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FOREWORD 

The recent surge in the building of large nuclear power plants, par
ticularly with the projected desirability of using urban sites for such 
installations, has focused attention on many aspects of the AEC's respon
sibilities for licensing reactors and insuring the public safety. Since 
the industry is "young," meaningful long-term operating experience is 
sparse and the definition of the possible accident spectrum, as well as a 
set of firm design requirements, is subject to a largely analytical ap
proach that necessarily involves conservative judgments. As plant designs 
become standardized and operating experience on the newer_ large reactors 
is gained, the inevitable process of refinement and of acquiring confidence 
in the operation of the plants will occur. This relatively ~low evolu
ti()nary approach to acquiring firm design standards and criteria is not 
felt to be conducive to achieving the great national benefits of atomic 
energy within a reasonable time in terms of the conservation of resources, 
combating pollution, and the multitude of gains resulting from low-cost 
electricity. 

As part of the effort to improve on this approach, the Regulatory Re
view (Mitchell) Panel recommended the formation by the AEC of a Steering 
Commi.ttee on Reactor Safety Research to coordinate the needs of the Regu
latory Program with the direction of the safety research and development 
programs. This committee, in turn, recommended that several studies be 
undertaken to provide guidance for the Reactor and Development projects, 

·and this was, in turn, implemented by the AEC Division of Reactor Develop
ment and Technology into the series of discussion reports described here. 
It was intended that these reports provide a comprehensive assessment cif 
the present status of specific aspects of nuclear safety and that by iden
tifying accepted technology and the technology needing f'urther experimental 
verification, they would enhance the understanding and confidence in this 
new industry. Therefore a number of the safety aspects of large light
water-cooled power reactors were selected by the AEC* as subjects for de
tailed study to reveal whether gaps in knowledge exist where Reactor and 
Development programs could be of benefit. These subjects cover many of 
the areas where inadquate factual bases exist or where rese~rch that 
duplicates expected conditions is very difficult. In general, the sub
jects are in areas considered critical in the safety analysis of power 
reactor installations. Eight subjects were thus identified, and a state
of-technology type of discussion report was prepared on .each. The reports, 

,which are directed pr~marily toward a technical management audience, gen
erally compare existing or planned plant applications with what is capable 
of being done at this time. Such comparisons have helped to identify in
adequacies in assumptions, available data, or general basic knowledge so 
that, together with the opinions of experts in a particular field, areas 
of meaningful Reactor and Development have been identified. 

*Letter from Milt.on Shaw, Director, AEC Division of Reactor Develop
ment and Technology~ to ORNL, March 28, 1966. 
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Alth0ugh not specifically one of this series, a related discussion 
report on reactor pressure vessels, ORNL~NSIC-21, edited by G. D. Whitman, 
G. C. Robinson, and A. W. Savolainen, has also been prepared at ·oRNL. 

The general approach in the preparation of these reports was to select 
a primary author-investigator knowledgeable in the subject area and to 
establish committees of experts to review the work at several stages during 
its preparation. Review groups were fo;rme<i both f:rom within ORNL a.nd out
side. ·The external review committee members were drawn principally from 
other national laboratories, universities, and private research ins ti tut es. 
In some cases, part of the material used was developed and/or written by 
a subcontractor, who is similarly identified. In all cases, correspondence 
and/or visits were made to many sources of information, particularly to 
reactor operators, supplier$, archi tect-engineerR, .1md punli ~ 1it.U j_tj_e!';, 
as well as to the appropriate national laboratories. This wide use of 
acknowledged experts was made in an attempt to include their opinions and 
knowledge toward the ultimate goal of achieving, through intensive Reactor 
and Development programs, well-defined design criteria to insure the public 
health and safety and to maintain a viable nuclear power industry. In 
most instances the authors have presented information and expressed con
clusions and recommendations that reflect their own judgment and not that 
of any particular individual or group, such as seismic consultants, the 
AEC, reactor designers, or utilities, although in some instances the report 
was modified to accommodate AEC views. 
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In most subject areas more information was developed than it has 
been possible to include in the body of the reports prepared in this 
series. In some instances such information has been included in the ap
pendices, and·in other instances this· information is included in more 
technically oriented reports that have been published separately. Two 
such reports were prepared in conjunction with this study: Some Considera
tions in Earthquake Resistant Design of Nuclear P.ower Plants, Holmes & 
Narver report HN-189 (rev.), .and Summary of Current Seismic Design Practice 

.for Nuclear Reactor Facilities, USAEC report TID-25021, prepared by 
John A. Blume & Associates, Engineers. In addition, it is expected that 
additional discussion reports will be written on some ·of the many other 
safety aspects .of large water-cooled reactors, as well as other reactor 
types as they come into wider usage. 

The authors of this report received considerable assistance from 
three subcontractors. Geotech; A Teledyne .Company, provided information 
and services on the· earth sciences, and Herbert Robertson of that company 
prepared early manuscripts of some portions of the report. Holmes & 
Narver, Inc. and John A. Blume and Associates, Engineers, who prepared 
the two reports mentioned above, supplied much of the information in the 
sections dealing with engineering. 

The major part of the work in assembling the information for this 
report and in drafting it was done prior to 1968. While the essence of 
the problem discussed here has not changed since ~hat time, there have 
been developments - in both· research and licensing considerations - which 
will significantly affect the way in which present technological develop
ments will be applied. 

Wm. B. Cottrell, Director 
Nuclear Safety Program 
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PREFACE 

The Nuclear Safety Information Center was established in March 1963 
at the Oak Ridge National Laboratory under the sponsorship of the U ."S. 
Atomic Energy Commission to serve as a focal point for the collection, 
storage, evaluation, and dissemination of nuclear safety information. A 
system of keywords is used to index the information cataloged by the Center. 
The title, author, installation, abstract, and keywords for each document 
reviewed are recorded on magnetic tape at the central computer facility 
in Oak Ridge. The references are cataloged according to the following 
c:R.tegories; 

1. General Safety Criteria 
2. . Si ting of Nuclear Facilities 
3. 
4. 
5. 
6. 
1. 
8. 
9 •. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 

Transportation and Handling of Radioactive Materials 
Aerospace Safety 
Accident Analysis 
Reactor Transients, Kinetics, and Stability 
Fission Product Release, Transport, and Removal 
Sources of Energy Release Under Accident Conditions 
Nuclear Instrumentation, Control, and Safety Systems 
Electrical Power Systems 
Containment of Nuclear Facilities 
Plant Safety Features 
Radiochemical Plant Safety 
Radionuclide Release and Movement in the Environment 
Environmental Surveys, Monitoring, and Radiation Exposure of Man 
Meteorological Considerations 
Operational Safety and Experience 
Safety Analysis and Design Reports 
Radiation Dose to Man from Radioactivity Release to the Environment 
Effects of Thermal Modifications on Ecological Systems 
Effects of Radionuclides and Ionizing Radiation on Ecological Systems 

Computer programs have been developed which enab1e NSIC to ( 1) pro
duce a quarterly indexed bibliography of its accessions (issued with ORNL
NSIC report numbers), (2) operate a routine program of Selective Dissemi
nation of Information (SDI) to individuals according to their particular 
profile of interest, and (3) make retrospective searches of the references 
on the tapes. 

Other services of the Center include principally (1) preparat~on of 
state-of-the-art reports (issued with ORNL-NSIC report numbers), (2) prepa
ration of the quarterly technical progress review, Nuclear Safety, 
(3) answering technical inquiries as time is available, and (4) counsel 
and guidance on nuclear safety problems. 

Services of the NSIC are available without charge to government agen
cies, research and educational institutions, and the nuclear industry. 
Under no circumstances do these services include furnishing copies of any 
documents (except NSIC reports), although all documents may be examined at 
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the Center by qualified personnel. Inquiries concerning the.capabilities 
and operation of the Center may be. addressed to: 

J. R. Buchanan, Assistant Director 
(Phone 615-483-86il, Ext. 3-7253) 
Nuclear Safety Information Center 
Oak Ridge National Laboratory 
Post Office Box Y 
Oak Ridge, Tennessee 37830 
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ABSTRACT 

A survey was made of the state of technology in the design of nuclear 
power plants to withstand earthquakes to the extent necessary for safety 
in order to present technical management with information needed in making 
decisions on safety research. The principal active contributors to the 
fields of research on earthquakes are identified. The Federal Government 
supports much of this research through the Departments of Interior and 
Commerce and the National Science Foundation. 

PrP~Pnt. A.r.t.i vi ti.es in 'the engineering field and related earth sciences 
reveal substantial evolution of engineering practice for earthquake sur
vival, which has been stimulated by the occasional occurrence of large 
earthquakes; It was found that engineering for nuclear facilities devel
oped from the preexisting building codes and engineering practices to a 
point, today, at wh:i,.ch the consideration of public safety generally dictates 
more conservatism in design. 

In this survey the bases for siting and design of nuclear power plants 
in the United States were studied in consultation with both industry and 
regulatory personnel. It was found that in all geographical areas nuclear 
plants are currently designed to withstand safely more severe earthquakes 
than are considered in the de.sign of other modern structures in the same 
locations. 

A substantial body of knowledge on earthquakes has been accumulated 
and is being utilized in the siting and design of nuclear facilities. 
While the probabilities of occurrence of earthquakes of various intensi
ties are not known well in the sense that the incidence of other severe 
natural phenomena is known, it is generally recognized that all nuclear 
plants can be expected to be shaken by an earthquake of some ·intensity. 
Further, there is little doubt that nuclear plants can be designed to 
withstand the most severe earthquake vibration with a good margin for 
safety. 

A review of engineering practices shows that the site-sensitive fac
tors that determine the transmission of vibrational energy to plant struc
tures ?r which contribute to secondary effects, such as slides and tsu
nrunis, are generally recognized as important; but methods for making 
better quantitative assessment of these factors in siting surveys need to 
be developed. Where the propensity for adverse secondary effects is rec
ognized the problem can usually be resolved with current and common de
sign practice, although the methods commonly used will be refined and 
improved by future developrnenL ur ::;ur-vey techniques. 

Surface faulting is a common occurrence in many earthquakes in the 
western United States and has posed difficulties in siting nuclear power 
plants in that region. Research in both the earth science and engineer-· 
ing aspects of faulting is recommended, although the current practice is 
to avoid location of a reactor on an active fault. 
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. Precise prediction ·or future earthquakes in time and place is not 
likely to be possible in the near future.· This· situation is not a serious 
disadvantage in nuclear plant safety provided the safety consequences of 
all possible effects on the system are considered early in the design. 
This provision is· the subject of recommendations .on ~ngineering and de
sign studies. 



1. INTRODUCTION 

·There are several natural phenomena, such as storms, floods, and 

earthquakes, that must be taken into account in the planning of human ac

ti vi ti.es. This planning is normally accomplished through systematic con

sideration of the probability· with which each event may be expected to 

occur, the effects of each phenomenon, and the variation in magnitude of 

these effects over a specified range of conditions. B'ecause of their po

tential for great destruction over· relatively large areas and their un

predictability in· terms of location and time of occurrence, earthquake 

phenomena are among the natural hazards of primary concern in evaluating 

potential sites for nuclear power plants and in designing their structures. 

As with the introduction of any new technology into society, nuclear 

power superimposes certain man-made benefits and risks upon those presented 

by the natural environment. The risk of primary concern for nuclear power 

plants is that of exposing the general public to hazardous levels of ra

diation. As re:\-ated to earthquakes, .the concern is that of releasing 

radioactive fission products from the reactor as a secondary result of 

the damage that could be caused by an earthquake. This problem requires 

consideration of not only those very large earthquakes, which would be 

catastrophic in themselves, but also the effects of even moderate nearby 

earthquakes that might also. lead to sigJ?ificant nuclear hazards in some 

circumstances. 

The effects of an earthquake are felt by every feature of a structure. 

In the case of a nuclear power plant, the possibility of multiple failures 

leading to fission-product release dictates more extensive evaluation of 

the seismic properties of the site and of the plant design and much more 

conservative design features than would be appropriate for a fossil-fueled 

plant. 

Evaluation of reactor sites includes consideration of the seismology 

and geology of the region in which the plant is located and the properties 

of the earth material underlying the plant. Earthquake-caused vibratory 

ground motion, seismically generated water waves, and surface faulting 

must all be considered both as they affect the plant and the stability· of 

the material underlying it. 
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The p.rocedures for design of structures to withstand the effects of 

earthquake phenomena, referred to as earthquake engineering, were developed 

principally for application to civil structures, such as buildings, bridges, 

and towers. Seismic evaluations made in accordance. with ·codes such as 

the Uniform Building Code (UBC) of the International Conference of Build

ing Officials are developed in a manner that makes some indfrect provision 

for the actual dynamic response. of a structure without attempting to 

carry out .a rigorous analysis. In the case of a reactqr, of course, the 

functions of various mechanical, electrical, and electronic devices, some 

of which can be of crucial importance to reactor safety, must be also 

considered. 

·Exper~ence in major earthquakes with UBC-designed buildings has shown 

that 8.lthough the structures have·generally maintained sufficient integrity 

to minimize loss of life, very severe damage in terms of property loss may 

occur. For this reason, more sophisticated design methods are frequently 

appropriate· for structures where large capital investments are involve·d, 

such as office buildings and all types of power plants. Sophisticated 

design measures are also employed where prope~ty damage can lead in a 

secondary manner to public hazard, as is ·the case ·for nuclear power plants, 

either from fission-product release. or from loss of availability of elec~ 

'Eric power. 

For these reasons the impact of earthquakes directly on nuclear plants 

and indirectly on public safety must be considered more broadly than in 

the conventional context of earthquake engineering. And, since nuclear 

power plants require the consideration of many effects that have had little 

previous significance in earthquake-related phenomena, it is important 

that the complete spectrum of these phenomena be correlated with current 

and feasible technical pr,actices. 

·This report discusses earthquakes and nuclear plant design principally 

on the basis of what the earth science and engineering professions were 

doii:ig about. earthquakes prior to 1968. .Tl!e earthquake-related phenomena 

of shaking, fault movement, and tsunamis are discussed from two points 

of view: (1) incidence and quantitative characterization an·~ (2) engin~er

ing practices and capabilities with respect to each phenomenon. The 
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appendi·ces present a glossary of terms and background information, in

cluding data on U.S. earthquakes and site evaluations. 
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2. SUMMARY 

Faults, vibrations, and tsunamis are the major earthquake-induced 

phenomena to consider in reactor siting and design. Thorough geological 

engineering investigations of potential· reactor sites are usually made 

first, and grou:r;id motions, tsunami runups, and displacements are described 

and defined. Then, when the site has been found to be acceptable, the 

structures are designed accordingly. There is currently, however, some 

uncertai.nty in establishing the expected earthq,uake effects, as well. as. 

in the structural and mechanical· design parameters for. some sites, and 

therefore special research and development efforts are required to insure 

the economic and safe development of nuclear power in all parts of the 

country. 

When an earthquake moves the ground, everything supported by it soon 

must conform to this movement. Allen, a seismologist, has said that engi

neers can design i'or any specified earthquake better than the geologist 

can tell him what the earthquake is likely to be. 1 The consensus among 

engineers is that. if the excitation and fault slippage are defined, a de

sign can be made to accommodate them, although not necessarily economi

cally. As discussed in this report, detailed calculations are required 

to design a.reactor plant to survive its specified design earthquake safely, 

and the plant must be carefully constructed and tested. 

Until the advent of power reactors, much of the advance in quality 

of earthquake engineering came from i.ndi vi duals who und,~rstood the se:rirnrn

ness of the problem. 2 In many indu'stries, earthquakes are still not a 

cause of concern. in the design of structures or equipment~ No nation has, 

in fact, given adequate support to the development of strong~motion science 

and engineering commensurate with the loss tnat could result from poor 

siting, design, and construction. Since intense earthquakes are rare, it 

has been the good fortune of modern urban man that few great cities .have 

suffered this disaster. Although the sizes and numbers of great urban 

areas are increasing rapidly, the essential problem with respect to earth

quakes is the quality of structure, 3 not population concentration. Unlike 

volcanoes, tornadoes, and hurricanes, which are now amenable to warning 
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systems, earthquakes rarely give any warning that can be heeded. However, 

both conventional structures and power reactors can be built wit°h excel

lent earthquake survival capabilities solely by carefully applying the 

best of both current dynamic design and construction practice. 

Original building code criteria for the accommodation of earthquakes 

were very crude, but the best of them now take into account, although not 

usually explicitly, dynamics, yielding, and even ductility. Much of the 

earthquake engineering design of conventional structures throughout the 

worid stems from early work in Japan. 2 Earthquake· engineering in the 

United States may be said to have begun following the 1925 Santa Barbara 

earthquake, with the first mandatory earthquake code enacted following 

the 1933 Long Beach, California, earthquake. The latter was the first 

·earthquake in the U.S. for which accurate measurements of strong motion 

were made. 3 

Actual structural design.s of reactors to survive earthquakes are 

based principally on ·a very few strong-motion accelerograph records col

lected with much care by the U.S. Coast and Geodetic Survey. In view of 

this designers are expected to make highly conservative estimates of 

ground motion to use as the basis for plant design. Data on several strong 

earthquakes are listed in Table 2.1. Additional future strong-motion 

measurements, including those almost certain to be made in Japan, will 

significantly influence design bases. Actual experience with large modern 

structures in great earthquakes is largely limited to that in San Francisco 

in 1906, Tokyo-Yokohama in 1923, Alaska in 1964, and Caracas in 1967. Ap

parently no structure with response characteristics similar.to those of a 

power reactor building has ever been shaken in any intense earthquake; 

certainly the postearthquake inspection of such a structure has never been 

reported. 

Before World War II seismic design was based almost entirely on em

pirical information gained from inspection of buildings that had been sub

jected to earthquakes. Earthquake intensities, that is, the degree of 

shaking.at a specific place, were estimated in a crude fashion from ex

amination of building damage. Such empiricism is presently the main basis 

for the seismic design ·of many conventional structures. Although inten

sity ratings (see Chap. 3, Fig. 3.4) are so subjective that some specialists 



Table 2 .1.. Records of Typical Strong Earthquakes 

Earthquake and Date 

Parkfield, California, in 
1966 

El Centre, California, in 
1940 (Ref. 7) 

Assam, India,b in 1897 

Chile in 1906 and Japan in 
1930 

Extrapolated maximum magni
tude; possibly Lisbon in 
1755 (Ref. 8) 

· Richter 
Magnitude 
(surface 
waves) 

5. 5 (Ref. 4) 

7 .1 (Ref. 6) 

'V8,7 (est., 
Ref. 6) 

8. 9 (Ref. 6) 

9.25 

Appr.oximate 
Relative 

Total 
Energy 

1 

210 

25 ,000 

43,000 

lJO ,000 

Measured 
Maximum 

Horizontal 
Acceleration 

(g) 

0,33 

Comment 

Largest recorded strong motion; 
it is not known whether these 
unique records collected near a 
fault trace are typical 5 

Largest magnitude with recorded 
strong motion 

Not measured Perhaps the most intense great 
earthquake for which there is a 
detailed report 

Not measured Largest recorded magJ:?.i tude 

There is a wide range of expert 
opinions on'what are the maxi
mum possible magnitudes and 
intensities 

aThe 1949 Imaichi earthquake is estimated to have reached an acceleration 
6 of 0.9 g. 

bRichter· says th.at there are ground ac:::!elerations equal to the accelera
tion of gravity or greater· in the meizoseis:nal area of the greatest earthquakes. 6 

~· 
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would like for them to be abandoned, rating scales such as the Modified

Mercalli (MM) scale, which is the one most often used, are necessitated 

_by the scarcity of strong-motion accelerometers and their records. 6 De

sign ha.ses for most localities in the U.S. are dependent on records of 

Modified-Mercalli intensity and thus are lacking quantitative support. 

Progress toward greater use of quantitative estimates of intensity is 

.limited by the small number of strong-motion instruments in use. Benioff 

and Housner have suggested measuring intensity in terms of maximum struc-

tural motion rather than ground motion. 6 

One of the principal engineering problems is to determine how to nor

malize the existing records of strong motion for application to sites 

where only magnitude and intensity data, at best, are available. There 

is no widely accepted correlation of measurements of magnitude and inten

sity, and these are not easily correlated with maximum accleration. Hersch

berger collected 589 records from a total of 189 earthquakes and selected 

108 of these from 60 earthquakes for a linear regression calculation of 

the maximum acceleration on the reported MM.intensity. 9 ·Since there was, 

for example, a 50-fold range in maximum accelerations just for intensity V, 

it is apparent that there is poor correlation between maximum acceleration 

and intensity. 

Power reactors must be designed for specific sites, and earthquake 

considerations must originate with geoseismologic studies that may in

herently not allow exact bases. It is important that the geologist and 

seismologist make detailed, complete reports on the selected site as early 

as practical so that the design engineers can have the information for ap

plication at the outset of design. The paucity of specific_ information 

for a particular site often necessitates comparison with other 19cations 

with better earthquake records, and from this must come numbe.rs adequate 

for design. Reasoning by this process may well be the best of the current 

methods of evaluating sites, but additional complementary methods are 

needed. 

There ·have been several approaches used in assigning design-basis 

earthquakes* to reactor sites. The current method for determining the 

*See Glossary (App. A) for definition of design-basis earthquake. 
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maximum ground motion at reactor sites consists, in general, of evaluating 

strong ground motions originating from small nearby shocks, as well as 

large earthquakes. It is commonly assumed that the largest earthquake that 

may affect the area will be no larger than the maximum-magnitude shock, 

recorded or estimated, that occurred in the general vicinity of the site 

during historic time, unless the study of nearby geologic structures in

dicates that to account for an observed Quaternary dislocation related to 

the structure a larger earthquake must have occurred. If an active fault 

lies relatively near the proposed site, it is assumed that earthquakes 

up to a size commensurate with the length of the fault could occur along 

it. Ground motions from expected small shocks nearby (the magnitudes of 

which are also based on the historic record) would be dominant in estab

lishing the maximum ground motion at the site only if epicenter locations 

of past large shocks and active faults were located at such great distances 

from the site that their potential effect would be relatively small. 

Maximum accelerations of the ground motion may be estimated from 

Modified Mercalli intensity values or by calculating acceleration at the 

site based on accelerations recorded at other.sites and appropriate trans

mission models. The effects of rocks and soil conditions on acceleration· 

amplification must also be considered. By translating the maximum ground 

acceleration to equivalent average spectra curves, or, perhaps to the area 

under the spectral curve of a single recorded shock, a design earthquake 

for establishing a basis for acconunodating ground motion can be recommended. 

In the eastern United States, the problem of establishing a design-basis 

earthquake is particularly difficult because the large earthquakes that. 

have occurred there have not been clearly related to surficial geology. 

In the usual AEC practice for siting nuclear power plants the.op

erating-basis earthquake (the earthquake assumed a.s the basis of design of 

features of the plant that are not related to safety) mu~t be equal to at 

least one-ha~f the design-basis earthquake in acceleration~ The design 

must be investigated for assurance that there would be no loss of safety 

function in the event of the larger excitation, which has meant in practice 

that the containment and other important structures and mechanical systems 

have been designed to survive this maximum design earthquake. The AEC 
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regulatory staff emphasizes the proper selection of the larger earthquake 

for which safe shutdown must be assured. 

A major difficulty in establishing a rational design basis is that 

all the data available a.re far too few to establish practical probability 

levels for designated observed or estimated intensities. Design values 

have been generally suggested for what some specialists consider the most 

hazardous regions of the world to correspond to accelerations as high as 

1.0 g, velocities of up to 6 ft/sec, and displacements of up to several 

feet. 10 Oldham claimed a velocity measurement of 14 ft/sec for the 1897 

Assam earthquake and that some stones were hurled through the air to a 

measured distance of up to 8. 5 ft. 11 Newmark 10 suggests a "standard" 

earthquake approximately 50% larger than the 1940 El Centro record; that 

is, a maximum acceleration of 0.5 g, a maximum velocity of 24 in./sec, and 

a maximum displacement of 18 in. 

It would be difficult to overemphasize that the best practices of 

earthquake engineering, if given early consideration and preceded by both 

a proper geophysical investigation of the site and geological investigation 

of the region, could greatly influence original design choices in a benefi

cia1 way at negligible cost. For example, careful component placement that 

resulted both in symmetrical dynamic loading and minimum rotational dis

placements could greatly add to a. :reactor structure's capacity to allow 

for safe shutdown in an intense earthquake. 

Previous engineering of structures of t.he heights of those for reac

tors hHs sP.Jdom required $Ophisticated design approaches. Most reactor 

structures, except the stacks, have dominant response periods of vibration 

shorter than those of maximum amplitude in the earthquake spectrum, whereas 

for hie;h-rise buildings the maximum response and earthquake periods coin

cide. The fundamental considerations and philosophies of design of the 

gross structures in the two cases are, despite this difference, closely 

relatP.n. Suspension bridges, arch dams, and nuclear reactors have been 

considered in a special class by engineers, for until the present very 

few such .structures have undergone significant excitations, and since they 

all can have several natural periods of vibration that are not well sepa

rated, they present special problems in analysis. 12 
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American power reactor manufacturers have in some cases imposed more 

stringent earthquake criteria than required by foreign nations in which 

reactors are located. There appears to be agreement in the U.S. that power 

reactors should be designed for the "worst possible" conditions, but spe

cific estimates of what these worst possible conditions are vary greatly 

among specialists. 

Nuclear power plants have many types of structures and devices that 

are depended upon for adequate performance of normal and safety functions. 

Many of these features are common to nonnuclear facilities that have been 

designed for earthquake survival or have experienced earthquakes. Dams, 

building foundations, building structures·, tanks, stacks, and towers are 

in this category. Other features, such as piping, electrical equipment, 

and control equipment, have received less attention in ordinary earthquake 

engineering .. These and unique features, such as nuclear fuel, are depended 

upon for vital safety functions that have no nonnuclear counterpart. The 

earthquake phenomena of primary interest are ground shaking, faulting, and 

tsunamis. 

2.1 Shaking 

When rock:=; ri1pt.11rP nr m.0v.;- sn.iddenly vi thin the .:3Ub.5urfa.ci:=, eC:1.r L11qu.ak.es 

·are generated and shock waves spread out in all directions. These waves, 

upon reaching the earth's surface, may be so small as to be discernible 

only with sensitive instruments, but they may also range up to catastrophic 

proportions. Great earthquakes, such as the Alaskan earthquake of 1964, 

generate violent motions that may be felt over thousands of square miles 

and may persist for up to several minutes in duration. The larger earth

quakes then are of especial interest in the siting and design of power 

reactors. The instrument commonly used to record the significant proper

ties of severe shaking is the strong-motion acceleograph, which generally 

records useful data over a range of 50 to 100 km.· Since 1932, when these 

instruments were first put into use, ground accelerations have been recorded 

for a relatively large number of small shocks, but only a few large earth

quakes have been recorded on strong-motion instruments. The characteris

tics of these ground accelerations have been thoroughly analyzed, and this 
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information is commonly used, along with other seismic and geologic data, 

for estimating the amount and nature of· the expected strong ground motions 

at other sites. Because of the general lack of instrument records of 

strong ground motions and since there is no suitable theoretical basis 

for predicting these motions, there are no good quantitative ways to deter

mine precisely the acceler.ations, velocities, and displacements of the 

ground motions for a given earthquake at most reactor sites. Thus conser

vative estimates must be made of the important design parameters of ground 

motion. 

Earthquake-induced vibrations in soils are usually stronger than those 

in hard rock; however, it is not possible to state precisely the magnitude 

of the difference. Most studies that relate the intensity of shaking in 

various types of rock and soil have been conducted with small shocks, and 

there is no satisfactory technical basis for extrapolation from small to 

large shocks. Recently, through determinations of the dynamic properties 

of soil sections and theoretical considerations, important relationships 

have been observed between some soil conditions and ground-motion char

acteristics; however, additional studies are needed before reliable pre

dictions can be made for the great majority of soil conditions. In addi

tion to their amplification and/or attenuation properties, the behavior 

(consolidation, diffP.:rential compaction, siiding, and liquefaction) of 

soils under earthquake-induced ground oscillation must also be determined. 

In general, those sites have been avoided in the past where soil failures 

might be expected to occur. However, since potentially susceptible ma

terials (soft alluvial arid unconsolidated materials) underlie many stream 

and river basins, which are highly desirable locations for reactors, the 

critical soil properties of future reactor sites must be thoroughly evalu

ated either to provide assurance that they will not fail or to determine 

the design parameters for withstanding any expected failures. 

The induced effects of shaking, such as slides and liquefaction, re

quire careful attention in design of plants. Slides have been considered 

in some cases with respect to both on-site disturbances and off-site dis

ruption of power or water supplies, but the record of such studies is 

sketchy. The potential for liquefaction is recognized for certain types 
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of noncohesive saturated soils; however, there are many borderline cases· 

for which specialists disagree on whether liquefaction could or could not 

occur in an intense earthquake. Experience with pilings in earthquakes 

suggests that their design may also depend critically on the liquefaction 

phenomenon. 

The reactor plant consists of massive structures whose response de

·pends largely on the dynamic properties of the supporting material. The 

effect of soil-structure interaction is in practice usually assigned as a 

damping value on structural response and can have a large influence on 

the design. Some computer modeling of the interaction is now under way, 

but reliable measurements of massive structures on a variety of supports 

either in earthquakes or during full-scale tests with low-level induced 

accelerations may ultimately be needed to verify these analyses. 

Methods for designing nuclear pl;mt structures for a given or assumed 

grol.ind motion include use of equivalent static load factors, response 

spectra, and time-history input ground motion. Each approach can be used 

satisfactorily for limited applications in structural analysis. The simp

ler analyses.become inadequate as excitation levels are increased, either 

from the economic burden of overconservatism or from the neglect of im

portant effects; for example, excitation of high vibrational modes and 

inelastic behavior of materials. Of practical significance at present is 

the question of the accuracy with which any method is applied, and this 

can be evaluated only by examination .of details o~ calculations for the 

·particular cases of each specific structure. 

Application of earthquake engineering to reactors has developed around 

an objective of safe shutdown capability dliring and after the occurrence 

.of a design-basis earthquake agreed to between the AEC and the designer. 

Designers have usually specified that structures, such as the containment 

vessel, shall not be stressed beyond the elastic range in this earthquake. 

While. there is substantial experience in designing structures in this way, 

many of the functional requirements for safety in reactor plants are not 

satisfied merely by designing to keep within the limits of elastic res.ponse 

of structures. The proper functioning of instrumentation systems depends 

upon more than the ability to respond elastically. Therefore conventional 
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earthquake engineering design practice needs to be supplemented by vibra

tion analysis or testing for items such as piping, machinery, electrical 

systems, electronic equipment, and electromechanical systems. 

There is little doubt that all important components of the reactor 

plant could be analyzed and designed to function properly during the vibra

tions induced by earthquakes. Since many mechanical and electrical sys

tems are continually in service in a reactor and are presumed in safety 

assessments never to fail, at least these should be thoroughly analyzed 

and provided with components that will function properly under earthquake 

excitation. Problems of vibration of instrumentation and controls should 

be considered by specialists who design such devices to assure that char

acteristics of ground motion important to this field but not necessarily 

to structural design are .included in the design bases for nuclear plants. 

Furthermore, applying the same design bases to controls as those currently 

applied to structures does not provide a margin of safety against malfunc

tion of controls. 

Since design-basis earthquakes* nominally take some portions of reac

tor structures to the yield point, behavior of structures and materials 

undergoing nonelastic vibratory motion must be understood. The practical 

advantage of specific design for performance in the inelastic range is 

a matter of controversy in the reactor field. Of the many areas requiring 

work, the behavior of steel and reinforced concrete, including prestressed

concrete elements and joints, under reversing loads into the yield range 

must be investigated further. Energy adsorption, structural period changes 

resulting from yielding, and various ways in which failure can occur are 

all of much importance. There is presently too little known of strength, 

behavior, and failure mechanisms of reinforced-concrete members to permit 

widespread inelastic design. In reinforced-concrete containment vessels 

the shear capacity of diagonal bars and the shear distribution between 

vertical or horizontal and diagonal reinforcing need more investigation. 

Application of prestressed concrete to nuclear plants requires study 

of many conditions of seismic loading, internal containment pressure, and 

*The larger of the two design levels (see Glossary, App. A). 
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yield conditions; for example, it may be necessary to design prestressed 

concrete so that it has additional reinforcement for yielding to prevent 

local failure. Little field experience is available on modes of earth

quake-induced failures· of prestressed-concrete structures of the type that 

might be used for reactors, although there are few portions of large reac

tor structures that are not being vigorously assessed for application of 

prestressed concrete. 

Damping values can have an important influence on design. Many as

pects of reactor plant structural damping require investigation, with the 

initial objective being to supply designers with urgently needed specific 

source data. Compared with the need, very little experimental information 

about damping is available, even for conventional structures. Although 

information on structural damping is one of the main areas of need, re

search should not be confined to conventional structures. Equipment, piping 

(especially long runs), and pipe mounts need to be studied. Furthermore, 

little is known about damping of prestressed concrete. Likewise little 

experimental information has been obtained for·massive sections of rein

forced concrete under reversed loads up to and beyond yield conditions. 

Seismic scrams and monitoring systems are usually not proposed for 

power reactors, since utilities generally consider it preferable to con

tinue operations during earthquakes. The development of specific design 

limitations for various important parts of the plant may provide a basis 

for considering both seismic scrams and postincident inspection. Strong

motion accelerometers strategically placed in reactor structures, as well 

as in the nearby soil and rocks, could provide extremely important informa

tion regarding specific characteristics of strong ground motion, as well 

as the response of the structure to· these forces should large earthquakes 

be felt at reactor installations. Techniques for measuring strain and 

tilt changes in seismic belts might also be expected to provide data on 

local seismicity, and records from seismographs and strong-motion instru~ 

men ts located at prospective reactor sites would be useful in designing 

automatic shutdown systems, since they could provide information on wave 

amplitudes of nearby eartnquakes. However, there are differences of 

opinion among specialists as to the advantages and disadvantages of seismic 

instrumentation ip nuclear plants, part.icularly for use in seismic scrams. 
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Since each mode of vibration of a structure has its particular damping, 

it would be difficult if not impossible to gain full confirmation of de

sign in any way other than full-scale excitation. Small-amplitude excita

tion of full-scale plant structures appears feasible and should yield damp

ing values that are conservative. Shaker technology for excitation of 

large reactor structures to large amplitudes is not and apparently cannot 

become available without radical advances. A study should be made of dy

namic shaking of full-scale reactor plants to determine whether the re

quired huge excitation machines could be built to induce strong-motion 

response. One possibility is a massive rotary shaker driven by a solid 

propellant rocket. 

Tests of smaller components under vibration are feasible. The Japanese 

have used this technique, which is the only practical way of indicating 

the proper designs of some delicate or complex motion-sensitive mechanisms. 

Reactors are currently being designed for maximum ground accelera

tions ranging up to 0. 5 g. ·rn some cases the differences from site to 

site arise from considering the earthquakes of historic record that oc~ 

curred in the general vicinity of the site or along a nearby geologic 

structure. In many instances, geologic evidence is strong enough to 

dictate a higher design earthquake than is indicated by historic· records 

alone. Although the records of seismic events of low magnitude indicate 

wide differences in general seismicity among various regions, the statisti

cal basis for distinguishing between regions with respect to events of 

l HrgP. magnit.uc'lP. i R comparatively poor. This situation requires that con

servative assumptions be used in making siting judgments. 

Two studies are suggested. First, the probability distributions of 

seismic events of various magnitudes within major geologic regions should 

be derived from historic records for the purpose of determining whether 

these records provide an adequate basis for the distinctions ·being made. 

Secondly, the comparative costs of designing for various earthquakes in 

this range of accelerations should be determined. 
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2.2 Faulting 

The exact mechanism or mechanisms for generating earthquakes are not 

known, but it is.generally agreed in this country that faulting whereby 

there was relative displ~cement between adjacent rock masses was the_ cause 

of most Of the large shallow earthquakes in California and in other tectoni

cally similar areas of the world. For the continental United States, his

toric surface faulting has been largely confined to the area west of the 

Rocky Mountains, and there is good reason to believe that faulting in the 

foreseeable future will continue to be restricted primarily to this general 

region. 

Through appropriate investigations, the approximate lengths, widths, 

and directions of movement of major through-going faults may be ascer

tained, along with very approximate estimates of the extent and amount of 

surface displacement that may be expected with a specific-magnitude earth

quake along the fault. Because of the scarcity and incompleteness of 

records for'surface breaks and because of the complexities and general 

lack of understanding between the surface expression of faulting and the 

state of stress-strain within the rock and soil overburden, it is not· 

generally possible to define and determine with a high degree of confidence 

such things as the exact location and extent of all breaks within fault 

zones, the time-history of tpe movements, and the propagation of the 

breaks. However, it is not necessarily compulsory that all parameters of 

faulting be precisely identified in order to construct and operate power 

reactors safely and economically in regions· of the country where surface 

faulting is likely to occur. Nevertheless, without further knowledge of 

the important characteristics of surface faulting, it is imperative that 

in some areas extreme conservatism be used in the siting and design of 

reactors to circumvent or withstand these forces. 

Existing reactor power plants· and thos·e presently under construction 

are not designed with any special features for accommodating fault move

.ment under the plant; the aim has been to avoid locations where it is ex

pected that faulting would occur. However, not all future sites will be 

necessarily free of the possibility of some faulting. 

.(t 
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A few earth-filled dams have been designed for specified fault condi

tions; however, no record of comparable rigid structures has been found. 

It is believed by some that reactor plants can be designed to survive 

some fault movement, and conceptual design studies have been made for the 

purpose of identifying some of the details of the problem that need further 

consideration. While it appears likely that nuclear plants of current de

sign could survive in good order a very few inches of movement with little 

or no modification, large displacements (e.g., those above 10 ft) are so 

far removed from engineering experience that sites with such potential 

conditions should be avoided. 

Designs proposed and the studies conducted suggest that a plant carry

ing all. important equipment on a single foundation mat would be a feasible 

approach to accommodating a few feet of displacement. Such a concept 

would have to be carried through further. definition of design conditions, 

detailed design, and testing of novel features before an evaluation could 

be made of its economics and safety. 

2.3 Tsunamis 

Tsunami and tsunami-generated oscillations are potentially dangerous 

to reactor installations at coastal sites, since they may cause damage to 

the reactor plant and water intake structures through runups and/or with

drawals. Most tsunamis are thought to be generated by vertical displace

ment of the subsea bottom. About 60% of all recorded tsunamis originate 

in the Pacific Ocean, where large earthquakes occur along deep, bordering 

trenches. Runup heights in Japan, Kamchatka, Chile, Peru, Alaska, and 

the Hawaiian Islands have often exceeded 30 ft; however, during historic 

time, the west coast of the Uriited States has not been subjected to runup 

heights greater than 16 ft, with one possible exception - the reported, 

but since refuted by some, 50-ft-high tsunami runup at·Gaviota, California, 

associated with the large off-shore-centered earthquake of' December 21, 

1812. The relatively low runup a.long the west coast of the United States 

is attributed to the coastal shelf. In contrast to the experience on the 

west coast, damaging tsunamis have not been recorded along the Gulf and 

eo.Gtern coasts of the Unit.Ad States during historic time. The chances of 
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a tsunami being generated by a local disturbance off the west coast are 

thought to be limited, since there have been no locally generated damaging 

tsunamis in the past, with the possible exception of the tsunami at Gaviota. 

Prediction of maximum runup height on the basis of historical data 

alone is difficult at many sites, since differences in relatively obscure 

coastal and submarine features can cause significant differences in runup. 

The best guideline for prection along the west coast appears to be pre

vious .experience with tsunamis, since some sites have eonsistently high 

waves, whereas most locations have consistently low waves, regardless of 

the direction of approach. With the exception of the March 1964 Alaskan 

tsunami, which caused runups as high as 16 ft at Crescent City, California, 

recorded runups along the west coast have not e'xceeded 10 ft. 

Studies of wave records and runup measurements, coupled with geological 

and seismological studies, are currently used to evaluate the effects of 

tsunamis near coastlines and the sensitivity of particular sites. To im

prove on these methods for evaluating the tsunami hazard, theoretical and 

experimental models of tsunami generation and effects on various coastal 

configurations are needed, along with more recorded data of actual runup 

and withdrawal at· various sites. 

The present approach in reactor design for tsunamis is to assure that 

the wave defense of the shore or island has the ca.paci ty to withstand the 

design-basis waves. Cooling-water structures located offshore are given 

particular attention. Inundation of some plant auxiliary systems is some

times considered, since this problem may arise from floods and wind-driven 

waves. Equipment essential to_ safety is necessarily· protected from such 

events. Placement of the entire plant where complete inundation is a con

sideration has not been attempted. If this were contemplated, careful 

evaluations based ··on hydrodynamic calculations and mod~l studies would 

be required. 

... 



19 

References 

1. C. R. A~len, Aseismic Design and Testing of Nuclear Facilities, IAEA 
Panel on Aseismic Design and Testing of Nuclear Facilities, Tokyo, 
June 12-16, 1967 (undocumented). 

2. F. Neumann, Engineering Seismology, in Reviews in Engineering Geology, 
edited py T. Fluhr and R. F. Legget, p. 161, Geological Society of 
America, 1962. 

3. N. H. Heck, Earthquakes, Princeton University Press, Princeton, New 
J~nn~y, 193G. 

4. T. V. McEvilly, W. H. Bakun, and K. B. Casaday., The Parkfield, Cali
fornia, Earthquake of 1966, Bull. Seismal. Soc. Amer., 57(6): 1221-
1244 (December 1967). 

5. S. T.' Harding, W. Reinhart, and W. K. Cloud, The Parkfield, California, 
Earthquake of June 27, 1966, U.S. Government Printing Office, Washing
ton, D.C. 20402, 1966. 

6. · C. F. Richter, Elementary Seismology, W. H. Freeman and Company, San. 
Francisco, 1958. 

7. C. R. Allen et al., Relationship Between Seismicity and Geologic Struc
ture in the Southern California Region, Bull. Seismal. Soc. Amer., 
55(5): 753-797 (August 1965). 

8. G. W. Housner, Reply to Discussion III - 113, Third World Conference 
on Earthquake Engineering, New Zealand, 1965. 

9. J. Herschberger, A Comparison of Earthquake Acceleration with Inten
sity Ratings, Bull. Seismal. Soc. Amer., 32 ( 3): 171 (June 1942). 

10. N. M. Newmark, Design Criteria for Nuclear Reactors Subjected to 
Earthquake Hazards, Draft of paper for IAEA Meeting, Tokyo, 1967. 

11. R. D. Oldham, Report on the Great Earthquake of 12th June 1897, Mem. 
Geol. Survey India, 29: 1-379 (1899). 

12. K. V. Steinbrugge and V. R. Bush, Earthquake Experience in North 
America, 1950--1959, Proceedings of Second World Conference on Earth
quake Engineering, Japan, 1960, pp. 381-396. 



20 

3. GROUND SHAKING 

Ground fracturing may be more critical to the siting and design of 

reacto~s than earthquake-induced ground shaking (e.g., movement without 

fracturing) in those areas where active faults are recognized or suspected, 

since in general shaking can be more easily accommodated in design than 

faulting. Nevertheless, ground motion can be expected to some degree at 

every site in the U.S., whereas surface faulting is likely to occur only 

in a few specific locations. Unlike surface faulting, which is generally 

associated with shocks having Richter magnitudes of about 6.5 and greater 

and is restricted to regions of high seismic activity, ground motions are 

generated by all magnitudes of shocks (including very small ones) that 

occur over all parts of the earth's crust. Too, various types of soil 

failures and oscillations of surface bodies of water commonly occur as a 

result of these ground-shaking motions. In general, only the larger shocks 

generate ground motions that would require special considerations in reac

tor design, and thus the areas of large-magnitude seismic activity are of 

primary concern. However, extremely large areas covering thousands of 

square mil·es may be severely shaken during strong earthquakes. The cor

responding areas affected by surface faulting for these large shocks are, 

of r.n11rRP, rinit.P RmAll. 

The vibratory effects of earthquakes have been observed, studied, and 

documented to some extent throughout historic times, but not until 1932 

was the first instrument installed within the U.S. that was designed· to 

measure and provide engineering data on earthquake-induced ground motions. 

Since this rather late beginning of "engineering seismology," many advance

ments have been made in methods and techniques for recording ground shaking 

and for the analysis arid application of these records for structural de

sign. In addition, through studies of nonearthquake-induced or forced 

vibrations, various analytical techniques have been developed that are use

ful in all structural designs to withstand ground motions; nevertheless, 

more basic data on earthquake-induced ground and structure shaking are 

needed to attain optimum economy and safety in the siting and ,design of 

reactors. This chapter summarizes the state of the art with respect to 

ground shaking and the engineering design of structures to accommodate it, 
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and two supplemental documents prepared in conjunction with this study 

present detailed information on current seismic engineering practice as 

applied to nuclear power plants. 1
•

2 

3.1 Generation of Ground Motions 

The cause or causes of earthquakes and, hence, earthquake-induced 

ground motions are varied and may never be precisely known. However, it 

is generally beliP.VP.o that tectonic forces in rocks build up elastic 

strains of such magnitude in adjacent rock masses that the strength of 

the rocks is exceeded or the frictional resistance along preexisting faults 

is surpassed, and fracturing or rupturing occurs that releases energy in 

the form of elastic waves that subsequently propagate to the surface. Thus 

ground vibrations probably result from rock ruptures at various depths. In 

general there are three types of earthquake (shock) waves, namely, P or 

sound waves, S or shear waves, and L or long waves. P wavcc travel at 

about 3 1/2 miles/sec and are the first to reach the surface, while S 

waves, which are generally considered to be the most destructive because 

of their shearing motion, move about 2 miles/sec. L waves are relatively 

slow-moving surface waves having long periods that commonly cause the sway

ing of tall buildings. Since these three general types of waves arrive 

at the surface at different times, the duration of the shaking motion is 

greater than that of actual fault movement. At greater distances from 

the source, the motions may be caused not only by the primary waves but 

also by reflected and refracted shock waves that tend to add more com

plcxi ty to the ground shaking. 

3. 2 Recording of Ground Mu Llurrn 

The distribution in time and space of seismic events is recorded by 

an P.xt.P.nsive worldwide network of standardized seismograph stations . 3 

The instruments at these stations are extremely sensitive to small vibra

tions and can detect earthquakes occurring over the entire earth's crust. 

Thus ground deflections o f only a few millionths of an inch from shocks 

occurring hundreds or thousands of miles away may be recorded . . However, 
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strong motions, which are of primary importance for structural design, 

cannot be adequately monitored by these instruments . Perhaps the most 

common strong-motion recording instrument in the U.S . is the strong-motion 

accelerograph, which records true ground acceleration. 

3.2.1 Instruments 

The strong-motion accelerograph (Fig. 3 .1), which provides informa

tion on the manner in which acceleration varies with time, is probably 

the most important instrument developed for engineering seismology. 4 This 

instrument records ground acceleration directly, and from this record the 

ground velocity and displacement may be calculated (Fig. 3.2). Spectra of 

ground motion calculated from the r ecord of accelerations are extremel y 

important in engineering design, since they provide information on maximum 

Fig. 3 . 1 . Strong-Motion Accelerograph, Model RMT- 28 , Produced by 
Earth Sciences , a Teledyne Company . Photograph by J. L . Hawki ns , Pasadena , 
Calif. 

( 
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Fig. 3.2. Record of Ground Acceleration and Integrated Correspond-
ing Velocity and Displacement, Kern County,. California, 1952. (Reprinted 
with permission of Prentice-Hal.l . ) 

acceleration at various frequencies of interest. The importance of the 

records of these instruments in a seismic structural design is exemplified 

by the fact that in regions of high seismicity, present building codes, 

such as the Los Angeles code, require that strong-motion accelerographs be 

installed in many buildings over six stories high - in the basement, mid

portion, and near the top of the building. Indeed, one of the greatest 
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problems _in a seismic design is that few strong-motion records are avail

able for many recent maJor earthquakes. For instance, there are no strong

motion records for recent earthquakes in Mexico (1957), Chile (1960), 

Agadir (1960), Iran (1962), Skopje (1963), Alaska (1964), and Turkey (1966 

and 1967). 

By installing strong-mot~on accelerographs on the ground surface at 

reactor sites, detailed informati_on on the important ground-motion char

acteristics of any ensuing strong shocks can be obtained. In addition, 

it would be extremely desirable to install similar instruments· at vari.ous · 

levels in reactor structures and perhaps on critical systems and equipment 

to record structural behavior precisely during large earthquakes. These 

data would be invaluable in aseismic design of future plants. 

Commercially available accelerographs employ three-component accel

erometers with natural frequencies of about 15 cps (0.066-sec period) for 

sensing accelerations during strong local seismic disturbances (Fig. 3.1). 

A seismic shock, if greater than some preset-intensity, causes the seismic 

switch or horizontal pendulum starter to make electrical contact and start 

the light traces and the drive mechanism for the photographic paper that 

records the acceleration output of the .accelerometers. The recorder is 

programmed to continue automatically for a period of several seconds fol

lowing the last contact of the actuating pendulum. Strong-motion accel

erographs cost $1000 to $4000, and their complex nature requires that they 

be serviced every few months. A less expensive and more simply constructed 

device, ,termed the seismoscope, was developed in the 1950's. This instru

ment, which records strong earth motions mechanically by means of a scribe 

on a smoked watch glass, is used mainly in arrays with strong-motion ac

celerographs, since it provides indications of maximum accelerations. 

In today's terminology the word seismograph implies an instrument 

whose response corresponds more to grourid-vibration amplitude or velocity 

than to acceleration. To this end, the pendulum system of a seismograph 

has a much longer natural period than that of an accelerograph. Seis

mometers having natural· periods near 1 cps could be used to operate shut

down systems, or they could monitor earth motions continuously at some 

specific level of sensitivity or at several levels of sensitivity. A 
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recording system or seismograph includes a seismometer, amplifier, timing 

system, test and calibration circuits, and recorder. In the last five 

years, seismograph components and seismic systems engineering hav~ been 

advanced greatly as a result of the VELA program, a government program 

directed toward the detection and identification of underground nuclear 

explosions. Records from seismographs located at prespective reactor 

sites could be extremely useful in developing reactor protection systems, 

since they could provide information on wave amplitudes of nearby earth

quakes. The seismographs could also be incorporated into reactor control 

systems. 

Seismometers responding to vertical and horizontal motions are com

mercially available for installation on reactor foundations or in bore

holes. According to Press and Bruce, sophisticated systems consisting 

of an array of sensors in surface vaults or boreholes have been operated 

in the VELA program. 5 Short-period triaxial seismometers, which record 

vertical and horizontal components of motion, are now available for the 

borehole systems, along with their associated amplifiers, filters, at

tenuators, recorders, and digitizing equipment, if desired. If continuous 

operation is not desired at any time, a seismograph can be put into a 

standby mode; the amplifiers and recording equipment can then be made op

erational by a seismic switch or circuit. 

3.2.2 Records 

As of January 1966 there were only 138 strong-motion accelerometers 

in service in the U.S. 6 To provide strong ground motion records, strong

motion accelerometers, which record useful data generally only over a 

radius of about 50 to 100 km, should be located relatively close to sur

face faults or seismic zones, and a very large number of these units 

would be required to obtain strong-motion records for the majority of the 

larger shocks. Ground acceleration has been recorded for many earthquakes, 

but good records for destructive ground accelerations have been obtained 

for only four large earthquakes in the U.S. 7 The characteristics of the 

ground motions at the sites where these four shocks were recorded have 

been determined, but there are many situations that have not been evalu

ated that have various other combinations of earthquake intensities, 
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soil and rock conditions, distances from the shocks, etc. for which basic 

data are needed. 

Records of ground motions associated with small shocks are much more 

numerous than those associated with large shocks because of the higher 

frequency of occurrence of smaller shocks. However, it is difficult to 

correlate small ground motions with large ones. It is well known that 

the frequency spectra and other characteristics of large and small shocks 

are significantly different. Numerous instrumental reGordings of small 

earthquake ground motions have shown that ground accelerations in base

ment rocks are amplified many times in soft soils; but since much more 

energy is absorbed by the soil during strong motions, these amplifications 

in soil would not be expected to be as great during l~rge earthquakes. It 

is also generally agreed that there is little conclusive evidence to in

dicate significant correlations, at least on a local scale, between the 

frequency of occurrence of small shocks and large ones. Indeed, many in

vestigators feel that large shocks are independent of small shocks. Fur

thermore, based on energy relationships and historic evidence, it is sug

gested that small earthquakes do not act as "safety valves." to release 

energy that might otherwise be released in major earthquakes and that 

small earthquakes only incidentally indicate strain accumulation on a re

gional scale. 0 Thus. even though the study of small earthquakes may pro

vide a means for obtaining data on the seismicity of a given area in a 

rather short period of time, this information may not be useful in fore

casting and determining the characteristics of larger earthquakes. 

3.3 Intensity of Ground Motion 

Since structures must try to follow the rapid changes in ground move

ment during an earthquake, acceleration is in general the most important 

characteristic of ground shaking and.thus is of primary interest in de

sign considerations. However, maximum acceleration is not in itself a 

·precise measure of the damage that may be caused to a structure. The 

dynamic characteristics of the structure and the strength of its members 

must also be known", as well as the frequency characteristic of the ground 

motion. In a study of the effects of vibrations, it is desirable to 
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consider displacement, velocity, and acceleration; a good-quality record

ing of one (displacement, velocity, or acceleration) can be converted to 

the others by differentiation and/or integration processes. Thus accel

erograms of earthquakes, when corrected for all possible sources of error, 

provide the basic data needed for design purposes. 

The ground motion accompanying earthquakes generally begins with 

small accelerations of 1 to 2 sec. It then builds up rapidly to a more 

or less steady-state peak acceleration before gradually decreasing (see 

Fig. 3.2). Motions strong enough to be felt and recorded have been ob

served to persist over periods of about 60 sec. 9 According to Housner, 

the duration of strong motions is related to earthquake magnitude and to 

the length of break of the causative fault. 10 Housner has thus concluded 

that the duration of strong shaking near the causative fault during an 

earthquake probably will not exceed 45 sec. Also, from studies of the 

signal attenuations with distance from epicent~rs, he has concluded that 

the maximum ground acceleration near a fault during a strong earthquake 

is not likely to exceed about 0.5 g. Others believe that 0.5 g is area

sonable upper limit for acceleration. For instance, according to Sherard, 

the· Consulting Board for Earthquake Analysis for California has stated 

that for large earthquakes along the.San Andreas fault it would be reason

able to expect maximum ground acceleration of 0.5 g. 11 Furthermore, 

Sherard reports that it is accepted by many that the maximum strong-motion 

shaking which might be experienced in California within about 12 miles of 

the surface fracture of a large earthquake is not likely to exceed 60 sec 

duration and have peak accelerations of about 0.5 g at periods within the 

range of 0.1 to 0.5 sec. On the .other hand, there are indications that 

ground accelerations may exceed 0.5 g during some earthquakes. The Richter 

magnitude 5. 5 earthquake at Parkfield, California, on June 27, 1966 had a 

peak acceleration of at least 0.5 g. Furthermore, Saint-Amand has pre

dicted peak accelerations on the order of 1 g, with average accelerations 

of about 0.4 g for several minutes, ~s a result of a Richter magnitude 

8.3 earthquake along the San Andreas fault. 12 

The distance to which earthquakes will produce destructive waves 

depends on the nature and magnitude of the earthquake, as well as past 

experience within the area of concern. Focal depth is one of the most 
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important considerations. In general, if the earthquakes of a given area 

have very shallow focal depths, high-intensity shaking will occur only 

within the epicentral area, while little destructive shaking will occur 

at a distance. On the other hand, for earthquakes with deep focal depths, 

the intensity of shaking will not be great in any area, although the earth

quakes may be felt over a wide area. One important exception to these 

generalities can occur at distances of perhaps 100 miles or greater where 

the shorter-period vibrations are damped out and only ground periods greater 

than about 1 sec remain. In areas where soils or tall buildings show about 

the same natural periods of vibration, resonant vibrations may be set up 

and major damage may be sustained .. Such was the case for tall buildings• in 

Los Angeles as a result of the Kern County, California, earthquake of 1952 

and for Mexico City, where many tall buildings are founded on so~ soil and 

a Richter magnitude 7.5 earthquake occurred in 1957 at a distance of more 

than 200 miles from the city. 

In general, for strong-motion accelerations, it has been found that 

the vertical component of acceleration is about one-third to one-half the 

horizontal acceleration when the movement along the fault that generated 

the ground motion is primarily horizontal; whereas if the faulting is 

primarily vertical, the vertical component of acceleration· may be nearly 

equal to or slightly greater than the horizontal. It is now standard 

p.nu.: tiee to assume a vertical component about two-thirds that of the hori

zontal. Since most engineering structures inherently have greater strength 

in the vertical direction than in the horizontal, there has been generally 

less concern with these motion9 than with the more destructive horizontal 

motions. 13 Horizontal ground motions apparently have not caused damage 

preferentially in any given direction. Thus it is generally agreed that 

there is random motion of the earth during the strong shaking phase of 

large earthquakes. 

3.4 Effects on Soils 

Many parts of the country, such as the Atlantic and Gulf Coastal 

Plains and most river basins, are underlain by thick. soil deposits and/or 

unconsolidated sediments that may behave quite unlike hard rock when 
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subjected to earthquake-induced ground motions. Thus reactor sites within 

these areas should be thoroughly evaluated for the possible effects of 

shaking of the soil column. Most studies of seismic effects in soils have 

been associated with the amplification of ground oscillations, but soil 

failure through consolidation, liquefaction, or sliding must also be con-. 

sidered. Vibrations can, of course·, cause compaction in soils, especially 

cohesionless ones, and thus soils are frequently compacted during earth

quakes. Ground surfaces over loose sediments often settle during shaking; 

however, when the sediments are waterlogged, an increase in water pressure 

occurs that causes an upward flow of water to the surface, which causes 

sand boils, mud spouts, water spouts, and "quick" conditions to develop. 1
1+ 

Several dramatic instances of soil liquefaction have occurred during 

earthquakes. Partially unconfined liquefied soils frequently cause flow 

slides, which are simply mass movements of soil. 1
1+ In special cases where 

thin horizontal beds of unconsolidated sand are interbedded with other 

sediments; liquefaction of the sand may allow the overlying mass to slide 

·and cause graben-type structures. Such was the case in some parts of An

chorage during the 1964 Alaskan shock. 1
i+ 

Slides and soil failures may also develop on clay soils during earth

quakes.· It is well known that great landslides and related phenomena may 

accompany large earthquakes, such as the 1959 Hebgen Lake, Montana, shock, 

and in particularly susceptible areas, landslid~s may be triggered by com

paratively small shocks of the type that occur over most of the U.S. 15 

3.4.1 Amplification of Ground Oscillations 

In general, ground motions in soils result in some amplification 

and/or attenuation of the oscillations in contrast with their effect in 

hard rock a.nd may also ca~se failure of the soil by consolidation, sliding, 

differential compaction, and liquefaction. The role of soil failures in 

earthquake damage was emphasized recently in the destructiveness of large 

earthquakes in Chile ( 1960), Alaska ( 1964) , Niigata, Japan (.1964) , and 

Venezuela (1967). It has been substantiated that the softer the under

lying unconsolidated sediments or soil the lower will be the predominant 

frequency of the ground motion in comparison with that on hard rocks, but 

data are not available to assess quantitatively the ~ffects of soils on 
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the intensity or severity of the ground motion. Although there are no 

instrument records to show the amplification of ground motions in soft 

soils for any major earthquakes, a few measurements of ground motion were 

made simultaneously on various rocks and soil types during smaller earth

quakes. The strong-motion shaking associated with the 1957 San Francisco 

shock (magnitude 5.3) was recorded at five stations within a 20-mile ra

dius of the epicenter. In general the records showed that ground accel

erations in soil exceeded those in rock by a factor of 2. 16 It was also 

observed that no simple correlation existed between the amount of ampli~ 

.fication and the depth of alluvium in the San Francisco Bay area. 16 On 

the other hand, studies of microtremor motions in soil and rock in the 

Los Angeles area by Gutenberg showed that the amplitude and duration of 

shaking increased linearly.with soil thickness. 17 Also it was found that 

the average duration of shaking and the amplitudes of the motions were 

four to five times greater in soils than on hard rocks. 17 From these 

studies it is evident that ground motion may be expected to be somewhat 

less in hard rock than in soft soils; however, it is not possible to state 

the exact magnitude of the difference. To date most studies have been 

limited to relatively small shocks, and because of the differences in be

havior of soils under small stresses as compared with large stresses and 

uncertainties as to correlation bP.tween gro1.ll1d motions from large and 

small shocks, it is difficult to extrapolate from small to large shocks. 

For instance, Seed states that almost all soils amplify motions during 

microshocks; however, for large shocks there may be attenuation oft.he 

ground motions in the same types of soil because dynamic properties of 

soils change with increasing excitation. 18 

Recent studies based on soil-response analysis procedures showed that 

the predicted subsoil behavior of soft soils at several locations agreed 

well with accelerograms of earthquake motions recorded at the same 

sites. 19
•

20 Although fUrther verification and improvements are needed, 

the development of appropriate analytical procedures may eventually pro

vide qualitative, if not quantitative, assessments of the effects of soil 

conditions on the intensity of ground shaking. 
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3.4.2 Liquefaction 

Perhaps the most dramatic instance of soil liquefaction in recent 

times occurred in Niigata, Japan, during the June 16, 1964 earthquake, 

which centered about 35 miles from the city. Major damage occurred to 

buildings, bridges, highways, utilities, dock areas, oil refineries, and 

railroads as a result of liquefaction of the underlying soils. One of the 

most spectacular examples of the effects of soil liquefaction on engineer

ing structures is shown in Fig. 3.3. During the earthquake, liquefaction 

of the sand beneath the apartment buildings resulted in the settling and 

tilting of the structures. Extensive damage to engineering structures 

also occurred as a result of soil liquefaction during recent earthquakes 

in Alaska, 1964, and Chile, 1961. There is considerable evidence that 

liquefaction of sands also occurred during the great New Madrid, Missouri, 

earthquakes of 1811 and 1812, and the great Charleston, South Carolina, 

earthquake of 1886. These same areas are subject to liquefaction in the 

future, as well as countless other areas throughout the United States 

where the potential for liquefaction is present but has not been observed. 

As may be seen there is ample evidence that soil liquefaction is a phe

nomenon that can occur over many areas. 

Variations in the distance of the site from the shock, the magnitude 

of the earthquake, its duration, focal depth, etc., all influence the re

sponse of soils. For instance a small nearby earthquake of short duration 

may not cause sand to liquefy; on the other hand a large earthquake of 

long duration at a greater distance may. The depth to the water table, 

depth of sand, and the physical characteristics of the soil are also im

portant parameters. The actual mechanism of liquefaction o~en occurs 

when an unconsolidated, cohesionless, saturated soil is vibrated suffi

ciently to induce destruction of the soil structure, with concurrent loss 

of shear strength between the soil particles that allows a transfer of 

load to the water, which has negligible shear capacity; there is an ac

companying increase in the pore pressure in the soil. If the soil con

figuration is such that the liquefied soil is confined, the pore pressure 

cannot be dissipated until a sufficient amount of the water escapes. The 

depth to the water table is critical, and even small changes of a few 
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Fig. 3 . 3. Effects on Structures w:::.t":i Foundatior.s in Soil U_at liqc:.e
f i ei Dc:.ring Earthquake at Niig~ta, Jap2.I1, ~n 1964. (Photograpj EUppliec 
by :::.,. S. Cluff of Woodward-Clyde & Asso·:::i3.-:es.) 
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feet in the depth to water cari change the liquefaction potential of a soil 

deposit. This was shown at Niigata, where in some cases liquefaction did 

not occur when the water table was a few feet lower than in adjacent areas 

wherP. the soil conditions were apparently the same but liquefaction did 

occur. 21 Other physical and chemical properties of soils, such as grain 

size, particle size distribution, and admixtures of clay, can also affect 

liquefaction. 

It is believed that only saturated cohensionless soils will liquefy 

in the fashion described above. It has been demonstrated by observation 

during earthquakes, as well as in laboratory tests, that the more dense 

the sand the less likelihood there is of liquefaction. Many preconsoli

dated, dense, clayey soils have never shown evidence of liquefaction, but 

other clays· that have a high water content and weak structure can fail in 

ways described by some as liquefaction. This case would be much less im

portant in reactor foundation problems, however. It is assumed that soils 

must be saturated before liquefaction can occur; however, there have been 

references, but not well-documented ones, to liquefaction of soils with 

air filling the interstitial pore space rather than water. This phenome

non, too, is of little importance in reactor support problems. 

In addition to the physical and chemical properties of the soils, 

including the depth, width, slope, and geometric shape of the deposit, 

the nature of the earthquake, such as its duration, is extremely impor

tant. In general the longer the ·duration the greater the chance for 

liquefaction. This has been shown both in the labo~atory and in actual 

earthquakes. Records at Niigata, Japan, .show that liquefaction began 

after about 15 sec, while in Alaska during the 1964 earthquake numerous 

landslides resulting from liquefaction did not occur until after several 

minutes of shaking. 

The intensity of the ground motion also affects liquefaction; the 

stronger the earthquake motions, the sooner liquefaction of a sand will 

occur. Strong earthquakes, of course, occur throughout the world each 

year, and soil liquefaction is associated with many of these. Many of 

the larger earthquakes have caused extensive liquefaction. For instance, 

many sands liquefied in the great New Madrid, Missouri, earthquakes of 
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1811 and 1812; the Charleston, South Carolina, earthquake of 1880; and 

the great Alaskan earthquake of 1964. The liquefaction was not confined 

solely to the .epicentral regions of the earthquakes, but as in Anchorage, 

Alaska, the liquefaction extended to areas as far away as 100 miles. The 

importance of the intensity of earth motions in causing liquefaction has 

been studied in the laboratory. 22 An increase in the rapidness of lique

faction with an increase in the energy of the wave motion was found. Thus 

for strong motions, sand will liquefy more quickly than for weaker motions, 

which may also cause soil to liquefy following longer periods of .shaking. 

3.4.3 Subsidence 

·Since vibration is an effective means of compacting loose soil, it 

is not surprising that ground shaking during earthquakes o~en causes 

settling of the ground surface and compaction of dry cohesionless soil. 

d·eposi ts. Some of the more dramatic examples of soil subsidence occurred 

during the 1964 Alas.kan earthquake. At ·Homer, durir:ig this earthquake., a 

decrease of 2.5 ft in the thickness of the soil layer was measured through· 

the projection above ground of a well casing that was anchored in hard . 

k b 1 th ·1 d •t 23 roe e ow e soi eposi . For the same earthquake it is reported 

that the soil in and around Portage, Alaska, compacted as much as 5 ~ 

as a resul.t o±' the shaking.~" 

Dry cohesionless soils generally account for most of the settling 

and compacting during earthquakes; however, water-saturated cohesionless 

soils may also settle. In the former case,, settling is virtually im(~an

taneous, but in the latter the subsidence is time-dependent, ?ince the 

compaction is due to the slow dissipation of any e~cess hydrostatic pore 

water pressures induced by the shaking of the ground. Currently, most 

studies of soil subsidence are being conducted in the laboratory on dry 

cohesionless sediments in conjunction with nuclear cratering experiments. 

3.4.4 Landslides and/or Slope Stability 

During the Alaskan earthquake of 1964, several slides occurred in 

Anchorage that involved great mass.es of soil. Many of these slides may 

have been caused by the liquefaction of thin seams or layers of saturated 
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silts or sands that allowed the overlying soil mass to slide laterally 

along the liquefied sands that formed the base of the slide. As the soil 

mass moved laterally, the soil on the rear end of the sliding mass sank 

into the void areas and resulted in graben structures, or sunken blocks. 

Landslides may also occur in clays, since these materials can lose some 

of their strength during an earthquake as a result of the added forces. 

In general.it is difficult to predict slope stability during earth

quakes, especially in areas where past soil failures are not evident. 

Predictions must take into account such local features as types of strata 

present, their slopes, and their water content and drainage patterns. 

3.4.5 Soil Tests 

There is lack of agreement on methods for determining the liquefaction 

p9tential of soil. Some prefer to rely mainly on the results of cyclic 

load tests of representative soil samples in the laboratory, while others 

perfer to apply past experience with soils of known static properties. In 

the latter case, the liquefaction potential is commonly based on the rela

tive density of the soil determined by the blow test, since the static, 

as well as the dynamic, behavior of cohesionless soils is believed to be 

controlled by the relative density. Thus the measurement of this impor

tant variable is of great interest in the evaluation of potential reactor 

sites. 

The blow test is utilized primarily to obtain the bearing capacity 

of soils for foundation design. It is based on the resistance of soils 

to the penetration of a standard sampler, which also collects represen

tative but disturbed samples of the soils for identification purposes. 

Penetration resistance is expressed as the number of blows required to 

force a split-tube sampler l ~ into the soil with a 140-lb hammer that 

falls freely over a distance of· 30 in .. 

In general the test is conducted by first clearing the hole to the 

depth to be sampled by standard drilling bi ts or augers. The s.tandard 

l 3/8-in.-ID 2-in.-OD split-tube so.mpler is then lowered into the over

sized hole and driven 6 in. into the layer to be tested. The test is 

then started, and the penetration resistance is recorded as the number 

of blows required to force the sampler an additional 12 in. into the 
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soil. Fifty or more blows per foot indicates a very dense or firm mate

rial, and thus the test is not carried beyond such a value. After each 

test, the sampler is removed from the hole, and its contents are used to 

identify the soils tested. Ground-water levels and other data that might 

affect the reliability of the test data are also recorded. 

For cohesionless soils the recorded blow counts, which are interpret

able from a lower limit ·or 5 to 10 blows per foot to 30 to 50 blows per 

foot, are used to indicate relative density. Only fairly clean coarse

grained sand and gravel can be evaluated, but these determinations can be 

made over a range of water contents. The relative consistency of cohesive 

soils can also be determined with the blow test, but it is reliable only 

for saturated or nearly saturated fine-grained soils. Because of t_he 

nature of .the test and the variations that may be experienced due to soil 

type and soil water content, interpretations of the field data should be 

· made by those experienced in this type of testing. 

Correlations between the strengths of sandy soils and their standard 

penetration resistances (blow counts) have been made. However, apparently 

similar relationships for the finer grained materials, that is, silt and 

clay, do not exist, even though their relative firmness can be determined 

by the field penetration test. A series of curves that relates blow count 

to relative· density for dry and saturated cohesionless sands has been pre

pared by the U.S. Bureau of Reclamation. 24 If sands show a relative den

sity of 70% or more, they are considered to be adequate for most static 

loadings. For gravel soils, 60% relative density is usually considered 

to be adequate, while for very fine sands, 80% relative density is con

sidered to be suitable. 

There are numerous other techniques. for determining relative density 

in the field, such as the standard plate load test and the use· of a cali

brated sand for measuring the volume of a test.hole and comparing it with 

the material removed from the hole. 2 4 They do not generally have the 

same range of application as to· depth, etc., as does the blow test. An

other method for determining soi_l density in the field, which has been 

used extensively in other countries and appears to b.e gaining acceptance 

in this country, is the static-cone penetration test. 25
• 26 
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· The laboratory procedure for determining the liquefaction of soils 

at any given location consists, first, of an assessment of the magnitude 

and characteristics of the expected base motions in the underlying hard 

rock at the site. Generally, little is known about the characteristics 

of these base rock motions at any site, since strong motions have been 

recorded at few locations. An estimate of the probable magnitude of 

these motions can be obtained by observing strong-motion records of com

parable earthqua.kes under comparable conditions. The intensity of the 

recorded motions 1,;w1 Llleu 'l.>e scaled up or down and the duration of the 

motions fixed to best fit the specific site. 

Once the base motion has been determined, it is necessary to compute 

the response of the soil to the motion. By assuming that. the deflections 

of the soil result from the vertical propagation of shear waves from the 

base and determining the nature of the soil deposits (relative density, 

shear moduli, and damping factors), shear stresses throughout the soil 

deposit can be computed for the entire time history of the accelerations, 

displacements, stresses, and strains in the systems. 

The number and magnitude of cyclic shear stresses developed at vari

ous depths in the deposit are then determined by representing the computed 

stress-time records by an equivalent number and magnitude of uniform stress 

cycles. Representative samples of the sand at various depths are tested 

in the laboratory by triaxial or simple shear devices to determine the 

cyclic shear stress required to cause liquefaction for the critical num

ber and magnitude of stress cycles. These data are compared with the 

magnitude of the equivalent cycle stress developed at the various depths 

to determine whether liquefaction will occur at any or all depths. 

3.5 Intensity, Magnitude, and Acceleration Relations 

As discussed above, maximum ground acceleration is perhaps the single 

most important shaking considen:J.Liun in regard to reactor siting and de

sign, but since so few measurements of strong acceleration have been made 

and the chances of recording the maximum expected acceleration at any re-

.. actor site are so small, it is apparent that this important parameter 

must bP. P.Rt.imated at each reactor oi tc. 
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Maximum ground accelerations are frequently estimated from the Modified 

Mercalli intensity rating of earthquakes (see Table 3.1), 27 since intensity 

values are available. for most large and moderate earthquakes that have been 

recorded in the U.S. This measure of earthquake intensity is a purely sub

jective one, however, that describes structural damage and is not entirely 

suitable for estimating the true magnitude of ground motions in rock or 

soil. For instance, postearthquake damage observations generally show that 

structures built on alluvium are damaged considerably more than those on 

hard rock. However, this does not necessarily indicate. a more intense 

ground motion of the soil, since significant differential movements of 

soils may occur and thus may cause disproportionate amounts of damage to 

structures situated on soil. Housner 10 and Hershberger28 also have illus

trated the large errors that may result when attempting to predict ground 

acceleration from Modified Mercalli intensity numbers, but on the other 

hand it is remarked by Murphy that if adequate qualifications are made, 

reasonable estimates of grotind accelerations can be obtained from Modified 

Mercalli intensity numbers. 29 

The intensity of ground motion in. the epicentral region of an earth

quak·e may also be estimated indirectly from the earthquake magnitude. How

ever, since the higher frequency components are attenuated by the travel 

path, the magnitude determined at one location cannot be used to accurately 

determine the riature of the. shaking at another location. The instrmuents 

by which magnitudes are determined are commonly located hundreds or per~aps 

thousands of miles from the epicenters of many shocks, as was the case for 

the 1964 Alaskan shock, and thus they may give an indication of the length 

of fault breakage but not a good quantitative description of the ground 

motion-near the causative fault. 30 

3.6 Evaluation of Ground Motions at Specific Sites 

Estimates of the nature and intensities of maximum probable ground 

motions at· specific sites are generally based on (1) the earthquake his

tories of the local and regional areas, (2) the local and regional geo

tectonic patterns, (3) the strong ground motion records of several earth

quakes in the western part of the country, and (4) the local soil and 
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· ~able 3.1. ApproxiILate Relationships Between Intensity, Acceleration, Magnitude, and Energy Release 2 7 

Mcdified 
Mercal:..i 
Ir,tensi ty 

Scale 

Description of Effects (Masonry J.., B, C, and D 
Are Defined Belc·w; a From Ref. 27) 

I Kot felt; marginal and long-period effects of large earthquakes evident 

II Felt ty persons at rest, Jn U:t:Per floors, or favorably placed 

III 

IV 

v 

VI 

VII 

?elt indoors; hanging objects swing; vibration like passing of light trucks occurs; 
duration estimated; might not. be recognized as an earthquake 

Hanging objects sving; vibrat~on occurs that is like passing of heavy trucks, or there 
is a sensation of a jolt like a heavy ball striking the walls; standing motor cars 
rock; windows, dishes, and doors rattle; glasses clink; crockery clashes; in the upp:r 
range of IV, wooden walls an.:!. frame creak 

Felt ·JUtdoors; duration estilll3.ted; sleepers waken; liquids become disturbed, some spill; 
Sll!all unstable objects are disp:.aced or upset; doors swing, close, and open; shutters 
·and ?ictures move; pendulum clocks stop, start, and change rate 

Felt.by all; many are frightened and run outdoors; persons walk unsteadily; windows, 
dishes, glassware break; knickknacks, books, etc., fall off shelves; pictures fall c·ff 
walls; furniture moves ·Jr overturns; weak plaster and masonry D crack; small bells ring 
(church, school); trees, bushes shake 

Difficult to stand; noticed 1:y drivers of motor cars; hanging objects quiver; furniture 
brec:k.s; damage cccurs to masonry D, including cracks; weak chimneys break at roof line; 
plaster, loose bricks, stones, tiles, cornices fall; some cracks appear in masonry C; 
wave·s appear on ponds, water turbid with mud; small slides and caveins occur along sand 
or gravel banks; large bells. ring 

VIII Steering of motor cars affected; damage occurs to masonry C, witn partial collapse; some 
damage occurs to masonry B, but none to masonry A; stucco and some masonry walls fall; 
twisting, fall of chimr:.eys, factory stacks, monuments, towers, and elevated tanks o·:cur; 
frane houses move on fc·undations if not bolted dowr:; loose panel walls are thrown o-.1t; 
changes occur in flow or tenperature of springs anC. wells; cracks appear in wet ground 
and on steep slopes 

x 

XI 

XII 

Genez-al panic; masonry D is ·1est.royed; masonry C .is heavily damaged, sometimes with com
ple-:;e collapse; masonry B is seriously damaged; general damage occurs to foundations; 
frame structures shift off foundations, if not bolted; frames crack; serious damage oc
curs to reservoirs; underground pipes break; conspicuous cracks appear in ground; sand 
an mud ejected in alluviatej areas; earthquake fountains and sand craters occur 

Most masonry and frame structures are iestroyed, with their fom:dations; some well-tuilt 
wooien structures and bridges are destroyed; serious damage occurs to dams, dikes, and 
embankments; large lan•1slides occur; water is thrown on banks of canals, rivers, likes, 
etc.; sand and mud shift horizontally on beaches and flat land; rails are bent slightly 

Rails are bent greatly; underground pipelines are cJmpletely out of service 

Dam£.ge nearly total; large rock masses are displaced; lines of sight and level are dis
torted; objects. are thrown into air 

aMasonry A. Good workmanship, mortar, .and design; reinforced, especially laterally, and bJund 
together by using steel, concrete, etc.; designed to resist lateral forces. 

Masonry B. 

MasoYLry c. 

Masonry D .. 

Good worknanship and nortar; reinforced, but not designed in detail to resist 
lateral forces. 
Ordinary vorkmans.hip and mortar; no extreme weaknesses like failing to tie in at 
corners, but neither ::-eir:forced nor designed against horizontal forces. 
Weak mate::-ials, such 3.S £.do be; poor mortar; low standards of workmanship; weak 
horizontally. 

Maximum 
Acceleration 

(g) 

O.C03 to 
0.007 

0.007 to 
0.015 

0.015 to 
0.03 

O. ::l3 to 
0.09 

0.07 to 
C.22 

0.15 to 
·o.3 

C.3 to 
0.7 

o.45 to 
1. 5 

0.5 to 3 

::t.5 to 7 

. 

Richter 
Magnitude 

Energy 
Release 
(ergs) 

M2-

-
-
- -1014 
-
--
-
- ,_io15 
-

M3-
-
-
- 1--1016 -
-
-
-
-
- -1017 

M4-
-
-
-
--: -1018 -
-
-
-
-

M5--- -1019 
-
-
-
-
-
-
- -1020 

-
-

M6-
-
-
- -1021 -
-
-
-
-
-

M7- ,..._ 1022 -
-
-
-
-
-
-
-
- -1023 

M8-
-
-
-
-
-. ,, __ .. .. 
-
-
- --:-1024 

-
M9-

I 

w 
'° 
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rock conditions. The methods and techniques for presenting and analyzing 

these fundamental data vary considerably due to limitations such as the 

geoseismic complexity of the local and regional environments and the avail

ability of data; thus, estimates of the critical parameters of the expected 

ground motions may be .more realistic in some' areas than in others. 

In some parts of the country, such as the west coast area, where the 

larger earthquakes generally occur along well-defined throughgoing surface 

faults, the expected shaking is commonly determined by first analyzing the 

relationship of the specific site to the location and extent of nearby 

active faults. As discussed in Section 4.4, the maximum earthquake that 

would be expected to occur along any given fault is based on the length of 

the recognized fault. Thus for faults that do not exceed about 100 miles 

in length, the maximum earthquake that will occur along them will not ex

ceed about Richter magnitude 7, whereas for a fault length exceeding 200 

miles the maximum earthquake may approach magnitude 8.0. It is further 

assumed that the epicentral location of this greatest earthquake will occur 

at a point along the fault that is nearest to the proposed site. Of course 

it is recognized that the strongest ground motions could come from either 

a sm~ller earthquake along a nearby fault or from a greater earthquake 

along a fault more distant to the site. In some cases it may also be de

sirable to consider the :pos::dhi Ji ti As of the occurrence at ul neal' Lhe 

site of a large o.:f'tershock, which may or may not be related to a:ny recog

nizable surface fault or other structural features of a great earthquake. 

Smaller earthquakes that have occurred nearby in the past but are not nec

essarily related to specific -surficial geologic structures may also pro

vide the maximum expected ground motions, especially if the larger earth

quakes occur at great distances from the site. 

In other parts of the country where earthquakes are not clearly re

lated to ·surface faulting or some other geologic .structure, such as in 

the eastern U.S., the maximilln expected motions may be determined from the 

historic record of shocks that have occurred nearby or from the projected 

motions associated with great earthquakes that have occurred in his.toric 

times. in the U.S. , such· as at Charleston, South Carolina ( 1886), and New 

Madrid, Missouri (1811-1812). To illustrate the importance of the latter 

two earthquakes, it is noted that the maximum expected ground shaking at 
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the Crystal River, Florida, and the Browns Ferry, Alabama, 31 power plants 

were based on the re~ccurrence of the great historic earthquakes at Charles

ton and New Madrid, respectively. The Crystal River site is roughly 300 

miles from Charleston, while Browns Ferry is about 200 miles from New 

Madrid .. 

Once the maximum earthquake is determined and its location with respect 

to the· reactor site is ascertained, the actual shaking intensity at the site 

is then established from Modified Mercalli intensities of past large earth

quakes in that general area.or empirically derived equations that relate 

intensity of strong ground motions with distance from the epicentral re

gions of earthquakes. Intensity ratings are also commonly related to ac

celeration through empirically derived equations. Then, based on the pe

riods of shaking, the duration of strong motion, the depth of the expected 

shock, etc., the maximum acceleration is scaled to a recorded earthquake 

spectrum such as that of the El Centro, California, earthquake in 1940 or 

that of the'Ta~, California, earthquake in 1951 to provide the basic 

ground-motion input data needed for design purposes. 

For those sites not located on hard rock but, rather, underlain by 

various thicknesses and types of unconsolidated sediments or soils, the 

ground motions may be amplified or, in some cases, attenuated in relation 

to those of the underlying or adjacent hard rock. Since these relations 

cannot be determined with a high degree of accuracy for most situations 

at the present time, conservative estimates of soil amplification must be 

made. The dynamic properties of soil that control the transmission of 

seismic energy, and hence the attenuation and amplification of earthquake

induced ground motions, are currently determined by wave propagation tests 

(both in the laboratory and in the field) and/or cyclic loading tests, but 

neither test is entl:r·ely oatisfactory. In general, wave propagation tests 

are conducted at stress and strain levels that are well below those of 

actual earthquake conditions, while cyclic shearing tests, which are lim

ited in their range of test conditions by control requirements, must be 

conducted on samples of soil that have been removed from their natural 

environment and presumably disturbed to some extent. 

To determine the potentialities of soil lique;faction, consolidation, 

compaction, and subsidence at specific sites, tests for determining the 
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physical properties of soils under static as well as dynamic conditions. 

must be made. Cyclic testing is one technique that is being used·to de

termine the potentiality of such liquefaction. Other methods include 

reliance on past field experience, tests to determine the relative density 

of soils through laboratory or field determinations, such as the in situ 

standard penetration test, and critical void ratio determinations in soils. 

3.6.1 Maps 

. The relative seismic activities of various regions within the U.S. 

are commonly and perhaps most simply illustrated by epicenter maps. How

ever this emphasizes the number of shocks and frequently cannot provide 

a representative expression of the seismic patterns in regions of intere~t 

because of severe cartographic problems. Recently a variety of techniques 

in vol vin_g en.ergy and strain re leas es by earthquakes :ti.ave been used to give 

more convenient cartographic and quantitative representations of seis

mici ty. 32'33 "Seismic zoning maps," which are based mainly on the number 

and intensity of past earthquakes and are used to indicate the maximum 

intensity to be expected for each point within the area covered by the 

map, are commonly used to estimate seismic risk for engineering purposes. 34 

The reliability of the maps ·depends,. of course, on the size of the sample 

and the amounts and type of data collected, so the map~ tend to be most 

reliable in areas for which the most data are available; Other basic 

limitations of these maps stem from the difficulties of extrapolatin·g 

probabilities of occurrence· from small to large shocks and uncertainties 

in estimating the intenpities of shaking in various soils and rocks from 

observations of small shocks. 18 

Another indication of the- probable maximum earthquake intensity at 

a particular site in the U.S. may be obtained from the seismic region

alization maps of' Richter, 34 but little use has been made of these maps. 

in AEC hearings on reactor applications. These regionalization maps are 

based on the probable occurrences of earthquakes, the distance of the 

site from probable epicenters, and the characteristics of the rock and 

soils at the site. 
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3.6.2- Frequency of Occurrence 

By analyzing the past seismicity of an area and assuming that this 

provides a statistically representative sample for predicting fUture seis

mici ty, the probability or statistical expectation of future ground motions 

at a site can be stated. Housner has presented a table for California 

showing the expected number of earthquakes during a period of Y years that 

will have a magnitude greater than M. 35 This table shows that (1) an 

earthquake of magnitude 8.2 (San Francisco, 1906) or greater can be ex

pected to occur about once every 200 years, (2) a magnitude 7 earthquake 

(El Centro, 1940) or greater can be expected to occur approximately 63 

times each 200 years, and (3) a magnitude 6.25 earthquake (Long Beach, 

1933) or greater can be expected to occur about 138 times in 200 years. 

Of course, it is expected that the probabilities of smaller shocks are 

greater than those for the more infrequent larger shocks. Frequency of 

occurrence predictions based on seismic history may also be made for small 

areas or even f\'.)r particular sites. However, confidence is low for pre.,.. 

dictions of higher magnitude shocks due to inadequate samples of large 

shocks in small areas. 

3.6.3 Intensity of Ground Sha.king During Large Earthquakes. 

Strong ground motions have been recorded during earthquakes having 

magnitudes of 7 and 7.7, but strong motions for larger magnitude shocks, 

such as the 1906 San Francisco earthquake (magnitude 8.2) have not been 

measured. Magnitude 7 shocks along the San Andreas fault would be ex

pected to result in rock rupture that would extend about 50 miles (this 

is the approximate extent of the El Centro, 1940, magnitude 7 shock). 

Also it would be expected that movement along the San Andreas fault in 

the event of a magnitude 8.2 shock (San Francisco, 1906) would extend 

perhaps as much as several hundred miles. Since the additional area of 

the fault break for the larger magnitude shock would be more than 25 miles 

from a center point of measurement for the smaller shock, it. is reasoned 

by Housner that measurements of ground motion ta.ken near the center points 

of magnitude 7 and magnitude 8.2 shocks would be about the same in maximum 

intensity, even though the duration of shaking would, of course, be 
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greater for the larger shock. 3 0 On the contrary, others contend that the 

intensities for magnitude 8 earthquakes are considerably more than those 

for magnitude 7 shocks, since the basic definition of magnitude implys. 

greater intensiti~s. 

For sites situated within a mile or so of a causative fault, there 

is some question as to the intensity of shaking. Based on a hypocentral, 

or focal, depth of about ten miles, Housner concluded that there is no 

significant difference in intensity of shaking with distance from the 

center of the initial rupture area for points out to about five miles 

from the surface rupture. On the other hand, decreasing intensities of 

shaking at points neare·r to surface faults have been reported for some 

strong s_hocks. According to Housner, this phenomenon could be due to the 

unequal throw on adjacent sides of the fault, 35 even though _others con

tend there is no scientific record to support this. 18 For the June 1966, 
Parkfield, California, earth.quake a progressive increase in ground ac

celeration approaching the ground rupture was recorded by a string of 

strong-motion accelerometers located approximately' normal to the fault 

·trace. 36 Since they are the only recorded measurements of this type and 

the earthquake was of ~oderate intensity (magnitude 5.5), these results 

cannot be extrapolated with confidence to other smaller or larger earth

<J.lll'l.k.es. 

3.6.4 Instrumentation for Site Evaluations 

Instrumental observations of strain and tilt changes in seismic 

belts may be expected to provide knowledge of the anticipated seismic 

effects within broad geographic regions and perhaps even at specific 1·e

actor sites. For reactor siting, information on local seismic activity 

is of fundamental importance. The study of very small earthquakes or 

microearthquakes may be important in reactor siting, since many more 

small ear~hquakes than large earthquakes occur in active areas . For ex

ample, as many as 200 microearthquakes per day have been recorded in 

seismic areas of Nevada and Japan. 37 Instruments that provide a continu

ous record of local seismicity include portable, highly sensitive seis

mographs. These seismographs should have a band pass from 1 to 100 cps 

to respond to the higher frequencies of microearthquakes. Tiltmeters 



and strainmeters (see Fig . 3 . 4) also have applications in siting, but they 

are especially sensitive to surface noise . The Japanese have operated 

water-tube tiltmeters effectively in mines, and strainmeters have been 

operated effectively in mines and tunnels in the United States. 

Preliminary seismic data on a site can be collected by a portable 

seismograph that consists of a light-weight seismometer and its associated 

amplifier, filter, timing, test calibration, recording, and power systems. 

Resulting records may be on paper, which is adequate for preliminary analy

sis of displacement velocities or accelerations, or on magnetic tape that 

can then be used directly for analysis by computer . 

Highly sensitive portable seismographs that have magnifl~ations up 

to 100 million at 25 cps have been designed and operated in the field. 37 

One such seismograph consists of a Dayton 4-cps geophone, a solid-state

amplified Electrotech SPA-1, a Bulova Accutron break-circuit chronometer, 

and a single-channel Sanborn 229 oscillograph. Power is supplied by stor

age batteries through an inverter . These systems are capable of detect

ing local earthquakes having magnitudes far less than can be sensed by 

standard seismographs. 

Triangulation and leveling surveys may be made with transits or geo

dimeters across faults and seismic belts to sense strain changes that are 

associated with earthquakes . The principal drawbacks to these types of 

measurements are the relatively lone; period of time requ,ired to obtain 

meaningful information and lack of precision , especially over long dis

tances. Laser interferometers, modulated light beams, and microwave 

phase measurements have been proposed for improving the sensitivity uf 

strain measurements over distances exceeding 1 km. Other instruments 

that may have application in siting are magnetometers, gravity meters, 

telluric current sensors, and earth- resistivity meters . 'l'hese instru

ments are not generally being used in site surveys; however, they are 

being considered as possible auxiliary instruments for earthquake-pre

diction observatories in the United States and have been used to some 

extent in Japan . 

Geophysical techniques developed for petroleum exploration may also 

be used i n evaluating reactor sites, both on land and at sea, if there 

are uncertainties as to the depth of 1mconsolidate<l t;Lll'face or subcea 
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Fig. 3.4. North-South Strain Trench at Stone Canyon, California, 
Geophysical Observatory. (Photograph supplied by Donald Tacher.) 
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material or where there is possible normal or reverse faulting. Refraction 

and reflection surveys can be made. at land sites, and marine reflection 

surveys can be made at oceanic sites. Refraction surveys provide travel

time curves from which depths of unconsolidated material can be determined 

by simple calculations. Reflection surveys can provide information on sub~ 

surface structures and deep faults. 

Transducers developed for use in seismology can be used to monitor 

strain, tilt, and shift of foundations, as well as other critical reactor 

motion components during and after earthquakes. A nuclear facility may 

be subjected to a large earthquake without apparent ·damage; however, slight 

displacements and tilting of the rea.ctor might induce weakness or strain 

that could later lead to failure. In addition, large aftershocks might 

cause additional damage to an already weakened structure. A~er a major 

earthquake, systems for recording seismic activity, tilt, and strain should 

be monitored closely to guard against conditions that might lead to failure. 

3. 7 Engineering Formulation of Excitation* 

3.7.1 Selection of Design Basis 

When a structure is to be built, specific data must be available on 

which to base the design. Th.ese data must be the best available and should 

be used in a rational fashion despite their possibly wide confidence limits. 

Judgments as to the construction of a reactor at a designated site must be 

made with knowledge of the uncertainties involved in the basis for the de

sign, and it should be recognized by the design engineer that seismologists 

are not entirely unanimous in their estimates of the uncertainties, as ex

emplified by views of Richter 2 7 and Heck. 3 8 Richter says that it is un

wise to suppose that the highest intensity known to have affected a given 

locality will never be exceeded there in the futurP., while Heck has stated 

that "In any region with sufficiently long record and reasonably frequent 

shocks it may be safe to assume that the greatest known earthquake will 

*The detailed information on which this Section is based is presented 
in Refs. l and 2, which were prepared in conjunction with this overall 
study. 
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not be exceeded. It would be reasonably safe to assume that California 

will not have an earthquake greater than that in 1906. " 3 6 

In the face of the geological and seismological uncertainties recog

nized. by both the engineering and the earth science professions the de

signer must consider the added costs of setting higher criteria for de-

sign and the adverse consequences 'of underdesign. 39
-

42 A rational way 

of assessing the acceptable hazards to the public that might result from 

a reactor accident initiated by an earthquake involves comparisons with 

other reactor accident hazards, with other hazards resulting from man's 

actions, and with hazards that stem solely from nature. It appears that 

measurements and assessments of these hazards would result from some sort 

of product of the probability of each event under consideration and its 

effect if it were to occur. It also appears reas·onable that the hazard 

resulting from the worst earthq1iake and the resulting reactor accident 

might' now be calculable, as w~ll .as the hazard from lesser events. From 

this probabilistic conclusio~s might evolve that would show on a rational 

basis that while earth.quake-initiated accidents, including the extreme 

accident, are entirely possible, their occurrence would be of such low 

probability that large reactors could be built even in the ~enter of popu

lated zones. Such assessments are yet to be m~de. 

3.7.2 Modification of Motion in Various Media 

Some specialists 43 ·are convinced that ea·ch site has· a fairly char

acteristic response to earthquakes and that. .many site::; have peak responses 

near a 1/3-sec period; while other specialists maintain that the evidence 

from underground nuclear tests shows that a site may respond differently 

depending on the magnitude and distance from the focus. No agr~ed-upon 

method is available for predicting the overall effects of earthquakes of 

different magnitudes on the frequency spectra. Some specialists believe 

that all spectra will show diminished responses below a 1/3-sec period. 

Another specialist suggests that if, with untutored eye, one compared the 

response spectra of El Centro, Taft, and Olympia., which have. widely dif

ferent site characteristics, it would be difficult to.relate differences 

in the response spectra with' site characteristics. More research needs 

to be done. 
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It is thought that only two records giving dominant. site periods 

have been made: one at Mexico City in the bed of an old lake on volcanic 

clay and one at Olympia on filled ground. Neuinann 43 reported a 22-fold 

amplification when earthquake vibrations passed through granite basements 

and forced the most responsive types of surface formations into vibrations. 

Ratios of 3b-fold between water-soaked alluvium and adjoining outcrops have 

been reported, and it is known that intensity can vary through 4 or 5 

Modified Merco.lli grades at the same epicentral distance, depending on the 

variety of soil and rock types. 43 The vast majority of instrument mea

surements showing high amplification in alluvial materials have been made 

for extremely small earthquakes, 44 and extrapolation to. significant inten

sities almost certainly is· not warranted. Such measurements, as with those 

of damping coefficients at low excitation, should give worthwhile maxima 

and minima, respectively. Some think spectra in rock vary greatly and that 

those measured in soil are more consistent. Newman 43 states that the 

California State Earthquake Investigation Commission's report on relative 

damages due to structures on various types of soil noted that if one took 

damage on serpentine and sundry solid rocks as a reference value of 1, 

damage on other soils would range as follows: 

Relative Damage 

Serpentine and sundry 1 
solid rocks 

fi:;i.ndstone 1 to 2.4 
Sand 2.4 
Mission Valley sand 4.4' 
Made land 4.4 to 11. 6 
Marshland 12 

Measurements .of cxci tat ion a't .an electric power station 45 m under

ground indicated that the intens.i ty on cracked or weathered rock can be 

twice as large as that on bedrock. 45 There is some belief that the fre

quency of peak responoe of alluvial beds grows longer when they are sub

jected to successive strong earthquakes. Gutenberg concluded from mea

surements of very weak ground motions that the intensity of shaking on 

granite would be perhaps 1/8 to l/'-1 that on alluvi.um. 17 Still other 

specialists feel that. where a 0,eep overburden is present, its capacity 
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for either impedence or amplification could make the response character

istics of a part1cular site dominate over variations in the shapes of re

sponse spectra in the base rock from various earthquakes. There is some 

belief that the same site may amplify incoming ground motion from one 

earthquake and diminish that from another. 

3.7.3 Spectra of Vibratory Motion 

The Fourier Spectrum. Ground motion recorded during an earthquake 

can be described by a Fourier spectrum, 27
•1+

6
.,1+

7 whic.h resolves the ground 

acceleration time record into an infinite series of simple harmonic func

tions in the frequency domain. Such spectra are not currently used in re

actor structural design, but they do present a precise description of any. 

time-varying function in terms of its frequency content. Shock and other 

vibratory motions are commonly resolved into the Fourier spectrum for the 

purpose of identifying important characteristic frequencies and phase re-. 

lationships. This use could also be applied to the comparison of exist

ing and future strong-motion seismograph records. Accelerometer records 

made during shaking tests could also be transformed into their Fourier 

spectra for diagnosis. A nonseismic.record with its Fourier spectra is 

illustrated in Fig. 3.5 

'T'hi;- Response Spectrum. The: ::i.~sl'uu::;t! ::;pet!tl"um tecfinique', invented 

by Benioffi+ 8 and Biot t+ 9 and extensi veiy developed by others, t+ 6 
• 

5 0 has 

been found to be one of the most helpful and widely us~d devices in earth

quake and structural shock design. The response spectrum has been con-

· sidered51 to be the most useful known strong-motion statistic. It can 
., 

be developed analytically for very simple structural motion, but it is 

in current practice carefully.determinedt+ 6 from accelerog~aph records by 

using analog or digital computers. It characterizes a particular accel

erograph record made at one site, in one direction, in a single earthquake. 

Response spectra from several records have been averaged in various ways, 

and empirical forriiulas 52 have been develope~ but little used in U.S. prac

tice. 

A response spectrum is a resolution of the recorded earth motion into 

a variable that expresses the maximum amplitude of response of a simple 

damped oscillator (a single mass on a spring). The physical situation 

-. 
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on which this conversion to response spectrum is based is illustrated in 

Fig. 3.6. Since Acceleration, velocity, 'and displacement are always in

terrelated the response spectrum is usually calculated for only one of 

these variables .. Thus the spectrl:!-1 dis.placement, S d' is the maximum 
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Fig .. 3.6. ·velocity Spectrum for North-South Component of El Centro, 
California, Earthquake of May 18, 1940. (Adapted from Ref. 2) 

. 



53 

absolute value of Y(t): 

Y(t) =-;TI 1; z(T) exp [-(t - T)wr;J sin [~TI (t - T)JdT, 

where 

Y(t) = displacement of mass relative to ground, 

T = damped natural period of vibration 

= 2TI I w . vi - r; 2 
' 

t, T = time., 

;J = acceleration of hase of oscillator, 

w = undampe·d natural circular frequency of vibration, 

r; = fraction of critical damping. 

The spectral velocity, ·Sv' and acceleration, Sa, are related to Sd by 

S = 2TI S 
v T d 

The structural significance of a response spectrum is illustrated by 

a reed gage. A movable horizontal base to which is attached a series of 

simply cantilevered inverted pendulums of increasing natural periods, as 

shown schematically at the top of Fig. 3.6, is assumed. Damping is illus

trated schematically by dashpots, all of which are set at a specified 

percentage of critical damping, ranging from 0 to 100%. If the base is 

subjected to a specific earthquake's ground motion in one dir.ectiou, each 

inverted pendulum of the reed gage will at some instant during the earth

quake be at its maximum response value in terms of one of the three vari

ables: . relative acceleration, velocity, and displacement. 

Figure 3.6 shows the spectral velocity, S , for one component of the 
v 

El Centro earthquake. As the period approaches zero the velocity response 

should also approach zero, and the acceleration response then becomes the 

acceleration of the ground. It is also evident that damping has a great 

effect on the response of these.simple "structures." 
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The spectral velocity and.the Fourier amplitude spectrum of the Ta~ 

earthquake are shown for comparison in Fig. 3.7. 

The response spectrum allows a separation ·_in structural calculations 

of those parts dependent on the particular earthquake from those depen

dent on the particular structure. A response spectrum derived indepen

dently of details of any particular structure can be coupled with a model 

analysis of the structure to provide approximate values of its deflection 

and loading. Because of its relative ease of application and its useful

ness in certain limited extensions to inelastic behavior, and because it 

gives sufficient information for many (but not all) .earthquake engineer

ing problems, the response spectrum is widely used in practice. Altho11gh 

it is essentially a single-mode approach it has been used o~er for ap-
. 53 proximate solutions of multimodal systems. 

Despite their usefulness, response spectra are not applied without 

difficulties. Some think that accelerograms as now recorded cannot be 
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Fig. 3,7, Comparison of Fourier and Velocity Response Spectra for 
Earthquake Ground Motion. (From Ref. 2) 
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used for accurate determinations of ground displacement and that current 

accelerometers may attenuate the high-frequency content and distort low 

frequencies in spectra. 511 Velocity spectra vary significantly, depending 

on how they are calculated from the record, and since energy varies as 

the square of the velocity the variatiop can be important. One objection 

to the whole response spectrum approach is that it is not possible to 

relate the response maximum velocity distribution to the underlying earth

quake p·robabili ty distributions. Others contend 51 that some artificial 

(as well as the real) accelerograms possess all the known ·p:roperties of 

strong-motion earthquakes that are pertinent to structural analysis and 
.· 

that these are the most promising starting points for development. 

In the past, response spectra prepared by different workers from the 

same accelerometer record have differed in computed value by as much as 

a factor of 2. Not all analyses of short periods have been made with care 

sufficient for all reactor applications. As previously mentioned, before 

the advent of reactor power plants, attention of earthquake structural 

engipeers was focused mainly on long-period high-rise buildings, and for 

that application inaccuracies in the response spectrum curves at short 

periods seldom present major practical difficulties. However, since it 

has beeri shown that important amplification can still occur in reactor 

plant structures at periods well below 0.2 sec, care must be taken down 

to periods as low as 0.05 sec, where many conventional structures are 

considered to respond essentially directly with their support. Even at 

these short periods :the appendages in nucl~ar plants are import.ant, but 

it is not clear what are the shortest periods of importance for instru

ments and controls. 

Response spectra of one or more recorded earthquakes, together with 

damping curves, are often combined to form smoothed curves that are ·some

times used in practice._ Figure 3.8 illustrates an "average" velocity 

spectrum. Although the computation of a response spectrum is a ·detailed 

procedure, the averaging methods are not always clear. Past practice for 

shock (response) spectra at the Na.val Research Laboratory was to·"enve

lope" a number of sp~ctra. One approach in earthquake engineering has 

been to compute "spectral intensities" of several records by integrating 

the velo.ci ty response spectrum curves over periods of from 0 .1 to 2. 5 sec. 
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Fig. 3.8. Average Velocity Spectrum Curves for Intensity of Ground 
Motion Recorded at El· Centro, California, 1940. (From Ref. 2) 

These curves can be used t.n fnrm the ba:iilil of an average a.ccelen;:tiou 

spectrum, as shown in Fig. 3.9. Gluckmann says that in some cases st:ruc-
•I. 

tures are so sensitive.to the shape of the earthquake ground acceleratioh 

spectra that average earthquake spectra do not give a correct picture of 

the behavior or' the structure. 5 5 

Since ·the spectral values S~ and Sa are not (as S d) derived b.Y find

ing the maximum value.s of velocity and acceleration, they are frequently 

referred to as pseudo velocity and pseudo acceleration. However, the 

simple relationship among the three parameters allows the practical plot

ting of tripartite response spectrum curves with various percentages of 

critical damping, examples of which are shown in Figs. 3.10, ·3.11, and 

3.12. The basis of the approach given here is that o~en used in calcula

tions of transient response to arbitrary forces. These tripartite plots 

simultaneously give the spectral displacement, velocity, and acceleration. 

It may be noted that if one of the three is defined at a specified 
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frequency and damping level, the other two are automatically defined. As 

the response period becomes shorter, the spectral acceleration approaches 

the maximum ground acceleration for thR.t period, a characteristic which 

can be proved in general. Note· on Fig. 3.12 that both the maximum values 

of the ground mot:i:on and the· re.sponse spectrum are shown. The latter, 

of course, represents the response of a highly idealized structure to 

the ground motion. It may be seen that the maximum ground acceleration 

is the primary influence on the response of structures having frequencies 

near 2 cps or higher, that velocity is of primary influence between about 

0.3 and 2 cps, and that at frequencies less than about 0.3 cps the maximum 
. 56 

ground displacement has a major influence on the response of structures. 
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Fig. 3.11. Design Spectra. (From Ref'. 2) 

3.7.4 Computer Calculations Based on Input of Seismograph Record 

Instead of a response spectrum, some specialists use one or more 

digitized earthqna.kP. accelerograph records selected as "operating-basis" •. 

or "design-basis" earthquakes for selected sites and put these records 

directly into large computers. In practice time-history calculations 

h1:1.ve the same objective as those based on the response spectrum: to give 

maximum response values at all important frequencies for a specified earth

quake acting on a given structure. 
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It has been the practice t~ use some 40 lumped masses for the time

history calculation of the response of a reactor and up to 100 masses for 

certain pipe systems. This procedure must be modified to provide an as

sessment of many effects associated with durations: fatigue, reversals, 

yielding, damping changes, ·permanent displace~ent, and the possible re

sulting failure. In fact some codes require treatment of earthquake 

cyclic loadings. 57
, 58 

The 1940 El Centro record dominates in response through all periods 

over most other records, except in the higher frequencies, where a some

what unsatisfactory 1957 San Francisco earthquake record exceeds it, and 

the recent Parkfield-Chalome record, which was of such an unusually short 

duration that it may alone be of little direct use as a time-history. 

There is, however, some dissatisfaction with the El Centro record as a 

general design basis. In some cases the response s·pectrum is modified to 

take into account characteristics of specific sites. 

Some specialists who have developed computer programs for using in

puts of accelerograph records say that it may be practical to employ a 

band-limited white noise source that, with a linear filter, could be used 

to model all the site characteristics to the extent that they can be es

tablished in any case. As will be mentioned in the discussion of soil

structure interaction, there are other $pecialists who are attempting to 

describe ground input excitation for any site by starting with an_ assumed 

time-history in the base rock and computing by finite-element methods the 

resulting motion at the surface. The geological deposits between the 

base rock and the structure must be assigned characteristics that may not 

have been measured with confidence. 

When using time-history input, it has been noted that damage compari

sons for various durations of shaking at the same level may be more clearly 

related to ratios of duration than to differences in durations. For ex

ample, differences in damage between 0.2 and 1.2 min of shaking would be 

greater than between 3 and 4 min at the same intensity. 
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3.8 Excitation of Reactor Structures* 

Failures of conventional structures have ordinarily been assumed to 

occur either as (1) structural collapse, (2) distortion beyond functional 

limits, or (3) failure to protect occupants. 59 Safety of building occu

pants corresponds in reactors to the safety Of all Off-site persons that 

might be endangered, and property damage beyond the boundaries of the 

reactor installation also extends beyond the earthquake considerations 

for conventional buildings. It is important to note that protection of 

the economic value of the reactor plant is o~en a consequence of safety 

analyses but never a primary factor. It is easy to state a main objective 

relating reactors and earthquake safety: All safety-related structures, 

equipment, and instruments must perform as required during and following 

any earthquake. 

3.8.1 Soil-Structure Interaction 

All structural support ground material is called "soil." Soil is 

never· completely rigid, and when both the soil and a structure are ex

cited, they move in fashions that neither would have alone. The motion 

implied by the response spectrum would not actually. occur, and the modi

fication of motion from that which would be calculated without consider~ 

ation of interaction could be significant for both the structure and the 

soils. 

Support materials act, in effect, as additional elements in the 

vibrating system and are thought to affect significantly the reactor 

plant structures' periods and mode shapes and to introduce new modes of 

motion in rotation. In fact some specialists think that the characteris

tics of the supporting soil would dominate the response interaction. For 

example, for the first Malibu design the natural period of the reinforced

concrete secondary containment vessel was calculated to be 0.45 sec when 

soil translation and rocking were considered. The period of the same 

structure on a fixed base was determined to be only 0.22 sec, which would 

lead to substantially different earthquake forces and thus to different 

*See Refs. 1 and 2 ~or details on this subject. 
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resulting structural stresses. Comparable calculatiQns for the Surry Nu

clear Power Plant gave values of 0.5 and 0.2 se·c, respectively. 

Earthquake motion that is transmitted through the earth into a reac

tor plant structure is, in part, returned to the earth supporting the 

structure. The cyclic loading of the soil by the foundation of the build

ing would, in some cases, alter the properties of the soil. The number 

of load reversals during an earthquake that could take soil beyond its 

yield strength is of much importance to its stability and load-supporting 

capacity. For Niigata this value was near 10 and for Anchorage near 4u, 
and the number might possibly reach 60 or even 100 in a great earthquake. 60 

In past theoretical studies of soil-structure interactions, real con

ditions had to be greatly simplified to permit analysis. It has been con

sidered impossible in practice to define accurately the mass of soil in~ 

teracting. 61 To take the interaction into account in building design, 

Newmark has proposed modification of response spectra by an "amplification 

factor," which is determined by the foundation material. 5 6 Any mode of 

vibration of a structure involving interaction with the soil may be as

signed a damping significantly above that allowed for modes involving the 

structure alone. It is debated by specialists whether or not the damping 

values currently used in reactor structural design reflect appreciable 

soil-structure interaction, and assigned magnitudes of translation and 

rotational stiffne!:;ses of the ground and their relationship to those of 

the structure are not yet agreed upon. 

Earthquake engineering practice is almost always aimed at siting on 

the most sound support material available, although this approach is not 

universally accepted. 62 • 63 In general, structures built on preconsolidated 

clays have stood up well in earthquakes, and at a large portion of the 

sites that are also economically practical, medium-stiff clays capable of 

supporting reactor plants can be found within 100 ft of the surface. 

Proper modification of support material is an attractive procedure, at 

least for conventional structures, for the record is overwhelming that 

the more rigid and solid the foundation the better the structure's sur

vival of earthquake shaking. 

There are investigators who feel they may now have sufficient infor

mation and techniques to be able to approximate, through the finite-element 
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computer programs, the ground surface response by starting with a geologic 

base rock's digitized time-history strong-motion record and computing re

sponse to the surface. This approach is now being evolved, and, if its 

logical extension to include soil-structure interaction is developed and 

accepted, there are at least three implications: (1) many additional 

strong-motion records at significantly high intensities are needed, espe

cially those (that do not now exist) which have been simultaneously re

corded on geologic base rocks, the earth surface, and on reactor struc

tures, (2) there does not appear to be any way a response spectrum, rather 

than time-history calculations, can.be used directly in the approach, and 

(3) further extension and incorporation of such calculations to include 

those for reactor plants and their internals and appendages would seem 

the next step. Some specialists believe that finite-element time-history 

calculations now available allow very satisfactory determina.tions of soil

structure interactions. It is certa.in that confirming measurements in 

real cases on prototypes are greatly needed. 

3.8.2 Piling 

Piling can reduce displacement caused by ground excitation both in 

the vertical direction and in rocking. However, much care must be taken 

to avoid pounding of piles against the structures they support. Such 

hammering could lead to the failure of either or both. It is believed 

that piles can resist little of an earthquake's horizontal motion and 

thus must be flexible to maintain their integrity. At Niigata the fail

ure of some structures on 40-ft piles was related to liquefaction. 

A large number of' laboratory tests have shown that for model piles 

in dry sand (1) the ultimate bearing capacity of a group of piles may be 

larger.or smaller than that of one pile times the number of piles in the 

group, (2) the settling of a group of piles can be many times greater 

than the settling of an isolated pile, and (?) the extrapolation from 

models to prototypes is difficult. 64 Even where piles penetrate to and 

are suppor·ted upon sound rock their elastic deformations significantly 

affect the response periods of the structures they support. 65
•

66 In 

those cases where piling might be driven through sand to rest on support 

ro'cks, complete load transfer to the pile tip might take place only in 



liquefaction, when vertical settling of an inch or two might then result 

solely from compression of the pile. In addition to the main plant struc

ture, other safety-related portions should be examined for possible earth

quake-precipitated accidents, especially for the radically different sup

port arrangement proposed for some reactors that are to be on sites of 

poor soil. 

Reliable data in the whole field of soil-structure interaction are so 

scarce that it does not yet appear possible to assign. specific engineer

ing values of demonstrable validity for reactor plants, although more 

rational approaches are being developed on some pile support problems. 67 

Very little is known as to how short, stiff piles modify the soil-struc

ture interaction. Apparently no one has put dynamic instrumentation on 

pile clusters, and in fact few measurements have been made with static 

instrumentation; this must be done. Both differential and mass settling 

of entire mats must be measured, in addition to settling of loaded single ,,, 

piles or loaded plates. 

3.8.3 Excitation Energy and Its Dissipation Through 
Elastic Damping 

The energy losses in an excited system, which are collectively called 

damping, must go into generating heat. In a solid mechanical system the 

important mechanisms of damping are either internal friction or dry fric

tion. Internal friction is generated by the relative displacement of ele

ments such as the crystals in the solid. ·These are related to inelastic 

behavior. Measurements can be made for a "hysteresis" loop of a force

displacement curve. Dry friction can occur when elements are forced to 

rub over each other, as in bolted or riveted connections. In responding 

elastically, a structure will dissipate by internal friction only a small 

amount of the input energy, only 0.1 to 0.3% of critical damping in the 

"truly elastic" regime, and the remainder goes into dry friction, strain 

energy, or kinetic energy. Dry friction damping can be large in riveted 

a.nd bolted joints but will be relatj_vely small in welded steel structures, 

as well as in all other homogeneous solids, including prestressed con

crete and even conventional reinforced concrete before it is cracked. 56 
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Energy absorption on the faying surfaces, as in cracked concrete, on the 

other hand, can be large. 

Equivalent viscous damping is almost always the basis of practical 

evaluation, although it can be a relatively poor approximation in many 

cases. Damping in structures cannot be verified conveniently because it 

may be in the form of friction internal to the material, plastic deforma

tion," slippages between elements, or energy imparted to fluids surround

ing the structure or component. Proper values are hard to determine, 

especially since each vibration mode has its own damping factor. 59 Rela

tive rigidities at short periods of vibration can vary greatly from those 

indicated by the fundamental mode. 68 Fortunately, damping has little ef

fect on the response period, for even at damping up to 20% of critical 

the computed period is changed by less than 2%. 4 1 It is not known gen

erally how damping varies with amplitude, ::md it is not known how hyster

etic properties vary with excitation duration. Careful measurements on 

specially prepared samples have indicated that pure, unf:r,e.r.tured high

quali ty concrete damps at near 1% of critical. 6 9 In assigning damping 

levels for reinforced concrete, if it is assumed that the designs for 

earthquake-induced stresses are so low that cracking and breaking in the 

concrete are unimportant, strain and thus damping factors based on energy 

absorption in the concrete must also be quite small. 

Reducing the percentage of critical damping from 5 to 2% can, in some 

cases, double the response of a structure and thus have an important ef

fect on the design. A small percentage change in the damping coefficient 

in the range 0 to 5% of critical can cause large differences in response, 

whereas above the 10% level the same percentage change would have little 

effect on response. A decrease in an already low damping factor has an 

effect that can be approximately equivalent in design calculations to 

raising the intensity of the specified earthquake. Several years ago, 

due mainly to incorrect interpretation of measurements, the generally as

sumed damping factors were appreciably larger than at present - o~en by 

factors of 2 and in some cases by several fold. Table 3.2 gives examples 

of assigned damping factors for three PWR plants; average values for four 

BWR plants, Dresden II, Quad Cities, Monticello, and Browns Ferry, are 5% 
for concrete, 2% for steel, and 0.5% for vital piping. These values 
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Table 3.2. Damping Factors for Three PWR Reactors 

Percentage of Critical Damping 

Component 

Reactor vessel internals and con
trol rod drives 

Welded assemblies 
Bolted assemblies 

Reinforced-concrete reactor sup
port structure, including re
actor vessel 

Vital piping systems 

Carbon ·steel 
Stainless steel 

Containment structure and founda
tion 

Steel frame structures, including 
supporting structures and founda
tions 

Welded 
Bolted 

Concrete structures above ground 

Shear-wall type 
Rigid-frame type · 

Mechanical equipment, including 
pumps, fans, and similar items 

~rom Ref. 70. 
b From Ref. 71. 

San 
a 

Onofre 

1.0 
2.0 

4.o 

0.5 
0.5 

4.o 

2.5 
2.5 

7.0 
5.0 

Connecticut 
Yankeeb 

1.0 
2.0 

0.5 
1.0 

7.0 

1.0 
2.5 

5.0 

2.0 

Malibuc 

1.0 
2.0 

7.0 

0.5 
1.0 

d 8. 5 to 9. 5 

1.0 
2.5 

7.0 
5.0 

2.0 

cFrom Ref. 72. Lower. damping .factors will probably be used in the 
revised design. 

~entative; subsoil shear modulus of 60 ksi assumed. 

represent practice at the time of application, and the bases on which they 

were established necessarily are much less dependable than desired. Ordi

nary concrete has appreciable cracking throughout its volume, and some 

specialists believe damping should be between 2 and 10% of critical. For 
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prestressed concrete, since it is designed not to yield, the range is 

thought to be 0.5 to 2%. 

Although piping, even important piping, is designed to undergo yield

ing, it is only allowed in limited amounts in limited regions and, since 

it involves only a small volume of the total, the overall damping factor 

is still low. It is thought that for current large PWR containment ves

sels the mode that includes rocking should be designed for no more than 

5% critical damping, and at higher modes damping should not go above 2% 

critical. They feel that higher values could be realistic only if suffi

cient yielding took place to result in substantial cracking, and this in 

turn would mean deterioration in the containment vessel's function. Blume 

estimates from extrapolation of other work on concrete shear-wall struc

tures tqat damping in concrete reactor buildings is between 5 and 8%. 1 

Newmark states that homogeneous solid structures, such as welded steel or 

uncracked concrete, will absorb little energy. 56 For low stress levels 

before cracking he estimates damping of no more than 0.5% critical; at· 

hal·f yield for a well-reinforced or prestressed-concrete structure. he 

·estimates 3 ·to 5% critical damping. At near yield, damping may be 5% for 

steel and prestressed concrete that has not completely lost its prestress, 

and he thinks proper values should be 7 to 10% critical for ordinary con

crete and up to 10 to 15% for structures with play in their joints. In 

the inelastic range he estimates as much as 1% damping for homogeneous 

structures, whether steel or concrete, and 15 to 20% if there is cracking 

or play in the joints. 

·Since most specialists believe containment design must stay in the 

elastic range, they belieye the damping values should be the same for the 

design-basis as for the operating-basis earthquakes. Others maintain that 

the larger earthquake would have larger displacements and therefore cause 

larger plastic deformations in the foundation. Unfortunately, it is dif

ficult to separate the damping solely within the structure from that also 

involving soil structure interaction. It appears that where these two 

effects are directly involved (for example, in bases) that the dissipation 

of energy could be far higher than when only "elastic" damping occurred 

(for example, between structures and th~ir bases or between appendages 
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and structures). Data from measurements of damping for actual power reac

tor systems are not available. 

Although rarely if ever used in the reactor industry outside the 

application of snubbers_on certain vital piping, there are many methods 

of structural isolation and damping that have been developed in other ef

forts, such as in the design of hardened missile systems, that might be 

applied. Many reactor architect-engineers consider early improvement of 

the informatj_on on damping in equipment, instruments, and piping, as well 

as in gross structures, to be among the greatest needs in the power reac

tor industry. 

3.8.4 Inelastic Structural Response 

If the net energy input to a structure in excitation exceeds its 

elastic strain-energy capacity, response will hecome inelastic, and part 

of the excess energy will be dissipated through yielding (that is, in 

permanent distortion). Duration of shaking becomes much more important 

where repeated yielding can occur. So far, little work has been done on 

inelastic design of reactor structures, although it is general practice 

to design piping for limited y'ielding under operating conditions. Although 

a power reactor plant is usually stronger.than a conventional building up 

to its yield point, it is more brittle both because it tends to respond 

to shear rather than flexure and because the rear.tor plant has few energy

absorbing nonstructural elements. 1 Elastic design has an advantage, in 

addition to its relative simplicity, because the problems of fatigue are 

much reduced over those of inelastic design, and damage control features 

can be included more easily. Recent improved evaluations of measurements 

made during an earthquake which a conventional structure survived in ap

parently good order have indicated that if the responses had all been 

elastic, strains would have been far greater than the materials would have 

allowed. 73
-

75 It is not yet possible to explain the exact mechanism by 

. which many conventional structures have survived earthquakes that were, 

theoretically, far beyond those they were designed to survive elastically. 

Elastic response analyses show responses far greater than would be sur

mised from investigation of the buildings. The currently accepted ex

planation is that the structures absorbed energy through yielding. 
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However, no arguments have been found for or against explaining the sur

vival through use of base response concepts, as is currently done for 

equipment studied in U.S. Navy shock tests. 

Designs based on plastic or limit concepts generally should result 

in structures that are no more expensive than those from ACI-basis elastic 

working designs, and they may be significantly less exp~nsive. Plastic 

and limit designs are now widely used in conventional structures. The 

point is reached.in practice where, if the design earthquake is to be 

increased, at least for a conventional structure, say, by a factor of 2, 

it may be much cheaper to allow for an as.sured energy dissipation capacity 

through yielding than to increase the sizes of structural members to 

undergo the increased excitation elastically. As specified earthquake 

intensities are increased, these concepts must be applied to power reac

tors. If the structure could be designed with multiple load paths at 

critical points, it should be less prone to fail than one with fewer load 

paths. 76 It has been found that spectra from elastic responses can be 

used in some cases to obtain estimates of the deflections in yielding. 77
•

78 

The validity of such calculations may depend significantly on the response 

periods. 

Where a member is subject to reversal of loading, as in earthquakes, 

reinforcement must be placed to carry all loading that the concrete can

not carry, and this may not be easy to anticipate in reinforced-concrete 

structures under accident conditions. There is-also a requirement for 

confining the member. For example, spiral wrapping of coltunns is com

monly used to insure confinement and ductility in compression, although 

it can present some problems in fabrication and erection. The advantage 

in earthquakes can be large; inspections of a number of earthquake-damaged 

buildings have shown that spirally wrapped columns seldom fail. Ductile 

bands can o~en be used instead of spiral wrapping and are more convenient 

in fabrication and construction. At present ductile members apparently 

are considered by the majority of designers as only suppiementary to more 

conventional members, but one manufacturer says this is now st1mc'lard de

sign code practice and is being used. The latter opinion may stem from 

a different definition of "ductile," for all concrete design has as an 

• 
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objective the yielding of reinforcement bars before the yielding of the 

concrete. Although it may be difficult to design all members for duc

tility, it seemed a satisfactory and practical means for insuring against 

collapse of most elements, at least before the 1967 Caracas earthquake. 

Questions of the extent of damage of structures designed to be ductile 

are yet to be clarified. 

Ductile concrete may have little application in the main reactor 

plant structure, where many reactions are dominated by sheai, rather than 

flexure, and where shear walls are usually the practical structural ele

ments. It may thus be preferable in these designs to stay in the elastic 

range. It is worthwhile to use deflection criteria for both the lower 

and higher design excitations, since the requirement of no loss of func

tion usually involves, at least for structures, deflection criteria, as 

well as those for stress. It is not unusual for deflection to be the 

limiting factor; indeed it can be the dominant factor. 

Experimental results are scarce for many important earthquake con

ditions, including important cycli~al reversing loads into the postyie~d 

range·. 79
-

91 Worthwhile dynamic tests require much care to insure proper 

design and execution, as well as accurate recording and analysis of the 

data. It is difficult to deal simultaneously with all relevant time

dependent properties, and valid tests become more complicated if composite 

materials vary in characteristics with the rate of strain. In both research 

on conventional concrete structures and in the design of such structures 

that are to be carried beyond yield, emphasis must be placed on preserving 

ductility. Some of the most difficult problems in ductile concrete in

volve compression, especially in columns where concrete tends to flow. 

It is thought that yielding does not increase the total energy input 

to a structural system. 82 However,' when yielding causes a shift in re

spon~e frequency that increases the mae;nitude of response, more energy 

may be absorbed. In addition the duration of this excitation and the 

number of excursions of elements beyond their elastic limits must be con

sidered, as well as the number of reversals. Even major earthquakes· seem 

to exhibit relatively few response lurches sufficiently violent to carry 

well-designed structures into the inelastic range, 73 but there are few 

strong-motion measurements collected near the fault trace of even modest 

. .,. 
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earthquakes on which to base such a judgment. The number of such lurches 

is estimated to have been five or six in the El Centro earthquake, which 

lasted approximately 1/2 min. The number might vary, perhaps widely, de

pending on the structure and earthquake. 

3.9 Design of Specific Systems* 

In an earthquake, the chief difference between a reactor structure 

and an ordinary building is the reactor's critical equipment. It is es

sential that detailed evaluation of margins of safety be made on all safety

related systems whose functions might be impaired by earthquakes. 83 These 

margins of safety only apply, of course, if they are properly carried 

through construction. 

From a reactor safety viewpoint, the principal elements of the pla.nt 

(frequently designated Class I) whose continued function is of particular 

interest during and following an earthquake are (1) the reactor core, in

cluding the structural supports of fuel and control elements, (2) the 

primary coolant pressure boundary, including pressure vessels, piping, 

pumps, valves, and heat exchangers, (3) normal and emergency coolant supply 

systems, including coolant storage and ultimate sources of coolant at the 

site, (4) control ;;:v;;tem::; for mat.r.hing r;:it.1;> of energy raleaco in the rco.c

tor core with the prevailing capacity of heat removal systems under normal 

and emergency modes of operation, (5) secondary containment and other ef

fluent control measures, (6) radiation .shielding, (7) fuel storage fa

cilities, and (8) normal and emergency power supplies. The importance 

of these features is in preventing an accident that would release radio

active material to the environment or in confining radioactive materials 

within the facility in the evept any of the set of design-basis accidents 

occurred .. Achievement of both these goals during a design-basis earth

quake requires only the usual earthquake engineering practices for most 

parts of a plant. Some features, however, require special attention be

cause either they are unique to nuclear plants or in nonnuclear applications 

they are not usually of such importance to safety. Specific features are 

*See Refs. 1 and 2 for details on this subject. 

.. 
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discussed here in detail to illustrate the unusual ·and important technical 

areas into which earthquake engineering must extend for nuclear facilities. 

Since structural elements, items of equipment, and instruments vary 

so greatly in their functions, in the materials from which they a~e made, 

in the ways they respond to excitation, and in the ways their responses 

and their proper functions are related, any design bases and limitations 

established for a nuclear plant must at least take into consideration the 

important functional categories to which individual elements belong. In 

some cases the des~gn limits for parts of units may be different from those 

of the unit as a whole. 

At present it is reported that the BWR reactor, along with the other 

Class I items that are a part .of the nuclear steam supply equipment, is 

generally designed for a seismic load of 0.50 g horizontal and an equiva

lent static load at normal stresses of 0.07 g vertical. 8 ~• 85 Designs al

low loads of twice these values without causing deformation large enough 

to result in functional failures. Other Class I features of this type of 

nuclear power plant are designed on the bases prescribed for a specific 

site. Some components in a reactor plant do not have a high level of re

serve energy: 1 buckling of lower steel plates often controls BWR drywell 

design; pipe designs are often controlled by loads on supports and nozzles 

rather than pipe flexure; shock-suppressing pipe supports have virtually 

no reserve strength beyond their maximum linear load; and concrete-embedded 

anchor bolts for equipment support also have very little reserve energy 

in shear. 

3.9.J ReRcto:r. Core 

When subjected to earthquake vibrations, many reactor core elements 

act as beams on end supports. 86 Those in-core portions of any control 

system that would not necessarily fail to a safe condition under earth

quake loadings must be designed with special care, and it is an overriding 

objective to provide substantial seismic safety margins for the core ele

ments. One conside:r.Rtion in design is that the support conditions, and 

therefore the stress distributions, may be quite different in testing, 

shutdown, accident, and operating modes. 
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While the costs of initially developing an adequate procedure for 

dynamic analysis of reactor pressure vessel internals (i.e., the core and 

associated components) to demonstrate seismic survival are substantial, 

the costs of subsequent similar analyses should not be large. Dynamic 

tests have been performed on BWR's cores, and theories have been developed 

for conditions both with and without fluid. Load tests on PWR fuel ele

ments have been made to obtain their deflections and·moments of inertia. 

The current practice of most manufacturers is to have cores capable of 

undergoing excitation of at least 0. 3 g without change in power. Recent 
' experiments at the Westinghouse Atomic Power Division showed that the maxi-

mum stunmed deflection of control-rod-cluster guide tubes subjected simul

taneously to blowdown forces and to twice the "design earthquake"* was 

76% of that allowed in the design. 87 

3.9.2 Piping Systems 

As all real elastic systems, piping has an unlimited number of vibrat

ing modes and natural frequencies. Both primary coolant piping and piping 

installed solely for accident conditions play central roles in the earth

quake safety of reactors. The response characteristics of piping are 

radically different from those of most other elements in reactor plants. 

The mass of the piping system is quite small in comparison with the major 

portions of the reactor plant, so it responds in many cases as a special 

multiply attached type of appendage. Proper analyses of piping are quite 

complex, inasmuch as a three-dimensional lumped-mass model of piping can 

have from 30 to 150 degrees of freedom. Pipe supports are designed to 

accommodate other conditions in addition to earthquakes, and there is a 

tendency for incompatibilities between designs for temperature changes, 

where flexibility must be insured, and those f~r earthquakes, where firm 

support is needed. The best method of dealing both with desired rigidity 

for earthquakes and flexibility for thermal expansion is to establish 

initially common mass points for both the dynamic and thermal analyses. 

*The lesser of the two design earthquakes; see Glossary, App. A. 

.. 
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For those.cases where the response period of all the piping can be made 

·sufficiently short, some large computer static piping design programs, 

such as the program used at the Mare Island Navy Yard, 88 have already in

corporated capacities for calculations based on seismic coefficients. Re

sponse spectra or time-history calculations can be used, but the former, 

which require less computer time, are thought to be less accurate. It 

should be kept in mind that there is no way to apply the response-spectrum 

technique where supports are widely separated in the structure. 

Testing studies of power reactors that are no longer to be operated 

should be initiated, and studies of the piping should be included. The 

Japanese have run autocorrelation tests on power plant piping, 89 and their 

work should be reviewed for extension and application. They obtained much 

information on the distribution of vibration.modes and vibration sources 

but little information on the damping of the system. 

The Japanese practice in designing piping, equipment, and instrumen

tation is to use (1) a seismic coefficient of 3.6 times that used for rigid 

items in their code for conventional buildings, or (2) results from time

history calculations, or (3) values 1.2 times the seismic coefficient at 

the supporting points. 90 Vertical forces for Class A equipment are as

sumed to act simultaneously, and Class A items are designed to function 

during the "maximum-potential" earthquake, which is defined as 1.5 times 

the "design-basis" earthquake.* 

Several approaches have been used for designing equipment and piping 

in the United States. It was said at the IAEA meeting in 1967 that the 

primary concern has been to avoid the natural frequency of the supporting 

structure and to have both ductility and maximum rigidity while allowing 

for necessary thermal excursions and possible unequal settling. 90 Dangers 

from jet forces and whipping of broken pipes were said to have been taken 

into account. Vibration tests were said to have been used where estimates 

were difficult to make; The IAEA panel recommended the formulation of 

qualification procedures. 

*The Japanese terminology used here for design bases should be com
pared with· current. USAEC terminology (see App.. A) . 
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Piping systems generally can yield into the plastic region, where 

damping is large, and still maintain their integrity. Indeed it is es

tablished practice to allow carefully specified limited yielding from 

secondary stresses even. under ordinary operating conditions. Neverthe

less, current earthquake design practice is to assume elasticity and to 

assign piping a damping factor no larger than 0.5%. If the pipe supports 

are appreciably displaced in an earthquake by the response of the con

tainment system, a design that has been based solely on static simplifi

cation can result in an unsafe condition. Conditions are more difficult 

to analyze if the natural period of the piping system is near the spectral 

response peak of either the structure or site or if there is a ~ignificant 

contribution to its vibration from higher modes. Pipes connecting two 

structures on separate foundations will be subjected simultaneously to. 

the motion of both. There are, of course, obvious ways of improving earth

quake survival of vital piping, as by building integrated plant structure 

foundations, by using special piping .supports, by installing snubbers, by 

unusually careful design and construction at points where pipes penetrate 

barriers, such as the containment vessel, and by.providing displacement 

capacity where needed. 

Damping must be considered in setting_ limits in ~esign, and proper 

damping values may be difficult to verify" under conditions of design. 

Dynamic designs of elements must consider both masses and stiffnesses 

and thus be related to strength. The elastic design is not always nec

essarily conservative nor is the in~lastic design necessarily unconser

vative under one specified condition of excitation. Thus satisfactory 

failure criteria must be specific and detailed, for generalized criteria 

can be both impractical and unconservative. 

Wherever safety-related units are designed to allow yielding, it 

must be determined that any displacement will not compromise other nec

essary qualities, sucn as the capacity for safe shutdown. For example, 

the aim in earthquake design of steam generators 55 is to hold them suffi

ciently close to their operating position to avoid either rupture of 

the main piping or collapse of the supporting towers. There is an addi

tional large force on steam generators if a main steam line is ruptured. 

Uncertainties of steam discharge during and following intense earthquakes 
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make it difficult to establish design levels for all reactor containment 

systems, whether primary or secondary. Also the failure criteria are 

greatly different for different materials of construction. They depend 

for example, on whether the containment structures are of steel, rein

forced concrete, or prestressed concrete. 

One manufacturer's statement on the criteria for allowable stresses 

in vessels and piping was: "In the matter of earthquake excitation, it 

is generally fl.ssumed that the piping is responding at the peak of the 

response curve as this provides maximum safety margin in the determina

tion of pipe hanger loads. The actual hanger spacing on the piping to 

provide proper drainage results in very low stress levels in the piping 

(stiff systems) so that the response to excitation is less than half that 

assumed. " 9 1 It has been· reported that reactors have recently been de

signed in such a way that the forces associated with two times the op

erating basis earthquake would cause only slight yielding of the primary 

system vessels. 91 

3.9.3 Secondary Containment System 

From the viewpoint of earthquake design, the secondary and primary 

containment systems are among the least conventional of the major struc

tures in power reactors, in part because they must be designed to sur

vive with integrity either a high internal pressure or seismic excitation, 

as well as both conditions simultaneously. It is otherwise rare, except 

in certain tanks and pressure pipes whose failure would have little safety 

consequence, for reinforced concrete to be used where heavy tension con

stitutes the primary design load. It is thought that penetrations and 

seals would be less vulnerable to excitation than to distortion, as from 

fault slippage. For each case integrity might be demonstrated by non

destructive tests o.t the location. AJ.t.hnugh seismic and wind forces can

not be ignored, accident pressure forces usually are the largest, and 

they often dominate under present design levels. If limit or plastic de

signs are allowed instead of the presently required elasticity, the enor

mous simplification of superpositioning will be lost and the already 

highly involved design problem will be further complicated. Table 3.3 



Table 3.3. Examples of Principal.Seismic Design Criteria for Secondary Containment Structuresa 

Horizontal ground accelera
tion of maximum probable 
earthquake 

Stress basis 

Ratio of vertical to hori
zontal ground acceleration 

Provision fo:r safe shutdown 
in. earthquake and accident 

. conditions 

Maximum horizontal ground 
acceleration estimate by 
Coast and Geodetic Su::'.'vey 

Sa.! Onofre 

:::: 0.25 g 

Workin_5c 

2/3c 

No loss of function 
at 0. )0 gC 

0.4D gh 

Connecticut Yankee 

0.17 g 

Working 

2/3b 'f 

Stress less than or 
equal to yield .and 
no loss of function 
~t 0.17 gf 

0.17 gi 

aSee Appendix B for aetails on geologic and seismologic evaluation 
of five reactor sites, including two of the above. 

bCurrent status does not incl:.ide possible design provisions for fault 
displacement. 

cFinal Engineering Report and Sa:r.'ety Analysis, Section 11. 2, Ref. 70. 

~reliminary Hazards Summary Report, Amendment 3, Exhibit C, Fig. 1, 
··Ref. 72. 

ePreliminary Hazards Summary Report, Amendment 7, Exhibit F, P: 9, Ref. 
fp l" . re iminary Hazards Summary Report, Amendment 2, Section 2.5 (rev.), 

Ref. 71. 
gPrel:lmi:nary Hazards Summary Repc·rt, Amendment 8, p. 3, Ref. 72. 
h U.S. Coast and Geodetic Survey Feport, Oct. 4, 1963. 
i U.S. Coe.st and Geodetic Surve~r Feport, Jan. 9, 1964. 
j 
U.S. Coast and Geodetic Survey Feport, Nov. 24, 1964. 

Mali bub 

0.30 gd 

2/3 yielde 

2/3g 

Stress less than or 
equal to yielde at 
o.45 g 

72. 

'I ' I 
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gives typical examples of principal seismic design levels for existing 

and proposed PWR secondary containment structures. 

Vertical seismic loads could result either from the vertical compo

nent of the earthquake motion, from a rocking mode in response to the 

earthquake, 92 or from differential movement of the foundation either be

fore or during the earthquake. Spectra for the vertical component are 

relatively accentuated in the short-period range and reduced in the longer-
. d 93 pP-rio range. Problems involving responses to vertical components of 

earthquakes have received relatively little attention until recently, 

although they can be quite important in concrete containment design. The 

previous lack of emphasis resulted from the fact that the large safety 

factors used in the static design of conventional buildings almost always 

insured ample capacities to survive the design earthquake's motion in the 

vertical direction. 

Since almost all reactor plant structures have short natural periods, 

they would be disproportionately affected by earthquake forces of high 

excitation intensity compared with structures of longer period having the 

same lateral strength. 94 Maximum stresses induced by the design earth

quake on spherical steel containment vessels can be far smaller at many 

points than those caused either by wind loads or postaccident pressure. 

Containment shells of the type used for PWR's are highly rigid and have 

predominant responses that are influenced principally by foundation char

acteristics and by ·mass distributions. 95 Due principally to mass dif

ferences, seismic forces on concrete containment shells may be as. much 

as tenfold greater than for steel containment vessels of the same volume. 

The main vibration of one secondary steel containment structure was esti

mated to be by "lobaring" at 3 to 4 cps. 9 6 For a steel BWR dry'\.rell, ap

preciably different values of 8 cps flooded and 12 cps empty have been 

found. Steel shells are also subject to buckling and, possibly, to brittle 

fracturing, which are much more serious possibilities than "lobaring." 

Apparently a combination of shaking and tilting presents a much more im

portant problem thfill tilting alone. 

In BWR's, under present design levels, direct earthquake forces may 

give maximum stresses in steel pressure-suppression systems that are 
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around 1000 psi, which is quite small compared with those from the peak 

loss-of-coolant accident pressure. However, the design earthquake can 

dominate some of the shear loading on these structures. The BWR contain

ment system, whether of steel or concrete, is more rigid than the steel 

building around it and thus would respond with a smaller amplitude. In 

an intense earthquake the building.would tend to pull over the drywell, 

and, in this cas.e, seismic shear stresses, even in a steel BWR contain

ment vessel, would be large. The forces resulting from the building

drywell interaction under seismic excitation would have a far greater ef

fect on resulting stresses than would inertial forces on the drywell alone. 

Even the more conventional reactor structures (e.g., a steel BWR reactor 

. building) should be designed with care, for no simple statement even on 

the effect of bracing of such a relatively conventional structure can be 

made. 97 In some BWR buildings, the base, drywell, and the lower portion 

of the building are of concrete and the upper portion is of steel. Since 

the upper portion has all the characteristics of an appendage, it must 

be so designed. 98 

In the "light-bulb" drywell design, the steel drywel~ may be of hemi

spherical shape on its bottom, and concrete may be placed on its inside to 

provide a floor. It is not always clear how shear can be transmitted 

through this arrangement. The BWR 's drywell is usually .designed so tha.t 

it is isolated from the building, except at two points - where it is con

creted at the bottom and.where it is supported at the top. The drywell 

periods usually vary from 0.05 to 0.20 sec, and the period of the sup

pression chamber. is about 0. 20 sec. 

Some who most strongly advocate prestressed secondary containment 

structures claim that a careful examination of conventional secondary 

containment structures in either excitation or fault slippag~ is a strong 

incentive to accept prestress design. They believe the experience at 

Anchorage, where most prestressed structures that failed were made of 

pretensioned, precast elements, to be misleading and that the detailed 

care expected in reactor construction should insure a superior structure. 

The statement has been made that all major vibrational damage of pre

stressed structures at Anchorage could be attributed to construction 

procedures, but, as Wood indicated, 99 no damage would imply perfect 
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standards. It is apparent that a dynamic analysis of a prestressed sec

·ondary reactor containment structure has never been published, although 

such structures have been approved, perhaps on a static basis. It is 

thought by some advocates of prestressed concrete that while it would be 

quite superior below the yield point, it would be about equivalent to con

ventional concrete beyond the yield point. As with reinforced concrete, 

much less work than needed has been done on prestressed concrete under 

combined tension and shear. 100 

A concrete containment shell is so massive that earthquake-induced 

stresses may require design for high loading, especially where the con

tainment shell joins the base. Postaccident leakage of fission products 

from a PWR is prevented by a steel liner, but, in the unlikely event that 

.the liner failed under accident conditions, stresses from internal pres

sure could far exceed the tensile strength of the concrete alone. Heavy 

reinforcement is considered by some to be necessary to control cracking 

widths to keep them below 1/16 in., but other measures have been suggested. 

Some experts do not believe that estimates of leakage through concrete 

structures without liners are or can be reliable; they say that even bar

riers with no detectable cracks still leak prohibitively. Subjecting 

containment vessels to test pressures tends to form cracks, and such test

ing must be monitored carefully to insure that the structure is not thereby 

weakened significantly. If the design is so severe that cracking under 

excitation is minimized, damping is thereby necessarily low. More funda

mental study is needed in the control of cracking. 101 Neither the strength 

nor stiffness properties of reinforced concrete subjected simuitaneously to 

large axial tension, flexure, and shear forces are known precisely from 

experimental data. 

Concrete has high capacity to transmit shearing forces when under 

compression but has very poor ability to do so when under tension. There 

is disagreement among engineers on whether fundamental research aimed at 

increasing the tensile strength of concrete could yield practical results 

in the foreseeable future. Under earthquake excitation difficulties would 

develop in containment structures if there were any cross-section area of 

concrete that was subject to shearing forces while not simultaneously under 

compression. Even where the shearing forces on concrete under tension are 
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relatively small, design problems are not easy, for complex and possibly 

quite unsatisfactory earthquake effects might result. Diagonal reinforce

ment would help to avoid complete reliance on concrete for shear trans

mission; Gluckmann says that either diagonal reinforcing or prestressing 

is necessary.ss If yielding occurred the cracked concrete would have to 

have-sufficient integrity to remain bonded to the reinforcement even under 

the rapidly changing, reversing loads that earthquakes would place on the 

structure. Following the great 1964 earthquake, an investigation of failed 

conventional structures at Anchorage led to the suggestion that only shear 

walls that are completely determinant should be used. 99 

In an earthquake the steel containment vessel liner might interact 

with the concrete in a fashion not easy to predict-, and vertical accelera

tions could subject the containment structure to some unusual stress situa

tions that in some cases might greatly increase tension in the reinforce

ment. Careful testing would be worthwhile. The proper design of openings 

in reinforced-concrete containment shells is complex. In some cases steel 

framing may be required, especially for the large openings needed for per

sonnel, equipment, and fuel access. As in many other cases, good design 

must be based on many quite conservative assumptions, some of which must 

be compounded with others. 

3.9.4 Control Features 

Instruments in the reactor's control and s·afety systems, as ·well as 

those in many other portions of the plant,. are vital to the operation. and 

safe shutdown of the plant, including shutdown in the event of ·the maxi

mum design earthquake for the site (i.e., the design-basis earthquake). 

For these instruments it is the effect of vibration on function, rather 

than damage, that must be considered. 

One of the difficulties in reactor.control system design on which 

there is little documented experience is the identification of co~ponents 

of the system that might be caused to· malfunction under earthquake exci

tation. Many specific potential malfunctions arising from other causes 

have been identified, and these form the design bases for some of the re

actor protection systems and engineered safety features currently in use. 

However, none of these protective features have been designed for a reactor 
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control malfunction caused by vibration, which is a sufficiently likely 

event to warrant investigation in the course of plant design. Typically 

the kind of malfunction that must be considered is one that could lead to 

the adverse moveme'nt of reactor control rods as a group, since this has 

not been considered in establishing design bases. 

If, in the course of design, components are identified whose malfunc

tion would lead to abnormal conditions beyond the capacity of the usual 

protective features, several alternative courses of action may be con

sidered. One remedy that would generally be technically feasible and 

economically justifiable would be to design and test the critical compo

nent to assure proper :functioning while undergoing vibration. 

Instrument and control circuits have been built for ships, aircra~, 

and special military applications that could .not only survive strong ex

citation but would continue to function during earthquakes. The advent 

of solid-state circuits has allowed unusual improvements in capability . 

for design for many extreme conditions. Since many instruments and con

trols and their related circuits, connections, and mountings are usually 

a part of the reactor safety system, license applicants must give assur

ance that they will survive specified levels of earthquakes. Careful de

signing, detailing, and construction are necessary to assure seismic sur

vival of connecting wiring. The IEEE Criteria for Nuclear Power Plant 

Protection System102 require that the design basis shall document, as a 

minimum, "the malfunctions, accidents, or other unusual events (e.g., 

fire, explosion, mi~siles, lightening, flood, earthquake, wind, etc.) 

which could physically damage the protection system components o~ coul~ 

cause environmental changes leading to function degradation of system per

formance, and for which provisions must be incorporated to retain neces

sary protection system action; . . . " 

The excitation of each component of the plant's normal control sys

tem and the power supplies and controls for engineered safety features, 

including protection· systems, should be determined f'or the maximum design 

e~rthquake. The magnitude of the vibration problem is illustrated by a 

time-history elastic design based on 6 sec of the El Centro record nor

malized (i.e., reduced) to maximum recorded acceleration of 0.25 g. 
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Calculations for a large BWR have shown that the peak response accelera

tion on the top floor of the structure can reach 20 g (see Fig. 3.13), 

which is an 80-fold amplification in a narrow frequency band. 1 The same 

record gave a ground response acceleration of 1.6 g. The structure used 

in this calculation was of reinforced concrete, and if it had, instead, 

been steel the responses would have been significantly greater. In either 

case, it is unlikely that response spectrum techniques, with their nec

essary approximations, would predict these high values, 103 Such great 

amplifications are also known in simplified theoretical models. 103 Where 

the mass of an attachment is much smaller than the structure to which it 
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is connected ·and the two have natural frequencies that are quite close, 

the magnification factor can be very large. Any safety-related instrument 

might have additional amplification in its support, rack, etc., that must 

be taken into account once the input values are known, since it would act 

as an appendage in many cases. No records have been found to show that 

shaker-table testing of specified central-station reactor power plant in

strumentation, controls, or protection systems has been done to validate 

calculated respouses to design earthquakes. 

It appears from information presented in safety analysis reports that 

the designs of all safety-related equipment and instruments, as well as 

emergency power supplies, are based solely on the specii'ied ground motions. 

The accelerations that some safety-related instruments might experience in 

the specified earthquake therefore could be two orders of magnitude greater 

than the ground acceleration. 

3.9.5 Seismic Instrumentation for Reactor·Protection 

Seismic instruments are being employed for automatic shutdown (scram) 

systems in several experimental reactors and apparently for all fissile

mat·erial production reactors; 10
'+' 105 use of these instruments for power 

reactors is now being debated. The power and utility companies seem to 

prefer that reactors should be operable during and immediately a~er major 

earthquakes in order to provide electric pnwer during the period of re

covery. (It is of interest, though, that the loss of power in Anchorage, 

Alaska, at the time of the magnitude 8.5 earthquake of March 28, 1964, 

was considered to be providential in that many fires were probably avoided 

because of the lack 01' e.lectric current ln the severed wires .• 106
) 

In regard to the safety of operating reactors during large earthquakes, 

it has been pointed out that all critical components of reactor plants are 

designed to vjt,hst.ano the strongest earthquake-induced 'ground motions that 

might be expected at the site (i.e., the operating-basis earthquake). 107 

In addition, for those items which effect the shutdown or assure the con

tainment integrity of the system, further exa.minations are made to insure 

their performance during even stronger seismic forces, as in the design

basis earthquake. Shutdown and containment during severe accidents are 
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normal functions of the automatic protection systems. Thus it is usually 

concluded that this design procedure provides all the necessary automatic 

protection even for earthquake-induced failures, such as a loss of cool

ant. However, this design philosophy is somewhat compromised by the fact 

that protection systems and other engineered safety features are not (and 

some cannot be) dynamically tested at the specified excitation of the re

actor site. 

The standard triggering device used by the U.S. Coast and Geodetic 

Survey to start recording seismometers is utilized as a seismic switch in 

several reactors; commercial shock switches, most of which are patterned 

after the U.S. Coast and Geodetic Survey starter, are employed in other 

reactors. Figure 3.14 shows one of these devices. Basically these in

struments are damped vertical pendulums surrounded by adjustable rings 

with electrical contacts that are activated by tilting or horizontal 

movements. By varying the pendulum gap the switch can be set to initiate 

signals in response to a·specified ground motion (usually expressed on 

the Modified Mercalli scale, which indicates the nature and violence of 

the ground motion in a particular area) and/or acceleration. 104 Another 

design involves the use of a brass ball that completes a circuit over 

two terminal strips. When the ball is dislodged from .its normal resting 

place by lateral forces~ the circuit iA interr11ptPc'l. Alt.hnngh 8Jl the!i>e 

instruments are perhaps satisfactory for their intencle<'l pllrpose, it has 

been pointed out that they provide no further information on ground mo

tions a~er the first impulse, and they may respond to a maximum impulse 

of a small earthquake as readily as a similar impulse from a larger earth

quake. 104 

The objections to this type of input to a seismic scram system can 

be largely overcome by incorporating a triggering circuit in a strong

motion accelerograph or a seismograph to provide a visible record of 

ground motion, as well as a reliable scram signal based on more signifi

cant characteristics of motion. The Japanese Power Demonstration Reactor 

has an operating system of this type in which eight accelerometers are 

installed in cells on the head of the caisson wall. The pendulums of 

these accelerometers are electromagnetically damped to increase the 
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Fig. 3.14. Seismic Switch, Model SP- 210 , United Electro Dynamics, 
Inc. (Photograph supplied by Teledyne Company) 
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sensitivity of the instrument at frequencies greater than 10 cps. The 

accelerometers are connected to an electromagnetic oscillograph that op

erates automatically following excitation of the starter. 108
,

109 

Strong-motion accelerographs can also be incorporated into scram sys

tems, as follows. The output of an accelerometer is fed into an integrator, 

and the resultant de potential is used to actuate a relay, set at a pre

determined threshold, which then activates the scram system. The strong

motion recorder would continue to operate for a preset time a~er being 

started by the seismic switch. This approach could be used to eliminate 

the possibility of activating a scram as a result of a large initial ac

celeration of a small earthquake (i.e., if such accelerations were, in

deed, not damaging to reactor components) and would allow a record to be 

made of the earthquake for study and spectrum analysis. 

3.9 .6 Dams 

Nuclear plants in many localities will be dependent on dams. Dams 

are used routinely to provide condenser cooling water for power plants 

and may provide, as well, sources of emergency cooling water. 

Masonry Dams. All masonry dams can be divided according to the ways 

they are designed to maintain stability. Gravity dams are of approxi 

mately triangular cross section, and they R.~hi PVP st.ability agninot over

turning and sliding principally by their low r.P.nt.er of gravity , great 

mass, and consequent large foundation bearing force. Arch dams, on the 

other hand, must be keyed into the walls of a comparatively narrow valley, 

and these supports must be of unusual stability. Among the many varia

tions and combinations of these two concepts, buttress dams, which are 

composed of relatively thin water-retaining barriers supported by beam 

and strut arrangements, are perhaps most important because they are now 

usually less costly then gravity dams. 110 Designs have been projected 

for buttress dams up to 750 ft high, which is comparable to the 770-ft 
I 

height of the new soil-embankment Oroville dam in California. 111 

In a general discussion of dam failures at the Ninth International 

Conference on Large Dams, 112 it was stated that 

"A long uneventful period of service is no guarantee for the future 

safety of a dam. Distinctive types of dams can usually be traced back 



89 

to an original prototype. The basic conception embodied in this proto

type is then applied with increasing skill and refinement to new works 

until unexpected failures make it evident that the previously accepted 

theories and design procedures which have proved satisfactory when used 

for works of moderate scale ... are not suitable for those on a large 

scale. It is not possible from purely theoretical considerations to de

termine either the ultimate height for which any specific.type of dam 

can be developed, or the maximum economy that• can be achieved from mate

rials of construction. 

"The failure of a gravity dam as a result of overtopping will not 

necessarily occur where the height of the dam is greatest. On the con

trary, it occurs at that section which is most subject to excessive strain. 

These are liable to occur where there is a sudden step in the foundation 

level. 

"Sudden and total failures have occurred to both arch and gravity 

dams situated in narrow valleys. Progressive failure may overtake earth 

dams and thos·e standing on erodable foundations. 

"In spite of the heavy destruction to life and property which usually 

follows 'in the train of an earthquake, there is no evidence, apart from 

the occurrence of slips on the upstream face of embankment dams, that such 

seismic shocks have in the past caused the failure of a dam." 

Earthquake design of masonry dams ha.s up to the present generally 

employed113 some horizontal static equivalent seismic coefficient, to

gether with another horizontal force calculated to result from the inter

action of the dam and reservoir in the earthquake. 114
-llG More recently 

attempts have been made to employ the response spectrum technique in arch 

dam design. The results of response spectrum analyses compare favorably 

with numerical_ evaluations of arch dams. 117 

As is the case in many other structures, there may be important modes 

that are not well separated in frequency, and this makes realistic re

sponse spectrum calculations difficult. For example, model tests have 

indicated that the second symmetric and first a.ntisymmetric vibrations 

can occur at the same period. 118 Also, others have found that arch dams 



90 

give complex resonance patterns; for example, two normal vibrations were 

found to -hav.e equal periods and quite different modes. 11 9 

Arch dams are not designed to undergo significant tensile stresses, 

and they have little reinforcement steel. Dungar 120 says that in a strong 

earthquake "the resultant cracks would be disastrous in a water-retaining 

structure. It is concluded that the purpose of any e~rthquake design con

sideration in an arch dam should be to insure that the structure remains 

in the elastic region of stress under the earthquake loading," and "It. 

would appear that the displacement and stress responses of al;>out 1. 4 times 

hydrostatic may be expected if a strong-motion earthquake occurs within 

50 miles. of a dam. This is a tentative finding." 

Earthquake .criteria are. being considered in :most nations that lead 

in dam construction. In 1951 the ASCE established .a maximum value of 

horizontal intensity of 0.10 g,_ 121 and recently the Japanese have required 

dynamic. analyses and stress and strength studies of foundation materials 

comparable to those required for the dam body itself, increased studies 

of stresses in the dam concrete, and additional consideration of hydro

dynamic pressure. 122 The U.S. Bureau of Reclamation periodically reviews 

the seismicity, geology, and calculations of dams under its jurisdiction 

in the light of new data and techniques. 123 

There has been a recent l.i;i,rg~ increase i.n tnterest i.n eRi.rthquake de

sign of large dams .. 'I'he development of finite-element .calculation tech

niques has, for the first time, permitted the possible development of 

rational detailed analyses. 124 However, the techniques must be further 

developed, applied to specific systems, and checked under seismic condi

tions to insure the high levels of confidence they promise. 

Earth Dams. In general the higher the dam and the deeper the water, 

the greater are the hazards of foundation shear failure,. abutment slides, 

landslides into the reservoir, embankment settling, and overtopping. 125 

Over the last half century, maximum earth dam heights have increased from 

100.to 770 ft. During this period there has been little experience with 

earth dams in intense earthquakes. The Crystal Spring dam, a remarkable, 

early, first-class concrete structure, survived the 1906 San Francisco· earth

quake although located less than 300 yards from the rift zone. 27 It is true, 

however, that embankments of compacted rock and earth generally do not 



91 

lose their strength either when ta.ken beyond failure strain or when sub-. 

jected to a number of alternating pulses of strain. Hundreds of iarge 

dams and thousands of small ones have given satisfactory performance under 

ordinary conditions. 12 5 This experience suggests that the most reliable 

earth dam might be of the rockfill type, be located on massive sound rock, 

have good transition zones, and have a core not sus·ceptible to piping. The 

most unreliable might be a homogeneous soil dam, which, along with its 

foundation, would be constructed of materials with either low strength or 

low piping resistance. 

The failure rate of earth dams has, until the present, been low, de

spite the fact that they are quite frequently built "over faults, for rivers 

have a noticeable tendency to follow fault traces. 27 No major earth dam 

has been damaged by an earthquake in the past 25 years, but few have been 

subject to a major earthqua.ke. 126 Recent major dam disasters have been 

associated primarily with foundation failures, and these can empty a 

reservoir in a few minutes. Of the 400 dams built since 1945, 55% are 

of the embankment type, and the proportion of this type is increasing. 

However, earthquakes are recognized by some as a serious problem, 27 at 

least since the failure of the Sheffield Dam at Santa Barbara in 1925. 

In this case, a large portion of the entire dam moved; such movement is 

thought to be one of the most probable failure modes. 125 

There is a diversity of opinion as to what constjtutes an adequate 

basis for seismic design of· earth dams, ranging upward from designing 

only for static conditions. 12 7 The pseudo-static ground acceleration 

range commonly used in the U.S. is 0.05 to 0.15 g,i~a but no argument is 

available for these values; 129 in Japan it is now 0.12 to 0.25 g. Some 

specialists think large dams of soil are in serious danger when under 

horizontal acceleration of 0.1 g, and others believe that only with an 

evaluation of the composite Rb1.t.P. of stress both near the face and within 

a dam will. it be possible to estimate factors of safety against its slid

ing.130 If an embankment is constructed of dry or partially saturated 

cohesionless material, failure may result from the sliding of a mass of 

soil near the surface, with a resulting flattening of the overall slope. 131 

It has been recommended by Sherard that all dams in California be 

designed for the same strong ground shaking, for there is not yet enough 
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evidence on the prediction of intense earthquakes to allow differentiation 

between sites. 11 It is thought that dams can vary in margin of safety by 

factors of 100 or 1000, depending solely on their types and foundations, 

even when all are constructed with equal competence both in engineering 

judgment and in care for details in construction. 11 Sherard says the 

current practice of providing a safety factor of 1.1. under a seismic co

efficient of 0.1 to 0.15 g, using conventional laboratory tests for evalu

ation of formation strength, gives no assurance of safety in strong earth

quakes. 125 A majority of the important dam safety decisions (materials, 

zoning, core thickness, freeboard thickness, and details of the top) are 

d . . 11 12 5 . ma e empirica y. 

Dams have almost always been designed with seismic coefficients that 

are independent of either the dimensions of the dam or properties of the 

fill material. 132 Sliding, overturning, overtopping by seiches, effects 

of pore water, changes in the effective shear strengths of soil, rock, 

and masonry under dynamic loading, and liquefaction and piping through 

dam foundations must all be given attention, since the good record may 

have resulted from the absence of a good test. A consensus is reported 

on the fear that shear failure or large shear strains might occur in dam 

soil foundations in large earthquakes. 125 

Usually, CQI1§~;rvatism in desi(in is nnt.. vA.ri Pn f'rnm r1Rm to dam 'iX

cept for those that are to be located just above populated centers, al

though it is known that it is important to distinguish such embankments 

with respect to heights and materials . 133 One opinion on current design 

of ea:rth clams is that S·UCh structures are completely safe in earthquakes, 

and thus it is not necessary· to examine the likelihood of failure. 11 

Contrary to this attitude, the Division of Dams of the State of California 

recently strengthened its dam safety requirements. 

Possible modes of an earth dam in a strong earthquake are (1) de

creases in foundation strength, (2) increased leakage through the dam, 

especially at the top, (3) overtopping, (4) changes in the abutments 

either in their slope or by sliding, (5) landslides into the reservoir, 

(6) fault movements through the dam's foundation, (7) reduction in dam 

height above pbol level heights, and (8) reduction or loss of dam drain

age. The magnitude of slope displacement during an earthquake .should be 
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the criterion for assessing the degree of stability or instability of a 

slope. Computed values of surface displacements have been shown to be 

sensttive to minor changes (1 or 2 degress) in the soil strength parame

ters.131 There are many examples of failure of cohesionless materials, 

including those that have occurred in earthquakes. The most accurate 

assessment of the stability of a sloping core embankment is thought to be 

obtained by a sliding-block analysis that includes the critical direction 

of the boundary between the blocks, the contact force between the blocks, 

and a friction angle for the shell material. 134 Although limit equilib

rium methods are not required in the stability analysis of embankments, 

fUture computer applications should, through stress analysis, make prac

tical assessment of stresses and strains throughout an entire embank

ment. 135 Nonlinear materials response can be considered in incremental 

finite-element procedures with very little additional computer effort. 

There remains, of course, a severe shortage of properly verified input 

information. Since not only frequency and amplitude of excitation, but 

also its duration, have great effects on the stability of earth dams, un

doubtedly many advances will involve improved time-history calculations 

that take these concepts into account. 

Designs of earth dams to survive fault displacements are few in num

ber and are of re.cent origin. 11 A fault slippage passing through the dam 

and resulting in motion in an upstream direction would probably be the 

worst fault-slippage condition. Dams should have wide transition or fil

ter zones, well-designed wide tops and abutments, monolithic open-channel 

spillways, and carefUlly prepared abutments to survive fault slippages. 

Diverse conclusions have been drawn from the survival of the damaged 

earth-filled Hegben Lake, Montana, dam during the magnitude 7.1 earthquake 

of August 17, 1959, in which the maximum vertical displacement was about 

20 ft. It is one of the few well-documented examples of the behavior of 

a moderate size earth dam near the epicenter of a strong earthquake. 125 

Some specialists were encouraged that the dam stood while only 1000 ft 

from a major scarp, while others believe that its fortuitous survival al

lows the continuation of construction practices that would have been sub

stantially, perhaps radically, changed had the dam failed. Sherard said 

that although the dam actually required a minimum of" repairs, an extremely 
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fortunate array of circumstances prevented failure: (1) the fault slippage 

was in the valley wall rather. than in the channel under the dam, (2) the 

dam's rock support sank 9.7 :ft as a block, but the reservoir went down 10 

:rt, (3) none of the landslides around the reservoir developed on the right 

abutment, (4) the massive rockslide developed 7 miles downstream rather 

than into the reservoir, as at Vaiont, and (5) the spillway was not needed 

before it could be repaired. 125 

Inspection. All.·dams that might have a relationship to the safety of 

a reactor plant should b~ reinspected as soon as possible following even 

relatively small earthquake excitations. Desired measurements on earth 

embankments include movements, strains, stresses, pore water stresses, 

seepage losses, in-place properties of materials in the embankment and its 

foundation, and the monitoring of earthquake e~fects. 136 Simple rugged in

struments that will permit measurements over long periods of time are pre

ferred. 

The Federal Power Commission Order 135 requires a s·afety inspection 

of licensed hydroelectric projects every five years. 137 All important 

new dams should ·have strong-motion instruments, and 15 to 20 dams in the 

western United States now have two or more accelerometers. The Corps of 

Engineers now instruments all large dams and has under way a study of 

instrumentation of earth ·embankments and foundations. 13 6 
'

138 

3.10 Dynamic Testing for Earthquake Survival 

Many kinds of "tests," including those i.n actual earthquakes, will 

occur on all ope.rating reactor plants, even though not deliberately 

planned. Dynamic tests of complex devices to confirm that they can per-

. form the clearly established functions required by safety criteria, as 

is done in many cases in the space industry, should be performed wherever 

practical. The need for proo:ftesting specific types of nuclear plant 

equipment was discussed in Section 3.9. Mr. C. F. Luce, Chairman and Chief 

Executive of Consolidated Edison, puts the correct viewpoint very well: 

"There.is nothing as convincing as a practical demonstration that the 

nuclear plants are completely. safe." 139 
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A report on model testing of reactor structures .for seismic resistance 

was prepared by Wyle Laboratories under subcontract to ORNL. 140 This re

port indic.ates the variety of uses for experimental testing in designing 

ond developing earthquake-resistant buildings. These include full-scale 

shaker t~sts on smaller components, such as instrumentation and control 

devices; model tests on larger parts of the system, ·such as the contain

ment vessel; and model tests on the soil-foundation interaction. The 

latter tests would be com~licated by the nonlinearity of soil properties, 

but it is believed that the properties of both sand and clay soils can be 

scaled over a considerable range. It is proposed to obtain both the re

quired combination of ground loading and the required inertia under the 

foundation by lumping the mass at the top and bottom of the model. 

Some of the most important test principles and test objectives ap

plicable to power reactors have been known and practiced in other fields 

for many years. The Rolls-Royce Company stipulated a half century ago 

that in high-quality fabrication for dynamic loads only the best raw ma

terials in the most efficient form should be used and that each part should 

then be properly tested until broken, the cause of the breakage found and 

eliminated, and the process repeated for the assembled system. When used 

this procedure increased test survival times by some two orders of magni

tude. The application was to automobiles, but the principles should apply 

to the dynamic survival of almost any kind of' machinery. 

Dynamic tests for structures range from shaking of small models to 

shaJdne; nf r:omponents to shaking of full-scale structures either by dy

namic· machine~, me~hanical shocks, or explosives. 141
-

143 Two types of 

test machines are described by their names: the "trapeze" and the "cellar 

door." V<i.ri ations of intensities of horizontal and vertical excitation 

can be great in tests where explosives are used to excite full-scale struc

tures, and this is particularly the case for close-in nuclear detonations. 

Extrapolat.j_ons from tests made on small models can have only limited use 

in directly obtaining the necessary measurements. There are many appli

cations in which small models could be made to indicate qualitatively a 

wide range of gross response characteristics in complex systems, and only 

those well versed in specific fields of dynamic responses, as of pipes, 

shells, mats, soils, equipment, appendages, or instruments, would be able 



to say where they could be practical. Useful measurements probably could 

not be made on models smaller than one-eighth of full size in linear di

mensions. Some specialists set size ratios for dynamic modeling at one

fourth instead of one-eighth, and the dynamic modeling of a reactor could 

be unusually difficult. Since there are now highly sensitive accelerome

ters commercially available, and as-measured damping values under excita

tion at low displacement of full-scal"e reactor plants would be conserva

tive, a project should be started to develop such tests. They should 

prove to be more rewarding and much less expensive than model testing. 

Reaction-type vibration machines may consist of two unbalanced loads, 

rotating in opposite directions, that can be varied· in frequency. Those 

large and powerful enough could be placed directly on full-scale struc

tures ,.to induce vibration. 141 So far only conventional structures much 

lighter than power reactor power plants have been excited. Full-scale 

tests could establish the structure's natural frequencies of vibration at 

all significant modes, the modal shapes, and the damping in each of these 

modes. All vibrations that can be accurately measured on real structures 

at excitation amplitudes that are less than those of the design excitation 

will give values of percentages of critical damping that are less than 

those for the design excitation, and thus they are conservative. 

Before 1968 no dynainic tests had been Clone on full-scale reactor 

structures, although a small student demonstration reactor was excited by 

shakers to 0.01 g at UCLA. 144 There is pressing need in reactor design 

for information on structural damping, and this would come, along with 

other valuable data, from such full-scale tests. There do not seem to 

have ever been laboratory tests conducted at earthquake frequencies to 

yield stresses in massive structural elements of the types found in re

actors. There have been practically no measurements of the effects of 

simulated earthquake on any reactors and none on power reactors under

going earthquakes, except those on the JPDR where, so far, only very small 

excitations have occurred. 144 The small earthquakes were, however, large 

enough to allow checking of calculated responRe of the containment struc-

. ture at low intensities. Calculated periods gave comparatively good agree

ment. Such measurements, including those on vital piping, instruments, and 
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the containment structure, would simulate additional anaylsis. Dynamic 

test approaches could be borrowed and, with modification, applied from 

the dam, aircraft, space, weapons, and shipbuilding fields. 145 

3.11 Costs of Reactor Plants Designed 
for Earthquake Survival* 

The seismologic and geologic information available today_ does not 

inr.l11nP. thP. possil;>;i,lity that reactors currently under construction will 

experience earthquakes substantially in excess of those for which their 

safety features were designed and tested. Thus conservative design is 

certainly called for in the foreseeable future despite the substantial 

efforts this requires. 

Such considerations make it difficult to establish safety-cost rela

tionships that are generally acceptable, and undoubtedly any realistic 

cost-risk-benefit relationship j_s unusually complex. Nevertheless, im

provements in design for safety will undoubtedly be made whenever it is 

clear that the cost of improvement is reasonable. Conversely, a full 

appraisal of the cost of present earthquake design practice will make it 

possible to identify factors of conservatism that should be attacked 

through research to diminish costs. 

Those who make cost analyses, such as architecture-engineering firms, 

usually neither publish cost breakdowns nor reveal their costing proce

dures, in part bec::i.11se they are considered proprietary information and in 

parL lH:!L:l::l.USe each firm ha::i i tc mm es;timatj rm systP.m. The cost breakdown 

suggested by the AEC, as given in TID-7025 (rev.), is usually ignored. If 

commonly used the AEC breakdown would give advantages in intercomparison, 

reference, and much convenience in realistic evaluations. In general the 

earthquake design and construction cost estimates that are published do 

not allow conclusive judgments for power reactors. Indeed, this is a 

field almost devoid of reliable published inform11.t.i on. The cost state

ments presented here, largely from the litera~ure, have been read with 

skepticism by most of·the qualified reviewers, and it cannot be established 

*See Ref. 2 for ad.dH.i on al discussion of this subject. 



whether some of the preliminary cost estima.tes for reactor. survi vo.l of 

intense shaking and fault slippage made by architecture-engineering firms 

are optimistic. 

The literature on earthquake design and construction costs is quite 

limited, even for conyentional structures, despite the wide agreement that 

iri many cases a structure's capacity to survive very severe earthquakes 

can be provided in design with little increase in the structure's total 

cost. 146 Cost considerations are, of course, involved in almost every 

design and lie near the heart of building codes; yet there is little that 

is explicit. Housner says that although ultimately earthquake design 

reduces to a problem of cost versus benefit, the available information is 

.not adequate for solving cost-benefit problems even for ordinary struc

tures. 147 

Cost increases for augmented seismic survival capacities in struc

tures can be divided into those for design and those for construction. 

For both conventional structures and nuclear plants, as seismic loading 

is increased, the burden of work on the structural design engineer is 

greatly increased. It has been estimated that for the recent code changes 

in Los Angeles to permit high-rise reinforced concrete structures, if 

ductility requirements are met, the increase in the structural engineer

ing cost~ will b~ 50% over those 1mder the previous oode. 148 Other esti

mates range from 30 to 100% to prepare working drawings. 68 Still other 

specialists feel that experience will prove .this cost increase to be much 

lower, and the question is now a controversial one in the profession in 

the Los Angeles area. It seems agreed that the proportional.change in 

costs of materials and construction will be much less than the change in 

engineering costs . 

. It has been estimated that a conventional building 12 stories high 

would cost some 4 to 6% more when designed for 0.1 g than if earthquake 

loadings we~e ignored, 149 and it was estimated a number of years ago in 

Japan that conventional buildings less than 100 ft high could be built 

using earthquake factors in "any kind" of ground for an increased cost 

of 10 to 15%. 38 It is thought at the U.S. Naval Research Laboratory that 

in time great improvements can be effected in the survival of machinery 

and equipment under strong excitation without sharp rises in cost. 150 
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For a large fossil-fueled power plant, it is estimated that $1.25/kw(e) 

must be added to the capital cost for construction in zone 3 over_ that for 

zones 0, 1, or 2 (Ref. 151). In practice in "seismic" regions of the U.S. 

(for example, in California), fossil plants are o~en designed for 0.2 g 

rather than the 0.08 to 0.10 g required by the code for zone 3 because the 

added cost is not prohibitive in comparison with the advantages. 

On one large U.S. power reactor, when the design ground acceleration 

was raised to 0.11 g, a cost increase of $75,000 was found necessary for 

two items alone: the stack and reinforcement. One architecture-engineer~ 

ing firm of long experience is of the opinion that although any design for 

earthquakes costs, there is not much difference between costs for those 

designed for 0.1 and 0.2 g. They are of the opinion that spectrum analy

sis (i.e., response spectrum design) adds $0.1 million in engineering 

costs. The Japanese 350-Mw(e) JAPC is thought to have a cost of $2/kw(e) 

for all earthquake provisions. 

Present engineering costs, with overhead, are thought to be 5% of 

the capital. cost of the reactor power plant. Some fear that the doubling 

of this cost, which they see as coming with requirements for a substan

tially increased earthquake survival capacity, would make fossil-fueled 

plants more attractive than reactors in many cases. 

In California and under the Uniform Building Code it is thought that 

the percentage increase in engineering costs for designs to survtve a 

specified earthquake are less for a piping system than for a reactor build

ing. Of course, only piping that is unusually firmly supported can be 

properly designed under coefficient design. The first Malibu reactor de

sign provides a rough estimate of the added cost of steel for earthquake 

reinforcement of the containment structure, and it comes to no more than 

10%, which makes this increase in total plant cost less than 1%. 152 - 15 ~ 

Rough figures were received frnm nne design group on the increased 

cost of construction when one of the first $100 million light-water reac

tor plants was redesigned for location at a zone 3 site instead of a 

zone 2 site; that is, for seismic force increases by a factor of somewhat 

less than 2.5. The increment in cost was estimated to be near $0.3 mil

lion. Other workers consider the charges for even the best reactor 
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earthquake work at present design levels to be an almost negligible por

tion of the overall cost. So far, apparently, it has been ra~e that any 

standard i tern of equipment or any instrument in a central-statio.n power 

reactor has been redesigned because of an anticipated earthquake loading. 

If good light-water-cooled power reactor capital cost data were avail

able for a ·series of designs, with the only variable being the design earth

quake intensity, it is believed that they would show that there would be 

no important additional materials and construction costs up to 0.1 g and· 

relatively little up to 0.2 g. Beyond 0.3 g, materials and construction 

costs would increase at an increasing rate. When the design ground accel

eration reached 0.6 g, stresses from earthquakes would undoubtedly have a 

large and perhaps dominant part in the design of many of the structural 

components. 

Earthquake engineering, as applied to nuclear plants., is sufficiently 

new that alternatives to the current procedure for defining design earth

quakes for reactor sites should be considered. The historic record and 
I 

the lack of evidence of prehistoric earthquakes make this task difficult. 

In addition, the wide variations in adjacent population numbers for dif

ferent sites and the potential for large improvements in earthquake de

sign of reactors should be considered in the future. The questions that 

r1eed d~L<::1..i.lt::u ~Luuy are: 

1. Are the emits of design and ·construction for resistance to damage 

by various levels of earthquakes highly dependent on the design earthquake 

intensity? 

2. What are the benefits of designing to higher levels compared witp 

the estimated penalties at lower levels? 

It is clearly feasible to investigate the first question with respect 

to present methods of design and construction. The second question in

volves the probability of earthquake occurrence, since the benefits of 

changing the design basis are entirely dependent on occurrences that must 

be considered random, within rather wide limits, in time and location. 

Nevertheless, the question is subject to quantitative study based on the 

data used currently in setting design conditions. 

-· 
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4. FAULTS 

The potential location of power ~eactors in highly seismically active 

regions of the country has brought about consic'lerable interest in the 

siting and. design of structures to circumvent ·or withstand differential 

ground displacements. Much general information about the physical phenomena 

of faulting* has been documented through the study of historic breaks; 

however, in the past structures have not, in general, been designed to 

withstand this type of movement, and much less information is available 

on the influence of faulting on structural design. In the discussion be

low, a brief review of the ground-movement aspects of faulting is given, 

and this is followed by an evaluation ·of current designs for withstanding 

these movements. 

The possibility of permanent ground displacement or faulting has been 

the subject of controversy with respect to several reactor sites and is 

one of the greatest concerns with regard to earthquake effects on nuclear 

reactors. This is due largely to present inability to state precisely 

enough whether faulting will occur at a selected site, and if it is likely 

to occur, what will be the amount and nature of the expected displacements. 

Furthermore, even if the expected displacements could be adequately char

acterized and specified, the reactor designs thA.t have been proposed for 

withstanding substantial displacements have not yet been proved. 

Strictly speaking, faults are ruptures in soil or rock along which 

there hae been differ17nt.i R.l ~h~ar .movement of the opposing faces. Almost 

all rocks are fractured to some extent, especially those in regions that 

have undergone strong tectonic activity; however, most major faults and 

fault zones, whetl].er they are active or inactive, generally exhibit, among 

other characteristics, unique topographical expressions, extensive rock 

deformation, and anomalous patterns of ground-water circulation. These 

featurea of faults are of great importance in the location, design, and 

construction of most all structures. In addition the possibility of re

newed movement along preexisting breaks and the likelihood of new breaks 

*See Glossary (App. A) for types of faulting. 
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occurring within existing zones are of concern, especially for nuclear 

reactors. In the U.S., only a relatively small number of faults, practi

cally all of which are located in the western part of the contiguous states 

and Alaska, have experienced any .surface .:(llovement in recorded history. . . . . 

Those. faults which have exhibited histor~cal·breakage and those that show 

evidence of movement in the Quatern_ary period of geologic time (the last 

1 million years) are given some consideration in .reactor siting and de

sign .. 

The engin~ering problems currently posed by fault slippage result 

from the large displacements known to have occurred, the difficufty in 

determining specifically what to design for at a given site,' and the in

experience ~n designing large structures for faulting. The tasks of in

suring the surviv~l of reactors both under shaking alone and in combina

tion with fault slippage is difficult. Such strong controversy has fo

cused on faulting problems in .some reactor licensing hearings that they 

have dominated the other questio}:;t,s. As brought out in the Bodega licens

ing proceedings (see App. B ~ , the app_+icant confidently believed that 

economically practical power reactor plants. could be built to survive dif

ferential fault movement of from 2 to 5 ft. .·In. addition to· the Bodega 

design, t,here are several other designs discussed here that appear to be 

capable uf surviving substantial fault movements. 

4.1 Faults and Earthguakes: Cause or Effect? 

Faults are related to earthquakes, arid there is good evidence to sup

port the belief that faulting is the cause of many earthquakes .. This 

mechanism for the generation of earthquakes, which is called the elastic

rebound theory, 1 suggests that strain accumulates in :the rock column until 

the strength of the rocks is exceeded, and then rupture occurs, with en

suing shock waves (see Fig. 4 .1). On the other hand,. some investig?-tors 

suggest that earthquakes may result from other more obscure causes, such 
\ 

as phase changes in rocks at depth or plastic. rupture in the mantle, and 

that surface faulting may be regarded as a secondary effect. 2
•

3 Accord

ing to Hodgson most seismologists accept the elastic-rebound theory.~ By 

recording the directions of the first motion at a number of points near 

: 
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(a) (b) (c) 

Fig. 4.1. Illustration of Elastic-Rebound Theory of Earthquakes: 
(a) Unstrained Crustal Rocks, (b) Crustal Rocks Strained and Distorted, 
(c) Strain Relieved in Crustal Rocks Through Fault Movement. 

the epicentral locations of earthquakes, . seismologists have found that 

most shocks give the quadrant distribution of compressions and dilations 

shown in Fig. 4.2. Straight lines (or nodal planes) are then used to 

separate the compressions from the dilations. If the elastic-rebu·und 

fault model were the mechanism of earthquakes, one of these lines would 

represent the fault, regardless of whether it was on the surface or at 

depth (see Fig. 4.2a); however, an alternate hypothesis of earthquake 

mechanism, that is, sudden release of regional forces without faulting, 

is also possible with the observed pattern of compressions and dilations 

(see Fig. 4.2b) and is supported by some seismologists. Thus, even though 

most seismologists believe that the fault-plane solution explains earth

quake mechanisms best, it is not possible to prove with the patterns of 

dilations and compressions which model is the correct one. The complexity 

of the earthquake mechanism is illustrated in parts of Japan for which 

it is reported that there is no obvious correlation between surficial 

faulting and the subterranean points of origin of earthquakes. This sug

gests a Iliore complex earthquake mechanism than simple elastic rebound. 

Nevertheless it is reported that there are at least 45 known instances 

throughout the world where there is unequivocal evidence of faulting in 

relation to earthquakes, 1 and recent observations indicate that surface 
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(a) Fault Plane Solution for 
Earthquake Mechanism. 

(b) Sudden Rel.ease of Regional Forces, 
Without Faulting, for Earthquake Mechanism. 

Fig .. 4 .. 2. Quadrant Distribution of Compressions(+) and Dilations 
(-) Around .an Earthquake Epicenter. (From Ref. 4; reprinted ,with per
mission of Prentice-Hall. ) 

faulting accompanying earthquakes is probably a more common phenomena than 

has been~ recognized heretofore. 5 

In California and tectonically related areas, such as New Zealand, 

almost all large shocks are believed to be clearly related to faults, 5 

but for large numbe:rs of earthciuakes t.hi=i.t. 01'.'cur within thcoc o.nd other 

areas and for the ·deep-focused shocks, correlations with existing surface 

faults cannot. usually be made. Some of the larger and more shallow shocks 

apparently do not exhibit visible surface faulting, but this may be due 

in part to the inaccessible nature of' the faulting, such as that in sub

marine environments or remote areas. In other cases unconsolidated sur

face materials,,such ~s alluvium, may disguise .or complicate the surface 

expression of faulting so much that the faulting is imperfectly known. 

Such was the case in the faulting associated with the 1811-1812 New.Madrid 

earthquakes, 6
'

7 if, indeed, s.urface faulting·accompanied these earthquakes. 

In addi tioI} .t.o the ground ruptures accompanin:g earthquakes, surface 

faulting ma:y also be associated with volcanic eruptions and other natural 

geologic processes, as well as with nontectonic events such as the with

drawal of fluids from the earth's crust and nuclear test detonations. In 

some cases it is difficult to determine whether faulting is tectonically 
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or nontectonically induced; and even though both types are of concern in 

reactor siting, nontectonic faulting is outside the scope of this report. 

4.2 Fault Occurrence 

Faulting that is ass_ociated with earthquakes occurs most frequently 

within the two major earthquake zones of the earth; namely, the Circum

Pacific belt and the Alpiqe belt, which extends from southern Europe 

through Asia (see Fig. 4.3). The west coast of the continental U.S. and 

Alaska lie within the Circum-Pacific belt. The San Andreas system of 

faults in California is one of the active areas of the belt; however, 

this area accounts for only a small percentage of the total earthquake 

activity in the entire belt. 

For the contiguous U.S., about 35 historic earthquakes are known to 

have been accompanied by surface faulting (see Fig. 4.4). 8 • 9 It is worthy 

of note that all these faults occurred west of the Rocky Mountains, with 

the possible exception of the New Madrid, Missouri, earthquakes of 1811-

1812. There, as mentioned above, a thick alluvium cover complicated the 

surface expression of the faulting so much that if faulting did occur, it 

ORNL-DWG 68-6891 

Fig. 4.3. Ma.jar Earthquake Zones of the Earth. 
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cannot be accurately defined. 6 The Charleston, South Carolina, earth

quake of 1886 was probably one of the greatest shocks that has occurred 

in the U.S. during historic time; however, no known surface faulting ac

companied the shock. 10 

In parts of Texas, Louisiana, and California, several additional in

stances of local and generally slow movement along faults have been re

ported, 11-16 but most of these movements are believed to be related to the 

withdrawal of fluids from the underlying rocks, and therefore the faulting 

is nontectonic in origin. Thus, from the historic record, it can be con

cluded that future tectonically induced surface fault movements will be 

restricted, with few exceptions, to that part of the U.S. west of the Rocky 

Mountains. 

In addition to the historic record of faulting, there are other in

dications, although they are by no means conclusive, that future tectonic 

faulting will occur only in those areas that have experienced historic 

breaks. First, it is recognized that most, if not all, of the earth's 

crust is constantly undergoing tectonic changes, but the areas of greatest 

change, and therefore the areas of greatest and most frequent earthquakes, 

are those in the western part of the U.S., that are presently experienciRg 

the most active stages of the mountain building processes. The eastern 

part of the U.S. is, in general, 'in a re la ti vely quiescent or late stage 

of the mountain. building cycle and therefore less active. As for possible 

explanations of activity of the type experienced at New Madrid and Charles

ton, it has been suggested that New Madrid lies in an area of ·contrasting 

crustal movements where sediments of the subsiding Mississippi ernbayment 

lap over much older rocks that, toward the north, are undergoing uplift 

as a result of the unloading of the recent ice cap. 17
•

18 It has also been 

suggested that the activity in the Charleston area is related to Ll1e nearby 

r.i:i.pP. Fear arch structural feature, which has been undergoing uplift since 

the Tertiary period of geologic time (70 million years ago). 17
•

18 Further, 

it is known that approximately 90% of all historic earthquake activiLy in 

the U.S., exclusive of Ala.ska., has occurred in CaJ5fornia and Nevada; 1 

that large earthquakes do not occur frequently in the eastern part of the 

U.S. - the New Madrid and Charleston shocks were exceptions - and that 

surface faulting that rP.sults in large displacements is more frequently 
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associated with large shocks (M > 6.5)* than with small ones. 19 Finally, 

there is no evidence to indicate that movement has occurred a~ong surface 

faults in the eastern U.S. in recent geologic time (the last 10,000 years) 

nor has creep movement or strain attributed to tectonic forces been 

associated with such movement. It should be mentioned, however, that few 

measurements to determine these strain phenomena have been made along or 

near faults in the eastern U.S. In contrast, there are many faults in the 

west that show geologic evidence of recent movement and that exhibit strain 

and creep movement. It is reasonable then to conclude, with a high degree 

of confidence, that future surface movements associated with earthquakes 

should not occur along faults in the U.S. east of the Rocky Mountains, 

with the possible exception .of the New Madrid, Missouri, area. 

The San Andreas. fault system, which extends from northern California 

to the Gulf of California, is generally regarded as the most important 

zone of active faulting in the U.S., excluding Alaska (see Fig. 4.5). 

Several breaks have been recorded along this network of fractures in his

toric time. However, historic surface ruptures have also occurred along 

other fault systems in California, Nevada, and Montana. The genetic 

relationship of the San Andreas fault to other active faults, such as 

Newport-Inglewood, Ft .. Sage, Sierra, etc., in the far west area is not 

clear.· Perhaps, as suggest~d by some invRRt.ig::rt.or~, 2 ~ 20 - 23 all faultir1g 

in the western part of' the country is related to a single system of tec

tonic activity. On the other hand, it is argued by some that there are 

several large but independent zones of tectonic activity that account for 

the localization of earthquakes and faulting in the western part of the 

U.S. 1
•

17 In any case, it should be recognized that recent surface fault

ing has occurred in areas other than those along the San Andreas fault, 

but the exact relationship of these ruptures to the San Andreas system is 

not known. 

*Magnitude M was originally defined by Richter. as the logarithm of 
the maximum amplitude on a seismogram written by an instrument of a· 
specified standard type at a distance of 100 km from the epicenter. The 
zero of the scale was set arbitrarily to fit the smallest recorded earth
quake at that time; the largest known earthquake magnitudes are near 
8.75 (Ref. 1). 

: 
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ACTIVE FAULTS 

t FORT SAGE t3 SAN GABRIEL FAULT ZONE 

2 MOHAWK VALLEY t4 SIERRA MAORE FAULT ZONE 
3 SIERRA NEVADA FAULT ZONE t5 SAN CLEMENTE 
4 CALAVERAS t6 NEWPORT-INGLEWOOD FAULT ZONE 

5 HAYWARD 
6 SAN ANDREAS FAULT ZONE 
7 UNNAMED 
8 WHITE WOLF 

t7 HELENDALE 
tB ELSINORE FAULT ZONE 
t9 AGUA CALIENTE FAULT ZONE 
20 SAN JACINTO FAULT ZONE 

9 GARLOCK FAULT ZONE 
tO SANTA YNEZ 

2t BANNING 
22 MANIX 

t I NACIMIENTO FAULT ZONE 
12 BIG PINE 

23 IMPERIAL 
24 BUENA VISTA 

Fig. l.1.5. Known Active Faults in California. 

4.3 'I'ypes of Faulting* 

Rift faulting (strike-slip faulting in which the principal displace

ment is horizontal and parallel to the regional structure) is the principal 

tectonic type of faulting in the Circum-Pacific seismic zone of California 

and also in parts of new Zealand and the Phillipines; whereas thrust fault

ing (faulting in ~hich the principal displacement is along low-angle thrust 

planes) is the principal type of faulting in the remaining part of the 

Circurn-Pacific zone. 1 In Californie., as in New Zealand and the Phillipines, 

the faulting is characterized by single master faults, which are primarily 

s.trike-slip in character and which generally are found with a series of 

branch or associated faults that usually tend to be parallel to the master 

· *See Glossary (App. A). 
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faults but may have any direction. The San Andreas fault and its asso

ciated faults, such as the Hayward, Garlock, and San Jacinto, typify rift 

faulting 1n California 1 (see Fig. 4.5). Most instances of surface fault

ing in the U.S. have been associated with the San Andreas family of faults 

in California and with block faulting in the Basin and Range province to 

the east. Recent faulting along the San Andreas zone is mostly horizontal, 

while the principal movement in eastern California, Nevada, Utah, and 

Montana involves a greater vertical component. 1 

Diagrams of the three types of faults that are of most concern in 

reactor siting and design are shown in Fig. 4. 6. In diagram (a), it may 

be observed that the fault movement is essentially horizontal and in the 

direction of the bearing of the fault. This is conimonly referred to as 

strike-slip or rift-type faulting. Transverse, transcurrent, or tear 

faulting are other terms used to refer to horizontal movement on faults. 

In diagram (b) the movement is primarily vertical. When the overhangii:ig 

block moves· down in relation to the foot block, as illustrated, the 

ORNL-DWG 68-6898 

(A) (8) 

BRANCH 

(C) 

Fig. 4.6. Diagrams Showing Various Fault Movements: (a) Strike 
Slip, (b) Dip Slip, (a) Combination Strike Slip and Dip Slip; Also Desig
nated Are Main,_ Branch, and Secondary Faults. 
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fracturing is termed normal or gravity faulting. However, if the hanging 

block moves up in relation to the foot wall, the fracturing may be re

ferred to as reverse faulting and is usually designated as thrust fault

ing in the case of a low angle of inclination of the fault plane. If no 

distinction is made between the relative movements of the blocks shown in 

diagram (b), dip-slip may be used to describe the type of faulting. Main 

(primary), branch (auxiliary), and secondary faulting are distinguished in 

diagram (c). In general there is much less unit'ormi ty in the professional 

terminology used to describe this faulting than the types illustrated in 

diagrmas (a) and (b). As may be seen in 4iagram (c), the principal or 

main through-going fault is designated the main fault, whiJ.e discontinuuu::; 

but connecting fractures are designated branch faults. Minor secondary 

breaks are the small faults that presumably relieve local stress condi

tions that may be set up as a result of movements on the principal fault 

but are not directly coupled to it. Photographs of active faults that 

vividly exhibit strike-slip and dip-slip movements are shown in Figs. 4.7 

and 4.8. 

4.4 Faults and Earthquake Energy 

Although the number of known instances of surface faulting associated 

with earthquakes is relatively small it is noteworthy that most shocks 

above magnitude 6.5 that have occurred in the western U.S. since 1933 have 

been accompanied l>y some form of surface faulting. 19 Generally, for those 

earthquakes below magnitude 6, surface faulting has not been observed. 19 

'!'here are, however, some notable exceptions. The Olympia, Washington, 

earthquake (magnitude 7.0) of 1949 and the 1954 Eureka, California, shock 

(magnitude 6.6) apparently occurred without surface faulting. 24 • 25 On 

the other hand, some smaller earthquakes, such as the 1950 Ft. Sage, 

California, shock (magnitude 5.6), the Imperial, California, shock (magni

tude 3.6) of March 1966, and the Parkfield-Cholame, California, shock of 

June 1966 (magnitude 5,5), were accompanied by faulting of the ground sur

face.26-28 The latter earthquake produced a surprising amount of ground 

breakage (about 5 in. maximum displacement over a length of about 23 miles) 

for such A. relatively ::;IJ11:1ll shock (ma.gni tude 5. 5). On the basis of the 
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Fig. 4.7. Strike-Slip Movement Along San Andreas Fault in Northern 
California, 1906. (Photograph supplied by L. S. Cluff of Woodward-Clyde & 
Associates.) 
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Fig . 4. 8. 
Al::mg Fi::.i rview 
Wo:):ivarC..-Clyde 

Dip- Slip Fault MoYement That Accompanied 1954 Earthquake 
?eak in Nevada. (Photograph supplied by L. S. Cluff of 
.~ Associates. ) 
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historic record, therefore, it is highly probable that some surface fault

ing will accompany any large earthquake in the western U.S. In addition, 

ground breakage may also occur with some of the smaller shocks, especially 

with extremely shallow focused ones. The higher incidence of surface fault

ing with the shallower earthquakes is due principally to the relatively 

shorter distance that the break must propagate to reach the surface than 

would be the case for intermediate-focused earthquakes (60 to 300 km) and 

deep-focused earthquakes (300 to 720 km). 

Several investigators have observed general relationships between 

earthquake magnitudes, fault lengths, and amounts of displacement. 8
•

19
•

29 

In general, all these studies have shown a general increase in the length 

of faulting and the amount of surface displacement with earthquake magni

tude. Based on data from all historic earthquakes in the U.S. and Alaska 

in which there was undisputed evidence of surface faulting, Bonilla has 

expressed graphic relationships between earthquake magnitude and fault 

length (Fig. 4.9) and between length of surface rupture and maximum dis

placement (Fig. 4 .10). 8 The rel.ationships established by Bonilla, 7 along 

with those found by others, 19
•

29 may be used to estimate the expected 

lengths of surface faulting and the amount of fault displacement for given 

earthquake magnitudes. 
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to breakage along the main traces of the faults and may not be expected 

to define branch or secondary faulting. 

Tocher 30 has postulated that the lengths of fault breaks and their 

associated displacements may also be related. to the energy of earthquakes 

through the empirical.equation 

E = 3.4 x 10 17 lD , 

where Eis energy in ergs, l is :t'aul.t length in kilome"Lero, etuU. D is 

maximum ground displacement in centimeters. If the energy associated 

with an earthquake varies directly as the volume of rock over which the 

energy is stored, it follows that the width of' the strained rock zone is 

roughly proportional to the displacement along the fault, while the total 

area of the strained rock is roughly proportional to the length of fault

ing multiplied by the displacement of the faulting. 30 

Measured rupture velocities· of faults or the rate of propagation of 

slip along faults generally varies from about 3 to 4 km/sec; 31 however, 

the actual rate of the displacement o{ adjacent rocks is apparently not 

known. :Ct hA.s generally been assumed that the velocity of displacement 
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of the rocks at-the fault will not exceed that of the measured and pre

dicted peak ground motion velocities, and even though this has not been 

refuted, some recent measurements. of fault movements associated with under

ground nuclear tests suggest that the displacement velocities may be 

greater than heretofore recognized. 32 

4;5 Fault Zones 

Major faults, such as the San Andreas fault in California, are gen

erally not single fractures but, instead, are wide zones that have ex

perienced breakage over long_periods of geologic time. In general, how

ever, the break or breaks that accompany individual earthquakes occur only 

over a small segment of the zone, usually that part which shows the most 

recent fracturing. Since there are relatively few examples of historic 

surface faulting and since many of the accounts of fracturing associated 

with these historic earthquakes are incomplete, it is difficult to estab

lish good quantitative relationships between the various fault types and 

the widths of zones over which faulting accompanying individual earthquakes 

has occurred and the amounts and nature of the faulting in various parts 

of the fault zones. Nevertheless, some qualitative guidelines for these 

important parameters may be deduced from a recent study of historic sur

face faulting in the U.S. by Bon:i. lla, 8 who summarized and evaluated pub

lished accounts of historic surface faulting, and in some cases, supple

mented the documented accounts by additional field investigations. Data 

are summarized in Fig. 4.11 that show the observed widths of zones of main, 

branch, and secondary faults. As may be seen, the zone of faulting for 

strike-slip type movements along the main trace of the indicated faults 

(not counting branches and measured from center of zone) was less than or 

equal to approximately 0.12 mile in width, while the upper limit of the 

width of the zones for other types lies between 1. 0 and 1. 2 miles. It 

may also be seen that the maximum widths of branch and secondary faulting 

are considerably less for strike-slip type movements than for other types. 

Figure 4.12 shows relationships between the amounts of reported displace

ments on branch and .secondary· faults at various distances from the main 

faults for the different fault types. The measured displacements along 
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secondary breaks may be seen to vaTy considerably; howeyer, it is most 

significant that displacements exceeding 1 ft at ·distances of ~ to 8 miles 
I. 

from the main fault traces have occurred in several ins·tances. 
•: 

Although it is sometimes difficult to determine p~ecisely the trace 

of the main or primary faulting on the surface, it is usually more diffi

cult to define the extent and location of branch faults and, especially, 

the numerous secondary or minor faults that might accompany a major break. 

Apparently many secondary faults are associated with preexisting cracks, 

faults, joints, and fissures.in the rocks, and.also many new secondary 

·displacements and cracks apparently occur during major breaks. These 

secondary breaks may also extend.over wide areas. For instance, in the 

earthquake of February 1899, at Yakutat Bay, Alaska, secondary faulting 

may have occurred as far ·as.21 miles from the main fault trace. 8 • 33 • 3 1+ 

Thus because of the relatively large number of secondary faults that may 

accompany a major earthquake, the wide areas over which they may occur, 

the difficulties in predicting their expected occurrenc~, and the nature 

and extent of their movement, branch and secondary breaks are probably 

of greater concern in reactor siting and design than movements along the 

main traces of ruptures, which are more likely to be restricted to a single 

fracture or an easily identified narrow zone. 

A'?! faults proj;lAgatP. tn t.he !=m:rf::i.r:-e from their crnbtcrra.ncru1 points 

of origin, a great variety of rock types, ranging from ho.rd consolidated 

rocks to soft unconsolidated sediments, may be displaced. Because of dif

ferences in strength, wide variationp may .be expected to occur in the 

response of these materials to the shearing motions of fault movements. 

For example, the surface displacement of faults is more likely to be of 

the straight-line single-fracture type in hard massive rocks than in soft 

alluvial materials. This is due mainly to wide variations in the response 

of unconsolidated deposits to earthquake-caused stresses, which commonly 

result in ridge, trough, and en echelon fault patterns. En echelon fault 

patterns, or a series of relatively short overlapping faults, in alluvium 

or other soft materials usually cover a much wider area than do fractures 

in hard rocks. For example, .the report of the 1906 San Francisco earth

quake states that, in many areas, en echelon faulting in soft materials 

occurred in bands from 200 to 1500 ft wide, whereas most of the faulting 
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in hard rocks was restricted to bands that were less than 20 ft wide. 35 

Also it is reported that the maximum width of faulting in hard rock at 

Montague Island for the 1964 Alaskan earthquake was only about 5 ft, but 

where the faulting crossed alluvial planes the zones of disturbance were 

about 100 ft in width. 36 

It has frequently been observed that single fract'ures in hard rocks 

are not propagated to the ground surface in areas containing alluvium 

covers. In some cases the single fracture in hard rock is converted to 

a series 9f surface fractures, with each having a smaller displacement 

than the single hard rock fracture; whereas, in other instances, apparently 

the displacement is completely absorbed in the alluvium and no faulting 

extends to the surface. Furthermore, Cluff has found in some bedrock 

areas along the Dixie Valley fault zone that_ the fracture is not a single 

line, but in alluvium it is a single line. 37 However, in spite of the 

apparent effectiveness of soft materials such as alluvium in reducing, at 

least in some cases, the amount of -displacement associated with faults, 

there is much uncertainty in determining the nature and extent of faulting 

in areas where alluvium and other soft materials occur. 

4.6 Fault Activity 

Another extremely important and controversial consideration of reac

tor siting in relation to. earthquakes is the degree of activity of faults. 

There are many fa.ul ts in the western part of the U.S. that are clearly 

ae:tlve; for instance; those that havl? Pxhi.hited movement in historic times. 

There are a.lso numerous faults about which it can be stated unequivocally 

that movement has not occurred for millions of years; and it is generally 

ass-wned that if movement has not occurred along a principal fault in the 

last few million years, the forces responsible for its activity are no 

longer present and the fault is inactive or dead. In these extreme cases, 

faul-Ls may· be classified as simply active or i.na.ctive, even though there 

is no guarantee that either dead faults, especially in seismically active 

regions, will not be reactivated or that an active fault will ever produce 

another break in the future. These generally accepted ideas obviously do 
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not imply that faults that may have moved in intermediate times are neces

sarily still active. The difficulty then lies in the inability to define 

more explicitly the elapsed period of time since the last movement for 

assurance that the fault is indeed dead, which is the basis for assuming 

that no further movement will occur in the foreseeable future. At' present 

because of the general lack of understanding of faulting and the earth

quake mechanism, the probability of future movement along a·partidular 

fault that has not moved in historic time is considered to be greater the 

more recent its latest movement, although many other factors may be in

volved. It is also recognized that some faults show much more recent 

activity along certain parts of their traces than along other· sections. 

Thus specific sectio"ns of some faults may be considered more active than 

other sections. 

Although there is no general agreement as to what constitutes an 

active fault, many investigators define an active fault as one that shows 

clearcut evidence of movement in Recent Geologic Time; that is, during the 

last 10,000 years. Certainly, according to this definition, faults that· 

have exhibited movement in historic time would be classified· as active, 

as would those faults that clearly displace Recent sediments. It is gen

erally assumed that the tectonic environment of fault zones in California 

during Recent time has been similar to the present environment. 38 Pre

sumably faults that show seismological evidence of current activity (i.e., 

earthquakes occur along them), even though Recent surface faulting is not 

clearly demonstrated, would also be cla.ssified as active. It does not 

hold, however, that a fault which does not. show seismoiogic evidence of 

current activity is not active; geologic evidence over a longer time span 

must be taken into consideration. Based on movements in historic time, 

activity in Recent Geologic Time, and/or seismological evi~ence of present 

activity, several faults in the western part of the U.S. have been clas

sified as active 1
•

39
-

41 (see Fig. 4.5),. The current listing of active 

faults does not specify, however, that these are the only active faults 

in the area, but the available information indicates that these have been 

found to be active. It is likely that many more active faults are present 

in the area, but geologic and seismological investigations are needed to 

determine their activity. 



133 

Although inactive faults are not likely to move further as a result 

of tectonic activity associated with the fault itself, it has been sug

gested that slippage may occur along fault planes that may be either active 

or inactive as a result of activity on an adjacent or nearby fault. 42 

An example of this type of induced movement may have occurred along the 

Garlock, California, fault during the 1952 earthquake on the adjacent 

White Wolf fault. 43 More recently, in the Borrego Mountain, California, 

earthquake of April 9, 1968, which was caused by breakage along a 33-km 

section of the Coyote Creek fault in southern California, minor dl8~l~~e

ments, or creep, apparently occurred simultaneously on the Superstition 

Hills, Imperial, and Banning-Mission Creek faults that were located at 

distance of 45, 70, and 50 km from the epicenter of the shock. 44 

4.7 Fault Creep or Slippage 

In addition to rapid fault movements that generate seismic waves and 

ground shaking, slow nonseismic motions along faults were recently recog

nized. This phenomenon, commonly referred to as fault creep, or fault 

slippage, was noted at the following locations in California: across an 

active overthrust fault in the Buena Vista Hills Oil Field in Kern County, 

along the trace of the San Andreas fault near Hollister, on at least two 

faults within the Inglewood fault zone, and along four sections of the 

Hayward fault stretching from Richmond to Irvington. 45
-

55 Evidence of 

the creep along the Hayward fault is shown in Fig. 4.13. 

Even though the number of recorded instances is 8mall, it is gen 

erally acknowledged that creep along faults may be rather common. Since 

slow creep along faults generally does not emit seismic signals, this 

movement is usually detected by observations 01· existing engineering struc

tures situa~P.d astride faults or by the installation of measuring devices 

on the surface to record differential movement. Measured average rates 

of movement range from 0.1 to 0.8 in. per year. In some ~a::;es, the s lip 

page a~pears to be concentrated in spasms of short duration (perhaps a 

week or two) followed by periods (perhaps a month or so) of little or no 

activity. In other instances, the slippage apparently proceeds at a more 

uniform rate. Generally thP. slippages do noL coincide with local small 
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Fig. 4.13. Creep Along Hayward Fault Shown by 6-in. Offset of Boards 
Aligned Along Construction Joint in Warehouse That Straddles the Fault. 
(Photograph supplied by L. S. Cluff of Woodward-Clyde & Associates.) 
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earthquakes, at least those greater than magnitude 3; however, since 

strains in rocks may be relieved by this mechanism, slippage or creep 

along a fault probably affects its future behavior. It can be argued 

that slow movement along a fault relieves strain and effectively prevents 

strain accumulations of sufficient magnitude to cause an earthquake. ·rhis 

argument is hard to accept considering the fact that large earthquakes 

have occurred along sections of faults that now show slow creep movements. 

Perhaps another explanation is that suggested uy Bolt and Marion, who 

reasoned that slippage is an indicator of strain energy in rocks at depth 

but does not relieve that strain. 52 It is well recognized that rocks which 

bound the fault near the surface commonly are crushed and exhibit frac

tures filled with gouge.* Thus it is likely that the surface rocks may 

be deformed by slippage due to forces originating at greater depths, while 

the rocks adjacent to the fault at depth are likely to be deformed by 

elastic strain. If, when an earthquake occurs, the rocks at depth are in

deed responding to tectonic forces by elastic strain and those at the sur

face by slippage, it follows, according to Bolt and Marion, that the 

greater the amount of slippage on a fault, the less will be the displace

ment on the surface. 52 

In addition to creep movement along faults in seismically active 

p~rts of the country, slow slippage and/or subsidence along faults has 

been reported in relatively aseismic regions. Most of these movements, 

however, have been vertical and presumably related to the withdrawal of 

liquid (hydrocarbons, water, etc.) from the earth (see Sect. 4.2, Fault 

Occurrence). Small-scale geodetic triangulation nets are common~y used 

to measure slow movement on faults; however, when the fault motion is 

confined to a small zone perhaps a few inches in width, displacement meters 

(differential transformers) probably give more precise measurements. 52 

4.8 Evaluation of Faulting at Specific Sites 

The evaluation of the amount and nature of the expectable permanent 

ground displacement at reactor sites usually entails local, as well as 

*See Glossary (App. A) for definition. 
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regional, geological and geophysical investigations, seismological studies, 

and a review of the historic evidence of breaks. In general the activity 

of nearby faults is established, and then, depending on the location of 

the site with respect to the fault or fault zone and the geological struc

ture of the fault zone and site, the nature and extent of any expected 

ruptures are estimated. 

4.8.1 Historic and Seismographic Records 

The best indicator of recent fault activity is the observation of 

permanent ground displacement in historic time, since a fault that has 

moved in recorded history must be considered active. The 35 known occur

rences of fault movement in the U.S. in historic time definitely indicate 

active faults. Most faults have not moved in historic time, but from 

geological evidence it can be determined that many faults that may or may 

not have ruptured in historic time have experienced some movement in Re

cent Geologic Time (less than 10,000 years). In addition, seismological 

evidence suggests that the tectonic forces which generate earthquakes are 

still active along some of these faults. Thus, the evaluation of the 

activity of faults by geological and seismological evidence can, in many 

cases, define accurately a part of the past and present state of fault 

activity. 

By plotting the locations of epicenters of observed and instrumentally 

recorded shocks, the tectonic activity of some faults and fault zones can 

be ascertained. However, it is difficult in many cases to relate a spe

cific earthquake, especially a small one, to a specific fault or some other 

local structural feature . Obviously, most of the deep-focus earthquakes, 

as well as many of the shallow shocks, are not clearly related to any 

specific surface fault. Of course this lack of correlation stems largely 

from the lack of precision in locating epicenters (in general, epicenter 

determinations are accurate only to within about 20 miles) and the lack 

of knowledge concerning the trends of faults from the surface to the depth 

of the origin of the earthquake. Most earthquakes of magnitudes less 

than 6 do not show any surface expression of faulting. Either the fault

ing is dissipated before it reaches the ground surface or it is too small 

to be noticed. In addition to the difficulty of relating seismic activity 

:: 
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to specific faults, it is recognized that the history of seismic record

ing is extremely short and that records are needed over much longer periods 

of time to adequately evaluate the seismicity of any given area . 5 

4.8.2 Geological and Geophysical Investigations 

Geological and geophysical investigations of faults and fault zones 

are concerned primarily with determining the location, distribution, and 

extent of existing surface and near surface ruptures and with ascertaining 

the degree of activity of the faults in the vicinity . Estimates of the ex

tent of expected ruptures are then based on the data obtained. Geological 

investigations of fault systems include both regional and local oLudies. 

Generally faults are not isolated local structural features but are intri

cately related to regional patterns of deformation . Thus to define the 

characteristics of faulting at specific sites, it is normally necessary 

that regional aspects of faulting, as well as local cons i derations, be 

evaluated. Physiographic features are often important indicaLors of fault 

activity. For instance, typical fault features, such as sag ponds, shut

ter ridges, triangular facets, offset streams (see Fig. 4.14), side hill 

ridges , etc., generally indicate fafilt movement, although the recency of 

movement is often misinterpreted due to variations in climatic conditions 

from one area to another . 56 Detailed strategraphic studies, coupled with 

isotopic dating of truncated or faulted materials, may also be useful in 

defining fault movements; however, materials of significantly different 

ages frequently do not occur on adjacent sides of faults. 

Maps and aerial photographs are valuable aids for determining the 

presence of active faults in some areas. For instance, 50-year-old fault 

scarps less than 1 ft high have been detected in Nevada by aerial photo

graphs . 41 New remote sensing techniques of some value in defining faults 

include multispactral photography, radar imagery, and infrared imagery . 57
>

58 

Seismic refraction, gravity studies, magnetic surveys, and electrical 

resistivity methods of geophysical investigation are used for determining 

the nature and extent of faulting at depth . 59
,

60 In general, seismic re

fraction studies used to determine the seismic velocities and geometry of 

rock units supply useful information on the structure and physical proper

ties of faulLo and fault zones . Seismic ref'lection teclwllj_lles also provide 



Fig. 4.14. Off-Set Streams Along San Andreas Fault, Southern California. 
(Photograph supplied by L. S. Cluff of Woodward-Clyde & Associates.) 
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information on subsurface faulting. Gravity studies, which are much 

less expensive than seismic investigations, may be used for determining 

the distribution of rocks of contrasting densities and possibly for lo

cating and defining faults. Also they are frequently used for determining 

gravity anomalies that may indicate zones of crustal instability along or 

near areas of high seismic activities. Magnetic surveys are used to de

fine and determine the extent of rocks of differing magnetic properties 

o.nd thus are useful in studying fault trends. Electrical methods of geo

physical investigation also provide information on the physical properties 

of faults, such as zones of crushed rock, ground-water circulation, etc. 38 

In areas where faults are covered by alluvium, long-line resistivity has 

proved to be useful in defining the location and width of fault zones. 59 

For determining the likelihood of renewed movements along faults, 

sensitive seismographs, tiltmeters, and precise surveying techniques may 

be employed. The presence of creep or stain buildup in rocks may be mea

sured by geodimeter surveys along triangulation nets that cross faults, 

by the installation of strainmeters in rocks, and perhaps by laboratory 

investigations of rock properties. Tiltmeters, tide gages, and precise 

leveling provide useful information on tectonic uplift and/or subsidence 

in the vicinity of faults. However, measurements over periods of several 

months to several years are generally necessary to evaluate possible move

ments along faults with these techniques. 

Anomalous strain changes were detected some 9 hr before the Niigata, 

Japan, earthquake of 1964 by vertical strainmeters in shallow holes. 31 

However, in general, strainmeters and tiltmeters are limited greatly by 

the accuracy of measurements and/or by ground noises associated with 

atmospheric conditions. Electromagnetic-wave distance-measuring techniques 

may provide more accurate measurements of horizontal deformations, and 

deep hole implacement of strairuneters may reduc~ ground noises signifi

cantly; however, such instrumental and observational improvements are 

only in the research and development stage at the present time. 

Changes in local magnetic, electric,. and gravi ta.tional fields may 

be related to changes in the stress or physical state of rocks, and mea

surements of such changes may also provide data on expected fault move

ments. Studies uf microearthquol..:ee can be used to help evaluate the 
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tecto.nism of some areas. 6 1
•

6 2 It has been reported that in some relatively 

aseismic areas it may be possible to estimate the probability of occur

rence of large shocks through the monitoring of microearthquakes over a 

relatively short period of time. 38 Microearthquake studies are sometimes 

used to locate and define the subsurface configuration of faults and to 

indicate fault activity in some areas. 63 

The location and characteristics of faults at shallow depths are 

usually explored by drilling, geophysical surveys, and shallow trench 

excavations. Apparently the latter technique is one of the most useful 

and positive means for determining the location and characteristics of 

secondary faults that do not exhibit distinct surface expressions. It is 

noteworthy that much of the minor but cont.roversial faulting associated 

with the Bodega Bay and Malibu sites was discovered through shallow trench 

excavations. 6 ~• 65 

In general, surface deformation accompanying earthquake faulting is 

studied theoretically by dislocation models and/or through fault-plane 

solutions. In many cases the surface expression of faulting coincides 

well with the deep structure controlling faults; however, in other cases, 

such as the 1964 Alaskan earthquake, the 1954 Fairvi~w Peak earthquake, 

and the 1959 Hebgen Lake earthquake, it is suggested by some that the major 

surface ruptures accompanying these shocks are not direct extensions of 

the deep-seated earthquake-generating faults but are secondary features 

of the deep structure-controlling faults that do not break to the sur

face. 66•67 From these observations, it is noted that in cases where the 

surface faulting does not coincide with the deep-seated earthquake-gener

ating faults, further uncertainty is introduced into the evaluation of 

surface faulting associated with historic shocks and into the prediction 

of possible future shocks. Several marine geophysical profiling systems 

that were developed mainly to aid in petroleum exploration are available 

to identify and define faulting at offshore sites. 

In summary, there are many geological, geophysical, and geochemical 

tools presently available for use in evaiuatine; faulting at potential· re

actor sites. In addition to those that hav~ proved to be useful in past 

site evaluation and to those that are currently acceptable in other types 
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of geological evaluations, there are many promising methods, such as new 

remote-sensing devices, strain sensors, microearthquake studies, etc., 

that may eventually be extremely useful. However, before these can be 

utilized effectively, investigations must first be initiated to define 

their limitations and adaptability to reactor site evaluations. 

4.9 Design Considerations for Fault Movement 

Some specialists believe that after experts in the earth sciences 

have given assurance that no fault slippage will occur at a specified 

site, structural design should be concentrated on well-developed conser

vative engineering practice rather than novel concepts intended to insure 

safe survival in the event of fault slippage. The most obvious extrapola

tion of current engineering practice that is employed to provide structural 

resistance to faults is to reinforce the foundation mat of the structure. 

However, in so doing, if the turbine and reactor are on separate founda

tion mats, either the connecting primary piping and cables are designed 

to be sacrificed or all are carefully designed to withstand a number of 

specified linear and rotational displacements. Vertical slippage under a 

diametral plane would cause maximum tension near the top of a flat base 

slab, and some vertical fault slippage near an edge would require critical 

tension steel in the bottom of the slab. A less severe base shear case 

would occur with horizontal faulting through a diametral plane. In the 

Bodega BWR it is likely the concrete containment structure would fail be

fore any appreciable deformation of the steel drywell would begin. In 

some older PWR plants, a part of the safety injection system piping is 

underground, and any pipes or cables that must be so placed generally have 

much better chances of surviving moderate fault slippage if they are en

cased in large corrllgated pipes to allow room for deflection. Also, PWR 

fuel transfer tubes present special problems in fault slippage design. 

If foundations can safely survive fault slippages of up to 1 fL, con

firming analyses should show that any r.ea.ctor not deeply embedded and not 

in the zone of a significant fault would have an unusually small chance 

of being subjected to a fault slippage large enoug~ to cause a major ac

cident. However, if the react.or structure exLernls 10 to 50 ft below 
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ground, a common case under present design, it would have a very limited 

capacity to survive fault slippage because of lo~ds on the walls of the 

structure. Some increase in fault survival capacity of reactor structure 

might come from application of the new ductile reinforced concrete, which 

is designed to allow greatly increased yielding in the reinforcement and 

thus prevent crushing of compression concrete. It has, in theory, capacity 

to survive far more strain than ordinary, more brittle concrete. However, 

this type of construction needs further development before application to 

fault-resistant reactor designs. As is the case with shaking, experience 

with prestressed concrete undergoing simulated fault slippage is too limited 

to give firm conclusions. However, as with excitation, prestressed con

crete should be much superior under combination of tension and shear for 

intensities up to the design limits. The primary system should be much 

more tolerant of modest tilting if there is no associated differential 

movement. In design for fault slippage, as with excitation, it should 

be advantageous to have much of the reactor plant, together with its many 

necessary safety devices, constructed on an integral foundation pad. 

4~9,1 Testing and Models 

Few of the elements of arty reactor have been thoroughly tested for 

fault slippage survival or for shaking, most have not been tested at. all, 

and· there are many parts for which no excitation tests have been made even 

on comparable elements. It is thought that refueling of the BWR should 

still be practical following a 1/2° tilt, the reactor should still be 

operable following a 5° tilt, and it should not suffer mechanical damage 

until tilted more than 30°. 68 However, many suppliers have no estimates 

of levels of tilting and of distortion under which reactor equipment can 

still function. Since testing of a full-scale plant under simulated dis

placements is obviously out of the question, consideration has been given 

to the use of models. 

Modeling for fault slippage appears to have some attractive features. 

However, techniques for the successful physical modeJ.ing of soil are not 

well developed, especially if the soil is fine grained and contains water, 

and most especially if it is of clay, for these materials are nonhomo

geneous and undergo nonlinear plastic deformation in fashions difficult 



to predict. Models of from 5 to 8% size or larger wquld be required in 

almost any case. However, it might be possible instead to program a num

ber of carefully controlled hydraulic shakers simultaneously supporting a 

simple model of a reactor plant structure. The model might then be sub

jected to a wide range of vibrations, displacements, and simulated reac

tions of supporting soils covering most situations that might be experienced 

by a prototype. On the other hand, a study using only a properly pro

grrunrned large computer 69 might give ample conclusions over wide ranges 

much more quickly and inexpensively. Physical models, other than those 

for gross checks should not be built unless their need and unique advan

tages are clearly stated and most critically examined. 

4.9.2 Effect of Faulting on Water Supply 

Movement or warping of crustal blocks in earthquakes can directly 

affect surface-water sources, such as those that may be needed for post

accident cooling. Floods can be caused by earthquake disturbance of ground 

waters, and lurching can cause fissures in alluvium that remain open to 

widths known to reach 30 ft. The effects of the latter might be comparable 

to fault slippage, other than perhaps beirig slower, and must be considered 

in siting. 

In the 1906 earthquake, San Francisco did not have water to fight the 

resulting fires, which caQsed the major financial losses, because the 

water mains near the fault rift were almost completely destroyed and shaking 

immediately put the storage and distribution systems inside the city out 

of action. 

4.10 Design Concepts for Fault Displacements 

Linear faulting under a structure can cause rotation that may have 

effects on some of the safety-related features of the plant in excess of 

those of the initial fault slippage. Even if a plant and its safety-re~ 

lated auxiliaries were located in an area where only strike-slip· faults 

were anticipated, it would be necessary to consider the associated ver-

tical slippages. 
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4.10.1 Integral Foundation 

In the design of the Bodega reactor plant it was advocated by some 

that for the specified limited fault slippage a flat-bottomed integral 

foundation mat be supported by a layer of a few feet of carefully selected, 

well-drained sand, and it was not anticipated that such a design would 

require any radically new technology. However, confined sand under even 

40- to 50-psi pressure has a shear resistance approaching that of some 

sandstones and thus might not yield as anticipated. Loose sand would be 

impractical because of (1) its possible liquefaction and subgrade failure 

if submerged, (2) its settling _under vibration from operating machinery, 

and (3) its changes both in density and passive pressure with time. As 

discussed in Section 4.11, a frangible material, such as foamed concrete, 

might be quite superior in these respects. 

A possible solution seems to be a dry moat gap as free space between 

the foundation mat and the surrounding soil, with the latter held either 

by a retaihi~g wall of malleable sheet piling or by filling the spaces 

with frangible material. Such a gap, or even a large moat surrounding the 

entire plant, 70 ,
71 might also attenuate certain incoming seismic waves. 

Reducing the depth to which the containment vessel is bedded would reduce 

the passive pressures that would develop on the walls during a fault slip 

whose plane passed through the containment vessel and, hence, reduce .the 

required wall thicknesses and the amount of reinforcing steel rieeded. 

A design for a nuclear plant with an integral foundation was developed 

by Holmes and Narver. 7
·
2 In this design the containment vessel is bedded 

to depths up to 50 ft on sand of known internal-friction angle. The ad

vantages of increased depth include better strength of the soil to with

stand the pressures under the foundation pad, greater lateral support 

during shaking, and less height to lift cooling water and feedwater. 

Another version discussed in the Holmes and Narver report would ex

tend the base pad beyond the containment walls. It could then be used as 

the base of a retaining wall, and there could be enough space between the 

two to permit the retaining_wall to fail without endangering the contain

ment structure. As noted above, crushable material between the retaining 
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wall and the containment wall would also increase shaking stability if 

that were needed. 

A study by Kaiser Engineers suggests increasing the strength of the 

building so that it can.be located on any type of stable soil or rock and 

making the contained reactor system self-sufficient in shutdown for at 

least four days. 73 

4.10.2 Use of Caisson Structures 

Another form of reactor support and containment that might be practi

cal for surviving fault slippage is of the caisson type. 74 If the design 

were to require that the caisson survive a fault slip~age at most of only 

a very few inches, no provisions might be necessary other than a compari

son of maximum calculated earth pressures with the strength of the cais

son's wall and base. It may be possible to design artificial slip surfaces 

in soil by using special materials of .low shear strength. For a large 

design displacement, the caisson could be built to function in a water

filled pool extending to the base of the caisson and having vertical walls 

retained by properly supported malleable sheet piling. A peripheral moat 

10 to 15 ft wide could provide space for fault displacement and perhaps 

also substantially reduce seismic excitation to the reactor both by the 

spatial gap and damping by the moat water. 75 In this case the umbilicals 

. might be subj.ect to sacrifice, with containment cooling then being sup

plied by an always operative, passive exchanger that would dump heat 

through the moat to a body of water. An underwater caisson designed to 

provide superior containment for the reactor might be const:ructed to be 

neutrally buoyant. 

4.10.3 Floating "FounU.1::1.tions 

"Floating" foundations on sites where structures would be subjected 

to differential settling of low shear strength are judged to be entirely 

practical for conventional buildings. 76 They are employed prlucipally 

for ve:rtical loads a.nu are substantially more costly than the usual sup

ports. A design concept evaluated by Burns & Roe bedded the containment 

vessel in a bentonite slurry in which the vessel could actually be floated. 68 
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Floating a nuclear plant on water was considered by Daniel, Mann, 

Johnson, and Mendenhall. 77 In this concept the entire plant, including 

fuel storage~ turbine-generators, switch gear, and transformers, is floated 

on a single barge that draws 30 ft. The bottom of the barge is equipped 

with open-air cushion cells designed to reduce the intensity ·of vertical 

pressure waves by a factor of at least 7. A substantial 30-ft-high break

water surrounds the barge on all four sides to protect it against wave 

action. The anchoring method provides for protection against tides and 

tsunamis. It is assumed that tsunamis do not pose a serious threat in 

water that is more than 30 ft deep. 

4.10.4 Artificial Offshore Island 

Construction of an artificial island, as has been proposed for some 

reactor sites, provides an opportunity to develop a fotmdation specifi

cally to accommodate fault movements. As is the case with any limited 

number of specified reactor sites, however, there is a very small chance 

that fault slippage ~ffects would be observed on an artificial island. It 

appear$ that a fault slippage of a very few feet through the base of such 

an island would cause a comparable slippage at the surface without the 

loss of the island. It might be practical to build the offshore island 

with an impervious layer between the wave defense and fill material and 

to employ permanent well points in the.island to insure against liquefac

tion, although there are other, and perhaps more practical, methods avail

able for preventing this. _For example, the island fill could be of ma

terial not subject to liquefaction. 

4.11 Materials for Isolation from Fault Slippage 

The .frangible materials· applied in some nuclear-blast-resistant struc

ture could be used in design for earthquake survival and, in some cases, 

to disassociate from the structure both vibratory and displacement forces 

transmitted from soil. For most applications, an ideal isolation material 

exhibits elastoplastic characteristics; that is, it behaves elastically 

with strain up to a yield point and then enters a long plateau where stress 

is nearly unchanged with increasing strain. At the end of this plateau 



there is a limit, called the locking point, beyond which stress again in

creases with strain up to a crushing failure. A second group of ~rangible 

materials, the so-called "hardening" type, can also be used in some appli

cations. They do not exhibit the plateau but, rather, increase slowly in 

stress with applied strain until they reach points where their stress 

with increased strain builds rapidly to failure. In some cases, isolation 

materials may be crushed to half their volume before locking. 

In general, in designing for fault slippage the reactor must be placed 

in a support medium having known characteristics. The horizontal stit't·

ness must be described both by a horizontal passive force and a horizontal 

friction force acting on t.he bottom of the mat, and the latter in turn 

depends .on the shear modulus of the foundation material. The rotational 

stiffness must be described by both a vertical couple expressed as a shear 

modulus on the foundation mat and a horizontal couple due to the passive 

pressure. In addition, a rocking stiffness and a tributary mass having 

damping characteristics must all be defined. Without proper definitions 

of the forces exerted and without a knowledge of the soil displacements 

that are related, it would not be possible to determine the displacement 

an embedded or partially embedded structure could survive. 
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5. TSUNAMIS 

Tsunamis and tsunami-generated oscillations, such as might occur in 

harbors, are potentially dangerous to all coastal structures because of 

their considerable force, scouring action, ·and ability to carry drift ma

terial (see Fig. 5.1). Thus effects of tsunamis must be considered in the 

siting and design of reactors along coastal areas. Not only must the 

facility be protected against maximum expected uprushes but also the water 

intake structures must be located in a protected bay or at a depth in the 

ocean sufficient to assure continued operation during periods of maximum 

withdrawal. 1 The prediction of maximum uprush and withdrawal at particular 

sites is usually quite difficult because of local coastal features that 

tend to amplify.or attenuate tsunamis. However, some localities (Hilo, 

Hawaii, and Crescent City, California) have consistently high tsunami waves, 

whereas other localities (Los Angeles and La Jolla, California) have con

sistently low tsunamis. This may indicate that the height of the maximum 

uprush for a particular site could be estimated if tsunami data were avail

able from wave records. 

5.1 Mechanisms and Occurrences 

The Circum-Pacific belt is the major tsunami-gene:r.·ating area in the 

world due to the high-magnitude shallow-focus earthquakes that.occur in 

the deep trenches bordering the Pacific Ocean. This belt accounts for 

about 80% of the mean annual seismic release for the world o.nd about 60% 

of all recorded tsunamis. 2 Generating mechanisms are considered to be 

vertical movements (i.e., faulting) of the sea floor or the occurrence 

of landslides down steeply dipping shelves, alth~ugh tsunamis can also 

be generated by nonseismic events, such as volcanic activity and submarine 

slides. The faulting with which-tsunamis are associated is generally 

thought to be normal, reverse, or thrust; whereas wave motion from strike

slip faults would be ·much smaller or negligible. Data reported by Wiegel 

also suggests .that the largest tsunamis are generated in the deepest 

water. 3 

= 
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Fig. 5.1. Tsunamis Damage Along Waterfront at Kodiak, Alaska, 1964. 
(Photograph supplied by U.S. Geodetic Survey.) 
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Tsunamis have caused much property damage and loss of life in Japan, 

Alaska, Peru, Chile, and the Hawaiian Islands; runup heights have often 

exceeded 33 ft in these areas. Except for the Alaskan tsunami of March 28, 

1964, which attained a height of 16 ft at Crescent City, California, the 

west coast of the U.S. has not been affected by tsunamis as much as the 

localities listed above. The U.S. Coast and Geodetic Survey reported 

that accounts of the California tsunami of December 21, 1812, indicated 

a height of 50 ft at Gaviota, 30 to 35 ~ at Santa Barbara, and 15 ft at 

Ventura; 4 however, Marine Advisors, after evaluating all available reports 

of the 1812 tsunami, concluded that reports of very large runups were not 

credible. 5 Most runup heights at west coast sites rarely exceed the tidal 

range of about 6 ft. 3 This is believed to be due to several factors in

cluding (1) the relatively low frequency of occurrence of large offshore 

earthquakes in Alaska in which strikes of the associated faults are situ

ated so that the maximum tsunami wave is beamed toward the west coast (one 

occurred in 1946 and another in 1964), (2) the attenuation of tsunamis from 

sources more distant than Alaska due to long travel paths and further at

tenuation by the continental shelf off the west coast, and (3) the low 

frequency of occurrence of large earthquakes off the coast of California. 

Locally generated tsunamis are not considered to be likely, since 

there is some doubt regarding the authenticity of the high runup attributed 

Lo the California tsunami of December 1812, and there have been no other 

historic offshore California earthquakes with magnitudes great enough to 

cause disastrous tsunamis. Shallow water depths, the gently sloping 

coastal shelf, and the predominately strike-slip nature of the offshore 

faulting are cited as not_ being conducive to the generation of large 

tsunamis along the west coast. 6 However, the U.S. Coast and Geodetic Sur

vey recommended that both the Bodega Bay and Corral Canyon reactor sites 

be protected to a vertical height of 50 ft above mean lower low water for 

tsunami runup from nearby severe marine earthquakes. 4 As for the distant 

tsunamis, Alaskan tsunamis appear to pose the greatest danger to the west 

coast. However, much of the coast of Southern California is situated at 

glancing incidence to waves from Alaskan tsunamis, and thereby the danger 

in that area is reduced. 3 
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Tsunamis of significance have not occurred along the Gulf-and Atlantic 

coasts of the U.S. dtiring historic time. Presumably, this is because the 

West Indian and Atlantic earthquakes are not as large as those in the 

Pacific, the water is not as deep as in the Pacific, and the very broad 

shelf along the Gulf and Atlantic coasts attenuates the tsunami waves that 

are developed. Surges from violent storms and hurricanes are more of a 

problem along the Atlantic and Gulf coasts than tsunamis. For example, 

there is no evidence of tsunamis resulting from the great Lisbon earth

quake of November 1, 1755 (magnitude thought to be between 8.5 and 8.75) 

along the coast of America, 7 whereas storms and hurricanes have caused 

considerable damage and loss of life from Texas to Maine.a 

5.2 Properties 

The Japanese have analyzed much of the data on tsunamis because the 

frequency of occurrence in Japan is higher than elsewhere. 2 From their 

data it appears that the magnitude of the earthquake must be greater than 

6 + O.OlH, where His the focal depth in kilometers, for a noticeable 

tsunami (runup elevation of 2 ft or more) to· occur. Also, it appears 

that the magnitude must be greater than 7,75 + 0.008H for disastrous 

tsunamis (runup elevations of 33 to 66 ft) to occur. 2
,

3
. One notable ex

ception was the tsunami generated by the magnitude 7.4 Aleutian earthquake 

of April 1, 1946, which caused considerable damage to Hilo, Hawaii, because 

of local topography. 

Tsunami waves in the open ocean have speeds as high as 600 mph, ampli

tudes of a few feet, periods of about an hour, and wave lengths of' hun

dreds of miles.a Speeds 9f tsunami waves are a function of depth of the 

ocean traversed (C = ;gd, where C is speed .in ft/sec, g is gravitational 

acceleration in ft/ sec, and d is depth in feet) ;-3 for example, speeds may 

be. as high as 385 mph in 10,000 ft of water and 545 mph in 20,000 ft. 2 

However,. when tsunami waves approach coastlines, speed, amplitude, and 

periods are modified -wave speeds may decrease, wave amplitudes may in

crease to tens of feet, and wave periods may decrease to minutes. In 

addition, coastal waters are set into oscillation at some nearly constant 
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frequency, which is attributable to the local topography. In most areas, 

~ocal oscillations rarely exceed normal tidal range. 

The elevation reached by tsunamis on shores depends largely on steep

ness of the coastal shelf and coastal physiography. Features that favor 

maximum wave weight include headlands, triangular-shaped bays, and cliffs. 

Features that favor minimum wave heights include wide fringing reefs, pro

tected shorelines, and low-lying coastlines. i, 3 Tsunamis are often magni-~ 

fied by cliffs. For example·, when the primary wave of the April 1, 1946, 

tsunami that originated in the Aleutian Islands approached Hilo, Hawaii, 

a Mach-stem reflected wave was developed well outside the harbor by the 

piling up of the incident waves along the steep coastal cliffs to the 

west. This effect resulted in 40-ft waves along these cliffs and a bore 

that inundated Hila". 1 Coastal irregularities may cause .wave magnification 

by converting fast open-sea waves to slow edge waves whose crests are nor

mal to coast lines. These edge waves are thought to be caused by the trap

ping of energy on the coastal shelf. 9 Also, waves tend to converge at 

headlands due.to refraction, and amplitudes are thereby increased. 3 

Even in insensitive areas, such as Southern California, where. the 

offs·hore topography is fairly regular, low-amplitude tsunamis may produce 

strong and unpredictable currents in bays and harbors. 1 Wiegel cites an 

occasion in Los Angeles harbor when moored ships surged or swayed up to 

5 ft or more while wind waves were small and the swell was less than 1 

~high. 3
· Under such conditions, reactor intake structures could be dam

aged if moored vessels or "floating debris surged against them. 

Amplitudes of wave motion are also dependent upon the azimuth of the 

generating fault; that is, amplitudes of wave motion are much larger along 

a line normal to the strike of the generating fault than along one which 

is on-line with the strike, a beaming effect. For example, a maximum water 

elevation of 16 ft was recorded at Crescent City, California, which was 

on a great-circle azimuth ·normal to the strike of the fault; whereas a 

maximum change of 1 ft was recorded at the end of the Aleutian chain, on

line with the strike, at about the same distance from the epicenter as 

Crescent City. ~ 

Landslides along steep coasts are also sources of local tsunamis. 

The earthquake-induced landslide at the head of Lituya Bay, Alaska, a 
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T-shaped bay, caused a wave that destroyed trees at an elevation of 1720 

ft at the head of the bay and reached a height of about 30 ft at the mouth 

of the bay. The tsunami resulting from the inland Atachama, Chile, earth

qualte of November 11, 1922, originated from a. submarine slide near a rela

tively feebly shaken coast, where the surface sloped steeply to a consider

able depth. 10 Landslides along gently sloping coasts, such as California, 

however, do not appear to be capable of generating tsunamis. 

Tsunamis along the west coast of the U.S. are fairly rare, but runup 

in some areas has been significant, such as at Crescent City and Avila 

RP.Hr.h, California. Large tsunamis recorded at sites along the west coast 

have been generated in the following areas: (1) Aleutians, on April 1, 

1946; (2) Kamchatka, on November 4, 1952; (3) Aleutians, on March 9, 1957; 

(4) Chile, on May 22, 1960; and (5) Alaska, on March 28, 1964. Tsunami 

runup data indicate that Crescent City and Avila Beach, California, are 

more sensitive than the other stations along the west coast, regardless of 

the direction of approach 11 (see Table 5.1). In general, tsunami runup 

and local effects are related to magnitude; however, there was considerably 

more runup for the magnitude 7.4 Aleutian earthquake of April 1, 1946, 

than for the magnitude 8.0 Aleutian earthquake of March 9, 1957. This 

was probably due to the fact that the tsunami from'the 1946 earthquake was 

beamed toward the west coast, whereas the tsunami from the 1957 earthquake 

was beamed toward the Central Pacific. It is to be noted in Table 5.1 

that the runup of the Chilean tsunami was greater at Crescent City than 

at thi:- othPr r:;t.Ht.i nm; nn the west coast closer to the source. The run up 

of 9.1+ ft at Santa Monica, California, as a result of the Chilean tsunami, 

was probably due to the fact that the. coastline in that area changes to 

an east-west direction and is thereby more nearly normal to the incident 

waves tha.n the areas to the north or the nouth. 

5. 3 F.vF1.l11F1.t:i.on of Tsunami. Effects 

Information on tsunamis may be obtained from wave records, runup, and 

model studies. In addition.the occurrence of a barometric·wave in the 

atmosphere following the Alaskan earthquake indicated the possibility of 

earlier tsw1ami warning by weather stations. 1 Wave records give the 



Table 5. l. Maximum Tsur1ani Rise or Fall Heights at Selected Stations 
for Recent Large Earthq.uak.esa 

Date of earthquake t..pril 1, November 4, March 9, · May 23, 
1946 1952 1957 1960 

Location J.leutians Kamchatka Aleutians Chile 

Magnitude 7.4 8.3 8.0 8.5 

Maximum tsunami elevation, ft 

Hilo, Hawaii 26b 7.9 8.9 9.6+ 
Honolulu, Hawaii 4.1 4.4 3.2+ 5.5+ 
Sitka, Alaska 2.6 l. 5 2.6 3.0 
N.eah Bay, Washington 1.2 l. 5 1.0 2.4 
Crescent City, California 5.9 6.8 4.3 10.9 
San Francisco, California l. 7 3.5 l. 7 2.9 
Avila Beach, California 8.5 9.5+ 3.5 
Sante Monica, California. 3.6 3.0 9.1 
Los Angeles (Berth 60), California 2.5 2.0 2.1 5.0 
La Jolla, California 1.4 o.8 2.0 3.3 
San Diego, California 1.2 2.3 l. 5 4.6 
Antofagasta, Chile 5.9 4.7 3.0 4.6 
Valparaiso, Chile 5.0 5.9+ 6.7 5.6 

~rom Ref. 11. 

bHeight cited by Richter in Ref. 8. 
cHeight cited by Van Dorn in Ref. l. 

March 28, 
1964 

Alaska 

8.4 

12.5+ 
2.7 

14.3 f-' 

4.7 °" 0 

16.4C 
7.4 

10.4 
6.5 
3.2 
2.2 
3,7 
3.3 
6.2 
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heights and periods of waves from which wave spectra can be obtained. Runup 

measurements are made by surveying affected areas soon after a tsunami. 

From measurements made in a particular area, histograms can then be used 

to estimate maximum runup heights at the sites in question. Althotigh 

physical models are large and expensive, they can reproduce the important 

features of tsunamis, such as generation, deep-~ater propagation, and 

runup. 1 Studies with these techniques and mathematical models can help 

in evaluating the effects of tsunamis at coastal sites, the sensitivity 

of sites, and the effects of tsunamis at offshore sites. There is a need 

for techniques to evaluate specific coastal sites in California and for 

developing a local early-warning system. 

Recent advances in mathematical theory and computer technology sug

gest that it may be possible to model effects of tsunamis with computers. 

For example, Welch has simulated waves crashing against breakwaters and 

water from a broken dam colliding with downstream obstacles, 12 and the 

U.S. Coast and Geodetic Survey is developing a computer program that de

scribes tsunami propagation in the Pacific.~ This program will calculate 

the relative convergence of rays of energy for different coastal zones 

from various source areas and thereby permit some degree of differentia

tion in the required calculation for protection of specific sites. Re

cently, Carrier developed a new mathematical theory to explain how tsunami 

waves can damage one harbor and yet leave a nearby harbor undamaged. 13 

He found that tsunami energy can be channeled by ridges on the ocean floor. 

When waves trav17l pHr1=1.l lel to the riO,ges ~ a high amount of energy is 

channeled along a relatively narrow path. 

Sites such as Hilo, Hawaii, that have consistently high tsunamis are 

considered to be "sensitive." Model studies have shown that Hilo is 

sensitive because of the Mach-stem reflected waves that are developed 

along cliffs to the west and then sweep into the city as bores. Reasons 

for the sensitivity o~ nther sites are not as clear; however, sensitivity 

is usually attributed to steep offshore slopes or other features of coastal 

topography. Steep offshore slopes are believed to contribute to the sen

sitivity of sites in Japan, Pe:r.u, Chile, Hawaii, and Alaska. Even where 

offshore slopes are gentle, sites along cliffs, headlands, and triangularly 
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shaped bays are considered to be sensitive because tsunami energy is con

centrated by these features. 3 However, triangularly shaped bays may be

come insensitive _if the period of the tsunami is much greater than the 

natur~l period of the bay. 3 In addition, data by Carrier suggest that 

submarine ridges aligned paral_lel with the direction of propagation of 

tsunami waves contribute to the sensitivity of a site. 13 Except for a 

few sites located on or near topographic features that have been associated 

with high runup, little is known about the sensitivities .of various shore

li·ne configurations ~ecause of insufficient instrumentation, knowledge of 

submarine top.ography, theory, and model studies. 

Tsunamis do not attain destructive heights in the open ocean, and 

thus it would appear that sites on small islands might be less susceptible 

to tstinami waves than mainland locations. For example, the highest wave 

recorded at Wake Island on the graph of March 9, 1957, was 1.3 ft, whereas 

most heights recorded at west coast-stations were greater. Although this 

appears to be a general rule, it may not apply to the nearshore island 

sites being con~idered for nuclear facilities, since oscillations caused 

by coastal irregularities may cause higher runups than anticipated on 

islands near the mainland. 

5. l1 Tounomi Warning Oystem 

The present tsunami warning system is, in general, capable of giving 
.. 

the west coast several hours advance notice of incoming tsunamis generated 

by distant events, and plans are under way to improve the system. 11 How

ever, adequate warning cannot be given for tsunamis generated locally. 

For example, the destructive tsunami wave from the Prince William Sound 

earthquake of March 28, 1964, reached the southern coast of Alaska and 

Kodiak Island in 25 min, and the present tsunami warning system requires 

30 to 45 min to locate an epicenter and to determine tne magnitude of the 

event. 1 Therefore tsunami waves caused considerable damage along the 

Alaskan coast long before an alarm could be given. In order to speed up 

the determination of epicenters off the west coast, the U.S. Coast and 

Geodetic Survey has incorporated the Berkeley and Pasadena seismograph 

nets into their Pacific tsunami early-warning system. 14 On-line digital 



array processors that use seismographs, wave recorders, and microbarographs 

as input devices may speed up the location-magnitude-alarm sequence con

siderably. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

The recent rapid growth in the number of power reactors has focused 

attention on those unknown or imperfectly understood aspects of earthquakes 

that are related to reactor siting and design. In general this lack of 

knowledge has made it imperative that conservative bases be set on the 

critical parameters. In many areas of the country it appears that earth

quake-induced phenomena can be adequately conside.red through current geo

seismologi cal technology. However, in some regions, conservatism may re

quire that new design concepts be considered. 

With regard.to the needed improvements in predicting faulting, shaking, 

and tsunami effects at potential reactor sites, it is emphasized that, 

since there is no quantitative way to predict earthquakes, empirical and 

somewhat indirect approaches to the problems must be made. One of the 

principal means for studying earthquake phenomena is thus through the 

observation of earthquake events. Since large earthquakes occur rather 

infreque~tly and there are currently few, if any, positive correlations 

between the occurrence in place and time of earthquakes and measurable 

changes in the physical and/or chemical properties of rocks that comprise 

the earth's crust, major improvements in defining and determining the 

geoseismological factors pertinent to reactor siting and.design will re

quire intense and concerted efforts in the geologi~al, seismological, and 

engineering disciplines. 

Structural designs for accommodating moderate amounts of differential 

ground displacement and for assuring plant survival for all measured strong 

ground motions appear to be feasible; however, demonstrable proof of these 

designs may be needed, as well as tests to insure the functioning of all 

. components and systems that are related to preventing the release of radio

activity. 

The application of seismic information to power reactor engineering 

is a development of the last decade, with the result that few individuals 

have a broad technical competence of geoseismology,. earthquake engineer

ing, and reactor safety. Information on current practice in design of 

existing and planned nuclear power plants is primarily that contained in 
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applications for licenses, which reveal current practice in site selection, 

site exploration, and engineering criteria. 

It is clear that work is needed to improve or confirm future siting 

and design decisions. Short-term work recommended in a coordinated pro

gram consists of (1) definition of more earthquake-related reactor criteria 

where sufficient knowledge exists, (2) compilation of geoseismological 

data suitable for design and analyses of reactors relative to earthquakes, 

and (3) intensive study of the designs of present-day reactors for the 

purpose of obtaining a better understanding of the problems of attaining 

safe reactor functioning during earthquakes. Specific technical areas of 

concern, organized by topic, are discussed in the foliowing sections. 

6.1 Faults 

The determination of the activities of major faults and the incidence 

of subsidiary faulting in earthquake r~gions is one of the principal prob

lems in reactor siting and design. Faulting is generally recognized as 

the cause of most large earthquakes in the western part of the U.S.; how

ever, the exact mechanism of earthquakes and the physical and chemical 

conditions under which faulting occurs are imperfectly known. At the 

present time, it is not possible for some parts of the country to state 

the probability of earthquake occurrence at some proposed reactor. sites 

and in the event of an earthquake the amount, type, and characteristics 

of the breaks. Areas of investigation that offer the best hope for al

leviating some of the present uncertainties are outlined below. 

6.1.1 Incidence and Activity 

Aerial photography has proved to be an extremely convenient method 

for studying crustal movements, especially in arid undeveloped areas. In 

addition to the obvious advantage in rapidness of coverage, detailed fault 

patterns can often be observed by this method that may not be detectable 

by an investigator on the ground. This method of study should shed con

siderable light on the width of fault zones and perhaps on the nature of 

faulting that has been associated with historic earthquakes' as well as 

with those that have occurred in the recent geologic past. 



Another way to add significantly to the knowledge of the nature and 

extent of branch or subsidiary faulting may be to examine in detail the 

faulting and local geology associated with the several large and destruc

tive earthquakes that occur each year throughout the world. It is ex

tremely important that the fracture patterns accompanying these shocks be 

mapped immediately after they occur and correlated with local geologic 

factors, because weathering tends to cover and disguise these breaks within 

a relatively short period of time. 

Since coastal California is the most desirable area for the location 

of power reactors in that state, a base map of coastal California showing 

the location of all faults, onshore as well as offshore, that might be 

considered to be critical in reactor siting and design would be extremely 

beneficial for planning purposes. With the aid of this map, those areas 

where critical data on the location and activity of faults are needed 

would be specified, and then the appropriate studies to alleviate those 

uncertainties could be initiated. 

Observations of stress-strain relationships in the rock column (made 

with tiltmeters, leveling surveys, tide gages, and gravimeters), magnetic 

surveys, and measurements of changes in the physical properties of rocks 

(e.g., elasticity, electrical conductivity, thermal conductivity, and 

magnetization) that may be related to tectonics should also be thoroughly 

evaluated to determine their usefulness in site surveying and evaluation 

for power reactors. Studies of earth currents and heat flow, in addition 

to well-seismograph studies of the volume strain in rocks, should be in

vestigated for their applicability to reactor siting problems. 

6.1.2 Fault Motion Characteristics 

At the present time it is not known whether the intensity of ground 

motion is amplified or attenuated at the associated fault nor is the time

history of fault-break known. For example, about 50% of the total ground 

displacement associated with the Parkfield, California, earthquake of 

June 1966 was observed to occur over a period of several weeks after the 

earthquake; however, it is not practical to determine.the time history 

of the first few minutes or hours of breakage for natural breaks, such· 



168 

as the one at Parkfield. Since it is now possible to determine, to a large 

degree, the faults that will be activated as a result of nearby nuclear· 

detonations, the time history of the fault break could conceivably be· as

certained by instrumenting faults near future nuclear test shots. In ad

dition to determining the characteristics of the early phase of faulting 

through instrumental observations, detailed characteristics of ground 

motions near faults could be measured by the installation of portable ac

celerographs adjacent to the faults. 

6.2 Design To Accommodate Fault Movement 

6.2.1 Design Reguirements 

The growing need for power reactors in regions having.historic fault 

movement may make the development of fault-proof designs imperative. Al

though conceptual designs for initiating·work on the problem are now com

pleted, long-term projects of analysis and development will be necessary 

before design for movement of more than a few inches can be confirmed. 

The few structures that have been designed to survive faulting include 

earth dams, which are constructed to function safely following movement 

of a few feet.· 

Since there apparently is no record of a rigid man-made structure 

surviving a substantial fault break, a careful analysis should be made of 

the measures necessary for proper engineering design for small fault dis

placement. The absence of prototype tests must be taken into account. 

Until recently, surface faulting was thought not to occur rapidly, and 

thus static design _simplifications were allowed. If this is the case, al

though fµndaµiental research and development could lead to improvements, 

the structural principles needed for this study are already well known, 

and little of practical value could be expected from full-scale tests 

solely to demonstrate survival of a complete structure. Many carefully 

prepared development tests will certainly be necessary. 

6.2.2 Design Concepts 

Initial emphasis in reactor plant design development for faulting 

should be on integral foundation mats, containment structures, connecting 



piping and cables, and their terminals and penetrati.ons. Structures with 

flat-bottomed thick-mat supports should be examined first, since they ap

pear to be the conventional system most amenable to modification for dis

placement survival. 

Study is needed of ways of circumventing the complications of umbili

cal pipes and cables between parts of the facility subject to relative 

movement. This problem could be minimized, for example, by having sensi

tive portions of the safety system rest on and be integral with the.con

tainment foundation mat or by careful piacement of' snubbers and supports 

so as to minimize responses. Such integral reactor foundation designs 

are not common, however. Much improvement within current technology is 

possible, inasmuch as ways of providing increased vibration and displace~ 

ment survival capacity in important pipes are already known sufficiently 

for some applications. Recently completed conceptual designs (discussed 

in Chap. 4) indicate that if displacements do not exceed 6 ft and ground 

accelerations do not exceed 1 g, the cost increases for such designs should 

be moderate. 

If conceptual designs and subsequent development tests generally show 

that central station reactor plants can be improved with realistic costs 

to survive foundation displacements that can occur in earthquakes, such 

designs might be considered starting points for detailed design of in

dividual nuclear plants for local conditions. 

6.3 Ground Shaking 

Since there are relati v.ely few instrumental records of strong ground 

motion, and since theoretical solutions are not generally available for 

predicting the important design parameters of' earthquake-induced. ground 

motions, it is difficult to define accurately the quantitative factors 

that characterize shaking at most sites located at specified distances 

from the epicenters of earthquakes of given magnitude. It is aloo ap

pa:rent that the past seismic record is too short to make more than general 

predictions as to the frequency of occurrence of seismic activity, es

pecial:cy- for earthquakes of large magnitude. 



170 

6.3.1 Characteristics of Motion 

Maximum ground accelerations and groi.lnd motions are frequently esti

mated from the Modified Mercalli Intensity rating of earthquakes, which 

is based on the degree of shaking at a specified place; furthermore, the 

correlations between intensity and more quantitative formulations of ground 

motion are empirical and subject to large uncertainties. By recording a 

subst.antial number of events on strong-motion accelerometers, some of the 

dependence on intensity.data could be relieved. To provide these records, 

a large number of instruments would be needed over relatively large geo-
I 

graphical areas, as well as under a variety of geoseismological conditions. 

Since the frequency of the larger earthquakes is low in most parts of the 

contiguous U.S., it is realized that the accumulation of a significant 

amount of instrumentally recordea data of this type will require several 

years or more, even·with a large number of installed instruments. Possibly 

this data-collection period could be shortened by installing strong-motion 

accelerometers in highly seismologically active areas of the world, such 

as in the Aleutians, where the larger earthquakes occur more frequently. 

Strong-motion accelerometers could also be strategically placed in 

reactor structures, as well as in the nearby soil and rock, to provide 

data on the specific characteristics of strong ground motion and the re

sponse of the structure to these forces if a large earthquake occurred 

near it. In addition the installation of instruments to determine the 

interaction between structures in the underlying soils would provide ex

tremely useful information in the event of strong ground motions. 

Studies that relate the characteristics of small earthqua.k.es to large 

ones may also provide more quantitative means for predicting the nature 

and extent of strong ground motion at reactor sites. For instance, micro

earthquake studies in areas that have recently experienced moderate or 

large earthquakes, such as at Caracas, Venezuela, in 1967, where soils 

and rocks show contrasting amplification or attenuation of the seismic 

waves, may be used to provide information on the usefulness of data on 

small earthquakes for determining the intensity ·of strong ground motions 

in various geologic media. 
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6.3.2 Induced Effects 

Earthquake-induced ground motion may also affect soils through con

solidation, liquefaction, differential compaction, and sliding. River 

basins, which can be highly desirable locations for reactors, are commonly 

underlaid by soft, alluvial, or unconsolidated soils that may be susceptible 

to failure in one or more of the modes mentioned above. Much can be learned 

from detailed investigations of previous earthquake-induced soil failures. 

However, new and improved techniques, equipment, and methods, such as new 

soil penetration tests that will establish the re·lati ve densities of soils 

at shallow depths, are needed to analyze the critical soil properties of 

various types of soils and provide assurance that they will not fail or 

to determine the critical design parameters for withstanding any expected 

failures. In-situ and laboratory measurements of the static and dynamic 

properties of soils (perhaps a wide range of soil types should be studied 

to determine their responses during earthquakes for generalizing soil be

havior) and rocks, coupled with theoretical considerations of seismic wave 

motions, may also be helpful; as would small-scale models of soil behavior, 

in relating soil r.onditions and ground-motion characteristics. Finally, 

.a larger field testing program could possibly be initiated through utili

zation of underground nuclear explosion tests. Comparative data on soil 

properties obtained in laboratory and field tests are greatly needed. 

6.3.3 Seismicity 

Seismic records are needed over much longer periods of time than are 

now available to predict accurately the seismic activity of most potential 

reactor sites and even of larger geographical areas. Some measure of the 

fre~uency of various seismic events may also be obtained by crustal de

formation investigations with, for example, strainmeters, tiltmeters, geo

detic surveys, and measurements of the physical and magnetic properties of 

rocks. All these measurements may also provide data pertinent to faulting, 

as discussed previously. 
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6.4 Design To Accommodate Shaking 

6.4.1 Selection of Design Basis 

Precise explanation or prediction of the occurrence of earthquakes 

in time and place has not been possible. For great earthquakes, recorded 

seismic history is much too brief and geologic-seismologic relationships 

too qualitative to support an argument that the probabilities of occur

rences at different localities differ sufficiently to warrant selection 

of different seismic design bases for different sites. At the same time, 

greater differentiation in categorizing the safety importance of various 

systems within nuclear plants for application of various design bases 

should be made. It is recommended therefore that early effort be made to · 

relate explicitly the changes in costs for design and construction of both 

typical large PWR and BWR reactor plants for survival of earthquakes 

ranging in intensities from those where seismic problems are minor to 

levels several times the highest currently used. Study of a requirement 

of no hazardous fission-product discharge to the environment under earth

quake excitations and durations twice those recorded should be undertaken 

to determine the effects on power costs. 

6.4.2 Soil-Structure Interaction 

The reactor plant is composed of massive structures whose response 

to shaking depends largely on the characteristics.of the supporting founda

tion. Seismic interaction of soil and structure is accordingly of much 

interest in reactor design, and yet the amount of available useful data 

is still quite small. Some modeling of the interaction is now being done; 

but reliable measurements, especially with carefully placed accelerometers 

on massive short-period structures supported.by a variety of foundation 

materials, are needed either from earthquake measurements or from full

scale tests. This work should be supported, since field verification of 

many current design bases is needed. 

Certain requirements, such as the locations of populations, load 

centers, and cooling-water sources, will sometimes force the siting of 

power reactor plants on foundation materials that are less than desirable. 
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Studies of ways of insuring the impossibility of liquefaction, the proper 

earthquake response of soils, and the limiting of settling to acceptable 

levels all need support. The whole problem of permanent displacement due 

to shaking must be considered in the design of auxiliary safety-related 

structures, such as those for emergency power and emergency cooling water. 

6.4.3 Damping 

Many aspects of reactor plant structural damping require investigation, 

with the initial objective being to supply designers with urgently needed 

spedfic source data. Compared with the amount of useful information 

needed, very little is known about damping, even in conventional structures. 

Assigned·damping values can have.an important influence on design. Little 

is known about damping of prestressed concrete, especially for such massive 

sections as would be used in reactors, and there is little information on 

damping even of conventional concrete structures when under reversed loads 

up to and beyond yield conditions. Damping phenomena are highly complex, 

and encouragement should be given to long-range fundamental studies, pref

erably in universities that already have groups with experience in the 

field. 

Although information on structural damping is one of the main areas 

of need, equipment, pipe mounts, and piping, especially long runs, need 

study, as well as other appendages, instruments, and their supports. Basic 

studies should be made of damping by the coolant of all elements within 

the pres!irnre vessi:-1, bot.h 'wi t.h 1=1.nn with out coolant flow, with 'the ob,iec-

ti ve of establishing a systematic approach to design of these components 

for earthquake survival. The study may indicate a need for reactor core 

element tests under induced excitation. 

6.4.4 Structural Components and Materials 

Yield Condit.ions. 'J'he 1isual aim is to design tl).e entire power reactor 

plant to survive the design· earthquake elastically. Even piping is allowed 

to yield only in a restricted fashion. Some specialists feel that if any 

reactor power plant ever undergoes the designated "hypothetical" or "maxi

mum" earthquake, the survival of the structure will not be due to the 
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completeness of the elastic design to the last detail but, rather, to the 

fact that all components called upon. to do so were able to go into the 

yield condition and still function adequately. Safety margins in struc

tural design are usually pased on the assumption that materials in the 

yield condition retain the requisite strength. to carry design loads. There-. 

fore sufficient knowledge of yielding under dynamic loading to conclude 

that systems important to safety can survive an earthquake beyond·the de

sign earthquake would be of great value in establishing and understanding 

safety margins in structures. 

The practical advantages of specific design for routine performance 

of structures in the inelastic range is a matter of controversy in the 

reactor field. If general use of such designs becomes attractive, im

provement would be needed in the understanding of strength, behavior, and 

failure mechanisms of even conventional reinforced-concrete members. Es

pecially lacking is an understanding of deep concrete members, particularly 

those subjected to combined tension and shear. Fundamental long-range 

studies that lead ultimately to utilizing much more of the tensile ca

pacity of concrete are justified. 

Thus studies on reactor structures should be extended for nonlinear 

behavi.or. Of the many areas requiring work, the behavior of steel and re

ini'orqed concrete, especially of prestressed-concrete elements and joints 

under reversing loads into the yield range, should be investigated further. 

Energy absorption, structural period changes resulting from yielding, and 

various ways in which failure can occur are all of much importance. 

Pressurized Components. There is disagreement as to whether joints, 

bends, connections, elbows, and valves in piping and nozzles of pressure 

vessels are particularly sensitive to earthquake forces and need more 

study, especially for nonlinear behavior in earthquake ex.citation and fault 

slippage. No authoritative information showing that they are insensitive 

could be located, and a special study of such components might therefore 

be undertaken. Penetrations and access ports also warrant clear, explicit 

analyses. 

Concrete. In reinforced-concrete containment structures, the ·shear 

capacity of diagonal bars and the shear distribution between vertical or 

i 
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horizontal and diagonal bars needs more investigation. Ordinary concrete 

can be quite brittle; and if a structure is to survive extreme earthquakes, 

increases in its ductility, as yet not employed in reactors, might be the 

most reasonable choice in many cases. Failures of structures having limit 

or ductile designs in the recent Caracas earthquake call for improved de

sign, construction, inspection, and, especially, quality control rather 

than the abandonment of these concepts; The same can be said for the fail

ures of prestressed-concrete structures in Anchorage. 

Prestressed concrete is now being used extensively in reactor con

tainment structures, and its use is being considered .for other parts of 

the plant. Studies are needed of prestressed concrete under many condi

tions of seismic loading, internal containment pressure, and yield condi

tions. The work might best be done by certain highly qualified university 

groups. Studies should be made of ways that prestressed concrete might 

maintain, even beyond its yield point, sufficient integrity for reactor 

safety applications. Study is needed of joints for precast members and 

the energy absorption capacity of columns under combined high moment and 

shear. The advantages and disadvantages of grouting of posttensioned 

steel do not yet appear to be resolved and should be studied further. 

6.4.5 Motion-Sensitive Control Systems 

Up to the present time, reactor engineering for earthquake survival 

has been strongly influenced by those oriented toward a civil engineering 

and structural viewpoint. ·Designers of mechanical equipment have had 

much less influence and designers of electrical equipment, controls, and 

safety systems almost none. Many electronic, electrical, and electro

mechanical devices are depended upon for ~eactor safety, either as engi

neered safety features or as portions of the control systems. These are 

usually designated class 1 by designers, but they are normally purchased 

without analysis of their motion during earthquakes and the effects of 

that motion on the functioning of the plant. They are seldom tested at 

eveJ?. the specified ground input motion. The fact that functional f'ailure 

of a control or protection system is not necessarily caused by antecedent 

failure of the structure in which it is located is almost never taken into 
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account. Improvements could come quickly upon request, for some of the 

large reactor manufacturers have long been involved in shock testing of 

equipment and instruments in space, marine, and hardened-systems work. 

Spectra of ground motions should be designated for application to 
·' 

motion-sensitive control devices. A design study for such devices should 

be made for the purpose of determining how adequate margins-to-failure 

levels can be established. This work might be done most efficiently in 

a national laboratory. 

6.4.6 Seismic Instrumentation at Nuclear Power Plants 

Proper accelerometer recording of the history of a central station 

power reactor near the epicenter of a great earthquake would give impor

tant experimental data in reactor engineering for earthquake survival. If 

a reactor disaster were to be caused by an earthquake at present, however, 

the resulting useful information might well be extremely limited. Al

though most earlier central station power reactors did not have strong

motion instrumentation, such instrumentation has been strongly advocated 1 

for some time, and most ne_w plants are committed to install strong-motion 

instruments. 2 Such instruments will provide essential information by 

which the operator will decide whether it will b~ advisable, after an 

ea.r-enqua.Ke, 'Ea shut the plant down for inspection. 

Accelerometers rugged enough to survive a maximum reactor accident 

may have to be developed, for it is not clear that current instruments 

could function during and following such an accident. Strong-motion in

struments capable of surviving in accident environments should be developed 

that could be integrated with the reactor's control and safety systems. 

These would be analogous to the flight recorders required on commercial 

aircraft and would allow postincident assessments of considerable value. 

6.4.7 Design Analysis and Computation 

Computational Techniques. There are two general methods used in cal

culating a reactor plant's dynamic responses to earthquakes: (1) a com

posite response spectrum approach and (2) direct input of digitized ac

celerometer records into a large computer programmed for time-history 
I 
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calculations. There are clear advantages and disadvantages to each pro

cedure. Both approaches may be inadequate if based on only one seismo

graph, for earthquakes have widely varying characteristics. It is clearer 

how response spectra should be combined into conservative envelopes, but 

this is not always done either for conventional or nuclear structures. In 

the future, a conservative digital time-history calculation procedure 

might be developed that would be preferable, with the response spectrum 

approach used as a high-quality check. 

Simplified calculational techniques would be useful for making con

ceptual designs and checking results of machine computations, and th.ese 

should follow procedures already developed by competent reactor engineers 

to insure their reliability and conservatism. Detailed and complex pro

gramming in large computers is not economically practical for preliminary 

design surveys and, in all probability, is not needed. 

Calculations of Shock Loading. There has been work which strongly 

indicates that shock loadings consisting of a single strong pulse, as from 

weapons blasts, and earthquake loadings, which may have a duration of a 

few minutes, can be analytically related. This work should be verified 

by other groups and tested experimentally for its validity and limitations. 

Much could be gained in earthquake reactor work from the vast shock litera

ture. 

Earthquake Analysis Center. Costs of development of the highest 

quality matrix programs and of training specialists for their use are so 

great that it may be said that no architect-engineer has a set of programs 

. that ·is entirely satisfactory. It may be practical to gather earthquake 

computer programs, the development of which was financed by the U.S. Govern

ment but which have not been released or disseminated, at a designated 

analysis center. These could be used in development of new programs, to~ 

gether with detailed programming and checking instructions. The center 

could also be a repository of earthquake information for reactor applica

tion. Once the programs were available, courses of instruction for quali

fication would seem reasonable, and qualification tests would be in order. 

The resulting uniform high-quality analytical capability in the industry 

and the possibility of competent checking should pay large benefits in 
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both competition and regulatory control. According to some specialists 

of long experience in the field, once high-level competency is established 

throughout the industry, design costs even for large earthquake excitations 

probably would be almost negligible; and the additional costs for con

struction might not be large. 

Long-Range Statistical Studies. Long~range statistical studies inter

relating fundamental dynamics, ·reactor safety, earthquake phenomena, and 

reactor structures and equipment could ultimately pay unusual dividends 

by placing the entire problem on a more rational analytical basis. A small 

group of specialists should initially be assembled and supported. 

6.4.8 Dynamic Tests 

Structural response measurements have been made during underground 

nuclear tests in Nevada, and these.are now being reported. It is hoped 

that the geologic considerations and soil-structure relationships will 

be emphasized and that in the future special attention can be given to 

massive, short-period structures so that results can be applied to power 

reactors. Future underground nuclear tests in the Aleutians or at the 

Nevada Test Site could give important information for reactor design. A 

study of the use of these tests should be made for defining a program of 

research. Such a study may justify the construction of massive short

period test structures at these sites. 

Specific calculations of excitati?n levels of all safety~related 

elements in reactors should be made. Where economically feasible, these 

components should be tested at above the calculated excitation. Sensing 

devices, relays, electronic equipment, control rods and their drives, and 

control valves are examples. Since the maximum acceleration on a reactor's 

upper floor can be calculated to be many times that of the designated 

ground input motion, care must be taken in specifying and calculating the 

motion from. the ground through the structure to the ap~endage and on to 

all safety-related instruments and equipment. Not only must acceleration, 

velocity, and displacement be put in their proper perspective in each case, 

but the duration of excitation must be taken into consideration. Then the 

safety instrumentation and equipment must be tested at least to that ex

citation and certified. 
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Many safety-related items, such as instruments, actuators, and emer

gency power generators and their control relays, may survive to function 

quite easily following short-duration shocks and still fail to function 

during sustained excitation. Since earthquakes may last for several 

minutes and be followed almost immediately by other earthquakes, specific 

consideration of these problems must be made in their testing. 

Feasibility studies should be initiated for excitation of large, and 

even full-scale, structures by shakers, rocket power, and explosives. Such 

work might be considered for LOFI', BONUS, and the EBWR. Such.huge tests 

would have as their prime objectives the understanding of particular re

sponses and the generation of useful source data, rather than the proof 

of any particular plant. Since so many responses are nonlinear, especially 

in damping and soil-structure interaction, such tests are well justified. 

Soil-structure-umbilical interactions and autocorrelation work should be 

evaluated. All such activities should be initiated only after careful 

study and preparation. 

Model tests may be desired in specific cases where detailed justifica

tion can be given. These may be helpful in specific cases to give gross 

checks on computer programs and design concepts. However, it is felt that 

they are unlikely to play a major part in reactor safety research. 

The Navy has had vast experience in testing equipment and instruments 

under shock loading, including those cases where the structure (i.e., the 

ship) survived while the 1nternals failed. They also have gone through 

large programs of backfitting, including high-priority assignments. A 

review of their work for implications for land-based power reactors is in 

order. 

6. 5 Tsunamis 

Tsunami waves pose some hazard to nuclear facilities at coastal or 

offshore sites along the west coast of the U.S. In general, tsunamis 

from distant sources have not exceeded the tidal range of about 6 ft along 

the west coast. However, Crescent City, California, experienced a runup 

of about 16 ~ that caused structural damage and loss of life during the 

Alackan earthquake of March 28, 196l1, and the California earthquake of 
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October 21, 1812, reportedly caused a tsunami as high as 50 ft in the Santa 

Barbara area. Although.there is some question as to the credibility.of 

this extreme height, it was recommended that the Bodega Bay and Corral 

Canyon reactors be protected to a height of 50 ft above mean lower low 

water. 

To alleviate some of the uncertainties associated·with predicting 

the occurrences and nature of tsunamis along the west coast of the U.S., 

further studies are needed in the following areas: (1) model studies of 

sites having high runup, (2) statistical studies of wave heights and runup 

in selected coastal areas, perhaps even at offshore (island) sites, and 

(3) more intense geological investigations of coastal features that may 

cause localized tsunamis. Because theory becomes so complicated for 

tsunami effects near coastlines, model studies appear to hold the most 

promise for practical answers on problems of runup. Model studies could 

demonstrate tsunami effects for complex topography, offshore islands, and 

str~k.e-slip movement. Considering the expense of modeling a number of 

areas, it may be feasible to model tsunami effects by using a computer. 

Work of this nature has been done for breakwaters and a broken dam. Tsunami 

runup could probably be simulated with some simple topographic models in 

present large-memory computers. 

Statistical studies of' runup heights appear to be helpful in predic

tions, because runup heights of different tsunamis recorded at a single 

coastal site are virtually constant, whereas runup heights from a single 

tsunami recorded at a number of coastal sites are quite variable. There

fore, if information is available on past runups at a specific site, a 

prediction of expected heights can be made; however, if no runup informa

tion is available, it is difficult to predict runup heights. Therefore, 

wave recorders should be installed in coastal areas considered for reac

tors if little or no runup information is currently available. Although 

wave heights are expected to be low at prospective offshore sites, es

pecially off the coast of Southern California, actual wave height measure

ments should be made at representative sites. 
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6.6 Design for Protection from Tsunamis 

The present approach in reactor design for protection from tsunamis 

is to assure that the wave defense of the shore or island has the capacity 

to proviue plant protection during and following the design-basis waves. 

On the west coast protection has been provided for runup of as much as 

50 ft. When sea walls are provided they must be designed for seismic 

loading. Foundation stability, anchorage, and corrosion must be given 

special consideration. Those localities with a potential for locally 

generated waves should be avoided. Large tsunamis that are generated by 

distant earthquakes should allow adequate warning not only for safe shut

down but even primary system depressurization. However, not all warnings 

are followed by tsunamis, so such a shutdown procedure might not be con

sidered economically practical. In some cases the withdrawal of the ocean 

preceding large tsunami waves might present problems in supplying cooling 

water by the loss of required head on cooling-water pumps. 
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Appendix A 

GLOSSARY 

Activity. Of or pertaining to earthquakes. 

Bea.ming. As applied to tsunamis, the propagation of the highest ocean 
waves in a direction perpendicular to the strike of the generating 
fault. 

Bore. As applied to tsunamis, a wave that approaches coastlines with a 
high abrupt front. 

Breakage. Fractured rock caused by faulting; of or pertaining to fault
ing. 

Cultural Noise. Unwanted oscillations recorded by seismographs that are 
caused by cars, trucks, trains, pumps, heavy machinery, and other 
human activities. 

Design Earthquake. The earthquake chosen on the basis of evidence of 
historic occurrences to define the ground shaking for which the plant 
will be designed. "Design-basis earthquake" is a term currently em
ployed in conjunction with "operating-basis earthquake" to distin
guish between design bases for different features of a plant. From 
the time the nuclear power plant at Bodega was proposed until the 
present time, applications for construction permits have specified 
two levels of shaking for which various portions of the plant would 
be designed. The AEC seismic criteria use the current terminology, 
but various names have been used in the past, and design criteria 
in license applications vary somewhat from one case to another. In 
any case, structures and systems that are vital to safety are gen
erally designed to function properly in the larger of the specified 
design earthquakes, while the plant is usually expected to be capable 
of operating normally during the lesser. This report sometimes uses 
"maximum design earthquake" in the general sense of the larger of 
the design earthquakes. 

Dip. The angle at which a stratum or any planar feature is inclined from 
the horizontal. 

Dislocation Models. The application of static-elastic dislocation theory 
to the study of surface deformation accompanying faulting. 

Displacement. The relative movement of the two sides of a fault (Glossary 
of Geology and Related Sciences); 1 the difference in positions of 
ground particles as recorded by a seismograph; the integral of the 
velocity of ground particles as recorded by a seismograph. 

Displacement Velocity (of.Fau:Lt~d. The rate of displacement of ad,jacent 
rock masses on either side of a fault, expressed either as a relative 
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velocity of one side with respect to the other or as the velocities 
of both sides with respect to a stationary observer; cf. ~upture 
Velocity. 

Draping. The structural folding of unconsolidated submarine sediments 
over a faulted surface. 

Epicenter. The point on the earth's surface directly above the focus 
of an earthquake. (Glossary of Geology and Related Sciences) 

Fault. A fracture or fracture zone along which there has been di$place
ment of the two sides relative to one another parallel to the frac
ture. The displacement may be a few inches or many miles~ (Glos
sary of Geology and Related Sciences) 

Active Fault. A fracture that exibits geological, seismological, 
and historical evidence of differential displacement. (Cluff) 2 

A fracture along which differential displacement has occurred 
in Recent geologic time; that is, in the last 10,000 years. 
(Cluff) 

Block Fault. A fracture along which vertical differential displace
ment has occurred that forms a boundary between two bodies of 
rock. 

Dead Fault. A fracture that has exhibited no evidence of movement 
in Recent geologic time. 

Dextral-Normal Fault. A normal fault in which the net slip is such 
that to an observer moving toward the fault the opposite block 
appears to have moved to the right. 

Dip-Slip Fault. A fault in which the net slip is practically in the 
line of the fault dip. 

Earthguake-Generating Fault. A zone of dislocated or faulted rock 
that is a source of elastic waves. 

Inactive Fault. A fault that has exhibited no evidence of movement 
in Recent geologic time. 

Master Fault. Zone of disturbance peripheral to a continent extend
ing to a depth of several hundred miles and including the foci 
of deep seated earthquakes; great faults or fault systems gen
erally involving much lateral movement that have played a promi
nent part in the development of earth structure. (Supplement 
to the Glossary of Geology and Related Sciences) 

Minor Fault .. See Secondary Fault. 
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.Normal Fault. A fault at which the mass of rock·above the fault 
plane has been depressed with respect to the mass of rock below 
the fault plane. 

Reverse Fault. A fault along which the mass of rock above the fault 
plane has been raised with respect to the mass of rock below 
the fault plane. 

Secondary Fault. A fracture that arises as a direct result of move
ment on a master fault. 

Strike-Slip Fault. A fault in which the component of shift is paral
lel to the strike of the fault. (Glossary of Geology and Re
lated Sciences) 

Structure-Controlling Fault. See Master Fault, second meaning. 

Subsidiary Fault. See Secondary Fault. 

Thrust Fault. A reverse fault that is characterized by a low angle 
of inclination with reference to a horizontal plane. ·(Glossary 
of Geology and Related Sciences) 

Transcurrent Fault. Same as Strike-Slip Fault. 

Transverse Fault. A fault whose strike is transverse to the general 
structure. 

Fault-Plane Solutions. The determination of the type of fault movement 
by examining the distribution of compressions and dilations in the 
recording of a given shock that is generated by the fault in ques
tion. 

Fault Scarp. The cliff formed by a fault. (Glossary of Geology and.Re
lated Sciences) 

Fault Zone. A fault, instead of being a single clean fracture, may be 
a zone hundreds or thousands of feet wide; the fault zone consists 
of numerous interlacing small faults or a confused zone of gouge, 
breccia, or mylonite. (Glossary of Geology and Related Sciences) 

Flow Slides. Mass downgrade movement of liquefied soil. 

Fracture. Breaks in rocks due to faulting. (Glossary of Geology and 
Related Sciences) 

Geologic Evidence of Faulting. Structural, stratigraphic, and physio
graphic phenomena indicating differential displacement (Cluff); 
phenomena include fault scarps, triangular facets, offset streams, 
side-hill ridges, sh~tter ridges, springs, etc. 
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Gouge. Soft clayey material often present between a vein and a wall or 
along a fault - also called selvage. (Webster's Third New Interna
tional Dictionary) 

Graben. A block, generally long compared with its width, that has been 
thrown down along a fault relative to the rocks on either side. 
(Billings) 3 

Hypocenter. The subterranean point believed to represent the position of 
the initial rupture causing an earthquake; the focus. (Richter) 4 

Insensitive. As applied to tsunamis, coastal areas that are not subjected 
to high waves. 

Intensity. An index that refers to the degree of shaking at a specific 
place; a rating assigned by an experienced observer us.ing a descrip
tive scale with grades indicated by Roman numerals from I to XII 
(Richter); cf., Magnitude. 

Lurches. Cracks and fissures parallel to streams, gulches, etc., caused 
by earthquake motion at right angle to these original features as a 
result of yielding of soils in the directions in which support is 
lacking. 

Mach-Stem. As applied to tsunamis, a type of reflected wave that has a 
height greater than that of the incident wave. 

Magnitude. The logarithm of the maximum amplitude on a seismograph written 
by an instrument of specific standard type at a distance of 100 km 
from the epicenter of an earthquake (Richter); cf., Intensity. · 

Major Break. See Master Fault. 

Marine Geophysical Profiling System. Systems making use of nondyna.mite 
acoustical sources and seismic reflection techniques to determine 
subsea structural geology by use of recorded visual cross sections. 

Maximum Credible. As applied to earthquake magnitude, ground accelera
tion, tsunami runup, etc., that which might occur with a finite 
probability and be triggered by understandable mechanisms. (Thomas) 5 

Minor Break. See Secondary Fault. 

Quaternary. The last one to two million years of geologic time. This 
period is subdivided into Pleistocene and Recent Epochs. 

Recent Geologic Time. When used with. "Recent" capitalized this term 
means the last 10,000 years of geologic time. 

Rift. A large strike-slip fault parallel to the regional structure; 
specifically applied to the San Andreas ri~ in California. (Glos
sary of Geology and Related Sciences) 



Runup. The rush of water up a structure on the breaking of a wave. Also 
uprush. The amount of runup is the vertical height above still water 
level that the rush of water reaches. (Glossary of Geology and Re
lated Sciences) 

Rupture. Same as Fracture. 

Rupture Velocity (of a Fault). The velocity with which the leading edge 
of a fracture progresses ·into the_ region where fault movement has 
not yet begun; cf. , Displacement Velocity. 

Scram. As applied to power reactors, shutdoWri of the reactor by automatic 
ii1se:rtio11 of cont:col :i.·ous. 

Seismic. Pertaining to characteristic of, or produced by earthquakes or 
earth vibrations. (Webster's Third.New International Dictionary) 

Seismic Factor. The ratio of actual ground particle.acceleration to the 
acceleration due to gravity. 

Seismic Regionalization Maps. Small-scale maps showing the great dif
ferences in seismicity between widely separated regions; large-scale 
maps showing the variation in local effects due to differences in 
ground, as well as consequences of varying distance from earthquake 
sources. (Richter) · . 

Seismograph. Usually an electrical system that records seismic waves. 
Such a system usually includes a seismometer as a sensor and ampli
fier and systems for filtering, timing, testing, calibrating, record
ing, and power. 

Seismological Evidence of Faulting. Tectonic phenomena, including earth
quakes, microearthquakes, creep, and crustal distortion. 

Seismometer. Detecting device that receives seismic impulses. (Glossary 
of Geology and Related Sciences) 

Sensitive. As applied to tsunamis, coastal areas that are invariably 
subjected to high waves; often regardless of direction of approach. 

Strike. The course or bearing of the outcrop of an inclined bed or struc
ture on a level surface. (Glossary of Geology and Related Sciences) 

Tear. See Strike-Slip Fault. 

Tectonic. Of, pertaining to, or designating the rock structure and ex
ternal forms resulting from the deformation of the earth's crust. As 
applied to earthquakes, it is used to describe shocks not due to 
volcanic action or to collapse of caverns or landslides. (Glossary 
of Geology and Related Sciences) 
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Transducer. Any device for transmitting energy from one form to another, 
such as mechanical to electrical, as performed by a seismometer. 

Tsunami. Sea waves produced by a submarine earthquake or volcanic erup
tion that sometime attain heights of 30 ft or greater upon approach
ing coastlines. 

Tsunami-Generated Oscillation. Resonant waves generated by tsunamis along 
coastlines, in bays, and in harbors. 

Uprush. See Runup. 

Variable-Density Cross Sections. Visual representations of subsurface 
structures obtained by a method of recording seismic impulses wherein 
the density of a photosensitive film or paper is proportional to the 
intensity of the seismic impulse. 
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Appendix B 

REACTOR SITE EVALUATIONS 

Brief reviews of the geologic and seismologic evaluations of five re

actor sites (Malibu, Bodega Bay, San Onofre, H .. B. Robinson No. 2, and 

Browns Ferry) are presented below· to illustrate the principal effect of 

earthquake considerations on reactor siting. The sites are significant in 

the fact that they were subjected to evaluations that ranged from those 

requiring the most involved geologic and seismological investigation 

(Malibu, Bodega Bay) to those that required only the minimum effort (H. B. 

Robinson No. 2, Browns Ferry). 

Bodega Bay 

The Pacific Gas and Electric Company's proposed Bodega Bay plant site 

is situated on the California coast approximately 50 miles northwe.st of 

San Francisco. This installation was to consist initially of a single 

boiling-water reactor of 1008-Mw(th) and 325-Mw(e) capacity. It was to 

be supplied by the General Electric Cornpany. 1 

In general the principal problem at the Bodega Bay plant site was a 

determination of the nature and amount of expected faulting. However, 

there wa$ some disagreement among the several investigators as to the 

maximum intensities of ground motion that might be experienced. The po

tential danger of tsunami waves at this coastal site was also controversial. 

Throughout the course of the preliminary hazards evaluation, several 

investigators were employed by the applicant to evaluate the geologic· and 

seismologic conditions at the site. In addition studies and comments as 

to the suitability of the site were made for the USAEC by the U.S. Geo

logical Survey, the Bureau of Mines, the U.S. Coast and Geodetic Survey, 

and the Research Geologist of the National Park Service. A personal geo

logic and seismologic study of the site was also.made by Pierre Saint-Amand 

for the Northern California Association to Preserve Bodega Head and Harbor. 

A preliminary reconnaissance of the site was first made for the applicant 

in 1958 by Clark E. McHuron, a Consulting Engineering Geologist. Later 

Dames and Moore, Soil Mechanics Engineers, were employed to do a 
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geophysical seismic survey of the site and to conduct preliminary subsur

face exploration. Detailed geologic and seismologic studies were made by 

consultants Don Tocher and William Quaide, while George Housner of the 

California Institute of Technology recommended structural designs based 

on a seismological evaluation of the plant area. Hugo Benioff and E. C. 

Marliane also acted as consultants for the applicant. Robert Wiegel of 

the University of California, Berkeley, supplied information on tsunami 

hazards at the site. 

The Bodega Bay Plant site is situated about 1000 ft west of the gen

erally recognized western limit of the San Andreas fault zone (see Fig. 

B.l). The uncertainty in this case was not, of course, the activity of 

the main trace of the San Andreas fault, which is clearly recognized as 

active, but it was concerned with the probability of minor or subsidiary 

fracturing at the site resulting from the probable principal movement 

along the last break (1906) of the San Andreas fault located approximately 

one mile to the east. Even though it is recognized that in general the 

number of subsidiary or minor fractures and the amounts of displacement 

associated with them decrease away from the major breaks, too little is 

known about these breaks to be able to state precisely what movements 

might be expected at various distances from the major active faults. For 

the Bodega Bay site, the applicant's consultants argued that since the 

plant area was located outside the recognized zone of active faulting 

associated with the San Andreas fault and since no clear-cut evidence of 

recent faulting (within the last 40,000 years and possibly as long ago as 

100,000 years) was found within the area, it would be extremely unlikely 

that any differential displacements of the ground would occur during the 

lifetime of the proposed plant. 2 On the other hand, the U.S. Geological 

Survey, acting as .consultants for the Division of Reactor Licensing, con

tended that the probability of fa~lting beneath the plant was moderate to 

high, at least for displacements of 2 in. or less. 2 Their conclusions 

were based on the discovery of off sets in the bedrock and younger sediments 

in the shaft excavation for the reactor vessel (see Fig. B.2). These 

displacements, which may have affected sediments less than 40,000 years 

old, were interpreted as ·tectonic-induced disturbances associated with 

major movements ori the main trace of the San Andreas fault, which lies 

ti 



Fig. B.l. Excavation Pit for Reactor Building at Bodega Bay. The 
site lies more than 1000 ft west of western limit of the Sen Andreas f ault 
zone, which strikes approximately parallel to the ridges in the jackg~ound. 
Here the San Andreas fault zone extends eastward to the base of these 
ridges and occupies the lowland between the reactor site and the ~idges in 
the background. 
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Fig. B.2. Closeup Photograph Showing Minor Offsets in Wall of Exca
vation for Reactor Building. This faulting led eventually to the abandon
ment of the Bodega Bay site. 
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to the east of the site. It is of interest that the applicant's consul

tants interpreted these same structures in the sediments to be sedimentary 

features (i.e., nontectonic). 3 

The U.S. Geological Survey also contended that. even though the plant 

was to be located approximately 1000 ft beyond the generally recognized 

western limit of the San Andreas fault, not all faulting associated with 

major earthquakes along the fault is restricted to this zone. For instance 

it was pointed out that sympathetic faulting was observed to have occurred 

during the 1906 earthquake in bedrock at Point Reyes Peninsula, which is 

located about 30 miles to the south at a site that is geologically similar 

to the Bodega Bay area and is approximately the same distance from the 

San Andreas fault.~ 

Perhaps the most severe shaking at proposed reactor sites to date 

would be most likely to occur at the Bodega Bay power plant site. As 

mentioned above, this site is only about 1 mile from the 1906 break of the 

San Andreas fault and only about 30 miles from the epicenter of this shock. 

Based on the known history of seismic activity in the immediate vicinity 

of the site, small to modera~e size earthquakes would not be expected to 

occur. It was thus generally concluded.that the most intense ground mo

tion ~t the site would occur as a result of a larger earthquake (magnitude 

8.2) originating along the San Andreas fault. There were,· however, con

siderable differences in the estimated maximum shaking intensities that 

might be expected at the site by various investigators." Originally, Tocher 

and Quaide suggested that the power plant, which was to have its founda

tion in quartz diorite bedrock, be designed to withstand an earthquake of 

Modified Mercalli intensity VIII. Furthermore, to provide.some margin of 

safety, a maximum intensity of IX was recommended. 1 (Using Gutenberg·and 

Richter's relationship between intensity and ground acceleration the in

tensities given above may be expressed as 0.15 and 0.32 g, respectively.) 

Due to gross misinterpretation of these expected earthquake intensities, 

Tocher later suggested that the most precise estimate of the maximum ex

pected ground shaking at the site be made according to the response spec

trum technique, which had been used by Housner for the site (the strong

motion accelerograms for the 1940 El Centro shock were scaled to apply 

to the Bodega Bay site), and not to intensity scales (Modified Mercalli). 3 
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With consideration of the intensity of shaking associated with a magnitude 

8.2 earthquake, the strongest so far recorded (El Centro, magnitude 7), and 

the differences in the expected intensities in alluvium (El Centro) and 

the hard rock at Bodega Bay, Housner concluded that the maximum ~haking in

tensity at the site should be about 0.75% as great as that at El Centro 

(0.33 g). To allow a safe margin for error, a maximum ground acceleration 

for the site was estimated by Housner to be 0.33 g, or the same as that 

at El Centro. 1 

Housner assumed that there is no appreciable difference in the inten

sity of shaking associated with a magnitude 7 earthquake and a magnitude 

8.2 earthquake. He reasoned that the principal difference in these two 

shocks is an additional length of fault break in the case of the larger 

shock. 1
'

5 This generalization was not agreed to by Saint-Amand and Eaton, 

who contended that peak accelerations as high as 1 g (Saint-Amand) and 

0.7 g (Eaton) were more realistic. Saint-Amand pointed out that larger 

earthquakes are connnonly observed to have greater intensities than smaller 

ones, while Eaton argued that the definition of magnitude itself suggests 

that the larger the earthquake the greater the snaking intensity. 4 

In regard to tsunamis, it was concluded by the applicant and his con

sultants that the maximum rise in water levels in Bodega Bay for all re

corded tsunamis along the California Coast has not exceeded 5 ft. It was 

also mentioned that most of these waves originated in the ,Aleutians, Japan, 

Chile, etc., and in general destructive tsunami waves would not be ex

pected to be generated.along offshore California, since this area does 

not appear to be conducive to vertical faulting and submarine landslides, 

which are believed to be .the principal means for generation of tsunamis. 

In sunnnary, the applicant and his consultants contended that the maximum 

water level rise to be expected at the site as a result of tsunamis would 

be 15 ft. This is considerably less than the maximum wave heights of 

30 ft for distant-generated tsunamis and 50 ft for locally generated waves 

that were suggested ~s appropriate for the site by the U.S. Coast and 

Geodetic Survey. 2 The 30-ft level was presumably based on experience 

with historic tsunamis along the California Coast, while the 50-ft value 

apparently stennned from the reported 50-ft wave at Gaviota, California, 
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in 1812; which if it did indeed occur resulted from a local offshore .earth

quake. 

Although there were major differences in the expected amounts of dif

ferential displacement, intensities of shaking and tsunami-ind.uced water 

level rises, as expressed by the applicant's consultants and other inter

ested parties, it should be mentioned that the more conservative evalu

ations were accepted by the applicant and designs were proposed to with

stand these forces. Since there was doubt as·to the safety of the.proposed 

plant, the application for a license to construct the plant was withdrawn. 6 

Browns Ferry 

The proposed site for· the Browns Ferry Nuclear Power Station is on 

the shore of Wheeler Reservoir, approximately 30 miles west of Huntsville, 

Alabama. Initially the station will consist of two boiling-water reactor 

units, each having a gross thermal output of 3293 Mw (1098 Mw electrical). 7 

The site lies within the Highland Rim section of the Interior Low 

Plateaus. The rocks in this physiographic subdivision were subjected to 

some slight deformation during the Appalachian Revolution toward the close 

of the Paleozoic Era (225 million years ago); however, major folding and 

faulting did not occur within the region, as was the case in the Appala

chian geosyncline to the east. Since there is apparently no evidence to 

indicate that any faulting has occurred within the region since the Appa

lachian Revolution, it was concluded that no provisions for differential 

displacement of the ground due to tectonic faulting need be made in the 

design of the plant. 7 

To determine the intensity of earthquake-induced shaking that might 

be expected at the plant site, the seismic histories of the Southeastern 

U.S. and the Tennessee River Valley, in particular, were reviewed. This 

study revealed, through epicentral plots of several hundred ear.thquakes, 

four principal areas of activity in the southeast. These areas were 

(1) the New Madrid region of the Mississippi River Valley, which includes 

parts of Missouri, Tennessee, Kentucky, and Arkansas, (2) the Lower 

Wabash Valley of southern Illinois and Indiana, (3) the Charleston, South 

Ca.rolina, area, and (4) the Eastern Tennessee and Western North Carolina 
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regions of the Appalachians. Several light- to moderate-intensity shocks 

were observed to have occurred within 35 to 45 miles of the plant site; 

however, it was concluded that the greatest intensities of past shaking 

at the site probably resulted from the great New Madrid, Missouri, shocks 

of 1811 and 1812 (Modified Mercalli intensity of VII. in nearby Decatur, 

Alabama) and the Charleston earthquake of 1886 (Modified Mercalli inten

sity of VI in the Decatur area). It was further concluded·that because 

of the persistence of seismic events in the New Madrid area, it is pos

sible that a great shock could originate in the future in that area that 

might result ih an intensity as high as VII on the Modified Mercalli scale 

at the plant site. Based on the rough relationship between earthquake 

intensity.I and acceleration a, as expressed by Gutenberg and Richter in 

the equation 

I = 3 log a + 1.5 

it was determined that the design earthquake at the plant site would be 

based on a ground acceleration of 0 .10. ·g and that a ground acceleration 

of 0.20 g would be assumed for the maximum potential earthquake. Since 

the foundation for the structure is massive limestone, no amplification 

of ground motion is anticipated. 7 The U.S •. Geological Survey in their 

comments on the geology of the area agree with the applicant that "the 

minor faulting. at the site occurred several hundred million years ago, 

and there is no evidence of tectonic related movements along any faults 

since that time. The U.S. Coast and Geodetic Survey in th~ir report on 

the seismicity of the plant site conclude, as did the applicant, that the 

greatest historic earthquake intensity (Modified Mercalli intensity of 

VII) felt at the site was due to the New Madrid series of shocks in 1811 

and 1812. The U.S. Coast and Geodetic survey also agreed with the ap

plicant that the facility might be subjected to ground motion.of Modified 

Mercalli intensity VII and a corresponding ground acceleration of 0.10 g. 

A ground acceleration of 0.20 g was also suggested for the maximum poten

tial earthquake at the site.* 

*These two design levels correspond to the "operating basis earth
quake" and "design-basis earthquake," respectively, in present Regulatory 
terminology. See Giossary, Appendix A. · · 

r 
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San Onofre 

The Southern California Edison Company's San Onofre Nuclear Generat

ing Station is located on the Camp Pendleton Marine Reservation on the 

shoreline of the Pacific Ocean. The site of the 450-Mw(e) pressurized

water reactor is about 62 miles southeast of Los Angeles and 51 miles 

northwest of San Diego. The Preliminary Hazards Stnnmary Report, which 

was submitted to the AEC Division of Licensing and Regulation in February 

1963, discussed pr~liminary studies of geology~ seismology, and oceanog

raphy that were carried out by Dames and Moore, Soil Mechanics Engineers.a 

These preliminary studies revealed that the plant would be situated 

on the San Mateo formation of Middle Pliocene age. This formation, which 

consists of pebbly, coarse-grained sand is about 300 ft deep at the site. 

It was also determined that the San Mateo sand had sufficient strength 

to support the large structures required, and the offshore sediments could 

adequately support an intake structure for cooling water.a 

In order to estimate the seismological hazard, seismic regionalization 

mapping 9 was used to determine the probable maximum earthquake intensity 

and hence the design earthquake. Richter's relationships for seismic re

gionalization mapping are based_on the premise that the shaking varies 

primarily with the age of the foundation material (that is, the density 

or bearing strength of the material) and secondarily with the location of 

active faults. Based on these relationships, the San.Mateo formation of 

Tertiary age corresponds to an earthquake intensity of VII.a In addition, 

the magnitude 6.25 earthquake of March 11, 1933, which was thought to be 

associated with strain release along the Newport-Inglewood fault about 

30 miles north of the site, was determined to have an intensity of VIII 

at its epicenter. Using Gutenberg and Richter's relationships between 

intensity and acceleration, 10 it was determined that an intensity of VIII 

would yield an acceleration of 0.15 g, and an intensity of VII would yield 

an acceleration of about 0.07 g. Furthermore, since Southern California 

Edison Company's coastal steam plants are designed to withstand an accel

eration of 0.2 g, which corresponds to an intensity of VIII+, it was 

assumed that there would be an adequate margin of safety if the San Onofre 

reactor were designed to withstand an 1H~c-.eleration of 0.2 g. a 
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In order to estimate the tsunami hazard, it was noted that the maximum 

high tide at the site was +7.5 ft, while the maximum breaker height was 

13 ft. Maximwn tsunami heights at nearby La Jolla and San Diego were found 

not to have exceeded 5 ft. Based on these preliminary data, a 10-ft-high 

seal wall is proposed to assure a sufficient margin of safety at the site, 

which lies 20 ft above mean sea level. 8 

Upon review.of the Preliminary Hazards Summary Report, several ques

tions were posed regarding (1) bases for concluding there were no active 

faults at the site, (2) geological and seismological information upon which 

development of spectra were based, (3) method of analysis by which the 

spectra were developed, and (4) the tsunami hazard. 11 The only fau_lts 

that could extend to the vicinity of the reactor site are the Christianitos 

fault and the Rose Canyon fault. The Christianitos fault trace intersects 

the coastline about one mile southeast of the site and trends due north 

from the point of intersection. As a result of examinations by Dames and 

Moore and consulting geologists, it was concluded that the fault had not 

moved in the last 10,000 years, since the fault had not displaced .the ter

race deposits along the shoreline. 11 Therefore, the Christianitos fault 

was considered to be inactive. With respect to the Rose Canyon fault, 

which is located north of San Diego, Dames and Moore and the geologists 

could find no field evidence of a major fault. In addition, they could 

find neither evidence of recent movement at Rose Canyon nor evidence to. 

suggest a. connection with a southern extension of the Newport-Inglewood 

fault. 11 

Geological and seismological information needed to develop spectra 

included considerations of strength of surface rock and underlying forma

tions, faults in the area, seismic history, epicenters of nearby ·shocks, 

and intensities of known earthquakes. 12 Studies showed that (1) the San 

Mateo formation has sufficient strength to support a reactor, (2) faults 

in the vicinity of the site are inactive, and (3) the site does not in

clude earthquake epicenters. 12 However, Dames and Moore determined that 

the site is about four or five times as active as the average for Southern 

California based on the analysis of intensities to which the site has been 

subjected in the past. 12 For example, the average expectancy per 100 years 

of an· intensity VI motion is 1.1, whereas ·there have been six intensity 

r 
• 
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VI motions at the site as a result of earthquakes whose epicenters were 

outside of the site area. 11 Based on these historical studies and studies 

of site characteristics, a "once-per-100-year" earthquake was considered as 

the· design earthquake used to develop spectra. Such .a shock would cause 

intensity VIII motions at the site that would correspond to an acceleration 

of 0.12 g. 11 In addition, a once-per-600-year earthquake was considered. 

Such a shock would cause intensity IX motions at the site that would cor

respond to an acceleration of 0.25 g. 11 

In order to determine spectra, Dames and Moore used a method of analy

sis that was developed by Kanai. 12 This method consists of the following: 

(i) selection of a maximum earthquake magnitude and an epicentral distance 

from the site, (2) an estimate of the amplitudes of earthquake wave motion 

in basement rock at the site based on a formula developed from empirical 

studies, (3) calculation of the amplitude of wave motion of the ground sur

face by determining the effects of the shear-wave velocity of the surficial 

material, density of surficial material, and the number and thicknesses of 

the strata between the basement rock and the ground surface, and (4) mea

surement of frequency of occurrence of wave periods versus period for 

microearthquakes recorded at the site. 12 

In order to select the .once-per-600-year earthquake, the' following 

magnitude shock and fault's at the indicated distances from the site were 

considered: 

1. a magnitude 6.5 shock on the Elsinore (25 mi), San Clemente (50 mi), 

or Newport-Inglewood (25 mi) faults, or 

2. a magnitude 7.5 shock on the San Jacinto (45 mi) fault, or 

3. a magnitude 8 shock on the San Andreas (65 mi) fault no further south 

than Cajon Pass, since the historic record indicates no magnitude 8 

shocks south of Cajon Pass. 

It was concluded by Dames and Moore.that the magnitude 8 and 6.5 

shocks would be the more critical and would cause accelerations of 0.24 

and 0.27 g, respectively. These accelerations would correspond to an in

tensity IX motion at the site, which would be equivalent to the once-per-

600-year intensity. 12 

To select the once-per-100-year earthquake, which was believed to be 

more reasonable with regard to the lifetime of the plant, the following 
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magnitudes and faults were considered: 

1. a magnitude 6.5 shock on the San Jacinto (45 mi) fault, and 

2. a magnitude 6 shock on the Elsinore (25 mi) fault. 

It was concluded that these shocks would result in accelerations of 

0.1 to 0.13 g and would be equivalent to intensity VIII motions at the 

site. 12 

Based on the once-per-600-year earthquake, response accelerations vary 

from 0.25 to 0.62 g for a damping range of 0.5 to 7% at a period of 0.1 sec. 

The U.S. Coast and Geodetic Survey, on the other hand, concluded that 0.17 

g should be considered as a safe design factor for earthquakes that would 

affect the site and that_ all important elements of the reactor should be 

designed to withstand 0.4 g and continue to function. 13 

In order to evaluate the tsunami hazard, Dames and Moore retained 

Marine Advisors, Inc., of La Jolla, California, to make extensive inves

tigations of historic tsunamis, subsea faulting, and potential slide areas. 

Perhaps the biggest question to be resolved was that of the offshore Cali-. 

fornia earthquake and resulting tsunami of December 21, 1812, which one 

·source quoted by both the U.S. Coast and Geodetic Survey 14 ~nd Richter 10 

reported as attaining a height of 50 ft at Gaviota, 30 to 35 ft at Santa 

Barbara, and 15 ft at Ventura. However, extensive investigation of his

toric documents, mission records~ private letters, and Dr. Louderback's 

private papers .failed to reveal any reports of wave effects as a result of 

the tsunami of 1812 considered credible by Marine Advisors. 15 As a result 

of these studies, it was concluded by Marine Advisors that the wave height 

may have been approximately that of the tidal range, 15 which is about 6 

ft.16 

Also, Ma!ine Advisors considered in detail tsunamis of remote origin, 

site topography, tsunamis of local origin, and potential landslide areas. 

Their conclusions were the following: (1) the superposition of a 50-year 

tsunami of 6 ft from a distant source, a maximum tidal stand of 7 ft; and 

a 50-year storm surge of 1 ft, a~ounting to 11 ft, would occur once every 

25,000 years, (2) the area of the site is insensitive to tsunamis of re

mote origin because of the regular subsea topography, (3) there are no 

indications that the largest likely local tsunamis would exceed runups 
i 
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attained by distant tsunamis from large sources, and (4) the potential for 

large submarine landslides is limited. 11 

At a meeting on August 26, 1965, attended by the applicant and con

sultants, the AEC staff, after receiving the tsunami report from Marine 

Advisors, raised questions regarding (1) dip-slip faulting as a source of 

local· offshore tsunamis, (2) the relative importance of warping of the 

sea bottom in regions adjacent to the San Andreas fault, (3) any writing 

of the Padre Gil that mentioned the tsunami of 1812, and (4) the height 

of the resulting tsunami using Iida's relationships if the magnitude 7.25 

earthquake of November 4, 1927, was raised to magnitude 8.25. Hugo Benioff 

assisted in providing answers to these questions, as follows: (1) the off

shore faults that exhibit dip-slip components are not considered long enough 

to produce earthquakes having magnitudes much larger than 7.3, such as 

recorded. on November 4, 192 7, and thus they are not _considered likely to 

produce destructive tsunamis (see Chap. 5, which gives relationships be

tween tsunami runup and earthquake magnitude); (2) there is no evidence of 

folding off the coast of California of sufficient magnitude or rate to be 

significant as a source of tsunamis; (3) Padre Gil mentioned the earthquake 

of 1812 but did not mention any sea effects, and the many second-hand ac

counts of sea disturbances were not found credible by applicant's consul

tant; and (4) Iida associates a maximum runup of 26 to 39 ft with an earth

quake of magnitude 8.25; however, Iida's relationships do not appear to be 

applicable to California because of the more gentle off shore topography and 

the history of relatively low tsunamis. 11 

Based on these answers, it was concluded by the applicant that the 

plant would not be subjected to tsunami wave h.eights exceeding 13 ft; how

ever, a seawall having an elevation of 28 ft was to be provided. 11 The 

U.S. Coast and Geodetic Survey concurred that no flooding by combinations 

of the highest recorded tides, breakers, or tsunamis would occur if a sea

wall of this height were constructed. 13 

In order to provide information on accelerations at reactor sites, a 

strong-motion recorder, Model AR-240, was installed in the station Ware

house Building o~ the site in January 1965 by U.S. Coast and Geodetic 

Survey personnel, who will also maintain the instrument and collect and 
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analyze recorded data. The unit was set to record ground motions larger 

than the threshold acceleration of 0.1 g. 11 

H. B. Robinson No. 2 

Preliminary evaluations of the shaking to be expected at the Carolina 

Power and Light Company's H. G. Robinson No. 2 plant near Hartsville, S.outh 

Carolina, were made by Dames and Moore. 17 The site for the 760-Mw(e) plant 

is on silty clayey sand of Cretaceous age having a depth of about 400 ft 

that overlies crystalline rock. The evaluation program consisted of the 

following: (1) a complete study of all damaging shocks in the vicinity of 

the site and all significant damaging shocks within a radius of 200 miles, 

(2) an evaluation of the frequency of occurrence of earthquakes of various 

intensities, (3) a correlation of the geologic structure of the region with 

the historic pattern of earthquakes, (4) a review of the results of labo

ratory and field tests to determine the effects of earthquake motion on the 

foundation material, and (5) the selection of the necessary response spec

tra.17 

Results of the seismological investigations showed that (1) the McBee 

shock of October 26; 1959, which had an intensity of V to VI 15 miles from 

the site, was the only earthquake that hgd occurred in thP. immPtii;:ite vi

cinity of the site, and (2) the Charleston shock of 1886, which had an in

tensity of IX 120 miles from the site, probably had an intensity.of about 

V at the site. Frequency of occurrence data led Dames and Moore to expect 

a shock on the order of the McBee shock, which had an intensity of V at the 

site, once during the life of the plant. Correlations of geologic struc~ 

ture of the region with earthquake patterns indicated that (1) the McBee 

earthquake of 1959 may have been associated with buried faulting along the 

local Deep River basin, and (2) that the Charleston earthquake may have 

been associated with a buried Triassic graben. 17 Active faults are unknown 

in the vicinity of the site, and therefore no considerations for differen

tial displacement were made. 

Dynamic soil tests indicated that the sandy soils were more susceptible 

to compressional and shearing stresses than the clayey soils. Also, the 

sandy soils settled when subjected to an oscillating load of short duration. 
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Thus it was decided that all critical components and heavy structures would 

be supported by piles that, in turn, would be supported by stiff clayey 

soils at a depth of about 50 ft. 

Because it was estimated that the site could expect a shock on the 

order of the McBee shock, which had an intensity of V to VI, once during 

the life of the plant, a magnitude 4.5 earthquake with an epicentral dis

tance of less than 10 miles was selected as the design earthquake. A maxi

mum ground acceleration of 0.07 to 0.09 g was estimated for this site, with· 

some possible amplification due to soil conditions, since an intensity of 

about VII rather than V to VI would yield an acceleration of from 0.07 to 

0.09 g based on the Gutenberg and Richter relationship (an intem;ity .of 

4.5 yields 0.01 g and an intensity of 1.5 yields 0.1 g). l 0 A value of 0.1 

g was chosen as the design earthquake and a value of 0.2 g was chosen to 

give an adequate margin of safety for a hypothetical earthquake, such as 

the Charleston shock, occurring within 35 miles of the site. Because the 

Robinson site and certain areas in California are similar with regard to 

soil type and depth, Housner18 reconnnended that his average California re

sponse spectra be used to obtain horizontal and vertical ground motion 

spectra for the site. 

The earth dam that impounds Lake Robinson, the source of cooling 

water, was also analyzed by Dames and Moore to determine its strength with 

respect to acceleration. Data showed that no displacement or yielding of 

the embankment would occur until the vector resultant of the horizontal 

and vertical components of earthquake accelerations equaled or exceeded 

0.28 g. This strength is considered to be sufficient because the vector 

resultant of the horizontal and vertical components of the hypothetical 

earthquake of 0.2 g is only 0.24 g. 17 

Additional data to supplement original findings by Dames and Moore 

included (1) a revj_e.w and compa:rison of the effects of the 1913 earth

quake on Union, South Carolina, and the Imperial Valley earthquake of 

May 18, 1940, on El Centro, California, (2) another comparison of effects 

at Union and El Centro by Leeds, a seismologist with Drones and Moore, 

(3) a geological analysis of the site for the H. B. Robinson Unit No. 2 

by Stuckey and Smith, consulting geologists, (4) a study of the earthquake 

hazard at the site of the H. B. Robinson Unit No. 2 by Byerly, consulting 
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seismologist, and (5) a study of the general geology and seismicity of South 

Carolina by the AEC. 19 

These studies provided the following additional information: (1) the 

intensity of the 1913 earthquake at Union; South Carolina, about 120 miles 

west of the H. B. Robinson site was about VI rather than VIII as stated by 

Taber in a report written in 1912, 19 and thus the intensity at the H. B. 

Robinson site would have been much less than VI;· (2) the· soil and geologic 

conditions at the H. B. Robinson site are better than soil and geologic 

conditions at El Centro, California, and thus the El Centro spectrum may 

not be applicable to the H. B. Robinson site; (3) the intensity of the 

Charleston earthquake at the H. B. Robinson site was VI or VII and not V 

as formerly thought; however, Dames and Moore originally chose a design 

earthquake of 0.1 g that corresponds to an intensity of 7.5 according to 

Richter's relationship; (4) the Charleston earthquake of 1886, which had 

an intensity·of VI to. VII at th'e H •. B. Robinson site, should be used as 

the design earthquake rather than the nearby McBee earthquake, which had 

an intensity of about V; and (5) a maximum intensity of VI or VII as a re

sult of an earthquake similar in intensity to the 1886 earthquake at 

Charleston is not expected within the next 100 years. 19 Thus, the design 

earthquake of 0.1 g and the hypothetical earthquake of 0.2 g as originally 

chosen by Dames. and Moore should provide ample margins of safety for the 

H. B. Robinson Unit No. 2 during the plant's expected lifetime of 40 

years. 19 

Malibu 

The proposed site of the Malibu Nuclear Reactor Plant is in Corral 

Canyon about 500 ft from the shoreline of the Pacific Ocean. At· this 

site, which is about 30 miles west· of Los Angeles, the Department of Water 

and Power of the City of Los Angeles proposes to build a 500-Mw(e) pres

surized-water reactor. The Preliminary Hazards Summary Report, 20 a joint 

report prepared by the Department of Water and Power of the City of Los 

·Angeles, Westinghouse Electric Corporation, and Stone and Webster Corpo

ration, was submitted to the AEC Division of Licensing and Regulation in 

November 1963. Preliminary studies of geology and seismicity discussed '"· 
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in the Preliminary Hazards Report were perfo~ed by Converse Foundation 

Engineers 21 and G. W. Housner, 22 respectively. 

Even at the time of the submission of the Preliminary Hazards Report, 

considerable controversy had arisen regarding a zoning hearing on the De

partment of Water and Power's application to build a reactor at Malibu. 23 

Also, persons who owned property in the Malibu area joined the general 

public of the Malibu area in objecting to the proposed nuclear reactor. 24 

The main objection was that a fault was known to run through the site, and 

therefore there was general fear that differential displacement as a result 

of an earthquake on this fault would destroy the reactor and lethal radio

activity would escape into' the environment~ 23 

Preliminary geological studies conducted by Converse Foundation Engi

neers and Schoellhamer of the U.S. Geological Survey were based on test 

boririgs and visual surface mapping. 20 At the site, Quaternary terrace 

deposits consisting of clay, sand, cobbles, and boulders overlay the Mon

terey formation, which constitutes the foundation rock. The Monterey for

mation is of·Tertiary age and consists of massive siltstone and shale. 

Although it has been highly fractured, it is thought to have sufficient 

bearing strength for the reactor. 2 0 Subtle local variations· and reversals 

of bedding are thought to be due to local minor faulting and the proximity 

of the Malibu Coast fault~ which forms the northern boundary of the site, 

about 1500 ft inland from the Pacific. Borings indicated that the Monterey 

formation was highly fractured and sheared. It was thought that this de

formation was due to either landsliding or earthquake activity, since land

slides have occurred in Corral Canyon and several small earthquakes have 

occurred in the Pacific· Ocean to the west of the site, according to 

Richter. 21 

Preliminary seismological studies were performed by Housner in order 

to recommend the design earthquake. For such a recommendation, Housner 

considered the general seismicity of the site, the magnitudes of past 

earthquakes associated with known faults in the general area, and the in

fluence of local geology. The resulting information indicated that (1) the 

Malibu site is within a well-known seismic region that has a long earth

quake history, (2) the site would be shaken strongly either by a magnitude 

8+ shock on the San Andreas fault or magnitude 5.5 to 6.5 shocks on t~e 
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Inglewood fault (15 mi) and possibly even closer to the site, and (3) an

ticipated ground accelerations would be less than for a site on alluvium, 

and no permanent displacements of the bedrock (Monterey formation) would 

be expected. 22 Based on the above factors and the uncertainties involved 

in predicting the occurrences of earthquakes, Housner recommended a de

sign earthquake of 0.3 g. Acting as consultants for the AEC, the U.S. 

Coast and _Geodetic Survey believed that an acceleration of 0.23 g at pe

riods from 0.3 to 0.6 sec should be expected from.an earthquake on the 

San Andreas fault and that· an acceleration as high as 0.,3 g in the same 

period range could occur and should be taken into account in the design. 25 

After the application was filed, several~questions arose regarding 

earth-science aspects, such as maximum tsunami height and criteria for 

protection against landslides. 26 In regard to maximum tsunami height, 

there was a wide difference of opinion between Marine Advisors, 26 con

sultants on oceanography .for the applicant, Saint-Amand, 27 and the U.S. 

Coast and. Ge~detic Survey. 25 Since the Malibu reactor plant was to be 

built at an elevation of about 38 ft above mean .lower low water, Marine 

Advisors thought the site would be adequately protected from the maximum 

local tsunami of 10 ft (see tsunami discussion above in section on San 

Onofre) and the maximum distant tsunami of from 2 to 9 ft. 26 Saint

Amand27 believed that local tsunamis might easily reach 30 ft above sea 

level, and thus the sensitive parts of the plant should be located at 

elevations above 30 ft. The U.S. Coast and Geodetic Survey 25 stated that 

the site should be protected to a vertical height of 50 ft above mean 

lower low water for tsunamis from severe, local, marine earthquakes and 

l the site should be protected to a vertical height of 30 ft for tsunamis 

from distant sources. Because. inundation to a height of 50 ft above sea 

level would not impair the containment structure, 26 no provisions were 

made for a sea wall. In order to reduce the landslide hazard, the appli

cant planned to remove potentially harmful slumps or slides and to care

fully grade and develop the remainder of the site to prevent any further 

sliding and direct damage to the plant. Suitable preparation such as 

that described above and construction of closed conduit and open drain

age channels through the plant area were thought to be sufficient to re

duce the possibility of flood damage induced by a landslide. 26 



r 

'I 

·~ 

209 

In addition to the application for a construction pennit, 20 eight 

amendments were submitted to the Regulatory Staff and the Advisory Com

mittee on Reactor Safeguards by January 8, 1965. After review of the ap

plication and the amendments, both the Regulatory Staff and the Advisory 

Connnittee concluded that there was reasonable assurance that the reactor 

could be constructed and operated at the proposed site without undue risk 

to the health and safety of the public. 28 

On February 9, 1965, a Notice of Hearing was published in the Federal 

Register and a prehearing conference was held on february 26, 19G5. This 

conference was followed by 41 days of hearings that began March 23, 1965. 

Afterward, a posthearing conference was held on May 19, 1966.. In these 

proceedings, Marblehead Land Company, the Malibu citizens for Conservation, 

Inc., and.Lester T. (Bob) Hope intervened and opposed construction of the 

facility. Also the County of Los Angeles intervened and opposed construc

tion of the proposed reactor·, and the State of California introduced two 

geological witnesses but did not oppose the facility. In addition to the 

intervenors, there were 51 limited appearances opposing the application 

and 11 limited appearances favoring the application. 28 

Although the board detennined that the applicant's design criteria 

for withstanding earthquake shaking met requirements, ·much of the dis

cussion concerned faults in the general area of the site, and especially 

a fault that was found to lay directly under the site of the proposed re

actor. This fault was uncovered as a result. of trenching carried out 

during the hearings. 

Faults at the· site were thought to be related to the Malibu Coast 

fault zone that is included in the Santa Monica fault system and which 

is considered to be tectonically active at depth. 29 Moreover the in

tensely deformed bedrock at the plant site was considered by the U.S. 

Geological Survey as a possible locus for future displacement along the 

Malibu Coast fault zone. 28 

Although it was established to the AEC Atomic Safety and Licensing 

Board's satisfaction that the last known displacement at the reactor site 

most probably occurred more than 10;000 years ago and possibly as long 

as 180,000 years ago, and even though the applicant submitted arguments 

based on recurrence theory to the effect that no differential displacement 
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as a result of an earthquake would take place during the lifetime of the 

reactor, and the U.S. Geological Survey agreed that the probability of 

differential displacement at the site during the next SO years was very 

low, the Board thought that the probability of differential displacement 

at the site during the next SO_years was high and could not dismiss the 

possibility of some risk in regard to differential displacement beneath 

the proposed site of the reactor. 28
,

30 ·Therefore, the Depar_tment of Water 

and Power of the City of Los Angeles was authorized in the initial decision 

of the board29 to construct the facility on the condition that the design 

criteria be modified and be sup~lemented to include adequate provision for 

permanent ground displacement at the reactor site from earthquake activity 

and that resulting modifications and supplements to design criteria should 

be made available for review by the Commission. 2·
9 Also the Director of 

the Division of Reactor Licensing was directed by the Board to issue a 

provisional construction permit with the specified conditions that the re

actor be designed and modified to accommodate differential displacement 

of the foundation material. In· contrast the Regulatory Staff of the AEC 

believes that the initial decision 29 should be modified and a provisional 

cons·truction permit should be issued to the applicant without tpe condi

tions requiring design against ground rupture. 30 

The. Commission upheld the determination of the Board that the design 

criteria must be modified and supplemented to include adequate provisions 

for ground displacement from earthquake actiyity. 28 This was disputed 

both by the Staff and the intervenors because there were no design criteria 

in the regulations regarding differential displacement. There were, how

ever, requirements that the applicant "describe the proposed design of 

the facility, including, but not limited to, the principal architectural 

and engineering criteria for the design." 28 Because the Commission be

lieves it is clear that the criteria for differential displacement should 

·be included in the principal architectural and engineering criteria for 

•,the design, such criteria should be appropriately described by the appli

cant and should be reviewed before a construction permit may be issued. 

As a result, the Commission has ordered that (1) the order of the Board 

authorizing issuance of a provisional construction permit be set aside, 

(2) the applicant must determine the amount of differential ground 

.-. 
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displacement the facility must be designed to withstand and must determine 

the adequacy of the design criteria, (3) the applicant must submit the 

data on differential displacement and design criteria to the board, and 

(4) the board must conduct further proceedings to determine the amount of 

differential displacement and the adequacy of the design criteria after 

the amendment is reviewed by the Regulatory Staff and the Advisory Com

mittee on Reactor Safeguards. 28 As far as is known at this time, the ap

plicant is proceeding to comply with the Commission's requirements. 
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APPENDIX C. SOME IMPORTANT EARTHQUAKES 

Table C .1. List of Some Imporj;ant Earthquakes 

Name and/or 
Locality 

Richter 
Magnitude 

Modified 
Mercalli 
Intensity 

Remarks 

1755 Nov. 1 Lisbon, Portugal 8.5-8.75 Spcctacula.r effects on ground and 
eurface water; 60,000 deatho 

1811-1012 Dee. 16, Jan. 23, New Madrid, Missouri XIl Greatest series of earthquakes in 
U.S. history; extensive changes 
in surface features 

and Feb. 7 

1812 Dec. 21 Off C:oA..~t. of Rnut.hie)'.'n X Associated with largest tsunami 
ever reported to originate in 
U.S. (50 ft at Gaviota) 

California 

1857 Jan. 9 Southern California X-XI 200-mile length of surface rup
tured along San Andreas fault 

1 1872 Mar. 26 

1886 Aug. 31 

1897 June 12 

1899 Sept. 10 

1906 Apr. 18 

1915 Oct. 2 

1923 Sept. 1 

1925 June 29 

1932 Dec. 20 

1933 Mar. 10 

1934 Jan. 30 

1940 May 18 

Apr. 10 

Apr. 13 

1950 

1952 July 21 

Owens Valley, 
California 

Charleston, South 
Carolina 

Assam, India 

Yukatat Ba~-, Alaska 

San Francisco, 
California 

Pleasant Valley, 
Nevada 

Tokyo, Yokohama, 
Japan 

Santa Barbara, 
California 

Cedar Mountain, 
Nevada 

Long Beach, 
California 

Exeelo;ior Moun la.ins, 
Nevada 

El Centro, 
California 

Manix, California 

Olympia, Washington 

Fort Sage, California 

Taft, California 

8.3 

8.7 

8.5-8.6 

8.3 

8.3 

6.3 

7,3 

6.3 

6.5 

6.4 

7 

7,7 

x-xI 

x 

XI 

XI 

x 

Extensive secondary faulting ob
served away from mairi fault 
scarp 

Felt over area of 2,000,000 
square miles 

Maximum acceleration m~ have ex
ceeded gravity 

Caused extensive topographic . 
changes 

Classic example of surface fault
ing aiong 250 miles of San 
Andreas fault 

Vertical faulting at surface 
·along 22-mile length 

Great change in depth of floor 
of Sagami Bay 

VIII-IX Much property damage 

X Extensive and complicated fault-
ing accompanied the earthquake 

IX Much destruction in proportion to 
size of earthquake 

VIII-IX Vertical fault movement occurred 

X Horizontal displacement of 15 ft 
nr.r.nrrP.n i;l.long ·S<'n Andreas fault 

VII Faulting not aligned with epicen-

VIII 

VII 

XI 

ters of earthquake and after
~hnrlr!; 

Heavy property damage over wide 
area but no visibl9 eurface 
faulting 

Surface fault displacement as
sociated with rather small 
earthquake 

Largest earthquake in U.S. (ex
clusive of Alaska) since 1906; 
rupture occurred along a rela
tively small fault 
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1954 July 6 

1954 Aug. 23 

1954 Dec. 16 

1954 Dec. 21 

1957 

1957 Mar. 22 

1958 July 9 

1959 Aug. 17 

1960 Feb. 29 

1964 Mar. 28 

1964 June 16 

1966 March 

1966 June 27 

19GT Jul3 !:9 

1968 Apr. 8 
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Table C.l (continued) 

N rune and/ or Richter Modified 
Mercalli Locality Magnitude Intensity 

Rainbow Mountain, 6.6 IX 
Nevada 

Rai'nbow Mountain, 6.8 IX 
Nevada 

Fairview Peak, Nevada 7.1 x 

Eureka, California 6.6. VII 

Mexico City 7.5 

San Francisco, 5.3 VII 
California 

Fairweather, Alaska 1.9 XI 

Hebgen Lake, Montana 7.1 x 

Agadir, Morocco 5.8 

Prince Willirun Sound, .8. 4-8.6 
'Alaska 

Niigata, Japan 7.3 

Imperial, California 3.6 

Parkfield, California 5.5 

_Ou.ru.~u._o; Vc.1'1i:..Euclo. 6.6 

Bor,ego Mountain, 6.6 
California 

Remarks 

Surface fault movement occurred 

Vertical fault displacement oc
curred 

Extensive faulting associated 
with the shock 

Relatively large earthquake with
out visible surface faulting 

Many tall buildings suffered dam
age from combination of incoming 
long-period waves and long natu
ral period of vibration of soil 

Flow slides and other soil fail
ures 

Massive rockslide caused water to 
surge 1740 ft in Lituya Bay 

Destruction of ranch structures 
located astride fault that rup
tured at surface; great slides 

Great amount of structural drunage 
from very shallow earthquake 
less than 2 miles deep 

Widespread soil failures and 
tsunami effects 

Classic example of soil liquefac
tion 

Surface faulting associated with 
unusually small earthquake 

Surface rupture associated with' 
relatively small earthquake 

Amp1ifioation of e~o\llld motiong 
probi;i.bJy or.r.11.rrP.il i.n parts of 
CA.raca.c; 

Fault movements observed along 
nearby faults not associated 
with earthquakes 
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