FARTHQUAKE GROUND MOTION AND ENGINEERING PROCEDURES
FOR IMPORTANT INSTALLATIONS NEAR ACTIVE FAULTS

by
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ABSTRACT

Costly or sensitive buildings, structures, and facilities are being
constricted in active earthquske areas throughout the world. Building
codes and normal design practices are not always compatible with the in-
hercnt risks, This paper outlines procedures for site studies and site
selection, e¢valuation of scismic probability and risk, a new gpproach to
ground motlon based upon soil and rock properties, response spectra, in-
elastic design criteria, and related matters, in the light of current
{1imited) knowledge. Hypothetical examples are based upon experience with
nuclear power plants and msjor research facilities close to active faults.
Analytical, empirical, philosophical, and practical considerations are
reconeiled.
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the site, or ground, factor as shown in Figures2 and 3.
= static, elastlc lateral force design coefficlent; dimensionless

F = a factor to express earthquake spectral response values

g = saeceleration of gravity

h = focal depth, miles

M« earthqueke magnitude; per reference (&)

R = reserve energy reduction coefficient; per reference (18) or (27)
r o= hypocenﬁral distance, miles

T = perlod of vibration, scconds; To = period at or near eplcenter
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shear veloclty of soll or rock; ft/sec
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elastic spectral response accelerabion; g units

ratlio of unit stress at ¢ determingtion to yleld unit stress
epicentral distance; miles (See Fig. 8 forA4 endAy)

= ductility factor, or ratio of total deformation to yleld deformstion
= specific density of soil or rock in place; 1b./62.4 £t3 = gram/cm3

= common logarithm (base 10)

few other notations are defined in the text or the figures.)
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INTRODUCTION

Much has been learned about earthquake activity and seismological engi-
neering in recent decades. However, it must be recognized by all concerned
that a great deal more experience and knowledge are necessary before scien-
tific status is attained or the art of aseismic deslgn becomes meture. In the
meantime, economic and other pressures demand the construction of sensitive,
vital, costly or perhaps potentially explosive instellations In earthquake
areas, sometimes in close proximity to active faults and to population centers.
Examples would include chemical plants, refinerles, nuclear power plants,
buildings for storing vital records or works of art, military installetions,
water or fuel storage facilities, tall buildings, and complex sclentiflc
research facilitles.

Such important installations should be designed not merely to earthquake
code design criteria or to broad generslizations or assumptions, but with the
full benefits of specisl site studies; of currently avallable knowledge and
procedures in structural dynamics and earthqueke enginecering; and with spe-
cific consideration of the consequences of damage and the cost of earthqueke
risk reduction or elimination.

These matters will be discussed herein, with full recognition of the
limited state of the art, and with attention directed to more factors than
the popular criterion of the epicentral distance,and static leteral force
design coefficients. Experience is drawn from earthqueke studies for several
important installations including nuclear power plents and the $11h,000,000
Stenford University electron accelerator facility with its nearest point about
0.7 mile to the rift zone of the active San Andress Fault. Because of the
confidential nature of certain phases of these projects, hypotheticel situ-
ations and data will be presented In lieu of speclfic project informgtion.
Any similarity to actual projects is unintentional and coincidental.

PROBABILITY, RISK AND IESIGN PHILOSOFPHY

A comprebensive earthqueke engineering approach to the design of important
installations or structures in active selsmic areas requires the development
of s special design philosophy. One must first realize the limitations in the
state of the art and in empirical data, of apparently rigorous methode which
none~the-less depend upon the use of sometimes doubtful assumptioms or numeri-
cal values in design, and of the very short history of relisbly-meamsured
selsmic date as compared to the vast sges of geologic periods and processes.
It 1s essential to have humility in the face of what one does not know of the
past or of the future, and in the light of his heavy responsibilities today.
Above all, 1t 1s imperative that one recognize the limitations of the most
modern earthqueke codes, and those codes in the probaeble distant future, for
special structures, for specilal risks, and for important inetallations.

Probability, economics, risk evaluation and good judgment are essential
elements in earthqueke engineering design procedures. Those responsible for
a facility or for the results of a failure, or perhaps a disaster resulting
from the sudden release of earthquake energy want to know the probebilities
of occurrence. It 1s useless to say that there are inasdequate historical data
todsy to properly assess these probabilities snd risks becsuse construction
would proceed regardless end probably under the concept that the risks can't
be too serious, or they could be evalusted.
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A basic philosophy of the recommended spproach to the problem is to ex-
plore what is known in depth, and to do so specifically for each important
project, with full knowledge of the earthquake problem and all developments
toward its ultimate solution. A basic objective should be to provide the
maximum possible earthquake resistance at no increased cost of construction
(over that required for the non-seismic requirements); to evaluate insofar
as possible the nature and extent of any residual risks and the means and
costs of reducing these where indicated; and to identify and reduce gt mini-
mum cost any risks that appear to be untengble. One should also refrain from
seeking refuge in the excuse for using doubtful or old assumptions, numerical
values, or broad generalizations, that such are within the limits of accuracy
of the end product. It should be recognized today that the whole is the sum,
if not the product, of its constituent parts.

It is often very helpful for cwners and authorities, as well as for engi-
neers, to consider degrees of earthquake risk and of probgbility rather than
to select one earthqueke level and to meke that criterion a case of "all or
nothing”. The writer prefers to assign limits or bounds - a lower limit below
which the installation would be¢ an unacceptable risk, and an upper limit which
is the maximum possible or credible event in the present state of knowledge.
Two or three intermediste levels are then established and probabilities of
occurrence (in years of frequency) and of results (in extent and consequences
of damage) are estimsted along with the initial incrementel costs to improve
the risk and reduce the damage potential in advancing to each level of proba~
bility. It is remarkaeble how much more earthquake resistance can be obtained
gt little or no extra cost with this "CARE" program ("Compatibility Analysis
of Risk and Bconomics") for speclal problems, especilelly when advantage is
taken in design of the reserve potentials in the inelastic range of response.

A Dbasic criterion is to gather all possible facts, general and specific,
including the characteristlcs of the specific site and installation,and to
avold over-simplified rules or practices that tend to compound error and risk.

SITE CONDITIONS AND EARTHQUAKE EXPOSURE

Some have held that proximity to an active fault is so potentially
dengerous as to make such installations unwise or impractical. Others feel
the problem is essentislly regi?msl and that proximity to a fault i1s not in
itself a controlling parameter \1), Regardless of the basic causes of fault
or block movement, it 1s generally recognized that earthqueke epicenters
occur somewhere slong fault systems and constitute the immediate sources of
energy potentlislly destructive to man's structures and fs,cz.l%t%e?. % study
of 1iso-intensity maps based upon the Modified-Mercal1i(2) (3) (&) (5)(6) or
similar rating systems, reveals (in spite of the meny problems and inaccura-
cies inherent in any such reting system) useful relationships of epilcenter,
megnitude, focal depth and demage. However, the use of such data in the
development of design criterias requires Judgment based upon much experience
to allow for the changes (with time) in buildings and structures, varistions
in exposure or population density, soil end geological conditions, extrapo-
lation into future exposures and many other factors. As an example, it
would be meaningless to use such data (without adjustment) in the prediction
of demage to tall modern buildings if no such bulldings existed at the time
the intensity maps were prepared.

Paraemeters that have not alweys been consldered sufficiently include
the geologlical and soil conditions at and ebout the site of a proposed instal-
lation, specific (local) probabilities and types of ground motion, dynamic
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characteristics of the installation, the probabilities and consequences of
possible response phenomena, and evaluations of the interaction of structure
and ground.

Site Selection. Selection of the site may be limited or it may extend over

a considerable area. There are many fectors to be considered besides that of
earthquake history. These factors are often ignored until It is too late for
the earthquske engineer to participate effectively, if at all, In the site
selection. However, even when the property is limited by condltions beyond
contrcl, there may be a choice of two or more sites, or a sclectlion may be
possible from specific locgtions within a large area. AL many locations there
are diversified geological and soll conditione, sometimes with wide varlations
in a relatively small area. In any event, geological, selsmological, soll and
rock mechanlcs studles are essentisl initial steps to scleet or generslly
eveluste the site or to properly locste the installation within a large areca.

Geological Procedures and Factors. One should obtaln coples of all existing
meps and geological classifications of the generel arcs in which the slte s
located. The date should be compared and evaluated in view of the time, the
extent, the then current knowledge, and the relishility and adequacy of each
effort. Usuglly,additional on-site studies arc indiceted, with borings,
detailed sample studies and a search for possibly unknown faults. If major
faults are on site or close to the site, detalled fleld work 1o Indleated to
locate the extent of the rift zone and any fault branches. Ceophysleal pro-
cedures together with serial photography and mapping are valuable alds in
determining where rock is Located, 1ts type, age, faulting ard the geologicel
history of the srea. The final declsions on site sultabllity and plant
location on the mite should be made only in the light of complete geologlesl
as well as other essential dats.

Important installations near active faults are generally feasible but
they should be placed on and into competent and stable rock with no faults or
rift zones under the installetions per se. This is not always possible or
practical but it is a basic matter to explore this possibility. Sometimes in-
actlve foults must be copsidered and accepted, The definition of an inesctive
feult 1s sometimes & difficult problem involving probability consideratlions
and judgment. Any indication of differentisl wovement along s fauli within
recent decedes or centurles, or perhaps within several thousand years, should
be consldered & sign of possible future activity to be avoided by relocation
of the installation eway from this fault. If e known mctive fault is adimcent
to the site, a search should be made for any offshoot faults that might be
potentially active. If there should be indications of fault or erack movement
some time ago, tests can be conducted to estimste the time of these movements.
It is generally very difficult to find completely uncracked bedrock but most
of these cracks pre harmless and are not faults per se. Even long-insctive
minor feults have been tolerated if unavoidgble and when competent experts
egree future differential movement is highly improbsble. Some structures have
been built over inactive faults with provisions for non-destructive differe
ential movement .

No structure should be bullt ecross a maj)or, sctive, or potentially
active fault or over a fault rift zone since permsnent base distortion is
lrresistible. However, mere proximity to an acfige f?ult can be a lesser
risk than other paremeters snd site conditions (1) (7)., Competent rock
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bearing is very desirgble but if a rock base can not be obtained practically,
the site may still be satisfactory for many installations, but with more
design and construction problems, and more cost. Satursted, soft or poorly
consolldated alluvial mgterials and wind deposited materials are generally
undesirable for important installations near sctive faults and, in many cases,
gt considersble distances from major faults.

Seismologlical Studies. The complete earthquake history of the general area
of proposed construction and also of the major geological structure over g
large conbiguous ares should be obtained or developed. The history of seismic
desmage may be poorly recorded or be misleading, especially in formerly non-
populated aress. Experts can, however, evaluate the religbility and the scope
of the reports. A lack of reports sbout damsge should not be considered,
necessarily, es an indication of no past major earthqueke activity. There may
have been no structures to be dameged, perhaps no one recorded the damsge, the
types of structures may not have been responsive to the particular earthauake
motions, or the epicenters may not have been close enough to the area in
recent decades or centuries even though a nearby fault or faults were, and are,
still active. Selsmologlste can meke detailed studies of specific areas and
prepare maps showing known epicenters, megnitudes, faults and possible faults,
intensities, and provide predictions based on the past and also on the geo-
logicel conditions. The basic problem is that the probsbilities of future
events must be based upon what is usually inadequate knowledge or history of
past events. However, there are procedures to lmprove statistical data.

Detalled knowledge of events in similar localities plus careful study of
the ares with stochastic processes can, to some degree gt least, improve the
confidence level over that based solely upon inadequate history of the gpe-
cific areas under consideration. For exemple, projections of possible close
eplicenters can be made, as illustrated by the hypothetical situation in
Figure 1. The nearby active faults are "A" and "B" with known earthquskes as
shown., The distances in miles to the epicenters of interest, and also normal
to the two faults are shown on the radial lines. Table T provides local
earthqueke dgts and Teble IT a particular probgbility study based upon the
relative exposure to actlive faults. A problem here is whether or not a major
earthquake could oceur 8 mi. from the proposed Installation. Some major
earthquakes apparently tear or spread so rapldly along a fault that {gﬁ all
practical purposes the encrgy release is from & line and not a point (91t
the effective line were taken a8 30 miles, any "point" within 30 miles on
either side of point "a" would thus still constitute a minlmum distance
exposure,

A design based only upon the earthquekes indicated in Figure 1 would
hardly be an adequste consideration of the potential risks to an important
installation at Area X. Tsables I and IT indicate thet both faults are active,
but that Fault A is more active for the major earthquskes. One should con-
sider the possibility of the fault's grestest known magnitude of 8.3 oceurring
as a line-relesse at the minimm distance. The aversge frequency of this
particular event heppening (with a 30-mile "line") is estimated as once
(average) per £333 years based upon a re-evaluation of the frequency shown,
for 60 miles of fault within 30 miles of the site, as compared to 250 miles
within the 60 mile radius. If one should decide to consider in design the
frequency of once per 8333 years, he would no doubt do so with considerable
allowsble damage, short of catastrophic consequences. In view of world
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history, an event greater than M8.3 could occur here also, but the probability
would be extremely small. This is one of the grest egrthquake problems - one
does not know when the frequency clock started to run. Obviously, various
levels of risk and probability must be considered.

Future focal depths can generally be assumed to be the same as for the
shocks recorded on the corresponding faults. For example, in Figure 1, 15
miles would be a logical figure. However, for a very sensitive and close
installaetion, shallower releases should also be considered possible. BSuch,
even at low magnitude, could be critical for rigid elements, whereas longer
epicentrel-distance shocks of greater megnitude could be critical for long
period and lightly dsmped structures. Complete evalugtion should include sll
possible situations and not an assumption, a priori, that only certain magni-
tudes, depths, or epicenters might control the response and design of all
elements.

In the writer's opinion, the use of selsmic histoxy for az'ewz(9)or states
or countries such as California, New Zealand, or Japan, 1s not sufficient as
an exposure basis for assigning probaebility factors for a specific local area.
The historical record is sll too short and an important "proximity" parameter
is not included. Other procedures have also been followed(10) to estimate
ground motion for importent installations near active faults. One iz to ob-
tain all Modified Mercalli, or similar ratings, for a given site and to adjust
these by calculation end judgment for the changes (with time) of bullding
types, population densities, and revisions in the MM ratings, all as compared
to the times of the intensity evaluations.With a tabulation of the frequencles
in years of each intensity rating at the site and finally, by snalogy to
intensity frequencies in the better known selsmic aress, the probabilities
and yearly frequencies for intensity values of interest cen be estimated. A
third and new procedure bamsed upon ground motion for various megnitudes as
indicated by site properties will be submitted in detall subsequently.

Soil and Layer Conditions. Even where the main unit or structure of an instal-
lation is to be founded on rock, the superimposed soll conditions may be very
important, from several conslderations, and must be studled. Moreover, there
mey be other plant structures of lesser importance which could be founded on
alluvium. The relastive motion between rock surface and slluvium above the rock,
and also at various levels in the slluvium including its surface, must be
estimated to provide in design for the movements or movement tendencies and
the resulting forces - for pipelines, for connections of varions structures,
and for the action of alluvial materials or backfill on the portion of a rock
bearing structure between the rock and the ground surface. In some cases, the
main structure on rock should be so strong and rigld as to cause adjoining
soll to rupture before the structure is dsmaged.

Dominant ground periods may exist with natursl modes which would be ex-
clted by earthquakes. This motion would in turn be especially troublesome to
any structures having nstural periods in the ig trel range as that of
the dominent ground motion. XKanai and cthera?$ f ‘5 513)1'1&% done much work
in this subject and have used instruments to record microtremors and to detect
dominant ground periods. It is often desirsble to use geophysical exploration
methods to determine the depth and number of alluvial layers and the seismic
properties of density and velocity of the materials. BSuch informstion is
needed in the specific calculation of any dominant ground periods and of
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amplifications of motion in soil above rock due to refraction and reflection
from layer to layer and from the surface. Very useful compilations of soil

data have bee{x ?e elgped for certain USC&GS Californis strong motion record-
ing stations (4) (1h (15),

It is fundamental to make borings to determine ground water levels, to
obtein soil samples, and to test these samples for demnsity, moisture content,
grain size, cohesion if eny, and their gppropriate strength, deformation and
other properties. The subgrade modulus, or coefficient of subgrade reaction,
1s also of basic importance in period calculations and in interaction seismic
studies. Where important soil-structures or embankments sre involved, special
stud%es 0{ ‘gists of the dynamic stability of the soil or of slopes can be
made 10) {1 . In some cases, it is desirable to estimate the amount of em~
bankment sliding, if any, under the pr?balile periods, amplitudes and durations
of ground motion. Shaking table testsl17) are informstive as are calculation
procedures based upon the balance of energy with work done under "elastic" and
permenent deformations. The possibility of dynamic liquefaction is not to be
ignored.

EARTHQUAKE GROUND MOTION

One of the greatest problems is to relisgbly estimate the ground motions
to which an installetion will be subjected. Code latersl force coefficients
do not represent the maximum probable response accelerations but much less so
long as the structure remains elastic(c?oz; ?28). Ground motion often exceeds
these velues and is amplified in the alluvium, and the response of the struc-
ture leads to even greater wvalues. Although some structures may hasve reserves
of strength or of energy absorption value adequate to withstand accelerations
much greater than normal code design levels, it would be an inadequate pro-
cedure in today's state of knowledge to design an important installetion
solely under this essumption. Seismic coefficients, possibly increased or
with extended safety factors for speclal risks (22) may be used for initial
(trial) design, but the structure should still be analyzed for the motion it
will probebly receive.

Availeble Data. Many have worked on this problem and much has been learned.
Unfortunately, however, most strong motion records have been ma;zle on soils of
varlable and generally little known characteristics. Gutenberg 1) bas pro-
vided data on the motion of various alluvial deposits as compared to motion
in rock st the Passdens Seismological Laboratory and he and Richter have pro-
vided useful relationships of megnitude, energy, in’c?ﬁxiit and. acceleration
and certain corrections for alluvium characteristics (19Neumann worked
diligently to correlste intensity in alluvium with that on granitic rockl5).
Kanai worked in not only layering end site periodicity but in rock
mo'tionh?’.}) (11) (12). wWiggins has considered site conditions as related to
ground motion spectra (23], TFor special projects it seems essential to
develop motion cheracteristics based upon specific site conditions and me-
terdials rather than to depend upon general or averaged - and perhaps insp-
plicsble - data. Unfortunstely, very few strong motion recordings have been
made on rock. The U, S. Coast & Geodetilc Survey bas recorded Helena, Montana
shocks on limestone (1935, M 6,0) and a San Francisco shock (1957, M 5.3) on
weathered Jurassic sandstone(2 . More rock data are needed. However,
selsmologists have recorded a considerable amount of rock motion ﬁ.gd have
issued reports which can be very useful to earthqueke engineers (&),
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Gutenberg and Richter provide the equation:
log ay = -2.1 + 0.814 -~ 0.2  —meee (1)

in which the constant 2.1 applies to the average base conditions of the Pasa-
dena Seismological Leboratory stations which are generally situated on or
close to weathered granitic rock. For the purpose at hand, let us replace
the constant in equation (1) with a symbol b. Suggested average valuea(4)to
reconcile M and a, with recorded data from other sites are 1.7 for USC & GS
stetions at cities in Southern California, genmerally on alluvium; and 1.4 for
relatively unsteble ground su?h as at El Centro or Bishop, California. Guten-
berg provides similar results 1) with amplitudes for stations on slluvium
compared to those on rock with identical instruments. Retios of the alluvium
to rock motion range up to 10, but with typical velues of 2.5 to 6 for allu-
vium from 300 to 1200 feet thick. GCutenberg suggests the following rough
reletionship for this ratlo, designated m, for the Los Angeles area: m = 1 +
d/300, with other parameters ignored. However, there is considerable scatter
of plotted dats and it is noted that "relatively large amplitudes----may be
observed in aress with only a thin layer of alluvium covering crystalline
rock."?l) The duration of shaking, the number of cycles and also the periods,
tend to incresse with the thickness of alluvium. There are thus many reasons
why important installaetlions near active fmults should be situated on and be
keyed into competent rock.

Evaluating Site Motion. There have been no major earthg etg recorded on
rock close to an epicenter. An exhaustive study was madel10)to correlate
s0ll and rock propertles and other parameters for the application of avail-
able seismic data to the problem. In order to "reach” the rock it was first
necessary to eatimatf tge alluvium msgnification over rock. Part two of the
UCL? E*Sation programt 10 Jwas not available when the studies were made and Part
onel 4 )became available very late in the program. Approximste calculstions
had been made of leyering effects for specific USCE&GS atati?n and these data
were compared to the data from the Seismological Laboratoryllland, subse-
quently, {roxsx reference (14), The comparisons were acceptable. A method was
developed\10)for evalusting site motion in the light of the specific soil or
rock properties under a proposed structure. Alluvium depth, d, and layering
are not included as direct parameters but the procedure utilizes se aeverage
mgterial mich empirical dats in which the actual soll response is msasured.lt
is8 hoped that with time enough station site deta will be available to use
these parameters and perhgps dominant site periods more directly in s relstion-
ship b = £ (/o, Vs, 4, T).

A procedure 1s offered herein to evaluste site scceleration as a function
of £ and Vs with empirical relationshifg (partially extrapolated) to recorded
earthqueke data in Southern Californial). The results are considered more
reliable for rock or other firm material (say logpVs>3.5) than for soft,deep
or layered alluvium for which the accelerations cbtained should be reviewed
and perheps modified for any unusual site conditions. The site and general
area material is tested or relisble data procured otherwise, and values of spe-
cific density,o and shear velocity Vs are obtained as indicated in Pigure 3.
The site factor b is then selected. Figure 3 indicates the average, max
and minimm values of b necessary to reconcile the Gutenberg-Richter data 5
with what was known or could be estimated about USCLGS station sites. The
constant 2.1 in equation (1) represents the sversge (curve B) st & log (oVs)
value of 3.93. The average value of b, or values falling between curves B and
C would be appropriate in most cases. In example 1l shown on Figure 3, the
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avergge curve B is used to get D = 1.9. The values of p and Vs are test re-
sults for an Focene sandstone. Entering Figure 2 with values of M and b, one
obtains the corresponding values of ag;. The eplcentral acceleration for ex-
smple 1 is 0.7g.

Figure 4 indicates the sensitivity of D and the maggnification between two
hypothetlical sites. The example 2 difference in b of 0.7 indicates 5 times
more amplitude at site 2 than at site 1, as shown in Figure L, Site 1 4s rock
end site 2 rather poor alluvium. As can be seen also in Figure 2, the acceler-
ations increase rapidly as b decreases.

Figure 2 provides epicentral accelergtion. If the site is not at the epi-
central area (and it usually is not), the site acceleration, a, must be de-
termined. A study of the attenuation of accelerstion with epicentral disteance
included the considers; fﬁn of several procedures: +the application of a great
deal o irical data\“); energy scaling; Kanaj's equations(T); Wiggins' ap-
proach{23); end finally the developed procedurel10), Typical curves are shown
in Figure 5 for M = 8 and for rock sites. In the case of curves (3), (L) and
(6) the b values are from F%gus‘e 3. The Vs product is shown for curves (5)
and (7), Wiggins' proceda(xrs 3). For Kenei's curve (1), and curve (2), the only
description is "bedrock"{7). Where D or pVs varies, there is, of course, no
comparison except by relative curvature. However, curves (3) and (5) are for
the same site material, and curves (6) and (7) are for another identical ma-
terial; thus these two pairs of curves cen be compared directly. For curves
(3) and (6) the © values are from the B curve of Figure 3. Curve (%) is ac-
cording to reference (4) but with a D value of 2.0. The sherp average attenu-
atlion above 12 miles was of concern so the writer employed the following re-
lationship for curves (3) end (6), with ao in gravity units as per Figure 2:

8o
a = ; in g units 0 eeeww (2)

(8

Kanai's bedrock formula (7) was apparently not intended for short epicentral
distances where it tends toward :L?E ity. Curve (1) is shown for T = 0.5
aeconds, a possible dominant mode for M = 8 near the epicenter. The writer
took the liberty of substituting the hypocentrel distance for the epicentral
distance in Kanal's formula with the results shown as curve (2), a satisfactory
agreement with the shape of curve (3), which is a continuation of example 1
from Figure 2 and 3,

The conversion of acceleration and epicentral distance relationships to
ground motion spectra is the next step. Much more raw data are needed in
this subject. A study of rock motion recorded at Helena end at San Francisco,
and also of the rock signals recelved by seismologists finslly led to the
spectra shown in Figure 6. Although there are dominant period tendencies as
indicated, it must be assumed that there is a complete random energy supply
containing all frequenclies. It was declded, more or less arbitrarily, to
esslgn a magnification of 1.25 z;ix?es 8o and to peek this motion as shown.Some
rock stations show such peaking 1), Microtremor studies and forced vibration
tests are Indicated for sensitive installations. Velocities were calculated at
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the To period, from the originsl non-amplified accelerations, ag. Acceler~
ations at longer periods were computed for harmonic relationships with assumed
constant wveloclity.

Varigble Motion with Helght. In addition to dominant periocds and layering phe-
pomena in alluvium, amplification of motion with helght above the rock surface
mist be considered. Although these matters sre related, one could be concerned
in design with one and not the others. If a major structure such as a nuclear
reactor containment vessel is founded on firm rock well below the ground surface,
it8 subterrancan portion would have to resist local backfill motion that would
be much greater, especlally at its surface, than the rock base motlon. Under-
ground. connections to the mein structure would be subject to differentlal move-
nment, the amount of whz.cg ?e.s tz; b«g provided for. Relatlive motlon in alluvium
hes been investigated (1) (12) (13)." surface displacement due to natural pro-
cesses 18 at least twice the motion at the interface of alluvium snd rock, and
this retio is probably much more than 2 under many conditions. Where massgive
elements extend from rock through a soil leyer,the differentisl soll motion
mist be consldered up to rupture level of the goll. In some cases, a compres-
g8ible buffer is provided outside of, and to protect, the main stricture,

RESPONSE TO GROUND MOTION

Ground or rock motion and ground motion spectras are not to be confused
with response spectrs which represent the res?c:ﬁ?e of idealized structures to
the ground motlon. Spectral reaponse disgrams 2%) are available for several
earthquekes and various demping values, zxnga{.lx i{; terms of acceleration or
velocity. Most are for elastic systems 2k) (25) ?lfh xg{; ﬁfgf}nw ot in-
elastic systems 18 also svailable in spectral form (26 2% 2 . However,
these spectral dlagrams sre not for close eplcenters or rock sites under severe
earthquake motion. In 1958 the writer developed "smoothed” disgrams without
pesks and valleys and with allowances for near and far shocks not yet recorded.
The equatic royided for ctral response are resdily applied in design or
analyais L18) CB0) ot B TRLESTT T v e e

Spectral response velocity = Sy = Fri/4 meme{3)
Spectral response acceleration =eg = 0.3.9l+m~3/ b e { 1)

F varles with damping, magnitude, and the site; F 1?39 rees very closely
with the El Centro 1940 N~-5 spectrum for 5% damping 33 There is consider-
sble evidence that an assumption of constant spectral velocity or of averages
of a few spectra cean be an insdequate basis for specisl projects.

The short period portions of the 5% damping response spectra in Figure 7
were developed for the rock spectrs of Figure 6, At zero period th sponse
is the basic rock acceleration ag; this would be so for any dming?l . The
pesks were taken at 2 To/3 with a dynamic magnification of 1.87 times, aver-
aged from celculations of various pulse, random, and sinusoidsl responses and
by analogy to many actual response spectra. The 1.6g cutoff is arbitrary.The
longer period portions of the curves are by equation () with F values as
shown. The M 8.3 ~ F 3.08 curve represents an unlikely event at any particular
site. Response would be even greamter 1f the site was not rock. All of these
"elastic" vg%ufs <>:a.n be reduced significantly by designing for inelastic
response (1 27). (See “Structurel-Dynamic Design Considerastions”.)

The use of equivalent masses and other adjustments if actuasl systems can

not be ideslized by single-mass shear type systems, modsl combinations in
spectral response where multi-mass or distributed mass systems are involved,
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and period computatbtlons, are beyond the scope and space of this paper but are
treated in the proceedings of the two prior world conferences and in other
literature. TIn some design situstions it is possible to apply a forcing func-
tion to a simplified dynamic system in order to obtain response directly. The
forcing function could have the motion characteristics of the ground (such as
in Figure 6), or it could be taken arbitrarily at a "tuning" period of say
0.85 or 0.90 of the structure period in order to approximate transient response
by steady state computations.

STRUCTURAL-DYNAMIC DESIGN CONSIDERATIONS

The determination of applicable dynamic systems and their characteristics
1s an art which embraces both structursl engineering end dynamics,and much
experience. From triel designs one determines degrees of freedom, periods of
vibration, demping, ductility and work capacity in the inelasstic range. It is
important to consider all effective mass and various possible types of motlon
such as from shear, flexural, axlsl, torsional, and ground stresses, and pos-
sible coupling phenomens. Although multi-mass systems can often be analyzed
conveniently by computers, many plant or industrial facilities are more suited
for manual calculations, well seasoned with good Judgment.

Tt is customary to assume 8 ratio ?1’ }rifco\)ls ing to critical damp-
ing. The writer's earlier suggestions (18) (20) (29) of 54 damping for normal
buildings or composite structures seem to be confirmed in view of recent test
data. Damping values of bare metal structures are mach less, however,particu-
larly if the connectlons are welded, Where there is interaction of the struc-
ture and ground and severe motion is involved, 10% of critical damping seems
reasonable. Damping per se is not to be confused with other forms of energy
absorption. For design,damping represents internal attenustion without re-
sidual damage, cracking or distortion. As structures respond in the inelastic
range, there is much greater attenuation. The writer prefers to consider this
inelastic work as a separgte parameter and to add energy and deformation to
strength to create three basic deslgn considerations, The severe response ac~
celerations to which a structure tends to be subjected if it remsinsg elastlc
in major earthquakes are indiceted in Figure 7 for rocky material (b = 1.9).
If the material is less competent and/or if the demping should be less, the
response is greater. These values,which are far greater than code coefficients,
generslly can not, but need not, be met with elastic unit stresses or tra-
ditional static procedures. Where distortion beyond the yleld point can be
tolereted under a severe and rare emergency, economy and security can be
achleved by utilizing the great emergy absorption characteristics of ductile
nmeterials in the inelastic range. The procedure 1is to design the structure on
a trial basis according to code (or perhaps slightly higher) coefficients and
then to check for the energy sbsorption capacilty necessary to resgist the
earthqueke motions that have egx; (elgcted for the particular site and risk.
The reserve energy technigue L 29)1s a useful tool to perform this analy-
sis with terms and procedures familiar to the structursl engineer.

As a simple 1llustration of the value of Inelastic response to "reduce"
the accelerations, an elastoplastic single-mass system is shown in Figure 8
together with curves showing the relationships of ductility /a , the ratio of
C/4 , and spectral response accelerationoc . /. values up to 1 are elastic and
thus at 1, the c/‘g ratio conforms to the spéctral demsnd at yleld level. For
example 30.5g 1s met elastically st C/ = 0.50 and 4l = 1. But if a il factor
of % could be tolerated, & C/ﬂ ratio (interpolated) of 0.19 would also satisfy
the earthquake demand. If C’'were developed at a unit stress of 2/3 yleld
stress, the required value of C would be 2/3 x 0.19 or sbout 0.13. The reserve
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energy procedure can also be used for complex or composite systems regardless
of the force-deformstion relationships.

Msterials which fail st "brittle"/u, velues, from 1 to 3, are to be avoided or
the structures must be equal to or greater than the elastic spectral demand. If
the geometry of a structure causes great resistance In the elastic range, it is
only necessary that the strength be adequate for the response acceleration. In
such cases, however, the consequences of fallure must be evaluated and appro-
priate safety factors be provided for emergencies or the cumiletive effects of
error and spproximations in the earthquake design procedure. Materials have
been blamed for many failures and they have been lauded for survivals. In view
of the nature of the seismic problem and the facts that there are 15 to 20
parameters involved and material characteristics per se may account for only 2
or 3 of these, the materials deserve neither all the blame or all the credit.
Tt is the writer's opinion that any consistent structural material can be used
successfully, and that any masterial cen be used poorly. Materisls that fall
abruptly in shear or compression can be, and should be, so desligned where
ductility is essential that they cannot so fail prior to the stretching of the
reinforcing steel beyond its yileld point,in order to insure ductility. Refer-
ence (27) provides dasta for this important concept which should be observed
for all important installstions. Where deformations beyond the yield point
are utilized for resistance to severe ground motion, such must be sustainable
without cxritical bucklingipbverall adequacy is the proper criterion rather
thﬁ the properties of test samples%,(_ values of the structure per se must be
Te

able.
CONCLUSION

Probability, risk, and design philosophy have been considered with site
investigation and a procedure to evaluate earthquaeke motion for specific
sites. Design spectra are developed, and special analysis proceeds with at-
tention to energy capaclity and strength. Risk may be considered in 2 or 3
stages. How much caen the structure sustain in each stage with no increase in
construction cost over that required for normal purposes and code design? An
installation should withstand severe earthquakes with little or no damsge and
with only minor excursions Into the inelastic range. However, for s cata-
strophic earthquake which might severely damsge a nelghboring city, it seems
permissible to allow excursions into the inelastic range, to «¢ factors of k
to 6,0r more. For the devastating occurrence , which would essentially destroy
the city, the Installation should not collapse or be damsged to the point of
requiring replacement. However, deeper excursions into the inelastic range
with more damsge could be tolerated if reserve ductility can be mobilized.

In many cases cgpacity to resist very severe earthquakes can be provided
in design at little or no increase in cost. There is everything to be gained
and nothing to be lost by this process. In other cases, it may be found that
to develop the initially-desired earthquake value without damage may require
considerable extra money. A reevaluastion may then reveal that & lesser vealue
can be used without dire consequences, and the extra cost not be expended
since it would be an added investment with inadequate returns, The term "CARE",
for "Compatibility Analysis of Risk and Economics" is appropriate. In spite
of the amount yet to be learned or to be confirmed, a great deal more can be
done today with "CARE" and special effort, than ever before in seismic history.
The gains could be encrmous.

There are also other basic factors - good construction according to well-
detailed drawings, good testing and inspection, and engineering supervision
during comstruction. In addition, permenent, built-in instrumentation is needed
to cbtain data for future improvements in the art.
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TABLE T - EARTHQUAKE EXPOSURE FOR AREA X

Earthqueke datse for
Areg X on Figure 1

Closest » M5:

Mesgnitude; year
Epicentral distance

Maximm within 60 miles:
Magnitude; year
Epicentral distance

Meximm within 200 miles:
Magnitude; year
Epicentral distance

Maximm snywhere on fault:
Magnitude; year
Epicentral dilstance

Minimm distance to fault:

Peult 4

M6.2; 1890
18 miles

M7.6; 1915
29 miles

M8.0; 1860
90 miles

MB.3; 1830
250 miles

8 miles

Fault B

M6.7; 1929
L0 miles

M7.0; 1902
58 miles

MT7.2; 1875
140 miles

M7.6; 1885
300 miles

35 miles

TABLE TI - EARTHQUAKE PROBABILITY CONSIDERATIONS
(1) (2) (3) *Estimated average

Historically, years between earth-
Historically, with epicenters quakes for the ares
entire state within 60 miles within & 60-mile
or country of Area X radial sweep of Ares
Earthquekes in a Av, yrs. Av. yrs. X; from seismic histo-
100 year period between between ry of entire state or
of magnitudes earth- earth- country, welghted for
shown Fo. quakes No. quakes fault proximity
8.4 or more 0 Infinite 0 Infinite Infinite
8.3 or more 1 100 0 " 2000
8.2 or more 1 100 0 " 2000
8.1 or more 2 50 0 " 1000
8.0 or more 5 20 o] " oo
7.5 or more 15 6.7 1 100 134
7.0 or more 65 1.5 6 17 30
6.5 or more 190 0.5 17 & 10
*Total length of
actlve fauits, wiles 5,000 250

*Proximity factor 250/5000 = 0.05

Colum (%) data indicste that the probabilities of earthquakes at Ares X are

ﬁaﬁer( 3§spec1a1.l.y for major shocks, than shown by the historical dats in
columm ‘
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BARTHQUAKE GROUND-MOTION AND ENGINEERING PROCEDURES FOR

IMPORTANT INSTALLATIONS NEAR ACTIVE FAULTS

QUESTION BY:

AUTHOR'S REPLY3

QUESTION BY:

AUTHOR'S REPLY3

BY J.A. BLUME

J.A., FISCHER — U.S.A.

In order to eliminate any possible future confusion I
would like to comment upon Mr., Blume's references
numbered 14 and 15. It might be possible to assume
that these reports by Duke, Leeds, Mstthiesen & Frager
could be used directly in demign., The autbors state
the presented amplification spectra are predicated upm
many assumptions as to site soll conditions and should
not be used for design. In addition, no damping is
included in the prepared spectra. Thus, additional
investigation and snalysis would be necessary before
sctunl mite desmign criteria are available.

It was not intended to imply that the reports by Duke,
leeds, Matthiesen & Fraser could be used directly in
design and it 1s sppreciated that Mr. Fischer hasm
emphasiged this point. The peak response values
obtained by these investigators are, of course, greater
than indicated by the recordings of ground motion in
Southern California. However, there are certain
qualitative similarities between the recorded motion and
the analytical responme that are quite interesting.

The corresponding material in the writer's psper is
empirical and does not rely upon any idealized reaponse
caloculations., It is boped that as more numerical
information becomes avallable on layering phenomena and
on the effects of alluvial depth, additional pasrsmeters
can be included in the determination of the site factor,
b. Although such additional parsmeters are not expect—
ed to necessarily or appreocisbly alter the numerical
values in most cases, they would tend to incresse
reliability.

B.W, SPOONER — NEW ZEALAND

#Fhat distance bas the suthor in mind when he usmes the
word "mear" active faults? This question has importance
in regard to existing cities snd buildings and also in
regard to the future uvsme of sreas which are “near"
active faults. A definition of Yactive" faulte is also
necessary of course,

The definition of "near" and "motive fault" mumt
necessarily be somewhat subjective and perhaps vary
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under different situations, risks, sensitivity of
inetallations, and other factors. The meaning of the
work "near" in a specific came is alsoc involved with
the magnitude of the earthquake under consideration,
and that in turn is & function of the design probabil-
ity. Generally spesking, any distance less than 30 or
40 miles should be considered “"near" for exposure to a
major earthquake and in the context of this paper (See
Figure 5)., An “inactive fault" should be a fault that
can be shown not to have moved differentially between
its two faces or in ite rift zone in a significant
geological period, For example, if it could be proved
by seismological and geological investigations that a
fault had not moved for ssy 20,000 or more years, it
could probably be classified "inactive®. If this can
not be proved, the fault should be considered as
potentially "active". Recorded history is so short in
this matter that it is almost meaningless as a criferic
in determining activity or inactivity. Detailed field
investigations are essential,
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