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Earthquake problems associated with the construction of nuclear

power generators require a more extensive and a more precise knowledge

>f earthquake characteristics and the dynamic behavior of structures
than has been consiciered necessary for ordinary buildings. Economic
considerations indicate the desirability of additional reéearch on the
problems of earthquakes and nuclear reactors. The nature of these
earthquake-resistant design problems is discussed and programs of

/
research are recommended..
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Introduction
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The development of nuclear reactor electric power generators

r "1»'?'(1:7-.% %'f;

has involved many unique engineering features which distinguish this field

from the ordinary industrial processes with which we are familiar. One

. noteworthy feature of nuclear power is the very short interval between
the initial discovery of controlled fission and its practical application
to power generation. From the first atomic pile to the construction of

non-experimental nuclear electric power generating planté required

*® iEoe
Professor of Civil Engineering and Applied Mechanics, California
Institute of Technology. F :

e ;
Professor of Mechanical Engineering and Applied Mechanics, California

Institute of Technology.




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



2.

less than twenty-five years. This is a remarkably short time for engi-
neering development in view of the highly sophisticated seientific and
technical problems involved. | |

The poteni;ial hazard of uncontrolled release of radioactive material
into the atmosphere has from.the beginning posed'a special problem in
reactor safety. There are, of course, many other industrial processes
involving materials of potential hazard to human life, and these industries
are also faced with problerns of safety. However, the-attention given to
the safety of nuclear reactors by technical experts is undoubtedly far
greater than for any other i'ndustrial process. There ha's even developed
a new profession of reactor safety, the members of wl:xich are expert in
the various potentlal hazards and their avoidance.. A new vocabulary |
has been developed to descrlbe concepts of hazard and safety that prior
to this time had hardly been contemplated. Examples ‘of such new terms
pertinent to our present problem are: maximum probable incident, maxi-
mum credible incident, maximum conceivable incident, scram, seismic
scram, and total scram. The reactor safety expeft's‘have developed
rne‘thod's of analyzing the effects of‘malfl'uncti'ons, failures, accidenfs,
etc., with a view of providing appropriate safeguards. -

The concern of the public over hazards of nuclear reactors, and’

-also the concern of various governmental agencies, is much greater

t.an might have Been.anticipated. This is no doubt in large measuré due

to the extenswe pub11c1ty glven to the effects of nuclear weapons and the

-

conscious, or unconscmus, assomatmn in the mind of the pubhc of

nuclear power plants with the hazards of nuclear weapons. :

. -
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The importance of eliminating possible hazards in the operation of
nuclear power generating plants has led to designs where considerations
of safety are parambunt. In fact, it has been suggested that the designs
are overly saf.e.and, hence, overly costly. This may well be true, but
by the very nature of the problem, this overdesign is at present unavoid-
able. The reason fpr this can be explained by means of a very simple
example. Suppose a bridge is to be designed to be safe in the ordinary
sene;.e. The loading qonditions and the allowable stresses to be used in
the design will be specified by the code, and a design can be made that
incorporates a factor of safety based on past experience of many similar
structures. It sl/xould be kept in mind, however, that the factors specified
in the code repr;sent merely the consensué of the cor.nmitteé thaf drafted
the code, and that the true "factor of safety' is not clearly defined. On
the other hand, suppose that there were no 'applicable codes or past

experience and the bridge was to be safe in the sense that a nuclear power

- generator is safe. In this case the design would have to take into account

the maximum probable load which might be the heaviest truck that is known
to travel in that region, and the maximum ‘c,rediblle load which might be
the heaviest wheeled vehicle in the entire country. The design must also

take into account the maximum probable (MP) and maximum credible

(MC) vehicle velocities as well as the MP and MC variations in material

- properties and foundation conditions. The MP and MC floods, winds,

temperatureé, etc.; must also be accounted for in the design. The pos~
sibility of an butn_o_ffc'qntrol vehicle such as a truck, airplane or ship
crashing into the bridge structure is a credible incident and must be taken

i
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into account. Such considerations will obviously lead to a very conserva-
tive design. |

The MP and MC values and likelihood of occurrence can usually
be specified only in a more or less approximate érobability sense and
the .nature of the available information will have. a most important influence.
A type of uncertainty principle is involved which states thét the less cer-
tain one is of the facts the more conservative and costly must be the
desigh. This is illustrated by the two probability curves shown in'Fig. 1.~
In A is shown the curve one might obtain when all of the pertinent facts A
are knowr;; the curve in B might ;epresent‘the same situation when there
is‘ unc'ertaihty about thc;, facts. In A, the MP and MC are easily located
whereas in B the'i/r proper location is far from obvious. In fact, the
assumed MP and MC 'in.B must be located beyond their true positions,
as shown in A, because of the uncertainty. If, for the bridge, there are a
half-dozen design factors s'subject to such uncertéinty, and the design is
to Se safe in the nuc_learn reactor sense, it will be necessary for the bridge

to be overdesigned and overly costly. To avoid. this, it is necessary to

" reduce the uncertainties by developing more precise information about

_the factors peftinent to the proble'm.

Although design of ordinary structures involves many of the same

uncertainties encountered in the nuclear power generator design, the

problem is usually simplified by adopting the following point of vieﬁav. It

is supposed that in the unlikely event that the MC incident should occur,

.. a moderate expe'ndit'u‘re would be required to repair the damage. Itis

- usually concluded ;thé;t it is not economically justifiable to spend an
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appreciable amount of money initié.lly to forestall the cost of future repairs
required by an event which has a small probability of occurrence. Itis
obvious that suéh a basic design philosophy is not appropriate for nuclear
reactors; for these, all of the uncertainties in loading conditions, material
propérties, etc., must be covered by extra.4fa.cto'rs of safety.

‘At present, earthquake design c’riteriaQ for ngclear power generators
are three to six times more severe than those specified by the building
codes for ordina;ry structﬁres. If only a few nuclear power plants were
to be built it might be argued that the cost of the extra factors of safety
would not exceed the cost of the research required to reduce the uhcertain-
tiés to a more economical level. However, if nuclear power generators

y
continue to be used in greater numbers in the future, the cost of eliminating

the chief-uncertainties and thus achieving more economical designs will be

|  much less than the cumulative cost of providing large-factors of s_é.fety.

1. Nuclear Reactors and Earthquakes.

The occurrence of strong earthquakes in many regions of the world
poses, special problems of sa.fety in the design and construction of man-
made works. In addition to thg matter of public safety, there is also
a monetary aspect involved since it is not ecéno;nically feasible to design
~all ordinary sfruc?ures té.__resist without some damage the greatesltvearth-
quaké, which may;bé .onlyfg‘once-in—é-thousandj')rears event. To allow
for this, the requirements of building codes in"C.Ialifornia.are based on
the pfemise that buildings should survive wi.th.ogt damage the moderately
strox'm"g 'ground mdti;;;;,'v‘/hose probability"of océurréx}cé .is rélatively high,

P
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but that some damage will be tolerated in the event of large and relatively

infrequent earthquakes. This philosophy of design is in direct contradic-

. . S 1
tion to that used in designing nuclear power generators ' 2, 3,

In the past, research in engineering seismology has been directed
mainly at the problems of designing ordinary structures such as are fsund i
in large cities, in particular, Los Angeles, San Francisco, and Tokyo.

As a consequence, the problems of designing special structures to withstand
great eérthquakes without suffering even slight damage has not been given’
particular study. Because of this the knowledge of earthquake factors

is not as ;;recise as would be desirable. No oneA of the earthquake factors
‘pertinent to the design is subject to large uncertainties but the conservatism
required to cover’/a nur'nber'of‘small uncertainties can have an appreciable

" economic effect: The'existing body of information shouid now be extended
and rhade more precise by research whose breacitl;; and dépth are suited

to the speciai requirements of nuclear reactor facilities. :Some of”the . i

special réquirements related to nuclear applications are:

"lRu Hicks and I. A. B. ‘Grant, The Seismic Design of a Nuclear Power
Station in Japan, Proc. 2nd World Conference on Earthquake Engineering,
~Tokyo, 1960. :

G. W. Housner, Design of Nuclear Power Reactors Against Earthquakes,

“' Proc. 2nd World Conference on Earthquake Engineering, Tokyo, 1960

' 3K Takeyama, Earthquake Resistant Design for Nuclear Power Plants
in Japan, Proc. Symposium on Reactor Safety and Hazards Evaluation

Techniques, International Atomic Energy Agency, Vienna, 1962. :
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(1) .The general level of safety which is demanded of an earthquake-
resistant design is ;:lqsely related to the consequences of failure. . The
_desire to eliminate a:ny possibility of failure of certain components in a
nuclear installation means that many uncertainties which could be accepted
in ordinary structu;al earthquake-resistant work cannot be tolerated in
| nuclear design. A moré precise knowledge of earthquake phenomena is
required than has been available, and theories which have in the past given
acceptable accuracies must now bel extended to attain an increased certainty.

(2) Special structures are often encountered in nuclear plants which
a.fe Outéicie usual experie;xce. In such spéacial' étructures, there is little |
guidance from past practice, and information as to the behavior of such
'stru.ctuires in pas/:: éarthquakés is not available. Exa,rr}ples al"e.graphite-
block assemblies for gas-cooled reactors, bo}rrﬁxplgx cooling systems and
control systems: |

(3) The design of the structures m;y be much influenced’ by the
' -requirements.of‘th‘e nuclear proées.sés themselves, which may dic.:tate
types of materials as well as shape and size off strgctur‘al members. For
'example, materials might have to Be lixﬁitéd-to those having low ne\.ltron
absorption_cro}ss-seétions; B |

(4) The behavior'of materials under the conditions encountered at
;,’ certain cr1t1ca.l pomts in a reactor assembly may be important in the design.

; 'The effects of strong radiation £1elds on structural propert1es of materials
| —1s an 1tem wh1ch may be 1mportant in future de51gns.
. (5) The necess1ty for remote control of many processes, and for

| safety devices, 'results in an inter-relation between structure and

[ r——
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mechanism which may impose special lix;nits on deflgctions or other
structural responses. | |

(6) The problem of the effects of transient forces on fluid motion
become of éritica} importance in some applications, such as cooling
systems and emergency water supplies. l'

(7) The development of seismic detection and warning systems,
as well as automatic shut-down devices, becomes of importance.

(8) Nuclear reactors are usually erected at some distance from a
city on sites where the local geology may be quite different from tihat
within the city which has been studied from the poinf of view of its’
influence on the ea;.rthquake response of structures. ‘Sin,ce the number ,
of good sites is li/;nited' it will eventually be necessary to build reactors
on sites where geology is less favorable. | | |

The consequences of these new conditions are that an increased
research effort must be made to extend the scope arnd improve the preci-

~ sion of our knowledge of the facts pertinent to all of the ordinary problems

i . of destructive earthquakes and, in addition, special investigations related

. particularly to nuclear installations must be undertaken.

‘.2, Current Problems in Earthquake Engineering

- for Nuclear Power Plants.

. The fundamental problems of earthquake engineering as they relate
5:t° nuclear power piant design may be‘summari'ze'd as: |

;':(A) Prediction of the maximum expected ground motion

at a particular site.

. (B) Description of typical strong earthquake ground motions '

——

. from the standpoint of their effects on structures.




‘neighborhood of the installation.
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(C) Calculation of structural response to earthquake forces,

including under structure such special components as

piping systems, containment vessels, control rod

assemblies, electrical switches, etc.
(D) Determination of the actual dynamic properties of structures.
. {E) Design of structures, equipment, and components to
successfully withstand earthquake forces.
. Each of these major areas will be discussed in some detail, to:

indicate the specific research projects which are at this time justified

"' by past background and future requirements.

.. 3, Prediction of Maximum Expected Ground Motion. .

The 'ma.xim/um‘ea.rth'quake ground motion to be expected at a
particular site will depend upon: (a) the general seismicity of the region,
which will indicate the probability of earthquakes of a given magnitude

occurring within specified intervals of time at various epicentral distances;

" (b) local geological conditions, such as the existence of active faults in

the vicinity; and (c) local soil and foundation conditions in the immediate

~

Considering first item (a), the basic information on seismicity is
derived from many sources, including teleseismic recordings at distant

sensitive seismograph stations, strong-motion accelerograph recordings,

studies of earthquake damage, and post carél surveys. In the past, the

- most important information has been that obtained from teleseismic

recordings, usually made by seismologists in connection with studies of

the internal gonstitutidn of the earth. Networks of high-magnification
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seismographs have been established thrbughdut the world for this purpose,
and these networks are at present being expanded by a large program
sponsored by the United States Government which involves the installa-

tion of several hundred new seismographs in various regions of the globe

not previously covered. These instruments are adequate to detect the

occurrence of intermediate sized earthquakes at any point in the earth,
and to permit an approximate calculation of location and size. The engi-
neer may' thus expect from the seismologist basic data on the frequency
of occurrence of earthquaicés of various sizes in most parts of the world.
The detaiied .character of the forces involved, and the ways in which such
forces may be modified by local conditions, rriust be ir;vestigated by the
engineers themséllves, sipce this aspect of the subjec.t.is of relatively
little interest to the seismoiogist.

Item (b), involving local distribution of seismicity, touches on a

problem which requires extensive additional study. The number of seis-

. mographs available in the world has never been large enough to permit

‘detailed studies of local effects. It is known that ground motion may be

modified by features of local geology, but no generalizations have yet

emerged which are satisfactory for precise predictions of expected ground

~ motion in a location of complex local geology. - Several types of instru-

mental programs which would make important contributions to this subject

.are: (1) Sets of portable, intermediate sensitivity, short-period seismo-

graphs which. could 'siinultaneously record the same earthquake at various

points in a region; “should be installed and operated for periods of several

' monthé- at many répréseﬁtative sites. By installing six such instruments
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in various geological environments in an 'ar.e'a of some 100.sq. mi., and
recording a number of small, nearby, natural earthquakes, a considerable
increase in our knowledge could be quickly realized. Such studies were
started in 1956 in southern California4, but are no longer being actively
pursued. Similar studies have been made in Japan and Russia, but in no
country have they been sufficiently complete to cover areas of potential
interest as sites for nuclear installations, nor has a correlation been
established with the ground motion of large earthquakes; (2) The measure=<’
ment of microseisms and microtremors with high sensitivity seismographs
may yield ;:omparative data of value. Studies of this type have been made

. 5 . .
in Japan~. Such microtremor measurements can be made much more
/

~frequently than ea’i‘thquake measurements, and if correlations can be found

between the relative local behavior of these very small ground motions and

the effects of the much larger ground motions caused by damaging earth-

- quakes, an important‘ new tool will be available for engineering studies.

(3) Most important for earthquake engineering is a rapid expansion of the

number of strong-motion accelerographs for the measurement of damaging

. earthquake ground motions.  Without these strong-motion acceleration }

measurements, no scientific study of earthquake damage or earthquake-

resistant design is possible.. When it is realized that in none of the recent

destructive garthquakes throughout the world, s'uqh as Mexico (1957),

4B. Gutenberg, Effects of Ground on Earthquake Motion, Bull. Seism.
Soc.. Am., Vol. 47, No. 3, July 1957, ‘ .

5K. Kanai, T. Tanaka and K. Osada, Measurement of the Miérotremor,

Pt. 1 et seq., Bull. Earthquake Research Institute, Vol. 32, No.2
July 1954. -

L
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Morocco (1960), Chile (1960), Iran (1962) and Skoplje (1963) has there
been even one measurement of the strong ground motion, it will be seen
how opportunities for basic data are being wasted. So far, ground motions

near the centers of large earthquakes have been recorded only in the

' United States. It is not known whether or not the ground motions in other

parts of the world have the same characteristics as those in the United
States. It is usually presumed that they do but this is a point needing
additional research. Even in the United States the strong ground motions

of most potentially damaging earthquakes (Magnitude 5.5 or greater) are

‘ " not recorded because no instrument happens to be in the epicentral area.

»- . Every nuclear installation, or its site, in the United States or elsewhere

/ :
in the world, should be instrumented with a strong-motion accelerograph

.. so that there will be a precise knowledge of the ground motion to which

- it has been subjected. (4) Additional sources of ground-motion data

which should be more fully exploited are quarry blasts and underground
nuclear detonations. ‘Since the location and time of such blasts are

accurately known beforehand, instruments can be located at optimum sites

" for ‘ground motion studies and can be operated in such a way as to obtain
' ‘maximum information from these artificial earthquakes. Such blasts have
“ been used to a minor extent in the past, and such studies as have been

L ' made show a useful correlation between the damage caused by earthquakes

67

TR 3

D.E.Hudson, J.L. Alford and G. W. Housner, Measured Response of a

- Structure to an Explosive Generated Ground Shock, Bull. Sexsm. Soc. Am.

~ Vol. 44, No. 3, July 1954.

7 A.T.Edwards and T. O. Northwood, Experimental Blasting Studies on
Structures, Hydro<Electric Commission of Ontario, andthe Natlonal
Research Counc1l Otta.wa.. Canada, January 1958.
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Item (c) involving local soil and foundation conditions touches cn one
of the most importaﬁt unknowns in the earthquake engineering ﬁel&. Studies
of damage caused by earthquakes have demonstrated the importance of soil
and foundation conditionss, but quantitative assessment of the problem has
been made difficult by the lack of basic data as to the dynamic properties
of soils. Fundamental work on the dynamic aspects of soil mechanics
needs to be much expanded and special studies related to the earthquake

damage problem will need to be initiated.

4. Description of Strong Earthquake Ground Motions.

The basic data needed for studies of th;a effects of earthquakes on
structures are the accurate records of the ground acceleration versus -
time for actual d;estructive eé,rthquakes, ‘measured on.ground conditions
similar to those on which engineering structures are to be located9. It
is important to note that the standard seismographs used by seismologists
for ’fheirAstudies of earthquake phenomena are not suitable for this purpose.
The reas;ans for this are as follows: (a) Most seismologists in the past have
been primarily interested in distant earthquakes ‘involving wave propaga-
ti,oﬁ paths through the central parts of the éa;th or along the éontinental

structures. Sensitive instruments have thus been developed which will

. record small shocks o.riginating thousands of miles away. Large

: ~destructive shocks in the near vicinity of most standard seismographs will

—

C. I>/I/Duke and D. J. Leeds, Response of Soils, Foundation and Earth
Structures to the Chilean Earthquakes of 1960, Bull. Seism.Soc.Amer.,
Vol. 53, No. 2, February 1963.

9

D. E. Hudson, The Measurement of Ground Motion of Destructive
Earthquakes, Bull...Seism.Soc. Am., Vol.53, No. 2, February 1963.
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render thém inoperative or will give off-sc#le readings. The remedy

for this situation is to design dual-scale or logarithmic instruments, or to
supplement the sensitive se_ismogra.phs with special strong-motion seis~
mographs of reduced sensitivity. At the present time, few seismological

laboratories in the world are well equipped in this respect. (b) Most of

- the studies hitherto carried out by seismologists have required only the

measurement of the arrival times of seismic disturbances, from which the
velocities of propagation could be‘determined. For this purpose it is not
required that the seismograph should record .true ground motion, and in the
interests.of increased sensitivity such seismographs are usually designed
in such a way that true ground acceleration cannot be accurately determined
from the recordél. The instrument periods are in ger&eral tqg long, and

the recording speeds too low, to permit the type of measurement needed
for .engineering purposes. The response of a struct{lre_ to an earthquake
ground ngo_tiori can be determined only if the.t'r,ue ground acceleration is
kno‘wn to': a relatively high degree‘ of accuracy. Accelerations cannot be
obtained from velocity or displacement records with this required accuracy,
because of the errors associated with ahy feasible method of differentiating.
(c) Seismologiéts have usually been prir.nari.l.y interested in the earth as

a whole, and most seismographs are located on bedrock to eliminate or

reduce the influence of local crustal irregularities. The engineer, on the

" other hand, wishes to know the conditions at the sites at which structures

are to be erected. For this reason the recordihg instruments must often
be placed in alluvial regions which may be influenced by local geology and

soil conditions. Since local conditions may vary rapidly over a region, a
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relatively large number of instruments would have to be installed in the
regions of primary iﬂtefe'st if the effect of local geological conditions
are to be ux;xderstood. |

It will be evident from the above remarks that the instrumentation
maintained in the present networks of seismographic stations in the various B
countries will not be adequate for the needs of earthquake engineering.
Although much useful information as to the seismicity of various areas of
the world can bg obtained from such stations, so that important studies of’
the probabilities of occurrence of earthquakes in time and space can be
made, the engineers themselves must expect to establish additional
stations to record the true ground motion of strong earthquakes. |

A strong-m/otion accelerograph for e_arthquakg measurements ghould
have the following properties9: The basic transducer c;lement should have
a natural period less than 0.1 sec., preferably about 0.05 sec., so that
.it will serve as an accelerometer for all important ground periods. The
inst‘rume"nt should read a peak acceleration of about lg, with a record size
such that a:_.cceleratiohs of 0. O‘Ig can be accurately measured. A recording
speed of at least 1 cm/sec is required to give the necessary detail in the -
record. This is a sufficiently high speéd so that continuous recording is

x impracticable, apd thus a starting device actuated by the earthquake itself

is r?equired.. The recording system should be axjx"a.nged‘so that after
o sta.'rting, a recorci length of 2~3 minﬁtes is obtained, after which the
mechanism will'sh.ut down éﬁtoma@ically and reset ﬁself to repeat the

———— s

sequence of events. - A’ sufficient supply of recording material is necessary

.
1}
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so that a number of earthquakes can be recorded without servicing the
instrument.

The starting system is the most critical i)ar‘t' of a stroﬁg-motion
accelerogfaph. If the sté,r_ter is too insensitive, small earthquakes may
be missed entirely, and excessive .t‘ime:dela.ys in starting may cause dif-
ficulties for large earthquakes. If the starter is too sensitive, it may be
set off by extraneous non-seismic \;ibrations‘or by a s'eries of small
earthquakes, with the danger that the recording paper supply is exhausted
.before a strong earthquake occurs. It is evidént that this starter problem
is the san;xe as the problem of designing an earthqualce-dperaféd v&;arning
or shut-down switch. Thus the accelerpgfaph design is closel); reila..ted
to the "seismic s/cram" problem. o

One of the most pressing problems is the extension of 'th'e network
of strong-motion acqeler.ographs ‘throughout the highly seismic regions
of the wqud. In only two relatively small regi'ons, California and Japan,
are’there an appreciiablAe number of accelerographs. By far the larger
portions of; the earth's major earthquake zones are not.'pro-.v‘ided with
suitable strong-motion i’nstruméntation and rhany siies of qu‘entia,l i\nteresft.

to the nuclear power industry are not covered.

5. Calculations of Structural' Response to Earthquake Forces.
The'earthq.uake_'gr-ound acceleration is one of the loading conditions
. for the design of hucj:lea.r’ power plants, and the maximum stresses and

- strains' produc'ed‘"in .i:he‘\'rarious structures and équipment by the'ground

bybrmme o s g me n e e
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motion must be determinedlo. This is a rather complex problem in
dynamics, one of whose difficulties arises from the fact that the earthquake
ground motion is very irregular and cannot be &escribed b}.r any simple
analytical expression. In addition., actual machine and building stfuctures
have complex Aonunifqrm distributions 'of mass and stiffness. A ‘vibration
analysis of such a complex system requires elaborate calculations in-
volving the most modern computing equipment. The accuracy of the results
" is much influenced by the uncertainties involved in specifying the ph&sical
properties of the system and in simplifying an actual structure to the point
where an -analysis is at all éracticéi. Additional research m\‘xs‘t b:e done
before precise vibration analyses can be made of nuclear power plant
systems without t/he expenditure of excessive time and effort.

For purposes of design the dynamic response of.structures during -
earthquakes is usuaily appfoached from the point of view of the Eafthquak,e

. 1 , :
Response Spectrum _1’ 12, 13.‘ Some of the results which have been obtained

0 G. W. Housner and D. E. Hudson, Vibration of Structures Produced
by Seismic Waves, Shock and V1brat10n Handbook. McGraw-H111 S
(1961). :

11 G. W. Housner, R. R. Martel and J." L. Alford, Spectrum Analysis
of Strong Motion Earthquakes, Bull Seism. Soc. Am., Vol. 43,
No. 2, April 1953, ,

D. E. Hudson, The Response Spectrum Technique, Proc. lst World
- Conference on Earthquake Engineering, Earthqua.ke Engmeermg

. . Research Inst1tute, 1956, .

. 13 D. E. Hudson, Some Problems in the App11ca.t1on of Spectrum -
. .Techniques to Strong Motion Earthquake Analys1s, Bull Sezsm.
g Soc._Am .Vol. 52 No. 2 Apnl 1962. ;
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from a study of the response spectrum curves for past Pacific Coast
earthquakes can be summarized as follows: (a) An approximate method which-
is often used in earthquake-resistant design is t;> replace the actual earthquake
accelerations by an ""equivalent' set of static lateral loads. Since the actual
accelerations of buildings may be considerably larger than the ground ac-
celefations, the proper values of these equivalent static loads can be
determined only on the basis of a dynamic analysis. | The response spcctrum
curves give directly the correct effective values of these lateral loads for
simple structures. (b) A study of the response spect;um'curves have shown
that a ma:jor consideration in limiting peak structural accelerations is the
-energy dissipation within the structure. Anything that can be done to ap-
preciably increa‘ée the energy absdrbed by the structure will <incre:ase
earthquake re'sista.nce;. (c) it has been found that many of the features of
Pacific Coast earthqué,kes can be duplicated by supposing that the earthquake

14, 15, 16, 17

ground motion consists of a mathematically random function

4 G. W. Housner, Characteristics of Strong Motion Earthquakes, .
. Bull. Seism. Soc. Am., Vol. 37, No. 1,.January 1947. -

15 7. L. Bogdanoff, J. E. Goldborg and M. C. Bernard, Response of a
Simple Structure to a Random Earthquake-Type Disturbance, Bull. .

- Seism. Soc. Am., Vol. 51, No. 2, April 1961.

16 E. Rosenblueth and J. I. 'Bustamante, Distribution of Structural Response

to Earthquakes, Proc. Am. Soc. Civ. Eng., Vol. 88, No.EM3,

. June 1962. = . ' =

- P. C. Jennings, Response of Simple Yielding Structures to Earthquake
Excitation, Report of Earthquake Engineering Research Laboratory,

. California Institute of Technology, 1963. '

G. W. Housne;TBehavior of Structur.es During Earthquakes, Am. Soc.
- Civ. Eng., No. EM4, October 1959.
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This fact makes it pos‘sible to apply the techniques of statistical analysis to
the earthquake problem. (d) The response spéctrum curves for different
earthquakes show many common features, to the extent that it has now been
possible to prepare a set of "‘average spectrum curves' which will give a
good approximatiofx for typical Pacific Coast earthquakesls. (e) The velocity

response spectrum curves are directly related to the energy in the structure,

and can thus serve as a starting point for limit design methods. Such methods " -

may provide a rational strength criteria for earthquake excited structures
which may be strained into the plastic rangelg. |
The‘app.lication of response spectrum 'techniques‘to cqmplicéted
structures involves.cert'ain approximations which peed to be more completely
o undervstoodc Fc;r/example, the way in which varidus modes of vibrAation excited
' by an earthquake may combine in a structure needs fu;'ther study. To. atfain
the greater accuracy demanded by nuclear appiicétions will require a refine-

ment of the analytical techniques now used in response spectrum applications.

In addition to the above response spectrum studies, numerous more

involved structural situations ‘have also been analyzed, including some studies "

" of nonlinear structures under yielding conditionszo’ 21, 22, 23"24. In order to

- Earthquake Engineering, Earthquake Engineering Research Institute, 1956.
- 20 J. Penzien, Elasto-Plastic Response of Idealized Multi-Story Structures
Subjected to a Strong Motion Earthquake, Proc. 2nd World Conference

* - on Earthquake Engineering, Tokyo, 1960.
vZI A.S.Veletsos and N. M. Newmark, Effect of Inelastic Behavxor on the

Response of Simple Structures to Earthquake Motions, Proc. 2nd World . :

Conference on Earthquake Engineering, Tokyo, 1960.

22 K. Muto, et al., Non~Linear Response Analysis of Tall Buildings to

_Strong Earthquake and its Application to Dynamm Design, Eng. Research
' Inst. University of Tokyo, 1962.
23 G. V. Berg and S.S. Thomaides, Energy Consumption by Structures in Strong
Earthquakes, Proc.2nd World Conf. on Earthquake Eng., Tokyo, 1960.

R. Tanabashi, Nonlinear Transient Vibrations of Structures, Proc.
- 2nd World Conf. on Earthquake Eng., Tokyo, 1960..

G. W. Housner, Limit Design of Structures, Proc. 1st World Conferenceon- -
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use the results of response spectrum analysis for the design of complicated
multi~-degree-of-freedom structures, studies have been made of the ways
in which the responses of the various modes' of vibration add up in the

total responsezs’ 26. Many Additional studies of this kind are needed,
particularly for systems' loaded into the plastic range, for which the very
complicated theory of .nonlinear mechanics is required.

The av-ailabilit.y of modern high-spee'd computing techniques opens
up new possibilities for dynamic studies. Such studies require, however,
the largest types of digital and anaiog computers, and hence tend to be
 expensive. To fuily exploit such modern computing techniques in the field
of structural dynamics as applied to the design of nuclear power plants

will call for a greatly increased support of this work, and a greatly in-

e

creased number of highly qualified inveétigators.

6. Determination of the Actual Dynamic Properties of Structures.

Relatively little research has been done on the behavior of actual

full-gized structures subjected to dynamic loads. It has been difficult to

learn much from tests of small models because of uncertainties as to the

~

behavior of such details as joints and connections, and because of the

- inherent inhomogeneities of many common structural materials such as

.. reinforced concrete. It thus appears that for earthquake resistant design

' purposes, much more work must be done involving dynamic tests at high

-~ load levels of actual full-scale structures and of large models.

There is still much to be learned on a fundamental level by laboratory

investigations of individual structural elements. For many common

&5 H. C. Merchant and D. E. Hudson, Mode Superposition in Multi-Degree-

" of-Freedom Systems Using Earthquake Response Spectrum Data, Bull.
Seism. Soc. Am., Vol. 52, No. 2, April 1962.

R. W. Clough, Earthquake Analysis by Response Spectrum Superposition,
BulI Seism. Soc. . .Vol. 52, No. 3, J’uly 1952. .

26
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structural elements the relations between actual behavior and that
predicted by standard design theories has not be.en satisfactorily established.
The effects of even such simple dynamic loads as repeated alternating loads,
which can be applied in the laboratory with relative ease, have not been
thoroughly studied. | |

Of primary importance, however, are dynamic tests made on actual
full-scale structures. In one general .category of dynamic test, the linear
dynamic properties of the structure are of major interest. This implies
relatively small displacements, and hence no cénsideration of structural
failure iss usually involved. The rhajor parameters desired are ti;xe natural
frequencies of ﬁbration of all significant modes, t:he corresponding mpde‘
éhapes, ‘and the /a/mmount of enérgy dissipation or &amping as s/ociatéd with
each mode.

- In the second c.ategory of test, are studies §£ nonlinear behaviqr,

such as lin.vestiga.ti‘c')_ns ‘of yield conditions, and th‘e' determination of energy

dissipation under such yielding. Included in this category are studies of

criteria of failure, and of failure details involving excessive yielding,

E

fracture, impact, and fatigue. -
. Perhaps the most important type of structural dynamic test is the
steady state resonance test. Ideally such a test would be carried out by

applying sinusoidal forces of constant amplitude and adjustable frequency

‘to the structure, distributing these for}cesA througﬁbut the 'structure in such

.a way as to excite a pure normal mode. By measuring steady state system T '

response at various fre

[

quencies, the resonance curves can be defined,
from which the natural frequencies and the damping can be determined.

~
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Resonance curves may also'indicate by their shapes the basic nature of
the restoring force and damping force mechanisms, particula‘rly for
n.onliﬁear systerﬂs. Resonance curves .obtained for a series of exciting
force magnitudeé will also give considerable inforAmation about the non-
linear properties of the structure. |

Because of the special importance of resonance testing for accurate
investigations of étructural response,- speciai effpfts'havé been made to
produce a'precisicAm variaﬁ_le frequehcy sinusoidal for—cg generator for

structural vibration tests. A project to develop such a vibration generation

a7

system has recently been completed” . This force generation system can

exert a total inertia force of 20, 000 1b with a precise frequency control.

". With such a system it is possible to excite actual full-scale structures

into relatively large vibratory motions. A novel feature of this force

generation equipment is that it consists of four mechanical rotating-mass

. oscillators each of 5000 1b capacity, and each with an electronic-amplidyne

speed control and synchronization systexh. This multiple unit feature makes ;

~

it p(ossible to excite various modes of vibration, such as torsional mddes, )
and to "distr'ibute' the exciting forces throﬁ:ghout, the structure in an-ef-

ficient way. - This vibration generation system is now in a complete form .
and is available for test programs. Much information on dynamic properties
of structures of difect use to the nuclear powér._ industry could be obtained

by such tests, and it is to be hoped that support for such investigations

will be forthcoming. Considering the present almost complete absence of

D. E. Hudson, A'New Vibration Exciter for Dynamic Test of Full-
Scale Structures, Report of Earthquake Engineering Research
- Laboratory, California Institute of Technology, September, 1961.
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accurate resonance test data on structures, the amount of useful work
that could be accomplished by‘this new system is almost unlimited.

It has occasionally been possible to test structures under transient
conditions imposed by gr’o.und motions caused by blasts and earthquakes.
Large quarry blasts are sometimes located sufficiently close to buildings
so that significant structural stress levels are attained, and simultaneous
“measurements of ground acceleration and buiiding response will make it
possible to calculate some st'ructur‘al parameters under' actual transient
. dynamic loadé. The possibilities of such blast motién studies have not

been fully exploited for structural tests, and considerable additional in-

formation could be obtained in this way by a better coordination and planning

B of blgst tests that are being organized primarily for other purposes. The
possibility of special blast. tests primarily fo1.' structural dynamic tests
should also not be overlooked, as this may be one of the best ways of
producing realistic transient dynamic forces for large test structures.

E Me‘ntion should also be made of lar.ge shaking tabie testé.~ Although
such shaking tables are usually used for_;nociel tésting, some of them are
of a size suitable for small structures o! for full-scale structural com-

‘ponents, One éha.king table,in.Ja?an, for example, can apply an exciting

‘dynamic force of 56 tons to a load of 22 tons. Such large machines have

~ so far not been used in the United States, -but the possibilities of this type -

of testing should be kept in mind.
» A number of rhuvlti-s'tory,'buildings in Los Angeles and San Francisco
have been instrumented by the U. S. Coast and Geodetic Survey with

recording st’rong-m_otionv:accelerographs in both basement and upper story
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locations. From simultaneous measurements of ground motion and

building response during strong earthquakes, considerable information
on the dynamic characteristics of structures can be obtained. An
increased availébility of an improved strong-motion accelerograph, as
advocated above for earthquake ground motion studies, would permit the

building instrumentation program to be expanded. It would be very desirable,

for example, to instrument some existing nuclear installations in this way,

'so that if a strong earthquake should occur in the vicinity, a direct record
of the behavior of some of the.special structures involved in nuclear power
plants would be available. ' In this same éonnection, the installation in
str\igtures of devices for measuring relative displacements during strong
earthquakes has i/xlterestiﬁg p-ossibilities. Such an idea was successfuliy

used in a 43-story building in Mexico City, and gave a very ﬁseful record

during the 1957 earthquake there. This principle has not been applied in

any significant degree in the United States.

Anbtl:ler type of d)‘(namic testing which has éiven useful results is
the measurement of the period of the ‘small vibrations set up in structures
by wind, t;'affic, installed machinery, or. microseismic activity. E#ist-ing' |
commercially airailaﬁl_e seismographs are not Qell -adapted to this purpose,
but some special tests at the California Institute of Technology have shown
‘that it should be éoséible to modify standard instruments to make them
suitable for such tests. - A comparison of the fundamental natural period
of vibration of a s;ructuré as measgre’d during a wind-exci;;ed vibration
test with theoretical calculations will reveal sbmethipg of the e'xtent to

which the basic dy_nami.é behavior of the structure’is ciescrii)éd by the

.0
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simplified models required by a mathemaﬁcal analysis.

It has been p'ropoéed" that vibration measurements of building »
periods before and after a strong earthquake might reveal significant
structural changes, should they occur. It would thus be highly desirable
to obtain period readings on existing nuclear power plant installations
so that a basis of comparison would be available if a strong earthquake
‘should occur. | | |

7. Summary of Some Specific Research Projects in Earthquake
Engineering for Nuclear Power Plants.

The foregoing general co’nside_ratipns.on research in earthquake
engineering have, of necessity, been put in .rather:general terms. The
following section/summarizes from thé above backgrOuna information a
nurnber of more specific research projects closely related to aspects of
earthquake engineering th:at may be \expectéd to be of. dir.ect interest to the
nuclear power industry in the near future. These research projects are
of a funda.rhenta.l ty’pé, aimed at developing the bas'ic' information underlying
the field. This does not pifecludé ad hoc resear;:h, projects aimed at solving
very speciﬁc practical problems. The-"following:s.pecific items will indi-, '

cate: the scope.of a suggested program of research in earthquake 'engineefring

over the next five years.
(1) A set‘éf six intermediate magnificgfion sho;‘t-pefiod seismogra;phs
»should be available for.femi)orary field iné_tallation ‘for 3-'6.rnonths at a
site, and should be_usea for studies-',off detailed 4.loca1‘ seisiniéity and t'he
effeéts of local geolog& aﬁd soilb;:onditiox'xs o"h._e.a.rthquake ground motions at

sites of potential interest to the nuclear power -industry.

R
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(2) An improired strong-motion accélerograph suitable for measure-
ments of ground motion.and building response caused by strong earthquakeé
should be developed, and arrangements for commercial availability should
be made. 'With this instrurﬁent, two programs of major importance should
be carried forward: (a) additional accelerographs for recording ground

motion during strong earthquakes should be installed at existing nuclear

-installations, and at sites in seismic regions of potential interest to the

-~

" nuclear power industry; (b) accelerographs should be located at strategic

points in buildings and special structures to record structural respbnse to
strong earthquakes.
(3) A continuing program should be established to exploit the

possibilities . of qt/xarry'blasts and nuclear bomb tests for ground motion

studies and for structural dynamic tests. Contacts should bé maintained

with commercial quarry operators and with the Atomic Energy Commission '~

to keep track éf. planned tests and provisions shduld be made for availablé
personnel, 'instrgn.'le'xitation, and analysis of results.

(4) Basic studies in soil dynamics should be ‘expanded, and the
properties of typical soils under dynamié‘,"conditions similar to thoseé en-
countered in strong earthqu;kes should be de?ermine_d( Such questions as

consolidation and liquefaction of soils under o‘_scillatory forces require

- much more extensive investigatibn, both theoretically and experimentally.

- (5) A catalog should be prepared, giving for all recorded strong-

'  motion earthquakes,. foreign as well as U.S., the recorded accelerograms,
" the calculated veloéity and displacement time records, and the response

_sjpectrum‘curve_sl. "Much of this information is scattered throughout an

RN
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extensive literature and some of the necessary analysis has not been

made. - Such a catalog should be organized on a continuing basis so that

it can be kept up to date. For some of the applications of importance in

nuclear power plants, such as the seismic behavior of fluids in tanks, it
is required that; the earthquake response spect:um.calcula;tions be extended
to longer periods than hés been usual in the past. - Such extensions of
response spectrum data should be incorporated in the above catalog.

- (6) The program of sinusoidal resonance vibration testing of full-
scale structures should be much expan&ed. Such tests should be extended
to yield conditions and to .the point of failure. - nge special test structures
will be needed for this purpose in view of’ the damage which may be involved.

Studies of the possibilities of large scaie models for such nonlinear and

-
-~

failure situations should be pursued.

< (7) Experimental and theoretical studies should be made of the

dynamic characteristics of common structural elements and components.

. Studies should also be made of the dynamic characteristics of equipment

special to nuclear reactor power generators, such as control rods, cooling
systems, etc. o ) N i
. (8) 'In order to discover valid simplifications suitable for design

of earthquake=-resistant structure of all kinds, a program of comparison

of accurate detailed calculations of structural dynamic behavior made

~ with modern high speed computer techniques with various approximate

solutions is needed, - Com'ponents sﬁch as piping systems, containment
vessels, control rod assemblies, etc. will all require study from this
point of view if the_;"é-sixlta of research are to be made available in a

~




useful way to design engineers. .
(9) The problems and implications of '"seismic scram'' should be

studied to evaluate the conditions under which such a system might be

advantageous.

The foregoing discussion should not be taken to imply that it is not
possible at present to design nuclear power generators, or other structures,
to be safe against earthc;uakes. Safe designs can be madé, but they result
in more cost than would be the case if more precise information on earth-
quakes and structural dyné.mics were available. Past studies of destructive
earthquakés and of earthquake-resistant design were m;de with the design
of ordinary buildings in mind. . With the advent of the nuclear power
generator it becé/mes economically desirable to have a much ‘rhore ac-

. curate knowledge of earthquakes and their effects than had been,;éonsidered
necessary in the past. This requires that additional';ésearch Be done to
bring the state of knowledge to 'thc-_,; desired level, and 1t is hoped t}';at the’

above discussion will vpoi‘nlt the way towards increased progreés in this

s
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important field.. ... L






