent of its weight, thus treating earthquake forces in the same way 
as it treated wind pressures. During recent years seismic design has 
undergone a remarkable development , one made possible largely by 
the earthquake engineering research program in the United States and 
partly by earlier research after World War II on military protective 
structures.  The research strongly reflected the need for new information 
and better methods by engineers designing such major projects as 
nuclear power plants, high-rise buildings , dams, offshore oil drilling 
platforms, rapid transit systems, liquefied natural gas (LNG) storage 
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tanks,  and oil and gas pipelines .  As a result , the research and the 
development of seismic design went hand-in-hand. 

Building codes to which ordinary buildings are designed have also 
experienced impressive developments , so that they are now much 
better suited to guide realistic design against earthquake forces .  The 
requirements in the U . S .  building codes form the basis for earthquake 
design in most seismic regions in the world. Clearly, the present-day 
methods of earthquake-resistant design in the United States represent 
an outstanding improvement over methods available 10 or 20 years 
ago. 

When a building is subjected to earthquake motion, its base tends 
to move with the ground, and stresses and deformations occur through­
out the structure. If the building is very stiff, the entire structure 
moves with the ground, and the dynamic forces induced in the building 
nearly equal those associated with the ground accelerations . If the 
building is flexible, differential motions of its supports and floors can 
induce large dynamic deformations . To survive the earthquake shaking, 
the building must be strong enough to resist the induced forces if it is 
rigid ; if it is flexible, it must be able to accommodate the deformations 
without collapsing. In either case the building must have the capability 
to absorb safely the energy induced by the ground motion. The trained 
earthquake engineer visualizes how a building will behave during an 
earthquake and then designs it to have the physical properties necessary 
to resist or accommodate an earthquake' s  motion. 

One of the major threats to life and property, especially in highly 
seismic regions ,  arises from existing buildings and facilities .  Many 
structures built before good earthquake requirements were in building 
codes are technically deficient in the light of modem knowledge about 
earthquake design. The cost of rebuilding or retrofitting all such 
structures is probably unacceptably large, and it is most unlikely that 
the public would support channeling a high proportion of our resources 
into such a narrow program. Probably the best approach for correcting 
such deficiencies in areas of moderate to high seismicity is to accelerate 
the natural obsolescence of old buildings, promote retrofitting or 
strengthening of selected facilities,  and adopt modem practices of 
earthquake-resistant design and construction for new buildings . In 
regions of low seismicity , the continual upgrading of engineering 
practice,  including the enforcement of building codes ,  will lead to 
greater protection without burdensome economic penalty .  In the long 
term a balanced program of upgrading new construction should have 
far-reaching benefits in providing structural resistance against earth­
quakes and other natural hazards. Unfortunately, in some regions in 
the United States it is not possible to rule out the possibility of large 
earthquakes in the not-so-distant future, and such an event could cause 

Copyright © National Academy of Sciences. All rights reserved.

Earthquake Engineering Research, 1982
http://www.nap.edu/catalog.php?record_id=19571

http://www.nap.edu/catalog.php?record_id=19571


EARTHQUAKE DESIGN OF STRUCTURES 

a great disaster. This is a problem that government officials are just 
beginning to face. 

The sections that follow outline some of the developments that have 
led to the current state of design practice . Research during the past 
decade or so has played a major role in leading to advanced design 
methods and construction practices .  The next section briefty addresses 
four generic structural types according to the type of material involved: 
( l )  reinforced, prestressed, and precast concrete ; (2) steel ; (3) masonry ; 
and (4) timber. Of course, many structures or facilities are of a mixed 
type of construction, involving different materials and construction 
practices .  Each subsection describes briefty the state of the art of 
design and construction practice and recent technological develop­
ments. Because of their special importance, building code develop­
ments receive special attention. Some major research requirements 
are then identified. These center around such topics as field observa­
tions and measurements , experimental and analytical studies of struc­
tural resistance parameters for all types of construction materials, 
studies of structural response, and education of design engineers. 

Later sections turn to the status of seismic design practice as it 
pertains to existing buildings, bridges, critical facilities, utilities, and 
mechanical and electrial equipment. The chapter ends with a brief 
discussion of the role and importance of architectural issues . 

Structural Development and Materials 

Reinforced, Prestressed, and Precast Concrete Structures 

The research of the past 1 5  years has strongly affected the theory and 
practice of earthquake-resistant construction in reinforced concrete. 
Among the more important developments,  the following three topics 
may be cited . 

Changes i n  Design Bases 

In the 1960s the theoretical understanding of how reinforced concrete 
structures respond to earthquakes was based primarily on concepts 
borrowed from World War II experimental research into the effects 
of blast loading on structures. However, investigations of the response 
to earthquake loading must take into account behavior under reversals 
in displacement over many seconds. This is quite different from short­
duration unidirectional blast loading. 

Experimental and theoretical research on energy dissipation in 
reinforced concrete systems has led to two significant developments: 
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1 .  The data base for technological decision, which used to recognize 
only the monotonic behavior of materials and structural members 
under blast loading, now includes behavior under cyclic loading. In 
this latter case the mechanism of energy dissipation is different and 
the possibility of low-cycle fatigue failure during nonlinear straining is 
important . 

2. A number of active centers of experimental research staffed by 
a cadre of highly competent research workers have been built up in 
the United States .  The experimental facilities at these centers should 
be modernized and expanded, and vigorous programs of research 
should be conducted. 

Cha racteristics of Rei nforcing Bars 

One of the buildings that collapsed during the 1964 earthquake in 
Alaska was the control tower at Anchorage International Airport. A 
key factor leading to the destruction of the building was the improper 
splicing of reinforcing bars and their inadequate anchorage into the 
foundation. The embedment length required to anchor a bar properly 
for cyclic loading is a small detail , but it is critically important to the 
performance of reinforced concrete construction undergoing cyclic 
deformations. The nearby six-story Four Seasons apartment building 
also collapsed during this earthquake because reinforcing bars were 
inadequately anchored. 

Immediate evaluation of available information following the earth-

This air traffic control tower at the Anchorage airport collapsed following the 1964 
Alaska earthquake. Important structures in seismic regions should be designed on the 
basis of a dynamic analysis to ensure that they remain functional after an earthquake. 
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quake revealed weaknesses in most existing reinforced concrete con­
struction and suggested that new buildings in seismic regions might 
require very costly designs. Eventually, information from four different 
areas of research resolved this problem. 

1 .  Research on the nature of ground motion fostered confidence in 
prescribing the types of motions that buildings were likely to experience 
at their bases .  

2.  Experimental research provided quantitative relationships be­
tween the length of splice required to develop the strength of the bar 
and the degree of inelastic action. 

3. Research on analytical nonlinear-response models , calibrated by 
earthquake simulation experiments and given input from ground motion 
research, defined the extent of inelastic action required at joints of 
reinforced concrete frames.  

4. Field documentation of earthquake damage and subsequent 
evaluation studies helped to build confidence in these conclusions, 
which were based on laboratory work and analyses . 

In 198 1  the Building Code Committee of the American Concrete 
Institute proposed a revised set of practical rules for determining the 
length of development for reinforcing bars . In part, this was the result 
of these four different components of earthquake engineering research 
coming together. 

Ratio of Transverse to Longitudina l  Rei nforcement 

The shift of the data base for design from monotonic to cyclic loading 
demonstrated that transverse reinforcement cannot be considered 
"secondary" reinforcement in earthquake-resistant structures .  Infor­
mation from field studies of earthquake damage and from laboratory 
experiments has demonstrated the need for well-detailed transverse 
(tie) reinforcement to develop toughness. It is important to note that 
adequate transverse reinforcement, which some designers once con­
sidered an unjustified requirement or difficult to fulfill in the field, has 
now become everyday practice . 

Steel Structures 

·Except for those few that experienced the 1906 San Francisco and 
1923 Tokyo earthquakes,  few large (high-rise) steel buildings have 
undergone strong earthquake motions .  The few large earthquakes of 
recent years have occurred in areas where concrete was the predom­
inant construction material or where there were no very large buildings . 
The high-rise steel buildings that have experienced strong ground 
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motions in the past decade or two include the 22-story Finance Ministry 
in Guatemala City ( 1976) , the 42-story Union Bank Building in Los 
Angeles ( 1971) ,  the 34-story Bolivar Towers in Venezuela ( 1967), and 
the 43-story Latina-Americana building in Mexico City ( 1957). These 
buildings performed well, but the ground shaking was only moderately 
strong. 

Recent research on the earthquake resistance of structural steel 
buildings has emphasized the cyclic performance of members and 
connections when strained far into the plastic range. Although steel 
members have been used in buildings and bridges for many years, 
only a limited evaluation of their behavior during the type of motion 
induced by earthquakes has been undertaken. Field observations of 
damage from earthquakes have revealed deficiencies at the connections 
and at splices of members in some buildings. Tests of steel subassem­
blies with details similar to those in actual buildings have revealed the 
importance of designing to accommodate secondary effects and load 
misalignments that may occur during an earthquake. As a part of the 
recent experimental research directed at correcting these deficiencies 
in new designs, the method of "eccentric braces" has evolved as one 
possible way to overcome some of the deficiencies of concentrically 
braced frames. Several large buildings have been constructed using 
this principle with savings in cost. 

Composite concrete-steel deck floors are employed almost univer­
sally in high-rise steel-framed building construction. In earthquake­
prone areas the decks constitute an important diaphragm in the system 
to resist lateral forces. Based on research carried out over the past 
decade, a standard specification for the design and construction of 
metal decks was recently prepared under the auspices of the American 
Society of Civil Engineers. 

Masonry Structures 

The term masonry, as generally used in building construction, applies 
to an assembly of comparatively small rock, clay brick, or concrete 
units. Research on earthquake damage has demonstrated that the 
damage threshold and failure level is much lower for ungrouted and 
unreinforced masonry construction than for properly grouted and 
reinforced masonry, and this has an important bearing on life and 
safety. Over the years, research has been undertaken on construction 
techniques and engineering design of reinforced masonry, and there 
have been improvements in these areas applicable to both moderately 
and highly seismic regions. Recent earthquakes have provided infor­
mation on the performance of masonry buildings, and some details of 
design have been modified to provide improved structures. Additional 
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These earthquake motions were recorded in a 1 7-story steel frame building. This 
moderately strong ground shaking produced appreciable, though nondamaging, vibra­
tions. A 50-story building subjected to very strong shaking would deform much more. 

research continues to be required on the optimum earthquake design 
of masonry buildings . 

In the past the trade organizations of each masonry group conducted 
most of the research on masonry structures .  Early research sought to 
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determine nonseismic properties .  In recent years considerable testing 
on masonry systems has used static loading or slowly reversing loading. 
These test data have been used to define the limits for simplified design 
procedures and to upgrade code provisions and construction practice . 
In spite of these advances ,  however, the designer currently has little 
information available on the actual strength-deformation characteristics 
of masonry systems when subjected to earthquake loadings . 

Wood Structures 

The field investigations of wood buildings following the 197 1  San 
Fernando earthquake and other less severe earthquakes in California 
have confirmed the historical record of wood structures-that they 
generally perform well during earthquakes.  When a structure performs 
as a unit , it suffers relatively little damage ; however, connections, 
anchorage details ,  and bracing must be carefully designed and con-
structed . 

· 

Wood residences and small commercial or industrial buildings 
possess qualities that enable them generally to survive strong shaking. 
Wood has high stiffness-to-weight and strength-to-weight ratios ,  it 
behaves as a linearly elastic material, and it exhibits a time-dependent 
strength that for short durations is several times greater than the 
standard allowable design stresses . The number of partitions , the 
encasing finish materials in the floor, roof, and wall assemblies, and 
the large number of fasteners permit a redistribution of forces and 
deformation. Fortunately, for wood structures the failure of a single 
connection or element normally does not lead to collapse or even to 
severe damage. 

In the 1906 San Francisco earthquake and in the 1933 Long Beach 
earthquake, wood buildings did suffer considerable damage because 
of weaknesses introduced by construction practices. Over the years, 
as earthquake damage disclosed weaknesses , construction practices 
were improved, so that in general these nonengineered structures now 
perform well during earthquakes . However, new earthquakes fre­
quently disclose new weaknesses , so there is still room for improve­
ment. 

Building Codes and Standards 

Building codes are primarily technical legal requirements that are based 
on existing standards for the design, manufacture, installation, and 
use of building materials and components . Building codes in the United 
States are drafted by several different agencies and are officially 
adopted by city and county governments. Over 400 organizations in 
the United States develop building standards , including trade associ-
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ations, professional societies ,  testing laboratories,  federal and state 
agencies, and manufacturers .  

The first model earthquake code prepared by building officials was 
developed in 1927, though it was never put into effect by a city (see 
Table 5). Today there are essentially three principal model codes that 
govern seismic structural design, the Uniform Building Code, the 
Standard Building Code, and the Basic Building Code. For the most 
part, the seismic design requirements in the model codes were patterned 
after recommendations developed by the Structural Engineers Asso­
ciation of California (SEAOC). The SEAOC recommendations were 
developed voluntarily by concerned professionals. The American 
National Standards Institute and the American Concrete Institute have 
standards or provisions that address seismic design; in a similar vein 
many trade groups and government agencies have standards or guides 
addressing various aspects of seismic design. For example, there are 
earthquake design codes and standards for highway bridges, petroleum 
storage tanks,  high-rise elevators , electrical equipment, and other 
structures.  

Adoption and enforcement of seismic design requirements at the 
state and local levels vary widely throughout the United States. A 
1977 survey by the National Conference of States on Building Codes 
and Standards indicated that about one quarter of the states had 
statewide building codes .  

Another important aspect of the building design process is  the 
supervision of construction, which can have an important influence on 
seismic resistance. Differences between the "blueprint stage" and the 
"as built" structure can have a very important effect on the suscep­
tibility to damage . Postearthquake investigations often reveal substand­
ard construction practices that supervision during construction would 

TABLE 5 Seismic Design Codes and Provisions in the United States 

Date 

Post- 1906 
1927 

1933 
1943 

1952 
1959 
1974 
1976 
1977 

Code or Provision 

San Francisco rebuilt to 30 psf wind 
First seismic design appendix in Uniform Building Code 

(C = 0.075 to 0. 10) 
Los Angeles City Code (C = 0.08) , first enforced seismic code 
Los Angeles City Code (C = 60/(N + 4.5), N greater than 13  

stories) 
ASCE-SEAONC (C = K,IT, K, = 0.015�.025) 
SEAOC V = KCW, C = 0.05/<n"3 
SEAOC V = ZIKCSW 
UBC V = ZIKCSW 
ATC-3 Tentative Recommendations 

NOTE: W = weight of building, V = base shear, T = period of vibration, N = number of stories, 

and C, K, Z, /, S = numerical coefficients. 
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have eliminated. Informal observation also suggests that enforcement 
of building codes may be lax except in the western states. 

The State of California has adopted a number of earthquake design 
requirements, which add to local building codes. Following the 1933 
Long Beach earthquake, the Riley Act established a minimum level 
of earthquake resistance for all buildings except farm buildings and 
some dwellings. The Field Act of 1933 required earthquake-resistant 
design of public school buildings, and the Hospital Act of 1972 specified 
provisions for the seismic design of hospitals that would ensure their 
ability to function after an earthquake. 

In recent years there has been increasing research on design concepts 
based on probabilistic approaches. This activity has resulted in a 
reexamination of past data, a close analysis of design concepts , and a 
formulation of design provisions to make them more logical for 
practitioners. Much remains to be done to apply such research to 
assessments of seismic risk, particularly in areas of low seismic risk, 
and to adapt such research to practical design and construction 
practices. 

The National Science Foundation and the National Bureau of 
Standards, with participation by design professionals, researchers, 
state and local government representatives, and representatives for 
model codes and federal agencies, recently sponsored the drafting of 
design provisions that reflect the latest thinking in earthquake engi­
neering. These provisions, developed under the guidance of the Applied 
Technology Council and incorporating modem seismic design philos­
ophy and approaches, are currently being evaluated under the auspices 
of the Building Seismic Safety Council for possible use throughout the 
United States. This advance in earthquake engineering, which is of 
potentially great value to society, came about only because of the 
major federal emphasis on earthquake hazard mitigation and associated 
research. 

Research Requirements 

1 .  Field Observations and Bui ld ing Instru mentation 

In the last decade the understanding of earthquake ground motions 
has significantly expanded as a result of the accelerograms provided 
by the enlarged program of strong-motion instrumentation. It is 
important that this data acquisition program be continued in an 
expanded form, but several different types of additional instrumentation 
are also needed: (a) instrument arrays for making measurements at 
the surface and at depth to provide a more detailed understanding of 
the ground's influence on seismic waves and of the ground-structure 
interaction and (b) instrumentation in buildings to record their motions 
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and deformations during earthquakes.  The detailed understanding of 
the damage mechanisms in buildings that result from earthquake 
shaking is presently very limited. Even though many buildings in the 
western United States have been severely damaged by ground shaking, 
knowledge thus far is limited essentially to the recordings made in the 
Imperial County Services building during the 1979 Imperial Valley 
earthquake. Buildings damaged during earthquakes could provide the 
raw data for research on damage and failure mechanisms, but in the 
past not enough in-depth research has been done in this area. It is 
important that more such research be done following future earthquakes 
on damaged as well as undamaged buildings. 

2. Laboratory Resea rch Faci l ities and Experi menta l Resea rch 

Structural research laboratories at universities in the United States ,  
which provide basic data needed for the development of earthquake 
engineering design, do not have the modem laboratory equipment that 
they should possess. The earthquake engineering research laboratories 
in Japan, for instance, are in many ways better outfitted for experimental 
research than are the laboratories in the United States .  

Experimental laboratory research in the United States should build 
up the body of information needed to advance seismic design. A wide 
range of studies ,  using both models and full-scale elements and 
structures, should be undertaken on the static and dynamic loading of 
components and building systems. For every kind of construction 
material there is a need for research, analytical as well as experimental, 
on the nonlinear behavior of structural elements and assemblies and 
on methods of maintaining strength and ductility during large defor­
mations . There is a particular need for more information on the 
properties of structural joints and connections that are subjected to 
cyclic stress and sttain beyond their yield points. 

3. Stress Ana lysis Resea rch 

A basic part of design is the computation of stresses and strains in 
structural members , in beam-column joints , and in connections between 
members . In earthquake engineering, dynamic analyses provide infor­
mation on the forces ,  bending moments, and torsional moments in the 
structural frame.  From these the designer must compute the stresses 
in the members , joints, and connections and make the design accord­
ingly . There is room for improvement in presently used methods of 
both dynamic analysis and stress analysis for steel , concrete , and 
masonry structures .  There is a special need for simplified methods of 
analysis that enable designers to understand the physical bases of a 
situation and yet do not require overly elaborate computations . 
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Existing Buildings 

Examinations of buildings damaged by earthquake motions have 
revealed that deficiencies in design or construction have often lowered 
their earthquake resistance . Buildings designed under building codes 
without earthquake requirements are usually very susceptible to seismic 
damage, and even buildings designed under seismic code requirements 
can have such deficiencies .  It is not desirable to wait for an earthquake 
to reveal these deficiencies .  Rather, the resistance of buildings in a 
city should be assessed before the earthquake, so that appropriate 
action can be taken. 

The magnitude of the hazardous buildings problem is enormous. 
Fortunately,  large earthquakes are infrequent occurrences,  but that 
they will eventually occur is inevitable. The number of buildings of 
questionable adequacy in metropolitan Los Angeles alone is estimated 
to be in excess of 12 ,000. Currently the City of Los Angeles has passed 
an ordinance that will reduce the hazard by requiring selective strength­
ening of hazardous buildings . The cost of reinforcing these substandard 
buildings is estimated to be in the billions of dollars . 

The situation is truly staggering when considered on a national scale. 
Damaging earthquakes have occurred in 37 states ,  yet in reality few 
communities outside the western United States have even modest 
earthquake design requirements in their building codes. An all-out 
program of building reinforcement (as well as equipment upgrading) 
would take decades to accomplish and, when completed, might prolong 
the use of otherwise obsolete buildings in an effort to obtain some 
return for the enormous resources spent in reinforcing them. This 
illustrates that in addition to engineering and economic barriers there 
are important governmental and social questions .  At present, the 
existence of the problem is recognized, but no one knows how to solve 
it . As a beginning there is a need for selective research on the 
identification and assessment of hazardous existing buildings , followed 
by development of effective means of strengthening such buildings . 

The federal government should take the lead in reducing the earth­
quake- hazards posed by existing inadequate facilities. The Department 
of Defense and the General Services Administration are responsible 
for maintaining over 400,000 federal buildings . Following the 1971  San 
Fernando earthquake , several agencies initiated programs to evaluate 
the potential hazard of their facilities and to take corrective action. 
The Disaster Relief Act of 1974 requires federal agencies,  when 
authorized by the President, to carry out such activities in accordance 
with standards prescribed by the President. The Veterans Administra­
tion, the U .S .  Army Corps of Engineers , the Naval Facilities Engi­
neering Command, and the General Services Administration have 
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initiated such evaluations, but progress has generally been slow because 
of a lack of funds ,  low assigned priority , and other factors. 

Bridges 

The 197 1  San Fernando earthquake was a major turning point in the 
development of seismic design criteria for bridges in the United States. 
Prior to 197 1  the specifications of the American Association of State 
Highway and Transportation Officials (AASHTO) for the seismic design 
of bridges were based on· early building code requirements . In 1973 
the California Department of Transportation introduced new seismic 
design criteria for bridges , which included consideration of the prox­
imity of the site to active faults , the response of the soils at the site , 
and the dynamic response characteristics of the bridge structure . In 
1975 AASHTO adopted interim specifications applicable generally to 
all regions of the United States based on the 1973 provisions of the 
California Department of Transportation. These advances in bridge 

This freeway interchange bridge in Sylmar, California, collapsed during the 1971  San 
Fernando earthquake. In the lower right-hand comer a collapsed overpass bridge has 
been partly cleared away. In the center of the photograph can be seen a large new 
juvenile detention facility. which was so badly damaged that it was later demolished. 
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These columns supporting a reinforced concrete highway bridge were damaged during 
the San Fernando earthquake. In the region of strong shaking, 42 freeway bridges were 
significantly damaged and 5 collapsed. Since the earthquake, research has been carried 
out on the earthquake vibrations of bridges ,  and the design criteria have been completely 
revised so that the strength of a new bridge is more commensurate with the shaking to 
which it might be subjected. Existing bridges have also undergone retrofitting to prevent 
failures such as that shown here. 
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design were made possible by the availability of information that 
earthquake engineering research had developed. 

The unsatisfactory performance of bridges in the 197 1  San Fernando 
earthquake and the 1964 Alaska earthquake stimulated new research 
on the seismic behavior of bridges,  and in 198 1  a design guide for 
medium-length bridges was issued under the auspices of the Federal 
Highway Administration and the Applied Technology Council. High­
way departments are now evaluating these provisions on a trial basis 
before they are incorporated into future AASHTO specifications. 

Because funds are not available to replace many existing bridges ,  
cost-effective techniques for upgrading the seismic resistance of  bridges 
should be developed and implemented in seismic regions. 

Much research remains to be done on the seismic design of bridges ,  
especially as  i t  relates to foundation design, techniques for accom­
modating the movements of abutments , and the development of design 
procedures and criteria for long-span bridges. 

Critical Facilities 

A voiding earthquake damage to critical structures and facilities-that 
is ,  installations whose failure could seriously affect the public through 
loss of life , injury, large financial loss ,  social impact, or degradation 
of the environment-has a high priority. Such facilities include nuclear 
power plants ,  sites for nuclear fuel reprocessing and for storage and 
isolation of high-level radioactive wastes, special chemical processing 
facilities ,  liquefied natural gas terminals , offshore petroleum facilities ,  
major pipelines ,  large dams, and certain types of utility lifelines . 
Facilities that are required to remain in service following an earthquake 
to care for the safety or health of the public are also often considered 
critical facilities. Such facilities include hospitals, public safety agen­
cies , such as fire and police units , and life support systems, such as 
water and fuel lines or tanks and some highways.  

The earthquake-resistant design of critically important facilities 
normally entails a much more extensive effort, in terms of siting, 
development of design criteria, the actual design, and construction, 
than goes into the design and construction of a typical building under 
standard building codes. The last decade has seen major advances in 
the state of the art for design of such facilities .  The advances were 
based largely on the increased knowledge and understanding of strong 
ground motions and structural response and on the greatly enhanced 
ability to analyze the dynamics of major structures and associated 
systems. The records from the 197 1  San Fernando earthquake and the 
1979 Imperial Valley earthquake have more than doubled the total 
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data base for ground shaking. Analyses of these records have increased 
the understanding of the strength, nature, and variability of earthquake 
shaking and of the responses of structures to ground motion. The rapid 
development of digital computers and of computational techniques in 
structural dynamics have greatly extended the capabilities of earth­
quake design procedures. 

By way of example, the development and application of the finite 
element method to the earthquake response of dams has been a major 
advance in earthquake engineering practice. This development has 
made it possible to estimate the effects of earthquake shaking on a 
large critical facility . It has also enabled earthquake engineers to go 
back and examine in some depth some older dams that may pose a 
hazard to public safety. Another major example concerns the devel­
opment of approaches for designing and evaluating nuclear power 
facilities and their containment and safety systems. Also, the trans­
Alaska pipeline , stretching some 800 miles across Alaska, was designed 
with modem earthquake engineering techniques ,  as was the Gas 
Centrifuge Enrichment Plant near Portsmouth, Ohio. At present the 
Technical Council on Lifeline Earthquake Engineering of the American 
Society of Civil Engineers is developing a document entitled Seismic 
Design Guidelines for Gas and Liquid Fuel Lifelines . Other studies 
by the same council are under way in the areas of electrical utility 
substations and water and sewerage facilities. 

In spite of this increased ability to make seismic designs, there 
remain uncertainties that require further research. One of these arises 
from the lack of data on ground shaking very close to the causative 
fault . The inability to speak precisely about this near-field ground 
motion often leads to public concern. There is also a need for further 
research on the seismic design of complex equipment installed in 
critical structures, such as piping systems , mechanical and electrical 
control systems , and so on. Among the more important topics needing 
additional research are ( I )  improved understanding of strong ground 
shaking and its spatial variation, (2) appropriate levels of acceptable 
risk associated with critical facilities ,  and (3) the development of 
consistent structural design criteria. 

Military Protective Structures Applications 

The military protective structures program received great emphasis 
during World War II and continued thereafter for a decade. This 
intensive program of research funded by the Department of Defense 
provided a base of fundamental information on materials ,  structural 
response, and structural behavior and led to the initial development 
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The Department of Energy (DOE) is constructing the nation's first Gas Centrifuge 
Enrichment Plant (GCEP) in the eastern United States near Portsmouth, Ohio--a venture 
that will commercialize the high technology of the gas centrifuge enrichment process . 
During the GCEP's design , the DOE recognized the need for seismic criteria to provide 
adequate safety, protect their capital investment, and ensure continued operation in the 
event of an earthquake. As a result, the GCEP became one of the first nonreactor 
facilities in the eastern United States to be designed according to seismic requirements 
beyond those specified in current building codes. Engineering research was extremely 
beneficial in developing the seismic criteria, criteria that went beyond the requirements 
of the building code but did not require the stringent construction specified for nuclear 
plants. In addition, engineering research allowed "long-period motion" to be considered 
for the GCEP components sensitive to such motion. Long-period motion would be 
experienced at the plant if the 18 1 1 - 18 12  earthquakes near New Madrid, Missouri 
(approximately 400 miles away from GCEP), were to recur. 

of modern techniques of dynamic analysis. For many years , extending 
even to the present , this military-based reservoir of information proved 
to be a valuable resource throughout the general applied area of 
structural dynamics dealing with earthquake engineering, explosions, 
and other situations of transient loading. 

The next major research effort in the area of structural dynamics 
occurred with the buildup of the earthquake engineering research 
program. Many of the recent research developments arising from the 
earthquake engineering program have found application in military 
programs , especially in the area of analysis .  This important interrela­
tionship and technical transfer will continue to be of great national 
importance . 
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Utility Lifelines 

It has been over 10 years since the 197 1  San Fernando earthquake 
awakened the engineering community to the vulnerability of utility 
lifelines to strong earthquakes. For the most part, seismic considera:­
tions played little part in the original design of such facilities as 
underground water and sewer lines, gas pipelines, electrical substation 
equipment, and communications systems. All of these have suffered 
damage in recent earthquakes . 

Ground motion criteria applicable to conventional structures with 
relatively small foundation dimensions are not suitable for long lifeline 
structures. The variation in ground motion from point to point along 
such structures must be considered in seismic design. Often, such 
structures are sensitive to strain or elongation before failure is reached. 
Thus ductility in the materials used and flexibility in the joints become 
critically important factors in the seismic design of lifelines.  Likewise, 
details such as tying down or bracing equipment and allowing adequate 
slack in electrical connections are critical. 

At the same time, progress has been made in understanding the 
effect of an individual component' s  failure on the servicability of entire 
systems.  Lifeline networks are often highly redundant. Thus the failure 
of a component may not appreciably affect more than its local 
neighborhood. Though still a relative young field, seismic risk analysis 
of network systems has furthered our understanding of such relation­
ships. Such studies also permit the incorporation of economic princi­
ples. 

Despite the strides made in the last several years , the state of the 
art in earthquake engineering for lifelines is still far behind that of 
earthquake design for conventional structures. One need is to make 
the utilities and design communities aware of the problems and their 
possible solutions.  There is a great and urgent need to expand the 
experimental data base for lifeline systems. 

Mechanical and Electrical Equipment 

The first concern of the earthquake engineer is to protect human life. 
Following the 197 1  San Fernando earthquake, earthquake engineers 
also recognized the need to design lifeline systems to resist earthquakes 
so that vital public services could be maintained. These systems had 
been largely neglected prior to this earthquake, which revealed a 
number of weaknesses in design. 

In our modem technologically based society, much of our physical 
and economic well-being is directly tied to the proper functioning of 
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various types of machines or equipment. This is true across a broad 
spectrum of categories , including health care equipment, equipment 
related to emergencies and national security, data processing equip­
ment, communications equipment, and industrial machines and equip­
ment. As specific examples,  one could cite hospital life support 
equipment, police, fire, and military rescue equipment, computers, 
electronic switch gear, pumps, generators , storage and warehouse 
equipment, and the whole range of manufacturing equipment, from 
that used to produce small electronic chips to that used to produce 
aircraft parts. In many high-technology industries ,  the capital invest­
ment in equipment may equal or exceed the investment in structures. 
Much of this equipment is often extremely difficult to replace. A large 
earthquake in a region such as that where the highly concentrated 
semiconductor industry in California is located would have a major 
national economic impact. 

Despite the enormous exposure that equipment have to be damaged 
by earthquakes and the clear benefit to be derived from better design, 
relatively little has been done in this area. The main reason for this 
lack of activity may be that the United States has not yet experienced 
the damage that would result from a large earthquake near a major 
industrial center. It is regretful if such a stimulus is required to face 
this problem. 

In some respects , the response of equipment to an earthquake 
resembles that of structures, but there are significant differences.  
Equipment may have elements that are necessarily quite fragile , certain 
items of equipment may require isolation from surrounding structures, 
equipment supports are often highly nonlinear even for small motion, 
and equipment may be subjected to levels of excitation that are highly 
amplified by a surrounding structure . All of these factors make 
analyzing and designing equipment for seismic loading difficult, but 
application of modern principles of seismic design can overcome these 
difficulties .  One potential advantage of equipment systems over struc­
tures is that they can be more easily controlled during adverse 
conditions.  This observation has led to proposals, which especially 
apply to some industries ,  for the installation of subscription-supported 
early warning systems in high-exposure areas . Such systems would 
provide several seconds of warning in the event of a major earthquake 
so that equipment could be configured for survival . 

It is important that significant steps be taken in the design and 
retrofitting of equipment before a major earthquake occurs in an area 
of high exposure. A plan for dealing with the seismic design of 
equipment would include ( 1 )  development of analysis techniques to 
study highly nonlinear equipment systems , (2) assessment of existing 
information about equipment resistance (arising primarily from military 

Copyright © National Academy of Sciences. All rights reserved.

Earthquake Engineering Research, 1982
http://www.nap.edu/catalog.php?record_id=19571

http://www.nap.edu/catalog.php?record_id=19571


172 EARTHQUAKE ENGINEERING RESEARCH-1982 

and nuclear power applications) and full-scale testing and instrumen­
tation of prototypical equipment items,  (3) development of simple 
techniques for specifying floor-level seismic inputs for nonstructural 
and equipment systems, (4) upgrading of sections of existing codes 
and standards related to equipment or the creation of special criteria 
to reflect current research findings on the earthquake response of 
equipment, and (5) consideration of the use of active control systems 
to minimize earthquake damage to selected equipment. One of the 
more pressing research needs in the next decade is to assimilate the 
available information and theories pertaining to the behavior of equip­
ment during seismic excitation, with the goal of preparing design guides 
for use in practice . 

Architectural Issues 

The study of structures that are damaged by earthquakes has shown 
that architectural decisions based on considerations of appearance, 
function, and other such concerns can greatly influence the seismic 
resistance of buildings. These decisions affect the locations of columns 
and beams, determine whether or not there are force-resisting walls 
and where such walls are located , and influence other matters of 
engineering importance. For example , the six-story Olive View Hos­
pital building in Sylmar, California, was essentially a concrete box, 
but for functional reasons the first story had no walls ,  only slender 
columns. The result was a massive five-story concrete box supported 
on relatively flexible columns, and during the very strong shaking of 
the 197 1  San Fernando earthquake the first-story columns were so 
badly damaged that the structure was later demolished. 

Unfortunately, seismic design is only one of many issues that call 
for the attention of the architect. Consequently, the architect relies on 
the structural engineer to satisfy the code authorities while giving him 
the freedom to express his creativity with as little constraint as possible. 
A similar situation has largely prevailed in the area of research; 
architectural researchers have, until recently, left earthquake research 
to engineers and geologists . However, in the last decade some archi­
tectural researchers have begun to work in this area. The result has 
been the emergence of a unique body of work, characterized by the 
typically integrative viewpoint of the architect. 

By 1975 it had become clear that the role of the architectural 
researcher in this field needed definition . Accordingly , the American 
Institute of Architects '  Research Corporation, funded by the National 
Science Foundation, organized a workshop on earthquake hazard 
mitigation for the architectural profession and developed an agenda 
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for architectural research in this field . In 1976 the National Science 
Foundation awarded the first major research grant for an architectural 
topic , on the subject of building enclosure and finish systems. In the 
next year the AlA Research Corporation organized the first of three 
very successful summer sessions for architectural faculty of universi­
ties, with an object of helping to introduce seismic design into 
architectural curricula. 

At present the need and potential for architectural research on 
seismic issues can be summed up in four types of research that are 
necessary, feasible , and are currently very neglected. These are ( l )  
research on  the physical performance of a building that emphasizes 
the architectural configuration as a major determinant of performance ; 
(2) research on the particular seismic hazards, to life and property, 
presented by different building types ; (3) research on the behavior of 
occupants in relation to the architectural setting ; and (4) research on 
the nonstructural components of a building and the ways in which 
they influence the seismic hazard . These topics are discussed in more 
detail below. 

Building Configuration and Seismic Performance 

The architectural configuration should be studied because design and 
construction for earthquake resistance start with the general concept 
of the building. As the architect conceives the size and shape of the 
building-low or tall, broad or narrow-his work influences or even 
determines the kind of resisting systems that the engineer can use . It 
may even determine the extent to which those systems will , in the 
broadest sense, be effective . 

Researchers have found that many failures of engineering detail that 
result in severe damage or collapse often originate as defects in the 
concept or configuration of the building. In other words , the configu­
ration of a building can be such that, either as a whole or in some 
part, the resulting seismic forces place intolerable stress on some 
specific element or connection. 

Seismic design, then, is a responsibility shared by the architect and 
the engineer. If the architect gives the engineer a building concept that 
is fundamentally poor in earthquake resistance, the engineer' s task in 
ensuring a safe building will be more difficult, more expensive , and 
possibly even impossible. Research in this area has concentrated on 
identifying the problem and analyzing it in conceptual terms. Detailed 
analyses are now under way on configurations that have been identified 
as problems , such as houses over garages and split-level houses ,  which 
were found to be vulnerable in the San Fernando earthquake . Further 
research, in the form of analysis and model experiments , is needed on 
identified problem shapes in large buildings . 
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Seismic Hazard and Building Type 

Research on hazards by building type involves the interaction of the 
building' s  performance and the performance of humans in the earth­
quake environment. Again, the architectural orientation is of unique 
value here , drawing together an understanding of engineering, the 
building' s  operation and organization, human behavior, and the eco­
nomic context. 

One such study looked at fire and police stations as a type of 
building, choosing these buildings because of their critical functions 
in an emergency.  This is a good example of a building type in which 
the conventional criteria of the seismic code and purely structural 
approaches may prevent loss of life through collapse but do nothing 
to prevent loss of function through, say, a small distortion in the frame 
that surrounds the access doors for equipment. Other studies are under 
way on hospitals and office buildings in the earthquake environment. 

Behavior of Occupants in Earthquakes 

Research on the behavior of occupants is important because detailed 
information on how people behave in an earthquake is needed to devise 
appropriate educational and managerial approaches to hazard mitiga­
tion. Only by knowing how people behave in typical social and physical 
settings-alone or in groups,  in offices ,  homes, or hospital rooms­
can appropriate safety measures be devised. Researchers took the 
opportunity presented by the near collapse of the Imperial County 
Services building in the 1979 Imperial County earthquake to build a 
detailed picture of what people do in an earthquake. Essentially, they 
asked two questions of the approximately 100 people in the building: 
Where exactly were you at the time of the quake, and what precisely 
did you do? Of the 100 people, 30 were well enough trained to follow 
the standard recommendation to get under their desks. Of these, 15 
had their desks move away from over them, and one was hurt in the 
process.  This says that more information is needed about the behavior 
of components and that recommendations for action should perhaps 
become more specific, both for the building and for the setting. The 
standard recommendation to get under a doorway may make sense in 
an old single-family house; it makes no sense in an office building with 
lightweight partitions and doors with glass over the transoms. 

Nonstructural Architectural Components 

Architectural components are those elements-exterior walls ,  win­
dows, partitions, ceilings, finishes-that transform a structure into a 
building. They provide the building with its environment, surrounding 
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occupants at work or at play, at their homes, offices, or institutions.  
The idea that these nonstructural elements play a very important role 
in the seismic performance of buildings began to become apparent in 
the 1964 Alaska earthquake, and even more so in the 197 1  San 
Fernando earthquake. Experience in the 1972 Managua, Nicaragua, 
earthquake highlighted the extreme differences that the structural 
design of a building can make in damage to nonstructural components .  
Two adjoining multistory office buildings suffered comparable, rela­
tively light structural damage, well below collapse or life-threatening 
levels .  But the Banco de America, a stiff shear wall structure, suffered 
modest nonstructural damage, whereas the Banco Central, with a 
moment-resisting frame, underwent large deformations that caused 
extensive interior nonstructural damage, as well as modest damage to 
the primary structure . This contrasting behavior clearly showed that 
structural performance and nonstructural performance were interre­
lated. 

Nonstructural components have a fourfold inftuence. First, their 
presence may modify the structural behavior of the building in detri­
mental ways, that is,  the building structure may not behave the way 
the engineer conceived in his design. As a consequence, the stresses 
in the structure may be increased in one part and decreased in another. 

Second, damage to nonstructural components may make the building 
nonfunctional or useless, even though the building's structure performs 
adequately . For example, past earthquakes have put hospitals out of 
operation even though their structural elements were not damaged. 
Essential buildings tend to depend on nonstructural equipment and 
services for their continued function. At present a hospital, police 
station, or fire station can perform perfectly in an earthquake within 
the structural intent of the code, but be totally useless for hours, 
weeks, or months because of damage to its utility services and 
equipment. This may entail not only loss of essential services but also 
severe economic loss.  

Third, damage to nonstructural components may cause death and 
injury through falling light fixtures, collapse of filler walls, toppling file 
cabinets , the blocking of escape routes,  and fire . At present these 
hazards are recognized, but little detailed information exists to estimate 
the real danger. Press reports tend to stress the human aspects of this 
problem by focusing on extreme cases-the single person killed by a 
light fixture, or the single person rescued from under a desk after 
several days in a collapsed building. 

Finally, the direct economic loss in nonstructural components , 
combined with indirect losses of revenue caused by lack of function, 
may create serious problems for the owner-and for society-even 
though no lives are lost or injuries incurred. Besides the replacement 
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These library shelves collapsed during earthquake shak­
ing. Equipment, bookshelves ,  lighting fixtures, and all 
other items that could be hazardous must be designed to 
withstand earthquake forces. 

cost, indirect economic losses result from loss of revenues in com­
mercial and industrial facilities .  In marginal enterprises such losses 
can bankrupt a business and severely disrupt the lives of owners and 
employees . 

City Planning 

Many decisions made by architects , city planners , building officials, 
and others have long-term effects on the ability of a city to resist 
earthquake ground shaking, to cope with a earthquake, and to recover 
from an earthquake disaster. This is a field in which little research has 
been done despite the evidence provided by past earthquakes about 
the consequences of wrong planning decisions . There is a great need 
for research and educational efforts in the area of city planning for 
earthquakes .  
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177 

As this chapter briefly documents ,  significant advances in earthquake 
engineering have clearly been made. Observations following earth­
quakes have shown that well-designed and constructed buildings 
perform quite well . Earthquake engineering research sponsored by the 
National Science Foundation and undertaken in the last decade has 
already significantly influenced the design of major buildings. It has 
led to new building code provisions that are nearing application, to 
current preparation of guidelines for the design of major gas and oil 
pipelines ,  and to essentially immediate application in the development 
of design criteria, design procedures,  and review criteria for all types 
of critical facilities (nuclear power plants , offshore platforms, large 
dams, major gas and oil pipelines ,  LNG facilities , etc . )  

Close review of the structural and architectural areas within the 
earthquake field suggest that the following seven areas , among the 
many important topics for future research, deserve significant support. 

1 .  Development and installation of instrumentation in structures and 
facilities generally ,  as well as in the near field, to acquire data that 
can be used to improve structural performance and design procedures. 

2 .  Experimental laboratory research to acquire more information on 
the physical properties of structural elements, structural assemblages ,  
and electrical and mechanical equipment under static and dynamic 
conditions . Such studies must be closely correlated with appropriate 
analytical efforts and with basic studies of behavior that consider 
excitation, response , and damage assessment. Associated with this 
topic is the matter of upgrading laboratory equipment, which is clearly 
a neglected area. 

3. Development of reliable and easily applied methods of analysis 
and design that can be employed by the practicing engineer. 

4. Identification and assessment of hazardous existing buildings ,  and 
the development of techniques for repairing and retrofitting them. 

5. Development of many types of application data (codes ,  standards ,  
guidelines ,  special criteria, etc . ) ,  incorporating the latest research 
results , for all types of structures, critical facilities ,  and especially 
mechanical and electrical equipment. 

6. Additional attention to architectural considerations, including 
building configurations, building types, occupant behavior, and non­
structural components . 

7. Increased study of planning issues related to the earthquake 
problem, including land use planning and aspects of long-term recovery 
and reconstruction. 
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Seism ic Interaction of Structures 
and Flu ids 

Many important structures in  seismic regions interact with fluids during 
earthquakes , and this interaction affects the seismic forces acting on 
the structure . Such structures include dams, bridge piers , harbor walls,  
petroleum storage tanks ,  water storage tanks, offshore drilling plat­
forms,  and submerged structures.  

When a structure in contact with a liquid is subjected to a ground 
shaking, the fluid pressures exerted on the structure change in intensity 
and distribution from those corresponding to a state of static equilib­
rium. The resulting increments of fluid pressure create time-dependent 
hydrodynamic forces that may significantly affect the response of the 
structure . The motion of the structure also induces waves in the liquid, 
which carry energy away from the structure and further modify its 
response. Evaluating these forces requires consideration of the motions 
of the liquid, of the structure and its foundation, and of the interaction 
or coupling among the motions of the component systems. 

This chapter examines the seismic response and design of three 
classes of structures that impound, contain, or are surrounded by 
liquid. The systems discussed include dams , liquid storage tanks, and 
offshore platforms .  Only concrete dams are considered, since Chapter 
5 considers the seismic design of earth dams. 

In the preceding examples the earthquake-generated motions of a 
structure are imparted to the fluid with which it is in contact, but the 
reverse can also happen. The earthquake can generate wave motions 
in bodies of water that then exert forces on structures. For example, 
earthquakes generate tsunamis that can heavily damage coastal struc­
tures, as happened in the 1964 Alaska earthquake, which badly damaged 
the towns of Valdez, Seward, and Kodiak. In addition, earthquakes 
can generate damaging waves,  called seiches,  in inland bodies of water 
such as lakes and reservoirs behind dams, as happened during the 
1959 Hebgen Lake earthquake in Montana. Although only a small 
fraction of earthquakes generate tsunamis or seiches ,  these waves 
have the potential for great destruction,  and the hazard they pose 
should not be overlooked when considering the earthquake problem. 
The latter portion of this chapter discusses the tsunami problem. 

178 
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This water tank collapsed in the magnitude 6.4 Imperial Valley, California, earthquake 
of 1979. The function of such tanks is to provide high water pressure in distribution 
pipes. If such tanks are part of the fire-fighting system, their collapse may have serious 
consequences .  

The treatment of each topic begins with a description of the problem 
and its importance . Recent major research accomplishments are then 
reviewed, along with their benefits to engineering practice . Finally , 
current research needs and challenges are identified. 

Concrete Dams 

Description and Importance of Problem 

There are many thousands of dams in the United States. Over 1 ,000 
are in California alone , and many more are in other regions of the 
country where the possibility of earthquake shaking must be accepted. 
The consequences of a large dam failing can be disastrous ,  so the 
seismic design of dams is an important part of earthquake engineering. 
Fortunately , a large earthquake has not occurred to date close to a 
major concrete dam in the United States with a full reservoir. However, 
earthquakes with magnitudes of approximately 6.5 did occur close to 
Koyna Dam in India in 1967 and Hsinfengkiang Dam in China in 1962 . 
Koyna was a large concrete gravity dam, and Hsinfengkiang was a 
strengthened concrete buttress dam. Both were overstressed by the 
earthquake motions and both were damaged to an alarming degree. 
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The Pacoima concrete arch dam was strongly shaken during the San Fernando, California, 
earthquake at a time when its reservoir was only partially full . The concrete arch itself 
was not damaged, but one abutment was damaged. This canyon opens up to the northern 
part of the city of Los Angeles .  

Pacoima Dam, a concrete arch structure, sustained damage to one 
abutment during the 197 1  San Fernando earthquake ; its reservoir was 
only partly full at the time. 

Concern for the safety of dams and reservoirs has grown appreciably 
in recent years . The damage to Koyna Dam demonstrated that concrete 
gravity dams are not immune to earthquake damage, as had been 
presumed. This structure was designed in accordance with the then­
prevailing standard practice in the United States. Similarly, the failure 
during the 197 1  San Fernando earthquake of the earthen Lower San 
Fernando Dam, which nearly resulted in a disaster that would have 
affected tens of thousands of lives, was a dramatic reminder of the 
need for extreme safety in the design of dams located in populated 
areas . 

As a result of these experiences ,  the California Division of Safety 
of Dams embarked on a program to evaluate the earthquake safety of 
existing dams in the state , and in 1972 the National Program of 
Inspection of Dams was authorized. Tragic failures (not caused by 
earthquakes) of the Teton Dam in Idaho in 1976 and of the Kelly 
Barnes Dam in Georgia in 1977 led to mounting national and congres­
sional interest in dam safety and to the appropriation of funds for the 
inspection program. 

Predicting the performance of concrete dams during earthquakes is 
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one of the more complex and challenging problems in structural 
dynamics .  The following factors contribute to this complexity : 

• Dams and reservoirs are of complicated shapes ,  as dictated by 
the natural topography of the site . 

• The response of dams may be influenced significantly by variations 
in the intensity and characteristics of the ground motion over the width 
and height of the canyon. However, for lack of appropriate instrumental 
records, the spatial variations of the ground motion cannot be defined 
with confidence at this time . 

• The response of a dam is influenced,  generally to a significant 
degree, by the earthquake-induced motion of the impounded water; 
by the deformability of the foundation rock, which invariably is 
fragmented by joints and fissures ; and by the interaction of the motions 
of the water, the foundation rock, and the dam itself. 

• During intense earthquake motions, vertical construction joints 
between monoliths may slip or open ; concrete may crack; and the 
stored water may locally separate from the upstream face of the dam, 
resulting in cavitation. These phenomena are nonlinear and extremely 
difficult to model and account for reliably.  

Major Research Accomplishments 

The analysis and design of dams for earthquakes has progressed from 
empirical rule-of-thumb methods, through static force methods involv­
ing the use of seismic coefficients , to procedures that now recognize 
the dynamic nature of the problem. 

Realistic analyses of the seismic response of dams were not possible 
until the development of the finite element method, recent advances 
in dynamic analysis procedures, and the availability of large-capacity , 
high-speed computers . Thus much of the research did not start until 
the mid- 1960s , and the major advances were made in the 1970s . 
Initially ,  all nonlinear effects , including those associated with joint 
opening, concrete cracking, and water cavitation ,  were ignored, and 
the analyses either neglected or grossly simplified the interaction 
effects of the impounded water and foundation rock. Subsequently, 
special techniques were developed to incorporate the interaction effects 
and were used to analyze dams of different types. 

The greatest success has marked the study of gravity dams, primarily 
because they are generally amenable to two-dimensional analysis . The 
reliability of the resulting analytical procedures has been established 
by demonstrating that they predict results that are generally consistent 
with the limited field observations-e.g. , the earthquake damage 
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experienced by the Koyna Dam, and the responses measured during 
forced-vibration tests on a limited number of dams in the United 
States.  Parametric response studies have also made it possible to 
demonstrate the principal effects of interaction of the impounded water 
and of the foundation rock on the response of gravity dams. 

Parametric response studies and analyses of the damage experienced 
by the Koyna Dam have revealed that the maximum stresses induced 
by severe earthquakes in concrete gravity dams may substantially 
exceed those predicted by traditional simplified design procedures.  
The discrepancy results from the failure of these design approaches 
to account for all important aspects of the problem. Improved design 
methods and criteria have recently been developed, but additional 
improvements are necessary before gravity dams can be designed with 
a high degree of confidence. Measurements of dam motions and water 
pressures during earthquakes are also required to corroborate the 
analyses.  

The analysis and design of arch dams have not achieved the same 
degree of progress, primarily because these must be treated as three­
dimensional systems.  Substantial progress has recently been made in 
developing rational procedures for evaluating the hydrodynamic effects 
and for including the interaction effects of the impounded water. 
However, these procedures are not ready for practical application, 
because they cannot yet reproduce the true mechanism of transmission 
of the ground motion into the structure and because they entail 
excessive computational expense . Contributing to the difficulty is the 
fact that the spatial variation of the ground motion along the boundary 
of a dam cannot be defined reliably .  

Analytical studies using available techniques have indicated that, 
during intense earthquakes,  arch dams are likely to experience tensile 
stresses much larger than those predicted by present design procedures. 
During the 197 1  San Fernando earthquake , a few arch dams experienced 
significant ground motion, and one of them, Pacoima Dam, was 
subjected to intense motion. Analytical correlations between the 
predicted and the actual performances of these dams were, unfortu­
nately , severely limited by a lack of sufficient instrumental records of 
their response . 

The current practice in the seismic analysis of concrete dams is to 
assume that the structure and its interaction mechanisms with the 
impounded water and foundation rock are linearly elastic . No calcu­
lations have yet accounted in a realistic fashion for the nonlinear 
effects associated with the opening of joints betwen monoliths .  Ana­
lytically predicting the effects of concrete cracking has also proved 
difficult , because the failure criteria for mass concrete are not yet well 
established and because the results are sensitive to the assumed failure 
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mechanism. Similarly, the effects of cavitation have received only 
exploratory studies . 

Linear analyses do not adequately represent the true behavior of 
concrete dams during intense earthquake motions , and it is difficult to 
establish consistent design criteria only from the results of such 
analyses .  A study of an arch dam model tested on the earthquake 
simulator of the University of California at Berkeley has recently 
produced some insight into the nonlinear response mechanisms in­
volved . 

The design of small-scale models to represent the behavior of large 
dams is fraught with difficulties .  A principal value of the experimental 
study mentioned above is that it demonstrated the feasibility of testing 
arch dam models on presently available shaking tables . Larger shaking 
tables would naturally permit the testing of larger-size models ,  making 
it possible to simulate the behavior of a prototype structure better. 

Benefits of Research to Engineering Practice 

Federal and state agencies concerned with the construction of dams 
have revised their design standards to acknowledge the research 
accomplishments of the past decade . Static force methods involving 
seismic coefficients have given way to dynamic analysis procedures.  
The major dams in the California State water project (the Feather 
River project) were designed using dynamic analyses , which marked 
the first time that major dams were designed using modern methods 
based on the latest seismic research. The Bureau of Reclamation and 
the U .S .  Army Corps of Engineers now also employ these methods in 
the design of dams, as do most countries with seismically active 
regions . 

The design of major dams now employs the general methodology of 
earthquake hazard assessment, including seismotectonic investigations 
and the specification for design of ground motions and response spectra. 
However, because of the lack of adequate information concerning the 
dynamic strength and behavior of mass concrete under large cyclic 
strains , it is not yet possible to define reliably the conditions under 
which a proposed dam is likely to experience a specified degree of 
damage during an earthquake . 

In response to growing public concern over the safety of dams and 
reservoirs , major federal dam-building agencies and states such as 
California and Utah have adopted programs for evaluating the safety 
of existing dams. Since most of these dams were designed using 
methods that are now considered overly simplified, there is considerable 
interest in reevaluating the original designs using current procedures .  
As a result of such safety evaluations , structural modifications have 
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been made to some dams, and restrictions on reservoir water levels 
have been imposed in some cases .  Since the economic impact of such 
modifications and restrictions is generally substantial, it is important 
to improve the reliability of present methods of safety evaluation. 

Current Needs and Challenges 

Although considerable progress has been made in the last decade, 
much additional research needs to be done to improve the reliability 
of present methods for the analysis,  design, and safety evaluation of 
concrete dams . To meet this objective, the following tasks should be 
pursued: 

1 .  Major dams in seismic areas of the United States must be 
instrumented to measure their responses during future earthquakes.  
The instrumentation should be designed to provide adequate infor­
mation on the characteristics and spatial variation of the ground motion 
at the site , the response of the dam, and the hydrodynamic pressures 
exerted on the dam. Because of the urgent need for such data, dams 
in highly seismic regions of other countries should also be considered 
for instrumentation. This effort should be coordinated with the plans 
for the seismic arrays recently installed in Taiwan and now being 
planned for India and the People' s  Republic of China under cooperative 
agreements with the United States .  

2.  Forced-vibration tests should be conducted on selected dams at 
different water levels , and the resulting hydrodynamic pressures and 
motions of the structures and their foundations must be recorded and 
analyzed. 

3 .  Existing analytical methods for computing the response of all 
types of dams to earthquakes should be refined, and their reliability 
should be assessed by comparing their results with the responses 
recorded during forced-vibration tests and actual earthquakes .  These 
methods and the computer programs needed for their implementation 
should be developed in a form convenient for application in engineering 
practice . 

4. Carefully planned parametric studies must be conducted to provide 
improved insight into the interaction effects of water and foundation 
rock. Special attention should be given to defining the conditions under 
which these effects are sufficiently important to warrant their consid­
eration in design, and simplified design procedures must be developed 
for these cases.  

5 .  Appropriate equipment must be developed for testing multiaxially 
loaded mass concrete specimens under cyclic deformations of the type 
induced by earthquakes ,  and comprehensive experimental studies 
should be undertaken to define the stress-strain characteristics and 
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strength of mass concrete better. From the results of such studies ,  
constitutive models must be developed that can be incorporated into 
nonlinear response analysis procedures to predict the damage in dams 
due to a specified level of seismic excitation. 

6 .  Dynamic tests must be conducted on models of concrete dams to 
investigate the effects of such factors as joint opening and water 
cavitation, which are not readily amenable to analysis . 

7. Analysis procedures must be developed that can account for the 
effects of concrete cracking, joint opening, and water cavitation, and 
parametric response studies must be carried out to evaluate their 
importance . From the results of these studies and of the experimental 
program suggested in item 6, the conditions must be defined under 
which these nonlinear effects are sufficiently important to warrant 
their consideration in design, and appropriate design guidelines :must 
be developed. 

8. Static tests to failure must be conducted on large-scale models of 
dams, especially arch dams, to define their behavior in the range 
approaching failure . 

9. The results of these studies should be used to evolve rational and 
practical methods for designing concrete dams to be built in seismic 
regions and for evaluating the safety of existing dams . 

Liquid Storage Tanks 

Description and Importance of Problem 

Liquid storage tanks have always been important components of 
lifeline and industrial facilities .  They are critical elements in municipal 
water supply and fire-fighting systems , yet in past earthquakes water 
tanks have collapsed or been so badly damaged as to be put out of 
service. Tanks containing water, oil , or chemical fluids serve many 
industrial processes .  For instance , oil refineries have always used 
many petroleum storage tanks .  In past earthquakes in the United 
States and Japan, damage to such tanks has caused the release of their 
contents and extremely destructive conflagrations . 

In recent years the seismic safety of tanks has become even more 
important with their use as safety elements for nuclear reactors and 
to store liquefied natural gas . Furthermore , the large-scale importing 
of petroleum has brought an increased use of particularly large tanks .  
Steel storage tanks 300 ft in diameter and 60ft high are being constructed 
for petroleum storage, and even larger tanks will probably be con­
structed in the future . These unprecedented structures will pose special 
problems of earthquake safety . 

As the numbers and sizes of such structures have increased , so have 
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Many petroleum storage tanks were damaged and some collapsed during the 1964 Alaska 
earthquake. In several places fires burned for long periods after the earthquake. Many 
storage tanks are presently being constructed, some of unprecedented size. These must 
be analyzed and designed to be safe during expected ground shaking. 

their importance and the need to understand better their response to 
seismic excitations. The value to society of these structures exceeds 
the economic worth of both the tanks and their contents . Depending 
on the stored product, failure of tanks or their accessories may lead 
to fires, pollution or contamination of surrounding areas , or water 
shortages .  Their failure may also impede fire-fighting efforts at critical 
times. 

In regions of very strong shaking in past earthquakes ,  many tanks 
have been severely damaged or have collapsed. But quantifying the 
adequacy or inadequacy of these tanks has been difficult, because 
neither the motions of the ground nor of the tanks have been recorded. 
This lack of earthquake records poses a difficulty in developing optimum 
seismic designs.  

Some tanks have failed during earthquakes with disastrous conse­
quences .  For example, the fires that followed the 1964 earthquake in 
Niigata, Japan, caused extensive damage to two oil refineries .  The 
failure of oil storage tanks in the 1978 earthquake in Sendai , Japan, 
polluted local waterways .  The 1964 Prince William Sound earthquake 
in Alaska caused the failure of numerous oil storage tanks and fires, 
and the 1 97 1  San Fernando earthquake in California led to the failure 
of several water tanks both above ground and below ground . In 1978 
an earthquake near San Juan, Argentina, extensively damaged wine 
storage tanks ,  causing the loss of many millions of gallons of wine ; 
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the economic impact on the area was substantial . Also, over 100 wine 
storage tanks were damaged in Livermore , California, during the 
Greenville-Mt. Diablo earthquake of 1980. Wine tanks consist of special 
materials and have other special features .  Similarly , many kinds of 
specialized tanks are in use in industry, posing special problems of 
seismic design. 

Tank damage or failure manifests itself in one of the following ways: 
( I )  buckling of the shell , precipitated by excessive axial compression 
due to overall bending or beamlike action of the structure ; (2) damage 
to the roof, caused by sloshing of the upper part of the contained 
liquid with insufficient freeboard between the surface of the liquid and 
the roof; and (3) failure of piping or other accessories, due to tlie 
inability of these elements to accommodate the deformations of the 
flexible shell . Shell buckling typically takes the form of diamond­
shaped buckles or ' 'elephant's  foot bulges' ' that appear a short distance 

During an earthquake a liquid storage tank is forced into 
movement. The contents of the tank develop a sloshing 
motion, which can produce unusual stresses in the wall 
of the tank. One of the first symptoms of damage is the 
"elephant's foot bulge" around the base of the tank, as 
shown in this photograph. Prolonged shaking causes the 
buckle to be further compressed, possibly leading to 
collapse . 
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above the base and usually extend around most or all of the circum­
ference . Differential settlement of the foundation may also precipitate 
tank failures.  

Major Research Accomplishments 

Most of the past research on the seismic response of liquid containment 
structures has sought to elucidate the behavior of cylindrical ground­
supported tanks subjected to horizontal ground shaking. 

In early analyses of this problem, the tank was presumed to be rigid 
and anchored at the base . These studies have shown that the dynamic 
pressure exerted against the walls of the tank by the liquid may be 
described by assuming that part of the liquid near the free surface 
undergoes a long-period sloshing motion while the rest moves syn­
chronously with the tank as a rigidly attached mass . The maximum 
acceleration experienced by the rigidly attached component of the 
liquid is clearly equal to the maximum ground acceleration, whereas 
the maximum response of the sloshing component depends on the 
history of ground motion and the dimensions of the tank itself. Simple 
practical procedures have been developed to determine the magnitudes 
of the two liquid components and to evaluate the magnitudes and 
distributions of the resulting hydrodynamic pressures. For tanks of 
ordinary proportions, the rigidly attached component of the liquid 
contributes the larger effects . 

As steel storage tanks become larger, the deformations of their walls 
during an earthquake may have an important influence on their 
response. Recent research has also examined this problem. It has 
shown that the seismic effects in a flexible tank may be substantially 
greater than those in a similarly excited rigid tank, and procedures of 
varying degrees of sophistication have been developed to evaluate the 
effects of tank flexibility . 

The foregoing analyses of tanks apply to structures that are anchored 
at the base . In practice many of these structures are unanchored, and 
under the influence of intense ground shaking they tend to slide or to 
lift off the foundation, leading to a nonlinear response that is difficult 
to evaluate . Some approximate procedures have been developed to 
estimate the maximum stresses induced in the walls of unanchored 
tanks,  but none is based on a rigorous treatment of actual behavior. 
Improved methods of analysis must be developed and must be checked 
by comparing their results with the recorded responses of tanks during 
earthquakes. 

In addition to analytical studies,  several experimental studies have 
been conducted in recent years . These include ambient and forced 
vibration tests on full-scale water storage tanks ; laboratory tests on 
small plastic tank models subjected to harmonic and random excitations 
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at their bases ;  and tests , with simulated earthquake ground motions, 
of several aluminum tank models and of a full-scale wine storage tank 
of the type damaged during the 1980 earthquake in Livermore , 
California. These 

·
experimental studies have provided improved insight 

into the dynamic behavior of the types of tanks tested and have helped 
to clarify the limitations of present methods of analysis . In particular, 
they have shown that the response of unanchored tanks is highly 
nonlinear and considerably more complex than current design proce­
dures presume. 

Substantial differences between measured and predicted responses 
also were observed in the tests of anchored tanks . The measured 
responses revealed appreciable distortional oscillations of the cross 
section in addition to the nearly uniform, beamlike response predicted 
by the analysis procedures now in use . This distortional response has 
been attributed to the effects of initial out-of-roundness or irregularities 
caused by imperfections in fabrication. Exploratory analytical studies 
have been made to explain the origin of this unexpected response 
mechanism, but additional studies are needed to clarify the phenomenon 
involved and to determine the extent to which the irregularities of the 
test structures are representative of those actually found in practice. 

Benefits of Research to Engineering Practice 

The results of the research discussed above have been used in the 
design of the large-capacity liquid storage facilities constructed in 
recent years , and in general have substantially improved the design of 
tanks . for earthquakes . The American Petroleum Institute and the 
American Water Works Association have adopted, in their design 
standards API 650 and A WW A 0100, detailed rules for the seismic 
design of liquid containment structures , rules based on the research 
that has been done on the seismic response of tanks .  

Current Needs and Challenges 

Despite the progress made in recent years in understanding the seismic 
response of liquid containment structures, additional basic research is 
needed to improve the reliability of present methods of analysis and 
design. Listed below are some of the more important topics requiring 
study. 

1 .  The greatest need concerns the behavior during intense earth­
quakes of tanks that are unanchored at their base . An improved 
analysis procedure is needed that properly accounts for the effects of 
sliding and uplifting of the base and that reproduces with a reasonable 
degree of accuracy the complex nonlinear response mechanisms that 
experimental laboratory programs have revealed . Comprehensive par-
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ametric studies of the response of such structures are also needed, 
using both refined and simpler approximate methods of analysis.  Such 
studies should seek to assess the effects and relative importance of 
the numerous factors that influence the response ; identify the factors 
and aspects of response that dominate the design of the structure; and, 
on the basis of this information, formulate improved approaches to 
design . 

2. A better understanding is needed of the buckling of the walls of 
a liquid containment structure under dynamic conditions of loading, 
and of the effect of such buckling on the overall integrity of the tank. 
Both experimental and analytical studies should be conducted to define 
dynamic buckling sufficiently well that the design process can take it 
into account. 

3 .  Additional experimental and analytical studies are needed to 
clarify the origin and practical significance of the distortional vibrations 
of the tank cross section revealed in some laboratory tests . Studies of 
the behavior of anchored tanks would be particularly promising in this 
respect . Because this distortional response arises, at least in part, from 
the effects of initial out-of-roundness or irregularities , an effort should 
also be made to define the magnitude and distribution of such irregu­
larities in actual structures .  

4.  In evaluating the effects of liquid sloshing, the amplitudes of 
motion at the free surface of the liquid are considered to be sufficiently 
small that the response is linear. The influence of nonlinear liquid 
sloshing should be investigated , particularly as it affects the integrity 
of the tank and roof. The possible effects of cavitation, caused by the 
liquid periodically losing contact with a portion of the tank wall , should 
also be considered . 

5 .  Studies of the seismic response of liquid storage tanks normally 
neglect or approximate the effect of the vertical component of ground 
shaking. Except for some recent exploratory studies,  this problem has 
not attracted the attention it deserves .  A rational method should be 
developed for evaluating the response to vertical excitation. 

6. Another factor requiring study is the influence of soil-structure 
interaction both for laterally and vertically excited systems.  An 
important by-product of such a study would be an evaluation of the 
damping appropriate to the various modes of vibration of tanks .  

7 .  A realistic evaluation of risk should also be made for large­
capacity tanks containing liquid gases ,  such as liquefied natural gas , 
liquefied petroleum gas , or ammonia. The unique features of these 
structures'  design are the interaction of the double shell through a 
common base and the influence of the insulation and of elevated pile 
caps. 

8 .  In view of the increased interest expressed in recent years in 
using liquid storage facilities offshore , there is a need for improved 
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understanding of the seismic behavior of submerged tanks of various 
shapes .  The seismic behavior of tanks that are partially or fully buried 
in the ground, and of tanks containing granular materials, also requires 
study. 

9. For each class of structure considered, a range of properly planned 
and executed field tests on full-scale structures is needed to assess the 
adequacy of analytical predictions and to help guide future analytical 
developments and laboratory test programs.  Finally, and very impor­
tantly ,  a reasonable number of tanks in seismically active regions 
should be instrumented to provide controlled data on their behavior 
during actual earthquakes .  

Offshore Structures 

Description and Importance of Problem 

Offshore structures are a critical element in the development of 
domestic and international energy resources . There are now some 
4,000 major and 5 ,000 minor bottom-supported platforms in the world's  
oceans and lakes.  About 4,000 of these are in coastal waters of the 
United States,  some in seismically active regions .  About 25 percent 
of the United States '  oil and gas at present comes from offshore areas . 
By the year 2000 this figure is expected to increase to 35 or 40 percent, 
with production extending to water depths of several thousand feet. 
The move to progressively deeper waters will require the further 
development and implementation of new concepts of platform design . 
Since many of these structures will be located in regions prone to 
earthquakes , it is essential that proper attention be paid to their 
earthquake safety . 

Offshore platforms are space frames built mainly of steel, although 
a number of major concrete platforms have also been built . The steel 
structures generally consist of welded tubular members , and their 
foundations typically consist of tubular piles with diameters of up to 
10 ft extending to depths of up to 600 ft below mudline . The dynamic 
behavior of these structures,  particularly in the postelastic and yielding 
ranges of deformation, differs significantly from that of building 
structures . Thus great care should be exercised in transferring design 
experiences from one class of structure to the other. 

The following additional factors contribute to differences in the 
seismic performance of buildings and offshore structures: 

• The magnitudes and distributions of mass and stiffness for offshore 
platforms differ substantially from those for buildings. In particular, 
the heavy concentration of mass on the deck of an offshore platform 
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This schematic drawing shows a comparison between an offshore structure, in 
1 ,000 ft of water, and the Eiffel Tower. Towers are now being designed to stand 
in up to 1 ,500 ft of water in seismic regions.  Besides resisting regular operating 
forces , these structures must also withstand wave forces and earthquake forces . 
These requirements pose unprecedented engineering design problems whose 
solutions depend heavily on special seismic and hydrodynamic research. From 
"Advanced Offshore Oil Platforms" by Fred S .  Ellers . Copyright ICl 1982 by 
Scientific American, Inc . All rights reserved. 

accentuates the similarity of its action with that of an inverted 
pendulum. 

• The effects of the surrounding water, particularly its interaction 
with the vibrating platform, have no counterpart in the response of 
buildings.  

• Deep-water platforms are now being considered for water depths 
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of 2 ,000 to 6,000 ft . These are highly flexible, compliant structures 
with fundamental natural periods of vibration in the range of 25 to 100 
seconds .  The design of such structures presents a host of special 
problems. 

• Because offshore platforms are designed for storms that, like 
earthquakes , induce large lateral forces , the incremental lateral strength 
required for earthquake resistance is generally not as great for offshore 
structures as it is for buildings . 

The development of earthquake-resistant design for buildings has 
benefited from extended observations of the performance of many and 
different types of such structures during earthquakes of damaging 
intensity . Because of the relative youth of the offshore industry , 
however, offshore structures lack comparable experience . As a result , 
the seismic design of these structures has had to rely on analyses and 
the results of experimental laboratory studies ,  which emphasizes the 
importance of basic and applied research. Observations of offshore 
structures during intense storms have yielded some valuable insight 
into their strength. However, because the characteristics of the forces 
induced by waves and earthquakes differ, additional research is needed 
to delineate the interrelationship of the structural resistances to these 
two forms of dynamic excitation. 

Major Research Accomplishments 

The last decade has brought a significant development of knowledge 
about the response of offshore platforms to earthquake ground motions ,  
knowledge that has been applied to  the seismic analysis and design of 
such structures.  For example, the 900-ft-tall Hondo platform of the 
Exxon Company offshore of Santa Barbara, California, was analyzed 
and designed using the latest research results . Other offshore structures 
in the United States and other parts of the world have received similar 
analysis and design . 

Experimental and analytical studies have provided improved insight 
into the characteristics of seafloor soils and their response to intense 
earthquake ground motions.  Some progress has been made in defining 
the seismicity of the coastal areas of the United States , and metho­
dologies have been developed for estimating the intensity and char­
acteristics of the ground motions that can be expected at specific sites.  
The development of instrumentation for measuring earthquake ground 
motions at sea floors has also made some progress . 

The performance during earthquakes of piles and pile-supported 
structures is of paramount importance to the offshore industry, and 
this topic has been the subject of numerous studies . Despite the 
progress made, however, this problem remains among the high-priority 
issues requiring additional study in the years ahead . 
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A number of laboratory test programs have evaluated the strength 
and deformational characteristics of tubular members and of assem­
blages of such members . Axially loaded members , members in bending, 
and members undergoing combinations of bending and axial forces 
have been investigated, with particular emphasis on their behavior in 
the inelastic and postbuckling ranges of deformation. The test programs 
included two one-sixth scale models of an X-braced offshore platform; 
they were tested quasistatically with loading patterns that simulated 
the effects of intense earthquakes .  The results of these studies have 
helped to identify the parameters that control the strength and behavior 
of tubular members and frames composed of such members . They 
have also made possible the development of algorithms for modeling 
the way in which members undergoing large cyclic deformations 
degrade. Finally ,  simple design rules have been formulated to define 
the properties of members that are required to ensure desired perform­
ance in the postelastic range . 

The methods of nonlinear dynamic analysis of structures referred 
to in Chapter 6 have been adapted to computing the response of 
platforms in the postelastic ranges of deformation, with computer 
programs of wide versatility having been developed . These programs 
can provide for the types of structural and foundation nonlinearities 
that are of interest in the design of offshore structures and for the 
effects of fluid-structure and foundation-structure interaction. 

A model platform structure , approximately one-tenth scale, repre­
senting a platform designed for use in the offshore region of southern 
California has been tested dynamically on a shaking table. Besides 
demonstrating the performance and failure mechanisms of the structure 
during damaging earthquake ground motions, this test has provided 
data that can be used to assess ,  and if necessary improve , existing 
analytical procedures for predicting the seismic response of offshore 
structures.  

Benefits of Research to Engineering Practice 

The developments outlined above have made possible the design of 
reliable and cost-effective platforms in earthquake-prone regions . The 
development and updating of the following design guidelines and codes 
have been of major value in this regard : 

• The American Petroleum Institute 's  Recommended Practice for 
Planning, Designing, and Constructing Fixed Offshore Platforms (API 
RP 2A) . 

• The American Concrete Institute's  Guide for Design and Con­
struction of Fixed Offshore Concrete Structures (ACI 357) . 

• The U .S .  Geological Survey' s  requirements for design of fixed 
offshore structures . 
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For major structures ,  site-specific studies are made to determine the 
intensity and characteristics of the design earthquake ground motion. 
This approach considers the active faults in the region , the type of 
faulting, the maximum earthquake magnitude that each fault could 
generate , the rate of seismic activity in the region, the proximity of 
the site to the faults, and the soil conditions at the site. The platform 
is designed to experience no damage from earthquakes with intensities 
that have a low probability of being exceeded over the life of the 
structure, and to have enough capacity to absorb energy to prevent 
collapse from a rare extremely intense event. 

The recent improved understanding of the seismic response of 
offshore structures has also been valuable in the design of these 
structures to resist wave forces .  

Current Needs and Challenges 

Continued leadership in the development of the structures needed to 
exploit the energy and mineral resources of the continental shelves 
and slopes will require further progress in each of the following areas : 

I .  Inexpensive and reliable instrumentation systems must be devel­
oped to measure the response of seafloor soils to strong ground 
motions ,  and these must be deployed to evaluate seismic activity in 
offshore areas . In addition, increasing numbers of offshore structures 
and their foundations must be instrumented to measure their response 
during earthquakes ,  and these results must be correlated with those 
predicted by current methods of analysis. 

2 .  Unlike the response of a stiff structure such as the containment 
structure for a nuclear reactor, which is controlled by the high­
frequency components of ground motion, the response of offshore 
structures ,  particularly those now considered for future applications ,  
i s  dominated by the long-period components of excitation. These long­
period components should be investigated , along with their influence 
on the response of flexible systems . Simple procedures must also be 
developed to define reliably the characteristics of response spectra in 
the long-period region for both linear and nonlinear systems subjected 
to earthquakes .  

3 .  With the aid of available computer programs,  parametric studies 
of the seismic response of representative platforms should be carried 
out to improve the understanding of their behavior under intense 
excitations . The results of such studies should then be used to formulate 
simplified design guidelines and methods that can ensure desired 
performance in the postelastic range . The effects of fluid-structure and 
soil-structure interaction should receive due attention. 

4. The studies referred to in the preceding item should be supple­
mented by basic experimental and analytical studies of the behavior 
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of component elements to further improve their representation in 
analysis . Topics requiring additional research include the postelastic 
and yielding behavior of tubular members and joints, the behavior of 
soil deposits under intense motions ,  the behavior of piles and pile 
foundations, the interaction of piles and the superstructure , and the 
interaction of the structure with the surrounding liquid . 

5 .  The dynamic behavior of piles and pile foundations is probably 
one of the most important topics requiring further study. Their 
performance should be investigated experimentally and analytically, 
considering both low-level excitations and excitations of high intensity, 
for which nonlinear effects become important. The ultimate objective 
should be to develop simplified procedures for defining their stiffness 
and damping for each principal mode of deformation. 

6. The guyed tower, which is effectively a space frame pinned at 
the base and laterally supported by cables ,  and the tension leg platform, 
which is essentially a semisubmersible structure anchored to the sea 
floor by pretensioned vertical members , are concepts of platform 
design that are now finding application. Economically attractive for 
water depths beyond l ,000 ft, these structures are highly compliant, 
and their dynamic response is significantly influenced by geometric 
nonlinearities that are of minor consequence in the design of much 
stiffer structures .  The seismic behavior of these structures should be 
investigated ,  starting with the simplest possible idealization of the 
problem and proceeding systematically to more realistic , complex 
representations.  

7. The seismic behavior of important auxiliary systems such as 
pipelines,  well conductors , risers , tethers, and deck-supported equip­
ment has received little attention. Systematic studies of these com­
ponents are needed to improve the overall reliability of the design of 
offshore systems . 

8. The approaches used in the design of offshore structures for 
waves and for earthquakes have developed along different paths over 
the years . The interrelationships of the two approaches should be 
clarified so that design experiences can be transferred from one area 
to the other. Such studies should ultimately lead to a unified approach 
to design for both waves and earthquakes .  

Tsunamis 

Description and Importance of Problem 

Tsunamis are long water waves generated by large-scale tectonic 
displacements of the ocean bottom during an earthquake. Such waves 
can also be generated by large underwater landslides triggered by 
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earthquakes ,  or by large volcanic eruptions such as Krakatoa. In all 
of these cases, the scale of the generating mechanism is so large that 
the waves can be measured for several days on tide gages throughout 
an entire ocean. 

This section also considers inland events , as they may generate 
waves that are large enough to be important in a local region, such as 
a lake or reservoir. They may be generated by fault displacements , 
rapidly moving underwater earth or mud slides, slumping river deltas , 
or high-speed rockfalls into a body of water. 

Past earthquakes in Alaska, Japan, and western South America have 
demonstrated the potential destructiveness of tsunamis ,  and in coastal 
regions the tsunami hazard must be considered for earthquake pre­
paredness .  However, the present state of tsunami hazard assessment 
is not adequate, and a better understanding of the hazard is needed 
along the west coast of the United States .  

The leading waves of tsunamis move across oceans or other bodies 
of water at relatively high speeds ,  approximately (gh)112, where g is 
the acceleration of gravity and h is the water depth. They are refracted 
and diffracted by the bathymetry, by islands,  and by other major 
geographic features .  They may become trapped on a continental shelf. 
They may induce "resonant" motions within bays and harbors . They 
run up onto land, and they cause substantial drawdown, sometimes 
exposing the bottom to a much greater extent than occurs during low 
tides .  If the source motion is downward , a substantial drawdown may 
occur before a run up. 

Owing to the often relatively high velocities of the water, life is lost , 
buildings are damaged or destroyed, bottom scouring occurs , boats 
are grounded , and ship moorings are broken. Other effects, such as 
failures of seawalls or possible loss of cooling water for thermal­
electric power plants at ocean intakes ,  might also occur during major 
drawdowns. 

Table 6 presents some estimates of the loss of life and economic 
damage from tsunamis within the United States since 1946. Much 
greater loss of life and economic damage has occurred in other countries 
throughout history. For example, in 1896 a tsunami generated near 
Japan caused the loss of nearly 22,000 lives in the Sanriku District of 
Japan, and in 1933 about 3 ,000 people were killed in the same region 
by a tsunami resulting from a major nearshore earthquake. In addition, 
Japan has been seriously affected by distantly generated tsunamis such 
as that from Chile in 1960. 

Major Research Accomplishments 

The National Science Foundation sponsored a workshop on tsunamis 
in 1979. The worskhop report summarizes much of what has been 
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TABLE 6 M!Uor Tsunamis Affecting the United States Since 1946 

Tsunami Dam-
Places of M!Uor Location of Tsunami age (millions of 

Date Impact Source Fatalities 1980 dollars) 

1946 Hawaiian E. Aleutian 173 1 19.2 
Islands Islands 

1952 Hawaiian Kamchatka 0 2. 1 
Islands 

1957 Hawaiian Aleutian Islands 0 10.5 
Islands 

1960 Hawaiian S. Chile 61  66.9 
Islands 

1964 Alaska, N. Prince William 1 19 282.3  
California, Sound, 
Hawaiian Alaska 
Islands 

1975 Hawaii Hawaii 2 4.2 
TOTAL 355 485 .2  

SOURCE: National Science Foundation and National Oceanic and Atmospheric Administration, 

Tsu1111mi Research Opportunities: An Assessment and Comprehensive Guide, National Science 
Foundation, Washington, D.C. ,  September 1 98 1 ,  SO pp. 

learned through research during the past decade. *  
Numerical models of tsunami generation by hypothetical source 

mechanisms consisting of tectonic displacements have undergone major 
advances .  It appears that this problem has been solved in principle, 
and for relatively simple sources it has been solved in practice. 
Geologists and seismologists have made much headway in advancing 
the understanding of the details of fault mechanisms and the charac­
teristics of the ground motions that generate oceanic-scale tsunamis . 

Numerical models have been developed that can now be used to 
calculate the propagation of tsunamis across an ocean, and these 
appear to be reasonably good. Nonlinear effects are practically non­
existent in the deep ocean. However, as the waves travel over the 
continental shelf and into nearshore waters , nonlinear effects may 
become quite important. Nevertheless,  considerable advances have 
been made on the problems of wave transformation in coastal waters , 
the response of bays and harbors to tsunamis,  numerical methods for 
studying the diffraction of long waves, and to a lesser extent the run 
up and drawdown on tsunami waves at the shore . 

Benefits of Research to Engineering Practice 

The research accomplishments mentioned above have led to the 
development of first-generation numerical models ,  which have been 

*Li-San Hwang and Y. Keen Lee (eds.), Tsunamis: Proceedings of the 
National Science Foundation Workshop, May 1979, Tetra Tech, Inc.,  Pasa­
dena, California, 1979. 
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used to predict probable run-up elevations on land along the Pacific 
Coast of the United States and Hawaii, at least for tsunamis generated 
at a distant source . However, they have not yet been tested sufficiently 
in either the laboratory or the field . 

With regard to tsunami risk analysis , the data in the major extensive 
historical catalog of tsunamis,  which was developed in the late 1960s, 
are being added to by other publications . Such tsunami catalogs are 
useful in assessing the type and extent of damage that can occur at 
many locations. They are also helpful in providing dates of occurrences 
to engineers searching local newspapers and other accounts for infor­
mation on tsunamis .  Also, through the World Data Center Systems, 
the National Oceanic and Atmospheric Administration (NOAA) man­
ages an ever-growing tsunami data base that is of considerable benefit 
to engineers in determining the types and degree of problems that 
tsunamis can cause . 

The operation of the Tsunami Warning System has been improved, 
which will help local authorities decrease the loss of life during future 
tsunamis. 

By understanding the mechanisms related to resonance in bays, 
significant tsunami protection works have been designed in Japan, 
such as the tsunami breakwater at Ofunato, Japan. Such facilities have 
made certain key sections of the coast safer than before from inundation 
by tsunamis.  

Current Needs and Challenges 

NOAA and the National Science Foundation cosponsored a planning 
workshop near Seattle , Washington, in August 1980. Table 7 gives a 
brief summary of the workshop' s  conclusions and priorities for research 
that should be done in the future . 

In addition to the research recommended above , other work is 
needed. For example , the accuracy of present numerical models must 
be tested , especially with regard to their predictions of run up and 
drawdown elevations .  Also , the problem of small-scale tsunamis, 
which may be of great impact in local areas , has not been studied in 
a major way . In this case complicated details of the geometry of the 
site are important, and three-dimensional numerical models need to 
be developed, along with physical models to test these numerical 
approaches . Little is known of several types of source mechanisms , 
such as underwater slides,  slumping, and soil liquefaction caused by 
earthquakes ; both model and prototype studies are needed . Depending 
on the kind of source , large initial drawdowns may occur, and these 
too need to be studied , because in the nonlinear case they behave 
differently than do initially positive sources . 

It will be difficult to do much of the needed research with the limited 
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TABLE 7 Tsunami Research Plan Priorities 

Need Proposed Efforts Priority 

High Tsunami Observation Program 
Design and install instruments 
to measure ( I )  tsunamis along 
the coastline, (2) tsunamis in 
the open ocean. 

High Modeling and Design Related to II 
Terminal Effects 

( I )  Establish theoretical and 
laboratory program for fluid­
structure interactions ;  
(2) determine structural design 
criteria. 

High Tsunamigenic Earthquake II 
Identification 

Establish a coordinating body 
of federal agencies to examine 
seismic characteristics of 
tsunamigenic earthquakes. 

Moderate Tsunami Data Set Creation lii 
Increase and verify existing 
data sets and use in risk 
analysis. 

Moderate Emergency Preparedness lii 
Program Development 

Create public awareness 
program of potential dangers 
of tsunamis. 

Research Area 

All areas 

Terminal effects 

Instrumentation! 
Tsunamigenic 
earthquakes 

Social response/ 
Risk analysis 

Warning 

SOURCE: National Science Foundation and National Oceanic and Atmospheric Administration, 

Tsunami Research Opportunities: An Assessment and Comprehensive Guide, National Science 

Foundation, Washington, D.C. ,  September 198 1 ,  50 pp. 

resources available . Many of the existing research facilities in the 
United States have been allowed to deteriorate , with respect to both 
equipment and personnel . In addition, there is a great need for a very 
large physical model facility to study a number of the very difficult 
problems of tsunami wave action at a coast , especially near-field wave 
motions where the source mechanism is near a coastal site . This 
facility is needed to check the validity of numerical models ,  to develop 
insight into the physics of the problems, and to perform model tests 
of specific sites that have complicated geometries or source mecha­
nisms.  

There is a need to examine or reexamine the data and studies made 
of the damage caused by tsunamis ,  and to classify the remedies or 
limitations. A properly constituted team of engineers should also 
investigate and prepare reports on damage done by future tsunamis .  

Improved methods of tsunami hazard assessment are needed. De­
structive tsunamis can be generated near the affected coast or thousands 
of miles away, and both of these possibilities must be considered in 
hazard assessments for the west coast of the United States.  
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Social and Economic Aspects 

Destructive earthquakes have severe impacts on societies . The 1976 
Tangshan, China, earthquake destroyed this industrialized city of 
1 ,500,000 people, killing several hundred thousand; the 1906 San 
Francisco earthquake and consequent fire destroyed a large section of 
the city ; the 1972 Managua earthquake killed over 6,000 people, and 
the economic loss equaled Nicaragua's  gross national product. Such 
great disasters occur not only because of a large earthquake, but also 
because of poor earthquake preparation. 

The fruits of earthquake engineering research are of value to a 
community only when they are used. Social , economic, and political 
factors are critical in determining where and when this use occurs . 
For example, the fate of proposals to strengthen or demolish seismically 
unsafe structures in Los Angeles and San Francisco hinges on a poorly 
understood complex of social and economic issues. The complex 
includes the relative power of interest groups , the public interpretation 
of private property rights , the anticipated effects on opportunities for 
neighborhood employment , public conceptions of urban aesthetics ,  
and the differential impact of  these proposals on racial , socioeconomic, 
or age-group minorities .  Making wise choices among contending 
engineering solutions to problems of hazard mitigation may depend as 
much on understanding social and economic factors as on assessing 
engineering feasibility . This chapter examines what has been learned 
and what needs to be learned about social and economic factors that 
affect the use of, and should affect priorities in, earthquake engineering 
research. 

During the last decade the awareness of earthquake hazard has 
grown considerably .  Twenty years ago the public had very little 
awareness of the earthquake hazard, state and local governments had 
not much more awareness,  and even the federal government seemed 
unaware of earthquake hazards. Now the federal government is 
concerned; some state and city governments are studying the problem; 
and newspapers , magazines,  and TV programs devote considerable 
attention to earthquakes and their hazards . This awareness and interest 
in earthquakes can be attributed to writings that developed from 
relevant research, to lectures by research workers to public groups , 

20 1 
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This hospital building in the city of Tangshan, China, collapsed after the earthquake of July 28, 1976. A magnitude 7 .8 earthquake centered under 
this industrial city of one million people created one of the greatest earthquake disasters in history. Eighty five percent of the buildings either 
collapsed or were severely damaged, and several hundred thousand people were killed. Earthquake-resistant design was not required by the building 
code, so the city was almost completely unprepared. A visit to the city in September 1982 revealed that a strenuous rebuilding effort was under 
way. The other 39 provinces had been called upon to provide engineering, architectural , and construction services and materials .  Reportedly, four 
years after the earthquake a sufficient number of apartment houses had been constructed to accommodate about half the population. 
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This six-story building collapsed during the 1972 Managua, Nicaragua, earthquake. This 
earthquake, which was centered in the city, caused extensive damage and over 6,000 
deaths .  The damage loss was estimated to have been equal to Nicaragua's gross national 
product and thus had a great social impact. 

business clubs , and groups of government employees , and to destruc­
tive earthquakes occurring in the world . 

Systematic study by the social sciences of earthquakes can principally 
be dated from the Alaska earthquake of 1964. Much more is known 
about the social and economic aspects of natural hazards that recur 
more frequently , such as tornadoes ,  hurricanes ,  and floods. Responses 
to earthquakes and earthquake threats can often be inferred from a 
knowledge of responses to other hazards. But earthquakes are suffi­
ciently different that such inferences can only be tentative . Japan and 
the United States are the leaders in this research, with contributions 
from Italy , West Germany, China, Central America, and Australia. 

This chapter divides the problem into five areas : communication and 
awareness of earthquake hazard ; household , neighborhood, and com­
munity response ; economic aspects ; governmental and legal aspects ; 
and differential impact and response among segments of the population. 
The discussions of each area must keep in mind four kinds of time 
periods-periods of quiescence between important earthquakes ,  pe­
riods following an earthquake prediction or warning, periods of impact 
and immediately after impact, and postearthquake periods of recon­
struction. Each period will not always be treated separately, but it 
must be remembered that problems and solutions often vary from 
stage to stage . 
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Communication and Awareness of Earthquake Hazard 

Hazard Mitigation and Earthquake Forecast 

The effectiveness of communication depends on both the message and 
the medium. This section considers each factor in turn. 

In periods before a quake, messages should be formulated so as to 
convey a realistic sense of earthquake risk, neither overestimating nor 
underestimating the danger. Research in California has revealed a 
common pattern in news on earthquake risk: it starts by sensationalizing 
the danger and concludes with reassurances that minimize the danger, 
rather than offering a consistent and realistic account. Earthquake 
scientists and engineers often complain about the inaccuracies and 
distortions introduced by newspapers and TV stations when presenting 
information to the public . Also, because of public unfamiliarity with 
scientific concepts such as probability, scientifically unimpeachable 
announcements are often grossly misunderstood. This observation 
raises further questions :  How can understanding rather than mere 
familiarity be conveyed, and how much understanding is realistically 
achievable or necessary? For example, a year after the first announce­
ment of the southern California uplift (or Palmdale bulge), the majority 
of the Los Angeles County residents who had heard of the uplift either 
did not connect it with the possibility of an earthquake or were 
convinced that such an earthquake posed no danger where they lived. 
In recent years misleading predictions of impending earthquakes have 
generated much confusion. Both in Japan and the United States ,  and 
also in China, injudicious accounts in the news media about earthquake 
predictions have needlessly aroused public concern. Even international 
predictions have been made and publicized, as when a Russian 

· seismologist predicted a large earthquake for California, or when a 
U.S .  geophysicist predicted a disastrous earthquake for Peru. Recently, 
a U .S .  National Earthquake Prediction Evaluation Council of reputable 
seismologists and geologists has been formed whose function is to 
evaluate predictions scientifically for the benefit of government agencies 
and, incidentally ,  the public . Unfortunately , it is still not clear how 
best to deal with such predictions . 

If communication is intended to foster household preparedness or 
encourage activities to mitigate public hazard, the question is how to 
devise and disseminate messages that lead to action rather than 
passivity or fatalism. Behavioral research has demonstrated that an 
optimal balance between warnings and explanations of what can be 
done is needed to foster action. 

There is much to be learned about the timing and programming of 
messages . Occasional public discussions of ways to enhance earthquake 
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safety often make people suspect that danger is more imminent than 
they have been told. On the other hand, no one is sure how long 
"routine" announcements can be continued before they are ignored. 
A closely related question concerns whether a false-alarm effect is 
likely to follow a prediction or warning that subsequent events do not 
confirm. While limited evidence in both the United States and Japan 
suggests that this danger is exaggerated, research has not yet provided 
enough evidence to guide public officials in timing public discussions 
of earthquake hazard mitigation. 

The media also face problems in transmitting information about 
earthquakes .  They must seek to disseminate information so as to 
ensure that messages reach all relevant segments of the population on 
a timely basis and without distortion. Behavioral research has shown 
that the most effective communications begin with the mass media 
and are then filtered through discussion in organizations , families ,  and 
informal groups. Preliminary earthquake research suggests that reliance 
on the mass media without interpersonal discussion is associated with 
minimal understanding and inaction, that excessive reliance on inter­
personal discussion is associated with unproductive levels of fear, and 
that a balanced combination is associated with constructive responses . 
Accoring to public opinion research, local "opinion leaders" or "folk 
experts" play a crucial role in fostering and guiding the interpersonal 
discussions .  People who number a "folk earthquake expert" among 
their associates tend to be better informed about earthquakes than 
people who do not. But these folk experts are few in number. More 
needs to be known about who these folk experts are and how their 
numbers can be augmented. 

Although people assign more credibility in earthquake matters to 
the mass media than to interpersonal communication, periodic waves 
of rumor are a problem that calls for better understanding. Evidence 
from both behavioral and earthquake research in Japan and the United 
States suggests that rumor often fills an information gap left when the 
mass media fail to address public concerns directly enough. Research 
is not sufficiently advanced, however, to give decision makers in the 
media much help when they are tom between the possibility of 
inadvertantly fueling a rumor by acknowledging and airing it and the 
fear of fostering it by ignoring it. 

The study of public awareness complements the study of commu­
nication. Evidence from California and Japan indicates no lack of 
awareness of earthquake danger in general terms, though less is known 
about awareness in other earthquake-prone regions of the United 
States .  The earthquake threat for Californians, though they show little 
evidence of denial or bravado, is low in their hierarchy of concerns. 
The Japanese, in contrast, hold it more salient. But awareness is 
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selective: Californians appreciate the danger from old buildings col­
lapsing and from being on or near a fault , but they show little awareness 
of the danger of living below a dam of unknown seismic resistance. 
Why such differences in awareness and preoccupation occur needs to 
be investigated .  

In  California, understanding what to  do at the moment of an 
earthquake appears to be more prevalent than understanding how to 
prepare a household for an earthquake or what measures of earthquake 
engineering are needed for hazard mitigation. The drama of the 
moment-real and imaginary-may foster learning, but the understand­
ing of conditions that foster learning is ,  again , woefully inadequate . 

Science and technology , which are merged in popular understanding, 
command great awe and respect and are often credited with magical 
capabilities .  But American research shows that most people adhere to 
a mixture of scientific and nonscientific beliefs , which affects the way 
they interpret earthquake danger and hazard mitigation. 

People receive many earthquake forecasts and notices of specific 
kinds of danger, some of which they take seriously , most of which 
they do not. Personal experience of loss or injury in an earthquake 
inclines people to take warnings seriously ; other kinds of earthquake 
experience do not . Popular decision making on matters of risk does 
not follow an exacting model of rationality , but may conform to some 
poorly understood model of weak or "satisficing" rationality . A better 
understanding of such popular decision models would help the design 
and implementation of programs to mitigate earthquake hazards . 

Postimpact Communicatitm and Awareness 

After an earthquake the disaster overloads whatever communication 
facilities remain operative . Victims and outside relatives and friends 
try to make contact . Facilities are strained even more when a disaster 
strikes without warning and when families are apart. Because electricity 
is usually cut off, officials must issue information and directives to 
victims via loudspeakers , battery-operated radios , and door-to-door 
contact. Effective evacuation orders require all these modes of com­
munication. Most residents are skeptical of nonvisible or unfamiliar 
threats , such as the possiblity of dam failure or tsunami . In addition 
to specifying routes ,  locations of shelters , travel times, and the like, 
evacuation orders should also tell evacuees to take important papers , 
personal valuables , and sufficient daily supplies .  Otherwise evacuees 
are tempted to return to collect the forgotten items. By using the full 
range of communication modes, San Fernando area officials in 197 1  
achieved an impressive initial evaucation rate of over 90 percent within 
a few hours below the damaged Lower San Fernando Dam. But there, 
as often happens in Japan, many residents returned prematurely .  
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Mter most disasters victims complain that they do not know enough 
about, or participate enough in, reconstruction plans that local private 
and public organizations and federal agencies typically formulate. 
Victims occasionally form citizens' committees to voice their demands 
to local government. 

During the period of emergency following a disaster, interorgani­
zational communication is hampered in countless ways: agencies 
typically strive to preserve their autonomy; they often cling to standard 
operating procedures that are inappropriate for emergency operations ; 
law enforcement operations are overconcentrated on security; com­
munication channels are overloaded ;  the necessary decentralization of 
agency operations to lower-echelon personnel multiplies communica­
tion errors and redundancies;  with too little information, organizations 
tend to overestimate damage and request too much aid ; and few 
communities provide a unified information center through which 
agencies and the media can share data and coordinate actions. This 
became quite apparent during the crisis at the Three Mile Island nuclear 
power plant. 

Communication and coordination are further hindered when over­
lapping or multiple municipal and county jurisdictions are involved. 
The overlapping of jurisdictions had a considerable effect on relief and 
rescue operations after the moderate San Fernando quake . A com­
munity could be paralyzed after a great quake affecting a large and 
jurisdictionally varied area. 

In some metropolitan communities , including Los Angeles ,  hospitals 
are well equipped to coordinate the distribution of patients via their 
Hospital Emergency Access Radio system (HEAR). But few financial 
and industrial enterprises are prepared to cope with a telecommuni­
cations breakdown .  Little is yet known about the problem's magnitude, 
about ways to prevent it, and about ways to manage it after an 
earthquake. 

These common observations from a wide range of disasters underline 
the need for careful research comparing more and less successful 
communication and coordination during and after crises .  A better 
understanding of the crisis period should help to identify the problems 
most susceptible to engineering solutions .  

Household, Neighborhood, and Community Response 

Hazard Mitigation and Earthquake Forecasts 

Communication and awareness are only means toward achieving a 
constructive response , such as home safety inspections , support for 
public expenditures to make public buildings safer, and adoption of 
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stricter building codes. In California, individuals have done little to 
prepare themselves and their households for a destructive earthquake, 
and they express support for vigorous hazard mitigation activities by 
government without working to promote it . More citizen involvement 
is reported in Japan. 

To implement home safety inspection programs and other household 
earthquake precautions ,  some kind of neighborhood organization is 
probably required. In southern California, but less so in northern 
California, grass roots organizations have been ephemeral and ineffec­
tual in most instances .  Neighborhood organizations that persist and 
have measurable effects generally adopt earthquake safety as an 
auxiliary service for some other overriding purpose or have been 
sustained by an established organization. In Japan strong leadership 
by the government has been crucial. By better understanding how a 
network of neighborhood organizations that foster earthquake prepar­
edness can be maintained, the prospects for implementing hazard 
mitigation measures can be strengthened. 

The most impressive grass roots mobilizations in the United States 
have resisted rather than supported certain earthquake hazard miti­
gation measures,  such as draining an unsafe reservoir, designating a 
fault area as a "study zone, "  and requiring landlords to upgrade 
seismically unsafe low-cost housing. This resistance seems to come 
partly from the material and symbolic costs of the measures to the 
community, from populist resentment against measures imposed by 
authorities from outside the community, from gross differences in 
perceptions of the situation and the risks involved, and from the often 
unjustified fear of decreased property values and other economic loss. 
To apply engineering knowledge successfully in such situations, a great 
deal more must be known about the causes for resistance and about 
the dynamics of grass roots mobilizations. 

Postimpact Response of Individuals and Households 

While victims of earthquakes commonly report feeling "shock" just 
after the event, their typical behavior is fairly rational: they check on 
the welfare of family members, get outdoors , take further precautions, 
volunteer for work, and administer first aid. Panic is usually confined 
to entrapped groups of strangers , and only truly traumatic experiences 
are known to evoke acute anxiety or depression, and then only in 
some people . In the San Fernando earthquake the greatest traumatic 
effects were observed in children, who were slow to recover, and in 
dogs that tended to run wild. People left homeless or without utilities 
often evacuate voluntarily, usually staying with relatives and friends 
nearby, but are anxious to return as soon as possible . 
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Research on a variety of American natural disasters indicates that 
victims organize themselves into "emergent" neighborhood groups to 
begin light rescue and cleanup operations, as well as to exchange 
emotional support and material necessities generously . This "altruis­
tic" or "therapeutic" community is most cohesive and cooperative, 
and its mood is "highest,"  in previously cohesive neighborhoods and 
after disasters that seriously disrupt community routines but spare 
enough lives to preserve the social fabric.  In some respects ,  the 
reaction of victims in the 197 1  San Fernando earthquake was atypical. 
The therapeutic community was reputedly less strong, and victims got 
along better with disaster relief agencies .  Whether these differences 
were caused by the evacuation experience, the urbanity and moderately 
high socioeconomic status of most victims, the relative normalcy in 
the surrounding metropolis,  or the improved techniques employed by 
relief agencies is unknown. 

Altruistic concern extends to the region and nation when publicly 
donated goods and outside volunteers converge on the disaster zone. 
While victims appreciate this outpouring of generosity , they often 
resent the volunteers for their naive, condescending, and self-important 
pretentions . Distributing the goods-many of them unusable or un­
needed-exacerbates local congestion and slows recovery operations .  
Weeks and months afterwards,  when victims need public support for 
the more prosaic tasks of replanning and rebuilding, media coverage 
and public concern have already declined. 

America' s  limited recent experience provides no direct evidence of 
the likely psychological and social consequences and broader eco­
nomic, political, and demographic effects that a truly catastrophic 
earthquake would have . Such an earthquake could occur in a densely 
populated metropolitan area that encompasses transient and normally 
uncohesive neighborhoods, that serves as a regional financial center, 
or that faces the prospect of severe aftershocks and secondary disasters, 
like dam failure and fires. 

Economic Aspects 

The primary emphasis of economic research on earthquakes has shifted 
over the past decade . The earliest and most heavily supported studies 
revolved around measuring the direct damage to residential structures 
and public facilities. Computer simulations of hypothetical events 
formed the foundation for these initial damage estimates.  Depending 
on the assumptions made, the losses were thought to range between 
$3 and $60 billion for either of California's  two major cities .  

The perceived magnitude of damage triggered enough concern in 
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both the National Science Foundation and the California legislature 
that two additional research phases were encouraged. The first broad­
ened the investigation of damage to include ( 1 )  direct losses to 
midwestern and east coast cities, (2) the effects on employment 
stemming from damage to a region's  economic infrastructure, (3) the 
potential for reconstruction bottlenecks emerging after a catastrophic 
event, and (4) a determination of who loses and who pays during the 
reconstruction period. The second phase focused on the economic 
implications of the commonly accepted means of mitigating or at least 
sharing losses. The major efforts undertaken included ( 1 )  measurement 
of the benefits and costs of building codes,  (2) surveys to uncover 
reasons why earthquake insurance is not more widely adopted, (3) a 
simulation of economic dislocations resulting from a credible long­
term earthquake prediction,  and (4) measurement of the extent to 
which the creation of special study zones influences housing values. 
Findings from each of these areas bear on the assessment of costs and 
benefits for alternative engineering solutions to hazard mitigation 
problems. 

The effects of destructive earthquakes on military installations along 
the west coast of the United States and on military operations should 
also be studied. The possible adverse effects on military operations 
that could result from damage to cities and industries need clarification. 

Damage Estimates 

The loss studies conducted during the late 1960s and early 1970s 
stimulated legislative initiatives and fostered a climate that produced 
the types of research outlined above. The staggering loss projections 
derived from these studies painted a broad picture . The studies were 
not made in depth, and little attempt was made to disaggregate effects 
so that differential impacts among various groups could be better 
understood. Nor were most of these studies designed to aid local 
officials in shaping land use patterns. These shortcomings are of course 
not a fault of the research, since the projects were not designed with 
these concerns in mind. However, additional efforts to refine such 
forecasts in either California or elsewhere are not likely to produce 
useful. results .  

Indirect Economic Dislocations 

Early studies of direct damage led economists to suggest that secondary 
industrial and commercial dislocations might be another problem.  The 
first attempt to model these impacts involved a crude simulation of 
how a regional economy might perform in the wake of a magnitude 
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8 .3  earthquake. The model estimated the interdependence among the 
various economic units and forecasted unemployment and lost income. 
The results suggested that these secondary impacts might be as great 
as structural losses.  "Suggested" is emphasized, since this and a 
number of succeeding studies were founded upon a theoretical model . 
The approach used-input-output analysis-is notorious for its lack of 
flexibility . It is not sensitive to price changes, new technologies,  or 
substitutions of one ingredient in production for another. As a result, 
it tends to overestimate the extent to which economies respond to 
shocks . 

Efforts have only just begun to determine the extent to which other 
disasters have produced such losses. A study of the worst disasters 
to occur in the United States over the period 1%0 to 1970 reveals that 
no significant long-term impacts resulted. That is,  the subsequent 
growth trend for communities sustaining losses was unrelated to the 
occurrence of the event. These findings proved contrary to expectations 
and provoked considerable debate within the disaster research com­
munity . The simplified conclusion that no significant secondary impacts 
result from natural disasters is not yet tenable because of several 
limitations in the research: ( l )  no major earthquakes were included in 
the disaster sample ; (2) the average amount of destruction was small, 
3 . 5  homes per event ; (3) the impacts might have been short term; (4) 
the spatial unit of analysis was arbitrary . Subsequent research into the 
question of secondary dislocations using data gathered from earth­
quakes worldwide has demonstrated a strong case for sizable losses­
as much as a 12  percent reduction in gross product given a $20 per 
capita direct loss . However, the data also suggest that a disaster­
induced recession is not likely to extend beyond two years . 

Because they share the same faults as damage estimate studies ,  
regional economic models have only a limited potential. No doubt the 
early model studies served their purpose by alerting policy makers to 
the possibility that a region's  economic ties might unravel in the event 
of an earthquake, or even the prediction of an earthquake. The need 
to forecast specific impacts is clearly apparent ; however, the likelihood 
of doing so with precision is not high. 

Postearthquake Reconstruction Bottlenecks 

The meager amount of economic research on this subject suggests that 
labor and material shortages could contribute an additional 30 to 40 
percent to rebuilding costs.  This conclusion applies only to the most 
devastating events ; no significant bottlenecks are anticipated for 
moderate earthquakes like the 197 1  San Fernando quake. 
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Solvency of Financial Institutions in the Wake 
of Earthquakes or Predictions 

Preliminary surveys of bank executives suggest that the policies of 
financial institutions vary widely depending on location, experience, 
geographic spread of real assets, and so on. A frequent lack of concern 
for solvency in the wake of an earthquake may be attributed to either 
the more pressing problems of the day , such as deteriorating loan 
portfolios, or to the extent to which holdings are diversified . Such lack 
of concern may also stem from the fact that an earthquake is likely to 
destroy only a small proportion of single-family structures. In San 
Fernando, for example, less than 6 percent of the homes affected were 
designated a "total loss . "  

Recent experience with a volatile mortgage market has demonstrated 
the resiliency of the country' s  financial institutions to a sudden erosion 
in the value of their assets.  The soaring cost of maintaining deposits 
has already inflicted greater losses on the nation's  lending sector than 
a 1906-variety earthquake in either of California's major cities probably 
would. This is not to suggest that the transition is or would be painless. 
Moreover, the focus of attention on the financial sector as a whole 
can divert attention from the potential problems of many individual 
institutions to stay solvent . 

Who Loses and Who Pays for Reconstruction 

Evidence on the question of who loses comes primarily from simulation 
studies and from an analysis of disaster loan files of the Small Business 
Administration . As anticipated,  the share of the loss shouldered by 
the victim depends on the relief policy in effect. According to estimates, 
the liberal loan provisions offered victims of the San Fernando 
earthquake resulted in the general taxpayer bearing the greatest 
percentage of the loss .  Since then the extent to which loans have been 
subsidized has varied considerably.  However, at this point the home­
owner would have to bear the greatest burden.  More detailed infor­
mation regarding those who lose has yet to be assembled, though some 
relevant work is now under way . 

The Economic Efficiency of Building Codes 

Building codes represent a prime application of engineering knowledge. 
They are implemented for reasons of health and safety, but their 
adoption also has economic overtones . The literature has only treated 
tangentially the question of how their influence on damage stacks up 
against the cost of implementation. Too few systematic attempts have 
been made to assemble costs for either new or older structures. 
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Because of this lack of information, policy makers have been forced 
to rely on rules of thumb that may prove under closer scrutiny to be 
economically unsound. 

Earthquake Insurance 

More economic research has addressed the option of purchasing 
insurance than any other adjustment available to the homeowner. Less 
attention has been devoted to the use of insurance by business 
establishments. The findings suggest that the low level of interest 
among residents of earthquake-prone areas stems from both a lack of 
information regarding eligibility and the negligible probability attached 
to a devastating event . No research has yet investigated the supply 
side of the problem, that is, the marketing and sales of policies .  Nor 
has any funding been made available to investigate the role that 
insurance could play in the event of a credible earthquake prediction. 
One could speculate that demand would rise dramatically at just the 
time when companies curtail sales. Given the nature of risk faced by 
homeowners , a capability to predict earthquakes could dramatically 
affect insurance. 

The proper role of earthquake insurance in protecting a homeowner 
economically is not yet clear. Insurance companies differ on the 
desirability of writing earthquake insurance on homes in highly seismic 
regions, and homeowners read conflicting statements in the newspapers 
about the course they should follow. The laws that govern insurance 
companies seem to work against a logical system of earthquake 
insurance for homes , and this affects the rates for homeowners . The 
insurance problem should be studied from an overall point of view, 
and correct information should be communicated to the public . 

Housing Values and Special Study Zones 

The creation of special study zones to shape land use planning . in 
California has alarmed both developers and real estate interests. 
Surveys of the extent to which such designations have influenced 
actual market prices should allay these fears . Currently available 
evidence indicates that the price of a single-family home is unaffected 
by its location in a special study zone . 

Governm ental and Legal Aspects 

Planning and preparation for destructive earthquakes requires a co­
ordinated effort among federal , state , county , and city governments .  
To date , such coordination has not been achieved and local efforts are 
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not progressing as they should. Coordination is a complex problem, 
because the correct planning and preparation depend on many elements. 
For example, a community that expects to be strongly shaken within 
20 years should plan and prepare differently than a community that 
expects a strong earthquake within 200 years . Also, a small town faces 
a different problem than a large metropolitan area faces .  Many different 
items must be considered in preparing for an earthquake , including 
the survival and functioning of lifeline systems , communications 
systems, transportation systems , fire and police departments ,  hospitals, 
social services ,  and other systems. At present , it is not known how 
much effort is justified for cities .  

Research on the politics of seismic safety and the implementation 
of public policy has focused primarily on California, although some 
attention has also been directed toward Alaska, Washington, Utah, 
Tennessee, and Missouri . Work is just beginning in other states .  The 
emphasis on California is quite understandable , because the state and 
its political subdivisions have enacted several pieces of legislation and 
have responded to damaging earthquakes for many years . 

Seismic Safety as a Political Issue 

Problems of public policy related to earthquakes are not important or 
persistent items on the political agendas of state or local governments. 
Research in California, Washington, Missouri, and a score of other 
states has made it clear that seismic safety is not an important issue 
to public officials.  Likewise , officials report that their constituents do 
not express any significant interest in this area. Seismic safety has not 
been an issue of importance in state or local elections . Public opinion 
surveys conducted in California reveal a concern about earthquakes 
and show that a large percentage of the public wants strong govern­
mental action to mitigate earthquake risk. For the most part, however, 
these attitudes remain private and have not led to concerted public 
expression, let alone to organized political activity . 

In Japan and the People's  Republic of China, by contrast , the 
earthquake problem is a matter of national policy, with leadership and 
resources from a centralized source . To what extent the experience in 
a centralized society like Japan can be applied in a decentralized 
country like the United States has not been adequately explored . 

Seismic safety is an episodic political issue . Controversy erupts over 
a specific proposal , and groups and individuals try to influence official 
action on the proposal . When these private forces attempt to influence 
public policy on matters of seismic safety through political activity, 
their efforts almost invariably aim at stopping a proposal because those 
directly affected view it as unfair, unnecessary , or too costly. Very 
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little organized political influence in favor of a proposed seismic safety 
policy is typically seen. Only during the months immediately following 
a damaging earthquake do professional groups such as structural 
engineers , geologists , and architects usually make a considerable and 
successful effort on behalf of new legislation. 

Decision making about seismic safety policy is incremental rather 
than comprehensive . The lack of any clearly stated and implemented 
policy on what risk from earthquakes is acceptable illustrates this fact . 
Rather than making the comprehensive evaluations and decisions 
required for a policy of acceptable risk, public decision makers consider 
seismic safety on a case-by-case basis when the subject periodically 
arises .  

Land Use Planning 

California has been a pioneer, through two state laws , in the attempt 
to use land use planning for purposes of seismic safety. All local 
governments in California are required to prepare a general plan, and 
since the 197 1  San Fernando earthquake each of these plans has had 
to contain a Seismic Safety Element (SSE) for local governments to 
use in land use planning. Another aftermath of the 197 1  earthquake 
was a state law requiring the State Geologist to designate areas of 
approximately one eighth of a mile on either side of known active 
faults as special studies zones. Within these zones,  no structure may 
be built astride the fault , and a geologic report must accompany any 
proposed development , other than those consisting of three or fewer 
single-family homes.  Furthermore , sellers of homes within the zone 
must disclose to prospective buyers that the property is located within 
a special studies zone . 

Virtually all of the general plans of local governments in California 
now have the mandated Seismic Safety Element . Not unexpectedly , 
they vary in quality . Most contain recommendations for further 
refinement of geologic data, as well as specific regulatory actions for 
the jurisdiction to undertake as part of land use planning. But local 
governments have implemented very few of the specific recommen­
dations and regulatory actions adopted as official policy in the SSEs . 
Instead, the SSEs seem to have served the somewhat amorphous 
function of having increased the awareness of developers , real estate 
agents, and public officials involved in land use decisions to earthquake 
risk. The SSEs have brought elements of high risk to the attention of 
city officials and have eliminated some of the more blatant violations 
of good land use policy for seismic safety , but they do not play a 
prominent role in land us� decisions . 

The Special Studies Zone Act has had the obvious effect of prohibiting 
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new structures across or very near known active faults . Many projects 
throughout California have been carefully designed to avoid placing 
lifelines or structures in locations subject to surface rupture . Contro­
versy over implementing the act has arisen over the precise location 
of faults and whether high-rise buildings (e .g. , hotels) or critical facilities 
(e .g. , hospitals) should be allowed within a zone . New critical facilities 
and new high-rise buildings have usually been denied , but additions 
or renovations to existing structures have usually been permitted . The 
part of the law requiring disclosure does not seem to have affected 
the exchange of real property within special studies zones.  

Mter an earthquake , redesignations of land use may prevent a 
repetition of damage and loss of life due to improper or technologically 
obsolete land use practices .  A careful examination of patterns of land 
use after earthquakes in Anchorage , Santa Rosa, and San Fernando 
produced a few important conclusions: ( 1 )  major changes in preearth­
quake land use patterns or norms and practices are unlikely; (2) aid 
from the federal government can significantly affect the decisions of 
local governments with respect to land use after an earthquake , 
especially for public facilities ; (3) not all decision making after an 
earthquake takes place quickly in an atmosphere of crisis-some 
communities give deliberate attention to postearthquake planning; (4) 
any postearthquake changes in land use require the presence of 
motivated and persistent local officials who are willing to resist the 
inevitable pressures simply to return to preearthquake patterns of land 
use . 

Building Codes 

Most local governments in areas of moderate to serious seismic risk 
have adopted building codes that represent current engineering thought 
about the earthquake resistance of ordinary structures.  Serious ques­
tions surround the actual implementation of the codes, however. Many 
local governments, for example , do not have civil or structural engineers 
on staff, thus making plan checking and on-site inspection of engineered 
buildings questionable in some cases. Not much is known about how 
well seismic codes are enforced . 

Only a handful of communities have undertaken programs to reduce 
the vulnerability of buildings constructed prior to the adoption of 
modem building codes . This is true even in California, despite the 
almost universal commitment by local governments to remedying the 
problem of old buildings . The overwhelming majority of SSEs in 
California have made reducing or eliminating this problem an accepted 
policy . The cities of Long Beach and Santa Rosa, for example , have 
slowly been rectifying the problem over the last decade . Los Angeles 
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just embarked on a 15-year program to require the rehabilitation of 
approximately 8,000 old buildings , but serious questions about financing 
remain. Most local jurisdictions have refused to fund the inspections 
and investigations needed to locate old buildings that are structurally 
suspect . City officials and representatives of the development industry 
in St. Louis successfully rebuffed an effort by the Department of 
Housing and Urban Development to upgrade seismically related build­
ing standards in that city . In California and St . Louis the governmental 
decision makers remain unconvinced that the cost and inconvenience 
necessary to deal with old buildings effectively are worth the economic 
dislocations and political retributions likely to ensue . Some economists 
would agree . 

Emergency Response Planning 

Planning a response prior to an earthquake remains a very low priority 
activity with most of the public organizations that respond to emer-

To assist governmental agencies in responding to earthquake emergencies. a number of 
agencies have created emergency operations centers .  These centers can be either at the 
state , county ,  or city level .  This photograph shows the operation of the Los Angeles 
City Emergency Operations Center during the October 2, 1 980, "Shaker I" earthquake 
exercise. At this location are representatives of all public service emergency facilities ·  
(fire , police , and hospital) and essential facilities (water, energy, transportation , and 
communications). The center performs an essential service in coordinating the recovery 
operation after an earthquake . Photograph courtesy the Los Angeles Police Department. 
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gencies .  Not only are formal plans frequently skimpy and sometimes 
obsolete, but actual practice through training sessions and simulations 
is sporadic at best . One of the most serious problems in previous 
earthquakes, particularly in metropolitan areas ,  has been the difficulty 
in communicating and coordinating the activities of neighboring juris­
dictions . This problem remains in most metropolitan areas . 

Several notable exceptions to the above generalizations occur in the 
city and the county of Los Angeles .  In general, however, most 
governments have given only scant attention to emergency response 
planning for earthquakes .  They have assumed that their "normal" 
emergency response procedures will be able to handle the devastation 
of an earthquake. 

Legal Aspects 

Governments may have significant problems ofliability after a damaging 
earthquake if they fail to take reasonable precautions with public 
property and if they fail to regulate the private sector in a reasonable 
fashion. American research on the legal aspects of earthquake predic­
tion and hazard mitigation has focused on determining the current 
state of the law concerning land use , regulation of building construction, 
government liability , and disaster relief. Further research to clarify 
legal responsibility and liability should help to overcome a frequent 
obstacle to decisive public action toward implementing contributions 
from engineering to mitigate earthquake hazards . 

Differential Impact and Response 

The impact of earthquakes ,  earthquake preparedness, and earthquake 
reconstruction is different for different segments of the population, 
such as ethnic and racial minorities ,  socioeconomic classes , age groups, 
and inhabitants of different regions . This calls for different solutions 
to problems of hazard mitigation. Contributing to this differential 
impact are differences among individuals and population segments in 
( 1 )  vulnerability, (2) access to communication and to public authorities ,  
(3) experience with disasters and in dealing with authorities ,  (4) 
resources and skills for dealing with the trauma and loss of an 
earthquake, (5) culture that establishes value priorities and gives events 
distinctive meanings ,  and (6) self-interest based on the group's  · rela­
tionship to the larger community . The following paragraphs consider 
these differences in turn. 

1 .  Common examples of exceptional vulnerability include living and 
working in seismically hazardous buildings, in mountainous regions 
with narrow roads , downstream from seismically substandard dams, 
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or in low-lying coastal zones.  In portions of the eastern and midwestern 
United States where unreinforced masonry is favored in home con­
struction,  poor people may be less vulnerable , in their cheaper wood 
frame houses ,  than are the wealthy. But in California, where building 
codes have long included seismic elements, disadvantaged minorities ,  
the poor, and the aged disproportionately use structures built before 
strict codes were adopted. These structures provide low-cost housing 
and low-cost commercial space, and rents will certainly increase if the 
owner spends money to upgrade his structure . In some cases, such as 
in apartment buildings occupied entirely by the elderly , the tenants 
said that they preferred taking the earthquake risk rather than being 
displaced and paying increased rents. There is always a danger that 
legislation designed to discourage construction in especially hazardous 
locations , such as active fault zones,  may have the unintended effect 
of increasing the concentration of the poor and elderly in these areas . 

2. Research in southern California indicates that older adults are 
better informed but less well prepared than younger adults on earth­
quake matters . Blacks and Mexican-Americans are less likely than 
whites to be well informed. Ethnic and racial minorities are often 
culturally and economically cut off from official communications , and 
so are inclined to disregard them unless their own leadership endorses 
the official notices .  Californians are generally better informed about 
earthquakes and earthquake safety than are residents in other earth­
quake-prone regions of the United States .  

3 .  Recent migrants and tourists in earthquake-prone regions , to 
whom an earthquake is a disorienting experience, are also most likely 
to be overlooked by authorities and not to receive or comprehend 
emergency messages.  

4. Regions marked by economic backwardness and widespread 
poverty lack the resources needed for earthquake preparedness , 
emergency response, and postearthquake reconstruction. Thriving 
urban communities have more resources ,  but the concentrated popu­
lation augments vulnerability , and some credible scenarios depict a 
level of casualties and destruction that could strain or exhaust local 
and national resources in the United States .  The poor, the elderly , 
and the handicapped depend more on public assistance in preparing 
for an earthquake. As victims they also depend more on bureaucratic 
mazes to secure emergency aid for relocation and reconstruction yet 
are less able to navigate those mazes. Their needs for postdisaster 
housing and employment are often overlooked in reconstruction plan­
ning, especially in Third World nations. Least able to help in their 
own rescue following an earthquake are institutionalized populations,  
such as hospital patients and prisoners . 

5 .  Differences among Mexican-American, black, and white cultures 
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are reflected in especially high rates of fatalism about earthquakes 
among blacks , who tend to be skeptical about scientific and techno­
logical advances in earthquake prediction and earthquake engineering. 
Mexican-Americans , on the other hand, are more optimistic and exhibit 
more faith in authorities . Severe miscalculations and misunderstandings 
result when those who develop hazard mitigation plans do not under­
stand and take into account cultural differences of this sort. 

6. Differences in self-interest are least often recognized. Because of 
the long intervals between damaging earthquakes,  the potentially long 
lead time for predictions , and the relationship of these time intervals 
to their remaining life spans , many elderly people, not surprisingly, 
are unwilling to undergo the disruptions involved in escaping from or 
correcting a seismically unsafe situation. Even during the period of 
emergency, when such compounding disasters as aftershocks , dam 
failure, and tsunamis may threaten, emotional attachment to their 
homes often makes the elderly reluctant to evacuate. Underprivileged 
minorities , who are often compelled by hazard mitigation programs to 
move great distances from their workplaces and pay impossibly large 
fractions of their limited incomes for new housing, may understandably 
prefer to accept the risk of remaining in a seismically unsafe building 
in a familiar neighborhood . 

Conclusion 

The implications for engineering research of this brief sampling of 
research into the social , economic , and political aspects of earthquakes 
can be summarized in five general observations .  First , many of the 
crucial problems in earthquake safety today have less to do with 
technology than with implementation, because there are many eco­
nomic� political , social , and psychological impediments to the use of 
that technology . Engineering knowledge has surpassed the correspond­
ing social and economic understanding. 

Second, the choice among alternative engineering approaches to 
problems of earthquake hazard mitigation depends on some estimate 
of potential benefits versus costs . The direct and indirect benefits and 
costs of any engineering solution always include social , psychological, 
economic,  and political components .  Only by better understanding 
these components and by using the available understanding more fully 
can optimal decisions be made about the development and application 
of earthquake technology . 

Third , although social and economic research directly concerned 
with earthquakes is in its infancy ,  there is a rich body of applicable 
understandings from the behavioral , social , and economic sciences 
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that personnel who develop and apply technology in earthquake hazard 
mitigation do not use fully . 

Fourth, social and economic research has much to contribute to the 
long-term enhancement of seismic safety, but it seldom generates so 
immediately concrete and practical a product as a new invention might. 
Social and economic research helps earthquake safety planning most 
when used as basic understanding rather than as simple formulas that 
can be mechnically applied. 

Finally, the design and use of technology must reftect a sensitive 
awareness that the solution to the earthquake problems of one com­
munity or segment of the population may exacerbate the problems of 
another community or population segment. 
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Earthquake Engineering Education 

Implementing an effective earthquake hazard mitigation program re­
quires the generation of basic knowledge on the nature of the threat 
and on how to minimize its negative impact. In addition, effectively 
applying the knowledge requires a body of educated earthquake 
engineers . Over the past decade research in the fields of engineering 
seismology and earthquake engineering has made much progress in 
generating needed knowledge and in applying it in engineering practice. 
The major accomplishments during this period and those areas where 
future research is needed have occupied the previous chapters of this 
report. 

Unfortunately , a considerable time lag exists between the generation 
of new knowledge and its effective application through design codes . 
This time lag, which typically amounts to approximately 10 years , is 
influenced by many factors . However, it comes primarily from com­
munication problems in reporting, transferring, and comprehending 
such knowledge and from difficulties in molding such knowledge into 
practical forms.  Obviously , education plays a key role not only in 
generating new knowledge but in effectively applying it to engineering 
practice . 

This chapter describes the methods and trends that have developed 
in earthquake engineering education over the past decade in the United 
States ,  evaluating their overall effectiveness, pointing out certain 
deficiencies that currently exist, and making recommendations as to 
educational needs for the future. 

Academic Programs 

Research in earthquake engineering over the past decade has greatly 
augmented the ability to analyze and design structures that will perform 
satisfactorily under expected seismic conditions . A basic component 
in implementing this capability into the engineering and architectural 
professions has been the modernization of academic programs in 
colleges and universities .  

Because of the advanced nature and complexity of modern methods 
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of analysis and design, the curriculum at the undergraduate level has 
understandably not changed profoundly .  However, basic courses in 
mechanics now place greater emphasis on the theory of dynamics , and 
courses in soil mechanics and structures give more attention to the 
effects of vibrations and dynamic forces , including those produced by 
earthquakes .  This is probably a response to a greater interest in 
earthquake engineering and to an increased awareness of the needs 
students have who will go on in this field. Engineering graduates 
entering professional employment at the bachelor's  level are therefore 
more cognizant of the earthquake problem and better equipped to 
grapple with it than were their counterparts a decade earlier. 

Changes in the curriculum at the graduate level have been much 
more pronounced. Typically , specialized courses in structural dynam­
ics ,  foundation dynamics ,  and seismic design make their first appear­
ance at the graduate level , although some are also available to advanced 
undergraduates as elective courses. Master's level programs in struc­
tural and geotechnical engineering, and occasionally in hydraulic 
engineering, regularly include these courses. 

More civil engineering students, representing a larger fraction of the 
baccalaureate pool , are continuing their education to the master' s 
level , which reflects the increasing complexity of modem industrialized 
society. Graduates at this level often play a leading role in applying 
new earthquake engineering developments to the design of earthquake­
resistant structures. Thus they are a principal ingredient in the devel­
opment of professional practice in earthquake engineering. 

The number of students with specialization in structural dynamics 
and/or earthquake engineering who continue to the doctorate level has 
increased over the past decade. There are three reasons for this 
increase: ( 1 )  the availability of research support, (2) the need for 
greater knowledge , and (3) the increased demand for graduates at this 
level in universities ,  government, and industry . Currently, an estimated 
10 to 15 students graduate at this level each year in the United States ,  
of which somewhat more than half are foreign students, many of whom 
return to their home countries . This number of graduates does not 
meet the total demand, for universities ,  research laboratories ,  and 
industry have a greater need than can be supplied. 

This undesirable situation will undoubtedly become much worse in 
the future unless effective steps are taken to prevent it . Numerous 
trends support this prediction:  ( 1 )  technological advances continue to 
escalate the demand in industry, (2) rapidly increasing numbers of 
faculty retirements over the next decade will sharply increase the 
demand in universities ,  (3) significantly higher starting salaries offered 
by industry as compared with those offered by universities will cause 
severe difficulties in recruiting new faculty members , (4) increasing 
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educational costs will make it more and more difficult for students to 
complete doctoral programs, (5) increasing pressures to reduce budgets 
threaten research support essential to doctoral programs, and (6) 
demographic data indicate that the total pool of eligible U.S .  students 
for doctoral programs will diminish substantially in the next decade. 
Although the number of doctoral students in civil engineering increased 
considerably during the 1970s , statistics indicate that it has passed its 
peak and is now diminishing. Also, the number of U.S .  students as 
compared with foreign students is dropping. 

The shortage of engineers with postgraduate education poses a 
serious problem, not only in earthquake engineering but also in most 
other branches of engineering. The shortage would be even greater 
were it not for the large numbers of foreign engineers now working in 
the United States. Many of these are from Asia and the Middle East, 
and the practice of engineering now relies heavily upon their services. 

Education in earthquake engineering should have a strong measure 
of laboratory work. This should include such things as generating 
structural vibrations ; measuring and recording structural accelerations , 
velocities ,  and displacements ; measuring and recording ground shaking; 
and testing materials, structural elements , and model structures under 
conditions similar to those experienced during earthquakes .  Univer­
sities are, in general , not well equipped for such laboratory work, 
primarily because of the required expense. 

Changes in curricula to introduce seismic considerations into archi­
tectural design and planning have been minimal in the programs for 
professional degrees at schools of architecture. A recent survey of 
more than 100 programs at schools that teach hazard design to 
architecture students, to which fewer than one third responded, 
indicates that a significant percentage of the programs offer no course 
work in the nonstructural (architectural) design issues of seismic safety. 
This is particularly disturbing in light of the assumption that the small 
percentage that responded could be the most interested group. The 
survey also observed that there appear to be two separate faculties in 
schools of architecture, one teaching support courses and one teaching 
design, but the two do not appear to communicate or share significantly 
with each other. In view of the importance of seismic safety issues in 
the architecture profession, measures are needed to improve the 
support of this activity in educational programs. 

Publications 

New knowledge generated in any field needs to be fully documented 
and widely distributed in the open literature before it can be useful to 
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society . In earthquake engineering such knowledge is normally first 
published as technical reports of individual research projects,  pos­
tearthquake investigations , and technical papers in journals and con­
ference proceedings . The number of such publications grew sharply 
in the United States during the last decade, and they cover a wide 
variety of topics ,  mainly in the broad fields of engineering seismology ; 
strong-motion seismometry ; the dynamics of rocks, soils,  foundations , 
and structures ; earthquake-resistant design and construction ;  hazard 
assessment and reduction; and earthquake effects. 

While the large number of earthquake engineering publications of 
the past decade served well to record the new knowledge generated, 
time permits the individual engineer to study only a very small 
percentage of them. Thus a great need exists to screen, consolidate, 
and remold the new knowledge so as to speed up its effective use in 
seismic design and construction practice. To meet this need , the 
preparation of monographs ,  state-of-the-art papers and reports, and 
code commentaries should be encouraged and supported financially .  
Furthermore, the preparation of text and reference books on various 
topics in earthquake engineering should be encouraged. 

Continuing Education 

Many engineers who are responsible for the design of earthquake­
resistant structures have a limited educational background in such 
subjects as earthquake engineering, structural dynamics , and computer­
oriented computational methods, even though they must use these 
disciplines more and more in their work. A fifth year of study leading 
to a master's  degree normally covers these subjects , but many engineers 
in practice have not taken such courses because they chose to enter 
the profession at the bachelor' s level. The shortage of engineers and 
the resulting high salaries at this level encourage this trend. It is 
therefore essential that an effective continuing education program be 
developed to provide an opportunity for the practicing engineer to 
receive the education needed in the specialized disciplines of earth­
quake engineering. 

Traditionally , these programs have consisted of concentrated short 
courses lasting for five days,  usually during the summer. Some of 
these programs have been held annually and have emphasized funda­
mental concepts ; others have been held periodically and have empha­
sized research developments. Both types are important, but the 
question arises as to how much material participants can grasp and 
retain with such a short, concentrated exposure . Recent programs 
have extended courses over many weeks , with a limited number of 
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lectures presented each week, as in a regular university course . While 
these extended courses help avoid the problem of concentration, they 
limit attendance to the local constituency. In some cases ,  lectures 
have been recorded on closed-circuit television, allowing in-house 
participation. 

A major problem facing all continuing education courses is the high 
cost of operation. Typical rates for the concentrated short courses 
have reached $150.00 per day , and they will continue to rise yearly. 
This cost , coupled with time away from the office, makes it difficult 
for practicing engineers to justify such an expense unless they work 
for large organizations . 

Effective measures to improve continuing education should be 
implemented . A fellowship program is needed that would allow engi­
neers to return to universities fuU time for one or more academic 
terms . This would give engineers an opportunity to upgrade their 
knowledge in earthquake engineering while relieving them of some of 
the financial burden.  In some cases ,  academic policies would have to 
be changed so that fellowship recipients could take regular university 
courses without being in a degree program. 

Other possible programs should be considered , including a program 
whereby practicing engineers would join university staffs for one or 
more academic terms in exchange for faculty members joining their 
firms for the same period. This would allow the practicing engineers 
to upgrade their analytical background by auditing courses while 
teaching the more practical design courses. On the other hand, faculty 
members would strengthen their practical experience, making them 
more effective teachers upon their return to the university . Also, 
expanded and more effective use of closed-circuit television should be 
considered for industrial in-house presentation. 

Specialized Seminars and Workshops 

Seminars and workshops on specialized topics have in recent years 
effectively educated architects , engineers , and planners in various 
aspects of seismic safety. Brief descriptions of some of these activities 
follow. 

An extensive workshop entitled "Building Practices for Disaster 
Mitigation" was held in Boulder, Colorado, in 1972 under the spon­
sorship of the National Science Foundation (NSF) and the National 
Bureau of Standards .  It provided an initial focus on many issues of 
research and practice in earthquake engineering. 

In 1976 the Earthquake Engineering Research Institute (EERI) and 
the Structural Engineers Association of California (SEAOC) organized 
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a series of eight lectures in San Francisco and Los Angeles under the 
title "Interpreting Strong Motion Records for Earthquake Design 
Criteria and Structural Response . "  Because of the success of this 
series ,  EERI organized its "Regional Seminars on Earthquake Design 
Criteria, Structural Performance,  and Strong Motion Records , "  which 
were given in 1979 in Mayaguez, Puerto Rico, St. Louis ,  Houston, 
Washington, D.C . ,  Seattle, and Chicago under the sponsorship of 
NSF. In 1982 EERi gave this seminar series in Raleigh, North Carolina, 
Salt Lake City , Utah, and Anchorage , Alaska. EERI plans to continue 
this seminar series in other cities of the United States.  It has also 
organized one-day seminars on timely specialized topics in earthquake 
engineering, which in recent years have immediately preceded the 
annual business meetings . 

The Applied Technology Council (ATC) has also made major 
contributions to education in earthquake engineering. ATC, an inde­
pendent, nonprofit , tax-exempt corporation, was established in 197 1  
through the efforts of SEAOC. It was charged with introducing 
technological developments into active practice in structural engineer­
ing, so that applied research performed by university groups and others 
would greater benefit the general public . Seminars and workshops held 
by ATC include those documented in the publications Building Prac­
tices for Disaster Mitigation (ATC- 1) ,  Proceedings of a Workshop on 
Earthquake Resistance of Highway Bridges (ATC-6- 1 ), Guidelines for 
the Design of Horizontal Wood Diaphragms,  and Design of Prefab­
ricated Concrete Buildings for Earthquake Loads . The National Sci­
ence Foundation, the National Bureau of Standards , the Department 
of Housing and Urban Development , and the Federal Highway Admin­
istration provided funds for these activities .  

The northern and southern sections of SEAOC usually hold one or 
two technical seminars each year on timely topics ,  such as seismic 
analysis by computer, code developments ,  or damage mitigation of 
unreinforced masonry structures built prior to 1933 .  These seminars 
are well attended by practicing engineers . 

In 1977 and 1978 the American Institute of Architects (AlA) Research 
Corporation, under the sponsorship of NSF, held seminars at Stanford 
University and the University of Illinois to present and discuss seismic 
issues in architecture as they relate to professional procedures and 
educational programs .  Similar presentations and discussions were 
included in seismic workshops at the 1979 and 1980 AlA national 
conventions . These workshops focused mainly on the issues presented 
in the book Architects and Earthquakes , which was prepared by the 
AlA Research Corporation with funds provided by NSF. 

Since 1978 USGS and the Federal Emergency Management Agency 
(FEMA) have sponsored conferences and workshops on such topics 
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as "Communication of Earthquake Prediction Information,"  "Prepar­
ing for and Responding to a Damaging Earthquake in the Eastern 
United States ,"  and "Continuing Actions to Reduce Earthquake 
Losses in the Mississippi Valley Area. "  USGS has sponsored a dozen 
conferences on technical aspects of earthquake prediction. FEMA, 
with funding from NSF, USGS, and DOE, has also organized seminar­
type courses in the general area of hazard design for architects and 
engineers . These courses were presented in Emmitsburg, Maryland, 
in 198 1 ,  and FEMA proposes to hold them annually in Emmitsburg as 
funds are available . These courses are an expansion of a series offered 
in earlier years in Battle Creek, Michigan. 

Seminars and workshops of the type described above fill a definite 
need in the formulation and transfer of information on specialized 
topics associated with seismic safety . Carefully planned and timely 
activities of this type should therefore continue in the future. 

Conferences 

Research conferences provide opportunities for research workers to 
learn what their peers are doing and discuss special research topics. 
Such conferences make important contributions to the advance of 
knowledge. In addition, the oral presentations of papers at technical 
conferences usually initiate professional awareness of new knowledge 
from research programs in earthquake engineering. The learning 
process of the engineer or architect then continues by means of selected 
published papers . Following are brief descriptions of the leading 
conferences of interest to the earthquake engineering community . 

The American Society of Civil Engineers (ASCE) sponsors technical 
presentations on topics in earthquake engineering as part of its regular 
conventions and in specialty conferences. All of these technical sessions 
are organized through its technical committees and technical councils , 
especially the Soil Dynamics Committee of the Geotechnical Division, 
the Dynamics Committee of the Engineering Mechanics Division, the 
Committee on Dynamic Forces of the Structural Division, and the 
Technical Council on Lifeline Earthquake Engineering. 

Earthquake engineering has been a topic of increased interest in 
such technical meetings. The ASCE held the following meetings in 
198 1  and 1982 that included this topic: ( 1 )  the specialty conference 
"Dynamic Response of Structures: Experimentation, Observation, 
Prediction, and Control ,"  Engineering Mechanics Division, Atlanta, 
January 198 1 ;  (2) a technical session in the spring ASCE convention, 
Technical Council on Lifeline Earthquake Engineering, New York, 
May 198 1 ; (3) a specialty conference on lifeline earthquake engineering, 
Technical Council on Lifeline Earthquake Engineering, Oakland, 
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California, August 198 1 ; (4) a technical session on performance of 
water transport systems during earthquakes in the spring ASCE 
convention, and a technical session on optimum design in earthquake 
engineering, Technical Council on Lifeline Earthquake Engineering 
and Soil Dynamics Committee of the Geotechnical Division, Las 
Vegas , April 1982 ; (5) "23rd Structural Dynamics and Materials 
Conference,"  New Orleans , May 1982 ; and (6) a technical session on 
remedial measures to improve the dynamic stability of earth structures 
in the ASCE annual convention, Geotechnical Engineering Division, 
New Orleans, October 1982. 

The American Concrete Institute (ACI) is a nonprofit, nonpartisan 
organization of engineers , architects , scientists, and constructors with 
a technical interest in the field of concrete . Its primary objective is to 
assist its members and the engineering profession by gathering and 
disseminating information about the properties and applications of 
concrete and reinforced concrete . Since 1905 it has achieved this 
objective through individuals and committees working in cooperation 
with public and private agencies .  Various media make the work of the 
institute available to the engineering profession, including the Building 
Code Requirements for Reinforced Concrete (ACI 3 1 8-77) , the ACI 
Journal, technical sessions at semiannual meetings , and a variety of 
technical publications. 

During the 1970s various committees within the institute became 
increasingly concerned with the earthquake-resistant design of rein­
forced concrete structures. Those ACI committees have addressed 
seismic problems associated with the loading, strength, and response 
of structural components and building systems . Among the active 
committees are ( l )  the Committee on Standard Building Code (ACI 
3 18) , (2) the Committee for Lateral Forces on Reinforced Concrete 
Buildings (ACI 442), (3) the Committee on Joints and Connections in 
Monolithic Concrete Structures (ACI 352) , (4) the Committee on 
Inelastic Behavior of Reinforced Concrete Structures (ACI 428) , (5) 
the Committee on Reinforced Concrete Columns (ACI 441) ,  and (6) 
the Committee on Shear and Torsion (ACI 445) . At their regular 
semiannual meetings the committees plan ongoing activities to pro­
mulgate the findings of research on the use of reinforced concrete in 
seismic areas . The ACI special publications Reinforced Concrete 
Structures in Seismic Zones (SP-53) and Reinforced Concrete Struc­
tures Subjected to Wind and Earthquake Forces (SP-63) are examples 
of these activities.  

The Structural Engineers Association of California sponsors two 
days of technical sessions at its annual convention, which results in 
papers on earthquake engineering. These papers are published in 
proceedings that all members of the association receive. 

Nine international engineering and scientific societies sponsor the 
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Offshore Technology Conference (OTC). Since its founding in 1968 
the conference has come to be recognized as the leading annual meeting 
on ocean research and technology . Many of the technical sessions deal 
with the analysis and design of offshore structures, with m�or consid-
eration given to earthquake and wave forces. 

· 

The Earthquake Engineering Research Institute organized and spon­
sored the First U .S .  National Conference on Earthquake Engineering 
in 1975 at the University of Michigan and the Second U.S .  National 
Conference on Earthquake Engineering in 1979 at Stanford University . 
EERI also planned and sponsored the First World Conference on 
Earthquake Engineering at the University of California, Berkeley, in 
1956 to observe the fiftieth anniversary of the 1906 San Francisco 
earthquake. The Second World Conference on Earthquake Engineering 
was held in Japan in 1960 under the sponsorship of the Science Council 
of Japan. The organizers of that conference fostered the creation of 
the International Association of Earthquake Engineering, which has 
since sponsored all subsequent world conferences in New Zealand 
( 1965), Chile ( 1969), Italy ( 1973), India ( 1977), and Turkey ( 1980). The 
eighth world conference will be held in San Francisco in 1984, with 
an expected attendance of 1 ,500. 

The Universities Council for Earthquake Engineering Research 
(UCEER) periodically holds conferences to generate an awareness 
among university researchers of ongoing research activities in earth­
quake engineering and to stimulate new ideas that will advance the 
overall research effort. These conferences have been held at the 
California Institute of Technology ( 1967), the University of California, 
Berkeley ( 1969), the University of Michigan ( 1974) , the University of 
British Columbia ( 1976), the Massachusetts Institute of Technology 
( 1978), and the University of Illinois ( 1980). All of these conferences 
have received financial support from NSF. 

Information Service Programs 

In the late 1960s it was recognized that the transfer of technology in 
earthquake engineering should be improved, so that research results 
from the rapidly expanding national effort would be implemented more 
rapidly .  Responding to this need, the NSF funded the National 
Information Service in Earthquake Engineering (NISEE) in 1971  to 
provide technology transfer for all groups and individuals involved in 
seismic safety. This service has continued to the present through 
complementary programs at the California Institute of Technology 
(CIT) and the University of California, Berkeley (UCB). 

The NISEE performs three basic services: ( 1 )  it transfers information 
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from the specialized earthquake engineering libraries at CIT and UCB 
to the practicing professions , government agencies , academic institu­
tions , and the general public ; (2) it distributes computer programs and 
strong ground motion data to all interested parties ;  and (3) it publishes 
the annual Abstract Journal in Earthquake Engineering. 

NISEE's information transfer service makes available unique col­
lections of materials relevant to earthquake hazards and their mitiga­
tion. The Earthquake Engineering Research Center Library at UCB 
has to date assembled over 16,000 items , and the corresponding library 
at CIT has assembled a similar number. The items include research 
reports, technical journals, conference proceedings, monographs, slides, 
and maps. In addition to their major emphasis on earthquake engi­
neering, these libraries collect materials in the related fields of engi­
neering seismology, geology, and disaster planning. Nontechnical 
publications on all aspects of earthquakes are also available , and these 
libraries contain foreign as well as domestic literature . The number of 
external library transactions in the NISEE program has grown steadily 
over the past decade to about 10,000 per year. 

Presently, the UCB-NISEE activity distributes approximately 55 
different specialized computer programs in earthquake engineering. 
These programs have been developed by universities engaged in 
research and by private engineering consulting firms . Currently ,  about 
500 programs and about 1 ,800 program manuals are distributed each 
year. Since the original recipients further distribute these items , the 
dissemination by NISEE of computer programs contributes greatly to 
technology transfer in earthquake engineering. Dissemination of strong 
ground motion data, primarily through the CIT-NISEE program, has 
had similar success. The service makes available hundreds of different 
digitized strong ground motion accelerograms of real earthquakes .  

The Abstract Journal in Earthquake Engineering provides the only 
comprehensive annual collection of abstracts and citations of world 
literature in earthquake engineering. The number of subscriptions has 
steadily grown at about 35 percent per year since 1973 to reach the 
current level of 830. This journal is extremely effective in locating 
literature on any specialized topic in earthquake engineering. 

Another major center that contributes to the transfer of information 
on seismic issues is the Natural Hazards Research and Applications 
Information Center at the University of Colorado in Boulder. Funded 
by the Federal Emergency Management Agency,  the National Oceanic 
and Atmospheric Administration, the U.S .  Geological Survey, and the 
Corps of Engineers acting through NSF, the center seeks to strengthen 
communication between research workers and the individuals, orga­
nizations, and agencies concerned with public action relating to natural 
hazards .  
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Because the information centers described above play a major role 
in transferring basic knowledge to the professional groups that imple­
ment that knowledge, it is imperative that they continue to be funded 
so as to provide at least the current levels of service . 

Impact of Earthquake Engineering Education on Seismic 
Safety 

The success of any reseach program must ultimately be judged in 
terms of its impact upon society . Thus the earthquake engineering 
program must be evaluated in terms of the impact its improvements 
in engineering practice and construction have had on seismic safety. 
As pointed out earlier, earthquake engineering education, in the broad 
context of publications , academic programs,  continuing education 
courses ,  specialized seminars and workshops, conferences, information 
service programs, and seismic codes, regulations , and commentaries,  
plays a major role in the successful implementation of research results .  
While the earthquake engineering research program and its associated 
educational programs have clearly been successful, further research 
is needed in specialized areas , as outlined in earlier chapters of this 
report. Also, the educational implementing process needs further 
strengthening to ensure that research results are used effectively . To 
optimize this overall effort, all of the participating professional groups 
(researchers , educators , planners , architects , engineers , and govern­
ment officials) need to interact and cooperate. Also needed are greater 
public awareness and acceptance of needed programs. 

Recommendations 

To meet further demands on earthquake engineering education, actions 
should be taken along the following lines: 

1 .  The number of U.S .  Ph.D. students should be increased through 
incentive programs so as to meet the growing demand in industry, 
universities ,  and government for their services .  

2. Earthquake engineering laboratories at universities should be 
supplied with modem instruments and equipment, and appropriate 
experimental courses should be developed. 

3. Programs for academic degrees in architecture and engineering 
should be continually upgraded to keep pace with new developments 
in earthquake engineering and the changing needs of the practicing 
professions . 
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4. Improved financial support for qualified American students should 
be provided so that more of them will continue their engineering 
education beyond the bachelor's  level . 

5. The differential between academic and industrial salaries , partic­
ularly at entry levels , should be eliminated so that universities can 
compete in attracting and keeping brilliant young Ph.D.  graduates .  

6. Current and new knowledge generated through earthquake engi­
neering research should be screened, consolidated, and remolded into 
written forms more suitable for implementation-namely, monographs , 
state-of-the-art papers and reports , code commentaries ,  and text and 
reference books . 

7. Improved opportunities should be provided for engineers employed 
in industry to return to universities for advanced degrees or continuing 
education in earthquake engineering. 

8. Programs should be developed whereby engineering faculty 
members join industrial firms for limited periods to gain practical 
experience while practicing engineers join academic groups to work 
in research and/or teaching for similar periods and strengthen their 
analytical background. 

9. Seminars and workshops should be held on timely new develop­
ments in earthquake engineering. 

10 .  Specialized national and international conferences on earthquake 
engineering and on earthquake engineering research should be held 
periodically to expose all interested groups to new developments . 

1 1 .  National information service programs should be maintained at 
present or greater levels of effort . 

12 .  Seismic code provisions and regulations used by architects and 
engineers should be continually upgraded to keep pace with new 
knowledge and developments generated through research programs.  

1 3 .  Appropriate steps should be taken, through TV programming or 
otherwise , to create a greater awareness and understanding by the 
general public and public officials of the causes, consequences ,  and 
mitigation of all natural hazards, including earthquakes .  

The above actions must be carefully planned, through a coordinated 
effort by architects and engineers at all levels and managers in 
universities ,  government, and industries ,  and be adequately funded to 
be effective . 
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Research in Japan 

Destructive earthquakes affect many countries ,  making earthquake 
engineering research an international concern. The First World Con­
ference on Earthquake Engineering was held in California in 1956, 
with participants from 10 countries .  Since then world conferences have 
been held at four-year intervals in Japan, New Zealand, Chile , Italy, 
India, and Turkey. At the seventh world conference in Turkey ,  750 
participants from 42 countries reported on their earthquake problems 
and research. 

Two large industrialized countries with important earthquake prob­
lems are the United States and Japan. Both have conducted programs 
of earthquake engineering research during the last decade , so a 
comparison between them can be informative . Japan, with a population 
of 1 12 million, has a land area approximately one tenth that of the 
United States and has somewhat greater seismic activity .  Therefore 
the probability that a large earthquake will occur close to a populous 
city is greater for Japan than for the United States ,  and in this sense 
Japan has a worse earthquake problem than does the United States .  
Both countries have suffered a great earthquake disaster in this 
century-the San Francisco earthquake of 1906 in the United States 
and the Tokyo earthquake of 1923 in Japan. Both countries are also 
now anticipating a great earthquake in the not-too-distant future . In 
Japan there is concern about a repetition of the 1923 disaster, and in 
the United States there is concern about a repetition of the 1 857 Fort 
Tejon earthquake, with a magnitude of 8 .3 ,  on the San Andreas fault 
adjacent to Los Angeles .  

In  January 1982 four U.S .  earthquake engineering researchers , who 
had interacted with the Japanese earthquake engineering community 
previously , visited major Japanese earthquake organizations in Japan. 
The purpose of the visit was to obtain the most recent data on Japanese 
activities and funding and to verify previously obtained information. 
The team had a cordial reception and was given all the requested data 
that could be assembled. As it gathered this data, the team realized 
that although there are many similarities between the Japanese and 
U .S .  earthquake research communities ,  there are also striking differ­
ences. Without judging which approaches are better, a review and 
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This building in Tokyo collapsed during the 1923 earthquake. Some 100,000 people lost 
their lives during this earthquake. It led to the establishment of the Earthquake Research 
Institute at Tokyo University. 

evaluation of certain aspects of the Japanese approach could point 
toward their possible use in the United States . 

Many different government agencies ,  universities ,  and industries are 
involved in various aspects of earthquake engineering research in 
Japan. For instance, many government agencies actively do research 
and carry out earthquake preparedness programs. 

The different organizations seem to cooperate considerably ,  even 
though the research groups share a friendly and beneficial competition. 
This chapter summarizes current research and implementation activi­
ties , discusses several major new experimental research facilities ,  and 
estimates the Japanese financial commitment to earthquake hazard 
mitigation.  

Overview 

Japan has a total land area of 377,728 km2, distributed mainly among 
four islands. Its population of 1 12 million is mostly concentrated in 
large cities along the coast. Most of the country (80 percent) is 
mountainous and is geologically hazardous for construction because 
of active faults , volcanic regions ,  and areas oflarge potential landslides.  
Because the Japanese Islands are situated on the circum-Pacific 
earthquake belt , frequent major earthquakes have resulted in the loss 
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oflives and property . Therefore, Japan's mitigation program for seismic 
hazards is among the most demanding in the world. 

During its history Japan has suffered many earthquake disasters . 
Many consider the Nobi earthquake of 1891 the starting point for 
earthquake engineering and seismological research in Japan. In 1 923 
a large earthquake and fire destroyed most of the buildings in the 
capital city of Tokyo, causing about 100,000 deaths.  

The seismicity of Japan differs from that of the United States in that 
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most of Japan's very large earthquakes originate offshore of the Pacific 
coast on a major subduction fault zone. In the United States large 
earthquakes occur on the San Andreas strike-slip fault zone, on 
associated faults , and in other inland regions such as Nevada, Wash­
ington, Missouri , and South Carolina. Approximately three times as 
many people live in the highly seismic regions of Japan as in highly 
seismic regions of the United States. Since 1932, earthquakes in Japan 
have killed 16,200 people and have destroyed 1 10,000 housing units. 
These housing units cannot be compared directly with housing units 
in the United States , though modem commercial and industrial build­
ings are comparable with those in the United States .  

In Japan, government agencies ,  universities ,  industrial laboratories ,  
and research associations each study a number of different facets of 
the earthquake problem.  Although many groups work on various parts 
of the same problem, a designated agency or ministry is responsible 
for coordinating all governmental efforts .  The following sections 
illustrate this functioning. 

Earthquake Warning 

Efforts to predict earthquakes in Japan are coordinated by the Science 
and Technology Agency (STA) (roughly akin to the U.S .  Office of 
Science and Technology Policy but with a larger budgetary role), 
which reports directly to the Prime Minister' s office. The STA has 
line responsibility for the National Research Center for Disaster 
Prevention (NRCDP) in Tsukuba, which has a staff of 1 18 people, and 
coordinating responsibility for earthquake prediction and disaster 
prevention activities ,  which a small staff in Tokyo performs . The 
budget for earthquake prediction in Japan has increased from about 
$ 1  million in 1965 to about $38 million in 198 1 .  As is typical in Japanese 
budgets , these figures exclude salaries and overhead for the 400 
scientists and technicians directly involved. Thus they cannot be 
directly compared with U.S .  figures,  which do include salaries and 
overhead. 

Earthquake prediction was established as a national goal in Japan 
in the early 1960s. It was given impetus by the 1965- 1966 Matsushiro 
earthquake swarm, the 1968 Tokachi-Oki earthquake, and the 197 1  
San Fernando, California, earthquake. Finally , it became the focus of 
a major commitment in the mid- 1970s when a magnitude 8 ± seismic 
gap was identified along the Nankai and Suruga troughs (in the Tokai 
region) offshore about 100 miles west of Tokyo. The Tokai region is 
a 14,000-km2 area located on the major transportation corridor between 
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Tokyo and Osaka. This region is the site of ml\ior industrial facilities 
and has a population of about 6 million. Chinese reports of a successful 
prediction of the Haicheng earthquake in February 1975 were another 
factor in placing greater emphasis on earthquake prediction. 

Identifying the Tokai seismic gap has led to the identification of land 
subsidence since the area's previous earthquake (the 1 854 Ansei-Tokai 
earthquake) and to observations of horizontal compression in the area 
of the gap. Much of Japan's earthquake warning and preparedness 
efforts now focus on the Tokai region. 

Much of the precursory earthquake data gathered by organizations 
for the Tokai region is telemetered to the headquarters of the Japan 
Meteorological Agency (JMA) in Tokyo, where the data are monitored 
for anomalies .  The JMA data collection center is well equipped for data 
acquisition and display. It can determine epicenters in the Tokai region 
rapidly and has an automated circuit-checking system to determine 
the condition of equipment in the event of ground motion at the center 
itself. Whenever the center detects unusual increases in seismicity 
(threshold values have been set) , changes in volume strainmeters , or 
other anomalies , it informs the Earthquake Diagnosis Committee (EDC). 

If the EDC decides that the data warrant notification of higher 
authorities , the JMA Director-General transmits the earthquake predic­
tion information to the Prime Minister, who in consultation with the 
cabinet decides whether to issue an earthquake warning statement. 
This process takes an estimated two and one-half hours . The govern­
ment issues the earthquake warning statement to residents ,  public and 
private institutions ,  public corporations , and the prefectural governors . 
The Prime Minister is responsible for issuing the warning statement 
and for making public the scientific basis for the statement. The 
notification is made through the usual media (TV, radio, newspapers) 
and by loudspeaker trucks and loudspeakers activated by radio. If the 
earthquake does not occur after a considerable period and if the 
anomalous precursory phenomena disappear, the Prime Minister can­
cels the earthquake warning statement. Since it began in April 1977, 
the Tokai program has issued no false alarms , but it did not predict 
the magnitude 7.0 lzu-Oshima earthquake in 1978 . The consensus is 
that a false alarm may be possible , but that a "miss" is unlikely in 
the Tokai region.  

The National Research Center for Disaster Prevention and the 
national universities conduct much of the research on theoretical 
models related to earthquake prediction. The identification of the 
seismic gap in the Tokai region represents a long-term prediction; now 
Japan is concentrating on ways to make medium- and short-term 
predictions in this region. The effort has resulted in a massive amount 
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of data that is little used outside of Japan and whose analysis has no 
precedent. 

Earthquake Motions 

In addition to the instrumentation used in the earthquake prediction 
program, networks of strong-motion accelerographs have been installed 
to quantify the distribution of strong earthquake ground motions in 
space and time. Although strong-motion accelerographs were first 
developed and installed in the United States, many are now manufac­
tured and installed in Japan. Some are located to determine motions 
at rock and alluvial interfaces ;  others are associated with structures 
to determine the effects of soil-structure interaction. The Earthquake 
Research Institute , the Building Research Institute , the Public Works 
Research Institute , the Port and Harbour Research Institute , the Tokyo 
metropolitan government, other government agencies ,  universities ,  
and private companies operate about 1 ,500 strong-motion instruments . 
As in the United States , there seems to be little coordination among 
the various organizations that install accelerographs except for special 
arrays .  

The field observations of rock and ground motions complement 
laboratory studies of soil behavior and soil-structure behavior during 
earthquakes .  These studies have produced some important advances 
in knowledge about the effect that structures have on local ground 
motion during an earthquake. Theoretical and analytical studies of the 
soil mechanics associated with earthquakes parallel the activities in 
the United States. 

Seismic Hazard 

Assessments of current earthquake hazards in Japan are generally 
based on historical earthquake data beginning in the year A.D. 679. 
For engineering purposes the seismic coefficient method is used. It is 
based on a macrozone map developed from the historical earthquake 
data, using magnitudes compiled by the Japan Meteorological Agency 
and incorporating attenuation of ground shaking with distance. 

Measures of seismic hazard generally depend on the type of structure 
under consideration. For example , hazard for high-frequency systems 
is measured in terms of the peak acceleration; for low-frequency 
structures either the peak velocity or peak displacement is more 
appropriate . For important structures, however, the response spectrum 
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is used. In Japan, ground conditions are generally divided into four 
categories-rock,  diluvial deposits , alluvial deposits , and very soft 
ground. Appropriate correction factors account for local soil conditions. 
For major engineering systems , a project advisory committee specifies 
the design earthquake. 

Generally , the acceptable seismic risk is based on the following 
thinking. Ground shaking that can reasonably be expected to occur 
during the life of the structure should not cause serious damage. For 
the very rare, extremely strong ground shaking, the structure should 
not collapse . Regional and local site factors take into account local 
soil conditions . The approaches in the highly seismic regions of the 
United States are similar to the foregoing but, perhaps, not quite as 
severe. 

The Ministry of Construction is responsible for specifying the hazard 
levels for engineering design. In particular, the Public Works Research 
Institute is responsible for civil engineering structures, and the Building 
Research Institute is responsible for buildings. The Port and Harbour 
Research Institute of the Ministry of Transport is responsible for 
harbor systems, and the Ministry of International Trade and Industry 
is responsible for nuclear power plants. 

Current research in hazard evaluation includes studies to revise the 
existing macrozone maps , using probabilistic hazard analysis that takes 
into account the source mechanism, fault dislocations , and other 
seismological and geological inputs of a given region. Studies to 
determine the seismicity and ground motions at a site are particularly 
important for major or critical facilities such as nuclear power plants. 
Research in Japan in this area includes topographic surveys of surface 
faulting and field research of fault activities at reactor sites . Seismic 
evaluations of sites in diluvial deposits are also planned, as are 
evaluations of underground structures in diluvial ground. 

Building Codes 

New building codes in Japan draw heavily upon the work and advice 
of governmental, university, and private researchers and designers. 
The seismic design of Japanese buildings has been changing markedly 
as a result of the intensified efforts in earthquake research. In 1980-
1 98 1  the building code of Japan underwent a major revision, the most 
extensive since the code was introduced in 1924. The main feature of 
the revision was the introduction of a two-phase design for earthquakes. 
The most important step in the second phase of design is evaluating 
the ultimate capacity of the structure for lateral loads. 

The damages of structures caused by the Niigata earthquake in 1964, 
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the Tokachi-Oki earthquake in 1968, and the San Fernando earthquake 
in 197 1  stimulated a movement to improve and rationalize methods of 
earthquake-resistant design. As a direct consequence of this movement , 
the Ministry of Construction undertook a five-year project from 1972 
to 1 977 to establish a new method of rational seismic design for 
buildings . Such a method was proposed in March 1977, with the 1978 
Miyagi-Ken-Oki earthquake providing impetus for it . In July 1 980 a 
revision of the Enforcement Order of the Building Standard Law was 
released,  to be enforced, along with supplementary documents ,  from 
June 1 ,  1 98 1 .  Thus less than nine years were required to develop and 
enforce a major revision of the building code . 

In comparison, the effects of the 197 1  San Fernando earthquake in 
California resulted in a "National Workshop on Building Practices for 
Disaster Mitigation" in 1972 . One recommendation suggested "the 
development of comprehensive seismic design provisions for buildings 
incorporating the current state of knowledge . "  The first step to 
implement this recommendation was an evaluation of the response 
spectrum approach to the seismic design of buildings . The Applied 
Technology Council (ATC) finished and published this study in Septem­
ber 1974. Following this,  ATC began work on Tentative Provisions for 
the Development of Seismic Regulations for Buildings, which were 
published in 1978 . Yet such provisions have not been incorporated 
into a seismic code . It should be noted , however, that in the United 
States local governments adopt the building codes,  whereas in Japan 
the central government promulgates the code. 

Architectural and Engineering Design 

Earthquake engineering and structural dynamics research in Japan in 
general resembles that in the United States ,  combining computer and 
analytical studies with laboratory and field studies .  However, differ­
ences in two areas are conspicuous .  

First , Japanese research places considerably more emphasis on 
laboratory and field experimental studies .  This emphasis on experi­
mental applied research is perhaps a consequence of the Japanese 
philosophy of damage prevention and mitigation. For example , to 
certify any unusual structure, experimental evidence must demonstrate 
that the structure's  seismic performance will be acceptable . For 
instance , even the 198 1  earthquake provisions of the Japanese building 
code do not apply directly to buildings taller than 60 m. High-rise 
buildings are to be designed using special analyses , which may include 
time-history, nonlinear response analyses. The design is then subjected 
to technical review by the High-Rise Building Structure Review 
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Committee of the Building Center of Japan. Upon its recommendation, 
the Ministry of Contruction issues a special approval of the structural 
design. The ministry may also demand experimental evidence that the 
dynamic analysis can indeed reasonably well predict the structure's  
seismic performance . The agencies within the ministry also support 
large experimental research projects within their own research estab­
lishments and elsewhere. As discussed later in this chapter, these 
agencies have recently placed in service a number of newly constructed 
experimental research facilities .  

Second, the private sector does a significant amount of research. 
Most of the research done by construction companies is of an applied 
nature and, therefore, has an immediate application in practice. Each 
of the six largest architectural , engineering, and construction firms 
maintains a large engineering research laboratory, for which there are 
no counterparts in the United States .  Reportedly,  the government 
suggested to these companies that they apply a certain percentage of 
their revenues to research laboratories . The larger of these laboratories 
have a work force of 400 to 500 people and excellent research and 
testing equipment. 

The rapid use of its own research and development makes the parent 
company more receptive to the developments of others . Each major 
company has a technial staff that offers the client all required services ,  
from initial conception to  completed construction. These services 
cover such functions as basic planning studies (site reconnaissance 
and survey, social and economic survey and analysis , environmental 
impact assessment, economic and/or technical feasibility analysis) , 
master planning, design, engineering construction, and construction 
management. 

Research by government agencies ,  is mainly of an applied nature. 
However, the government also devotes significant efforts to funda­
mental research, and the results of this research are implemented 
rapidly . Universities are involved in applied and, to a large part, 
experimental research because private industry and governmental 
agencies sponsor their efforts. The implementation of research results 
obtained at universities follows the same pattern as that for government 
research. 

Clearly , much more experimental research is being carried out in 
Japan than in the United States .  Also, since experimental research 
costs more than other kinds of research, Japan is making a much 
bigger effort than is the United States. 

Although Japanese earthquake engineering research places more 
emphasis on experimental investigations , it is not neglecting the 
theoretical and analytical aspects of the problem. The theoretical and 
analytical studies currently under way in Japan deal with such topics 
as the hysteretic behavior of steel and reinforced concrete structural 
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systems, the response analysis of structures subjected to stochastic 
ground accelerations, and nonlinear soil-structure interaction. These 
analyses usually make use of finite element and other numerical 
methods ,  as in the United States .  At this time, Japanese analytical 
capabilities appear to be more or less at the same level as in the United 
States .  

The general tendency in  Japan to emphasize experimental methods 
is particularly advantageous for the seismic design of equipment, as 
researchers in both Japan and the United States generally accept that 
testing is the only reliable way to evaluate the seismic performance of 
most equipment. The research laboratories of trade associations ,  of 
public utilities ,  and of equipment manufacturers have large vibration 
tables to evaluate the seismic response of full-scale equipment, and 
these organizations are able to commit the required resources of 
manpower and test specimens. The impact of these tests on imple­
mentation appears to be high, possibly because the user is closely 
involved with testing. 

The same philosophy applies to the design and construction of 
nuclear power plants . Much effort is devoted to experimentally veri­
fying system response. Proof-type tests are used to establish design 
levels, rather than arbitrary increases in the factors of safety. Successful 
construction of nuclear power plants requires a systematic integration 
of diverse technologies , and this task becomes considerably more 
difficult when the plant is located in a zone of high seismic risk. In 
Japan 23 nuclear power plants are presently in operation and 10 more 
are under construction. Most of these plants are located in zones of 
high seismic risk, and they have been built despite the increasing social 
and political opposition to nuclear power. It appears that research and 
development in the construction of nuclear power plants has tempered 
fears by demonstrating that it is possible to construct such plants 
safely. 

A large test facility for experimentally verifying the components of 
nuclear power plants is nearly complete in Tadotsu, Shikoku. This 
NUPEC facility is expected to serve as an international test center 
and to help the sale to other countries of nuclear power plants designed 
in Japan. 

Tsunami Research 

Research on tsunamis addresses their generation, their transmission 
across the ocean, and their run up along the coast. Such research 
generally aims at improving tsunami warnings and the evaluation of 
hazards associated with tsunamis . 

Considerable research effort has been applied to deriving methods 
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that can determine ' 'tsunami magnitudes' '  from seismic data and wave 
height data. Recent numerical simulations with computers have led to 
agreement between theoretical and experimental studies .  The Japanese 
have used variably sized grids for the whole ocean, with depth contours 
near the coast, in designing local protective structures . 

As with other earthquake hazards, the Japanese have taken the 
tsunami hazard very seriously . For example, in Ofunato they have 
constructed long breakwaters , with relatively small openings for 
transportation, to blunt the force of a tsunami before it reaches the 
shore of the inlet. Information on historical inundations of various 
ports is disseminated widely . 

Numerical modeling has been done of historical tsunamis that 
originated near Japan. Such numerical modeling has also been done 
for tsunamis that reach Japan's  continental shelf after passing the 
continental slope. These models include nonlinear effects , wave re­
fraction and diffraction, and interactions with breakwaters and back­
walls . Japan has pursued research on the run up of tsunamis and the 
resulting inundation much more vigorously than has the United States .  

Earthquake Preparedness 

Although the 1891  Nobi and 1923 Kanto earthquakes provided impetus 
for earthquake preparedness , not until quite recently did a national 
consensus develop in Japan that the country should make a major 
effort to improve earthquake preparedness. As noted earlier, the 
predicted magnitude 8 ±  earthquake in the Tokai region west of Tokyo 
has been the main stimulus for this consensus. Japan's basic policy is 
formulated in the 1978 Large-Scale Earthquake Countermeasures Act, 
which outlines the basic steps required of the national , prefectural, 
and local governments once an area, such as the Tokai region, has 
been designated an "intensified area" (i .e . , an area that can expect 
significant damage). These steps fall into two categories : (l) the 
intensified plan, which deals with medium- to long-term issues such 
as deploying instrumentation for earthquake prediction, identifying 
areas likely to receive great damage, reinforcing buildings, lifelines, 
and other structures, public education, and establishing procedures to 
make public announcements , and (2) the short-term plan, which deals 
with such issues as notification, evacuation, care and handling of 
refugees, medical treatment, traffic control , and repairs . The act also 
discusses emergency powers , financial assistance to carry out the 
plans, promotion of scientific research, and the procedure to issue the 
earthquake warning statement. In accordance with the act, the national 
government in 1980 issued its Basic Plan of Earthquake Disaster 
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Prevention for Areas Under Intensified Measures Against Earthquake 
Disaster for the "Tokai earthquake . "  This policy statement requires 
ministries ,  agencies ,  and local governments to prepare detailed plans 
and undertake preparedness activities .  These two documents represent 
a careful attempt to deal with the prediction of a major earthquake in 
a densely populated, modem, highly industrialized society . The Na­
tional Land Agency (NLA) , located in Tokyo and reporting directly to 
the Prime Minister' s office, supervises the national effort to prepare 
for the Tokai earthquake. A relatively small staff in the NLA's 
Earthquake Disaster Countermeasures Division and the related Dis­
aster Prevention Policy Planning Division performs the supervision. 
Local agencies or the Ministry of Construction does most of the actual 
preparedness planning, land use planning, construction, etc. For the 
Tokai earthquake, approximately $ 1 .5 billion is being expended in 
1980- 1984. Table 8 shows the breakdown of these expenditures. 

Shizuoka Prefecture is the center of this preparedness effort. Typical 
efforts at preparedness include strengthening certain buildings , con­
structing water suppply cisterns in fire-prone areas, identifying and 
improving refugee routes and safe zones, stockpiling fire-fighting 
equipment, inspecting and rehabilitating flood control levees and 
highway and railway embankments and structures, constructing tsu­
nami protection structures in certain locations,  identifying landslide­
prone areas , improving public communication facilities,  and establish­
ing a "transistor radio network. "  A network of over 4,000 voluntary 
organizations has been established that are equipped partially by the 
government and that engage in training and exercises in fire fighting, 
first aid, communications ,  and evacuee support. In 1980 $6 million 
was spent in Shizuoka Prefecture to purchase equipment for these 
groups .  

Books and brochures at both adult and child levels are disseminated 
for public education. These explain the tectonics of the earthquake, 
the prediction and warning process , the possible postearthquake 
disasters and mitigation efforts, the damage expected in each city and 
town, what materials (food, water, etc . )  to stockpile , and what actions 
to take to brace one's house , furniture, and other belongings. Shizuoka 
officials state that perhaps 50 percent of the people have some doubts,  
but that 90 percent are "going along" with their efforts to prepare for 
this major earthquake , which is expected sometime in the next 10 
years . 

Although Tokyo itself is outside of the Tokai intensified area, it 
expects to sustain damage when the Tokai earthquake occurs. Earth­
quake preparedness in Tokyo is taken seriously because of the city's  
experience in  the 1923 earthquake. The Tokyo city government spent 
about $5 billion for disaster prevention in 1972- 1977, and about $7 
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TABLE 8 Sources and Uses of 1980-1984 Expenditures for the Coming Tokai 
Earthquake 

Prefecture 
Kanagawa 
Yamanashi 
N;Uano 
Shizuoka 
TOTAL 

Revenue Source 
National government 
Prefectural government 
Local government 
TOTAL 

Percentage 

Subject 
1 5  Refugee centers 
20 Fire-fighting equipment 
10  Highways 
55 Communications 

I 00 Social welfare 
Public schools 
River control 

40 Coastal protection 
30 Erosion control 
30 Security 

100 Landslide protection 
Reservoirs 
TOTAL 

Percentage 

18 
6 

22 
4 
4 

24 
4 
5 
2 
5 
4 
2 

100 

billion is planned for 1978- 1983 . In comparison, the corresponding 
effort in the United States is perhaps $ 1  to $2 million per year. 

Osaka is the third largest city in Japan, with about three million 
people in an area of 210  km2 and a total population of 14 million people 
in the surrounding megalopolis. For the 1978- 1987 period, Osaka is 
spending about $200 million annually for disaster mitigation (divided 
about equally between floods and earthquakes) . Osaka is not in a 
predicted earthquake zone and thus is not covered by the special 
countermeasures law of 1978 . Nevertheless, Osaka is making a major 
effort at earthquake disaster mitigation,  one with many similarities to 
the programs under way in the Tokai regions .  

Socioeconomic Aspects 

Studies of the socioeconomic aspects of earthquakes are well advanced 
in Japan. They cover a broad spectrum, from estimates of damage to 
the proper format for earthquake warning statement, from the feasibility 
of using volunteer organizations to gather data about earthquake 
precursory phenomena to studies of how a population moves in the 
minutes following an earthquake warning statement. Detailed estimates 
of damage have been made for major cities . Besides the usual microzone 
maps , these include detailed quantification of the damage from likely 
earthquakes broken down by the agent of damage and the general 
structural category. Such estimates contribute to the formation of 
evacuation, refugee, repair, and contingency plans. This task is 
somewhat easier in Japan than in the United States due to Japan's  
longer recorded seismic history and the more uniform characteristics 
of its buildings and society. 
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Serious attempts have been made to quantify the indirect or sec­
ondary effects of earthquakes to buildings, their contents, agriculture, 
and society. Such studies are based on hard data and prove to be very 
useful, because their results can be both directly applied and used to 
explore similar effects in related sectors . These case studies require 
sizable funding to acquire and analyze the data. 

Studies of postearthquake fires examine not only the aspects of the 
fire but such related problems as escape routes and the optimal use of 
fire-fighting resources .  This fire problem is treated very seriously in 
Japan but is given very little consideration in the United States ,  even 
though the 1906 San Francisco earthquake generated a disastrous 
conflagration. 

The titles of several recent earthquake-related socioeconomic studies 
are Issues Associated with Earthquake Prediction Information (which 
is concerned with the format and connotative content of earthquake 
warning statements) ; Confusion Caused by Aftershock Warnings Fol­
lowing the 1978. Izu-Oshima Earthquake ; Feasibility Study of Earth­
quake Precursor Observation System Employing Volunteer Organi­
zations ; Effective Recovery Strategy for Urban Systems After a Severe 
Earthquake ; Study on Driver's Response in Earthquake Warning and 
the Effective Method for a "Preliminary Exercise" in Traffic Regu­
lation ; Study on the Effect of Broadcasting in Predicted Earthquake 
by Sham Radio-Program Experiment; Simulation of Person's Move­
ment In and Around Yokohama Railroad Station in the Case of 
Earthquake Warning; Survey of Businesses ' Intention to Remain Open 
in the Event of an Earthquake Warning; Study on How to Care for 
Shinkansen (Bullet Train) Passengers in the Case of an Earthquake 
Warning; Study on How to Care for Non-Resident Persons (in Izu 
Peninsula) in the Event of a Predicted or Non-Predicted Earthquake. 

Earthquake Education 

Earthquake phenomena and earthquake engineering at the undergrad­
uate level are taught in universities as part of courses in soil mechanics , 
structural dynamics , structural loads , and structural design. Architec­
tural students also take such courses and, therefore, have a better 
understanding of earthquake engineering than do architects in the 
United States. The loads and effects of earthquakes on structures , 
including the definition of earthquake ground motions , are included in 
courses on structural loads , which also cover wind and snow loads. 

Specialization in earthquake engineering starts at the graduate level . 
This training consists of architectural engineering (buildings) and civil 
engineering (other structures) .  The current number of Ph.D.  graduate 
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students specializing in earthquake engineering at Tokyo University 
(including the Institute of Industrial Sciences) is 18 ;  the corresponding 
number at Kyoto University (including the Disaster Prevention Re­
search Institute) is 10.  Another 10 or so are studying at other 
universities ,  bringing the total to an estimated 40 or 50. This is more 
than are specializing in earthquake engineering in the United States .  
These Ph.D. students become teachers , research workers , and seismic 
design engineers for major projects. 

The Japanese university system is organized by "laboratories ."  A 
laboratory consists of a tenured professor, an associate professor, two 
research associates, and two technical staff members . Each laboratory 
is responsible for teaching and research in its area of specialty and 
each laboratory receives a regular research budget. The laboratories 
submit proposals to the Ministry of Education for special research 
funding in a procedure similar to that of the National Science Foun­
dation in the United States vis-a-vis the universities .  Private industry 
and P_l!blic corporations in Japan also fund some university research. 

The academic community and the practicing and industrial engi­
neering community closely interact and cooperate in Japan. Graduates 
of the major universities continue to seek the advice of former 
professors . This tradition maintains close ties between former students 
working in industry and government and the academic faculties .  
University faculty members in  earthquake engineering participate in 
many professional committees and in seminars and conferences or­
ganized by professional societies .  Among such seminars are short 
courses on recent changes in building codes and standards, which 

_include �ro�isio_ns for ea�hquake-resistant design. 
Education of the general public includes steps to increase public 

awareness of the need for earthquake hazard mitigation. The govern­
ment provides appropriate educational material on earthquakes and 
earthquake mitigation to grade school children as well as high school 
students .  Special brochures describing the steps to take during an 
earthquake are distributed widely to the general public by, for example, 
the Disaster Prevention Section of the Tokyo metropolitan government. 
English versions of brochures are also available for foreigners . 

The lhternational Institute for Seismology and Earthquake Engi­
neering (liSEE) was established in 1962. With the cooperation of the 
United Nations Development Program, it developed an instructional 
and research program for earthquake professionals from developing 
countries around the world. Since 1972 the Japanese government has 
fully supported liSEE, which is operated by the Building Research 
Institute at Tsukuba, at an annual cost of about $160,000, excluding 
salary and overhead costs . 
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liSEE trains 20 to 25 international participants per year in basic and 
advanced principles of earthquake engineering and seismology at no 
cost to the student. The normal training cycle takes 1 1  months ,  with 
8 months of course lectures and on-site visits and three months for an 
individual research project . Some participants are allowed to spend a 
second year at liSEE to carry out advanced research on urgent problems 
in their respective countries .  As of August 198 1 ,  liSEE had trained 491 
participants from 49 countries .  These are, in effect, technical ambas­
sadors for Japanese engineering and research. 

New Experimental Research Facilities 

In addition to university and government earthquake research institutes 
and laboratories ,  many large industrial organizations maintain earth­
quake engineering research laboratories . This section discusses four 
major experimental research facilities to illustrate the vital concern in 
Japan for experimental verification or proof of theoretical and analytical 
results . Trade associations , construction companies ,  industries ,  and 
other organizations have recently built many other excellent new 
laboratories , but they are not covered in this report. However, the 
research work done by these other laboratories is as extensive as , and 
in some cases exceeds ,  that done by the following four facilities. 

National Research Center for Disaster Prevention 

During 1967- 1970 the National Research Center for Disaster Prevention 
constructed a large-scale earthquake simulator (a shaking table) for a 
cost of about $3 million . This was the first research facility constructed 
in Tsukuba Science City . The 15-m by 15-m shaking table can provide 
either horizontal or vertical earthquake-type motions , one at a time. 
The maximum weight of a tested structure is 500 tons for horizontal 
motions and 200 tons for vertical motion. The maximum displacement 
amplitude of the table is 30 mm, the maximum velocity is 30 cm/s, 
and the maximum acceleration is 0.55 g for horizontal motions and 1 
g for vertical motions at full load in the frequency range 0. 1 to 50 Hz. 

The center also plans to construct a three-dimensional 6-m by 6-m 
earthquake simulator with two horizontal axes and one vertical axis 
for simultaneous shaking. The maximum test load is 75 tons, its 
maximum amplitudes are ± 200 mm for horizontal motion and ± 100 
mm for vertical motion, its maximum velocities are ± 100 cm/s for 
horizontal motion and ± 75 cm/s vertical motion, and its maximum 
acceleration is 1 .2 g. 
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Building Research Institute 

The Building Research Institute (BRI) has a large structural laboratory 
with two test floors (A and B) and a common reaction wall . It was 
constructed in Tsukuba during the late 1970s at a cost of about $8 
million.  Test floor A is 20 m wide and 25 m long and has a reaction 
wall 25 m high by 20 m wide with a maximum allowable shear force 
of 4,000 tQns. Test floor B is 15 .4 m wide and 20 m long and uses the 
same reaction wall as floor A. A second reaction wall 25 m high and 
18 m wide with a maximum allowable shear force of 4,000 tons is 
planned that will be perpendicular to the first reaction wall , so that 
floor B can be used for triaxial loading. The U .S . -Japan Cooperative 
Research Program has used this facility in tests of a full-size seven­
story reinforced concrete building. 

BRI has another structural laboratory that has large static test 
machines and a 4-m by 4-m shaking table with one horizontal direction. 

Public Works Research Institute 

The Public Works Research Institute (PWRI) constructed the following 
facilities for earthquake engineering research in Tsukuba during the 
late 1970s at a cost of about $20 million. A 6-m by 8-m earthquake 
simulation facility has a maximum load capacity of 100 tons with a 
maximum stroke of ± 75 mm, a maximum velocity of ± 60 cm/s, and 
a maximum acceleration of 1 .  7 g. The institute also has four additional 
small shaking tables along one axis so that independent earthquake 
excitations can be applied to the piers of models of long-span bridges.  

In addition, the institute has an earthquake engineering laboratory 
with a strong-room test pit for testing the nonlinear characteristics of 
structures and structure-soil specimens . The test pit is 20 m by 15 m, 
and the maximum alternating force is ± 125 tons at a maximum speed 
of 1 m/s. 

A 4-m by 4-m earthquake simulator for dams has recently been 
completed. It has a maximum load of 40 tons for model rock fill and 
concrete dams and a maximum acceleration of about 1 .0 g. Dynamic 
triaxial compression-testing equipment adjacent to this new facility is 
used to determine the dynamic stress and strain properties of the dam 
materials .  

Nuclear Power Engineering Test Center 

The Nuclear Power Engineering Test Center (NUPEC) has constructed 
a large-scale , high-performance vibration table at Tadotsu, Shikoku. 
This facility will be completed in 1982 at a cost of about $200 million. 
It has been reported that the operating costs will be approximately $ 1  
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1 Opera t i ng room 

2 Seismic vibration table 

3 Hor izont a l  exciters 

4 Vertical exciters 

5 Reaction wa l l  

6 Test bed 

7 Test p i t  

8 Cranes 

9 Accu m u l ator u n i ts 

The Nuclear Power Engineering Test Center facility. 

Max. IOIIding CIIJ!Kity 1 ,000 t 

Table lin 1 5 m x 1 5 m 

Excitation directions 

X·Z axes simultaneously 
X: Horizontal 
Z: Vertical 

Max. dilpl-rnent 

Horizontal ±200 mm 
Vertical ± 1 00  mm 

Max. velocity 

Horizontal 75 cm/s 
Vertical 37.5 cm/s 

Frequency range 
0-30 Hz 

Max. acceleration 

Horizontal  2 .72G ( 500 ton ) ,  1 ,84G ( 1 ,000 toni 
Vertical 1 .36G(500 ton i ,  0.92G ( 1 ,000 toni 

Max. excitation 

Horizontal 3,000 ton f 

Vert ical  3,300 ton f 

Permissible overt .. ning moment 

Ma x .  vert ical acceleration 6,500 ton f-m 

No vertical excitation 1 2,000 ton f-m 
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million per month. The table is 15 m by 15 m with a maximum load 
capacity of I ,000 tons . It can be excited in one horizontal and the 
vertical direction simultaneously with maximum displacements of ± 200 
mm horizontally and ± I 00 mm vertically , with maximum velocities 
of 75 cm/s horizontally and one half that vertically . The maximum 
attainable accelerations are 1 .84 g horizontally and 0.92 g vertically in 
the frequency range 0 to 30 Hz with a maximum load. For a 500-ton 
test load the maximum horizontal acceleration is 2 .72 g and one half 
that in the vertical direction. Next to the shaking table are a static test 
floor and reaction wall for supplementary static experiments . 

The center plans to use this facility mainly to test full-size or reduced­
scale nuclear power plant components . About $ 100 million is allocated 
for the next five to seven years for dynamic tests at this facility . The 
first several tests will examine the containment vessel for a pressurized 
water reactor at a 1 :3 .7 scale , a 10-m-diameter by 10-long tank 
containment for liquefied petroleum gas , a primary loop for a boiling 
water reactor, the reactor core internals for a pressurized water reactor, 
the reactor core internals for a boiling water reactor, and so on. The 
first modem earthquake shaking table was developed in the United 
States ,  but in recent years Japan has progressed far beyond the United 
States in its shaking table capability . 

Research Funding 

Although a detailed review and comparison of research funding for 
earthquake engineering in Japan and the United States would be 
desirable , the available information for both countries does not permit 
this, for several reasons . The data from Japan usually include direct 
research expenditures only, excluding personnel salaries ,  overhead, 
and other indirect costs , whereas the figures for the United States do 
include salaries and all indirect costs . The extensive efforts at earth­
quake hazard mitigation in the Tokai, Tokyo, and Osaka regions have 
no counterparts in the United States, so no comparison can be made. 
A major portion of earthquake engineering research in Japan is done 
in government research laboratories ,  industrial research laboratories ,  
and major construction company research laboratories , whereas this 
is not the case in the United States. 

The following comparisons separate the earthquake engineering 
research and evaluation efforts from the earthquake prediction efforts . 

Earthquake Prediction 

The research funds for earthquake prediction efforts in the United 
States have come from the U .S .  Geological Survey and the National 
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Japan invests considerably more in earthquake prediction than does the United States, 
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Survey and the National Science Foundation. The totals for Japan exclude salaries and 
overhead. 

Science Foundation (Geophysics) . These totals include salaries and 
indirect costs. They show that the earthquake prediction efforts in 
Japan have been significantly greater than corresponding efforts in the 
United States,  perhaps four times greater. 

Earthquake Engineering Research and Evaluation 

The National Science Foundation is the major source of funding for 
earthquake engineering in the United States. The U.S .  figures do not 
include funds allocated directly to other government agencies such as 
the National Bureau of Standards and Department of Defense because 
their contributions to earthquake engineering research are relatively 
small . They also do not include research funds provided through the 
Nuclear Regulatory Commission (NRC) , as these seem to be devoted 
mainly to verifying NRC requirements and procedures.  Similarly, the 
Japanese totals do not include funds for nuclear power research. The 
research funds in Japan come from the following agencies :  Building 
Research Institute, Public Works Research Institute, Port and Harbour 
Research Institute, National Research Center for Disaster Prevention, 
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Tokyo University, Kyoto University, Tohoku University , Osaka Uni­
versity, Tokyo Electric Power Company (nonnuclear), Central Re­
search Institute of Electrical Power Industry (nonnuclear), and six of 
the major private construction companies .  A number of universities 
are not included, nor are industrial research laboratories . Except for 
some of the construction company data, these numbers do not include 
costs of personnel, facilities ,  or indirect costs. Nor do the data from 
Japanese universities include research funds provided by private 
companies or public corporations.  

It  is difficult to make a precise comparison, but the Japanese effort 
in earthquake engineering research appears to be approximately four 
to five times greater than the U.S .  effort, and this does not take into 
account the $200 million shaking table facility at the Nuclear Power 
Test Center. 

In January 1982 the Prime Minister' s office and Bureau of Statistics 
in Japan reported the distribution of research expenditures as 25 
percent by universities,  15 percent by public research institutes, and 
60 percent by private companies in the fiscal year 198 1  (April 1980-
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Japan spends more on earthquake research and evaluation, excluding 
earthquake prediction, than does the United States. The totals for the United 
States are from the National Science Foundation and include salaries and 
overhead. The totals for Japan are from specific agencies and exclude salaries 
and overhead (except for some construction companies). 
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March 1981 ) .  The data gathered suggest that these percentages are 
also representative of the distribution of effort in earthquake engi­
neering research. This supports the belief that the reported research 
in universities (excluding private funds) significantly underestimates 
the total university efforts and thereby the total Japanese efforts . 

Conclusions 

It is clear that a much greater effort is being made in Japan to cope 
with destructive earthquakes than is being made in the United States. 
Approximately four times as much funding is devoted to earthquake 
prediction in Japan than is allocated in the United States .  Furthermore, 
the Japanese funding for earthquake engineering research is approxi­
mately four or five times the U .S .  funding. The heavy funding in Japan 
of experimental research in earthquake engineering is especially strik­
ing. The Japanese government demonstrates a deep concern about 
earthquakes and earthquake disasters , much more than does the U .S .  
government. This i s  no  doubt due to  the fact that destructive earth­
quakes have devastated the capital city twice in the last 150 years . 

It is generally accepted in Japan that the earthquake hazard is real, 
imminent, and can be expected to have a serious effect on each citizen's 
life .  With this viewpoint, it is not surprising that all levels of govern­
ment, earthquake professionals , and the public fully support earthquake 
prediction, hazard mitigation, and postearthquake response planning. 
The development of the technical , political , and social capabilities in 
the earthquake field are broadly distributed in Japan and are actively 
transmitted to other countries around the world through governmentally 
supported assistance programs and private industrial developments . 
Approximately $2 .5 billion per year is being expended on earthquake 
preparedness measures, an amount that dwarfs the modest U .S .  effort. 

In addition to the differences in funding between the U .S .  and 
Japanese earthquake hazard mitigation efforts ,  there are striking 
differences in how well private citizens and local government officials 
are mobilized and in the effort that private construction companies 
and industrial research laboratories devote to the problem. 

Because of the greater level of earthquake engineering research in 
Japan, particularly in the experimental research that provides basic 
data for analytical research, the world center of earthquake engineering 
research can be expected to move to Japan. If the United States is to 
stay competitive in earthquake engineering, its earthquake hazard 
mitigation program will have to be substantially increased. 
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