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FALLACIES IN CURRENT GROUND MOTION PREDICTION

by

Bruce A. BoltI

ABSTRACT

A number of methods of predicting future earthquake intensities at a
site or in a region appear to contain serious fallacious arguments. The
ways that fallacies in strong motion evaluations arise are discussed and
the place of observational tests is stressed. A number of general fal
lacies occur because of dubious assumptions on probability laws, peak ac
celeration, earthquake magnitude, faulting models, and the neglect of
seismic surface waves. As an example, justification of important soils
engineering effects calls on significant deviation from the perfect elas
ticity model used commonly in seismology. Yet procedures from the former
studies have been transferred to the later case with little verification.
The particular case of incorrect regression of intensity Imm with peak
acceleration A is analyzed. A more adequate regression law is

log A = -0.340 + 0.313 Imm '

for which the intensity is assumed to have an error distribution with
variance 0.25.

INTRODUCTION

There are several reasons why I think a critical look at current
practices in estimating the seismic intensity and risk at a site is now an
important matter for seismologists and engineers.

To begin with, the last decade has seen a great increase in the devel
opment of strong motion seismology. The stimulus has come from the engi
neering side, but more recently seismologists are playing a much greater
role. During this time the observational base of the subject has improved,
particularly with the large suite of records obtained in the 1971 San
Fernando earthquake in California, but also in the recording of strong
ground motions from assorted earthquakes and varying geological conditions
in other parts of the world. It is natural that in the early stages of a
developing subject there will be confusions and workers with diverse back
grounds will introduce terminologies and procedures not readily understand
able by those from other disciplines. This situation gives rise to some
muddledom and conceptual discussions which are rather woolly. A better un
derstanding by all, in which a sounder grasp is reached, requires critical
analysis of the whole subject, using the powerful elementary concepts of
mechanics and scientific method. The search for fallacious reasoning in
current practice of microzonation and site evaluations seems a worthwhile
part of this analysis.

But there are more immediate practical reasons also. Never before
has there been so great a demand for answers to questions on likely earth
quake motions than at the present time. The demand comes from the public

I Professor of Seismology, University of California, Berkeley, California.
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at large, from developers, from regulatory agencies, and above all from
the engineering profession which must respond to design questions in a
variety of circumstances and under severe architectural and economic con
straints. In such circumstances it is understandable that practical pres
sures lead to rule-of-thumb and "black-box" methodologies that often in
volve rules based on unspecified assumptions. A common form is the use of
computer programs which give the user no specific knowledge of inbuilt
algorithms and premises. This situation is made more serious by the de
velopment of proprietary interests in the methodologies. Seismologists and
enqinep.rs, as well as regulatory bodies, cannot be expected to abandon
readily methods which they have clung to for many years and precedents
which tney feel must be justified under post facto criticism. It is nat
ural to feel that prestige is at stake and that, further, a change in past
positions will lead to radical modifications of the whole way of proceed
ing - an appalling conclusion.

Another reason for a critique is simply that, as scientists, we must
continually discuss the bases of our predictions, try to develop more
thorough-going theories, and continually compare the conclusions of these
theories with the new data which come to hand. In the last decade, I have
been personally involved in a wide variety of studies of strong ground
motion, ranging from requirements for the Alaska pipeline to nuclear siting
and the checking of hospital and dam safety (1,2). I have been struck by
the probing questions asked by the engineers involved in these projects and
the difficulties in giving useful seismological responses. Happily, the
situation is improving to some extent, but many problems remain on which
much research has to be done. Nevertheless, both seismologists and engi
neers have an obligation to point out inconsistencies in the arguments now
used and, if possible, suggest sounder rules. In what follows I can take
up only a few of the arguments used in predictions of earthquake intensity
and draw attention to certain problems with them. The list is not intended
to be complete and, in the short space available, it is not possible to
refer to all published treatments of the various points. The main aim is
to highlight certain general difficulties in the subject at the present
time, rather than analyze specific ones in detail - a procedure which is
much more suitable in special research papers.

ARGUMENTS AND CONCLUSIONS ON INTENSITY

Predictions on earthquake intensity at a site, whether deterministic
or probabilistic, must be made for engineering and planning purposes,
whether or not we can prove everything that is asserted. The fact that we
cannot offer a proof for each point in the argument does nothing whatever
to show that the ground motion prediction is false. Thus, if the critic
in a nuclear regulatory agency hearing demonstrates that the ground motion
assessment for the site has not been proved, he cannot go on to imply that
the assessment must be false. Indeed, the critic would then himself be
committing a most serious fallacy - the fallacy of ignoring the point. If
the assessment of ground motion is to be shown to be false, then the
critic must offer a disproof of it; the fact that a full proof, in the
logical sense, cannot be offered at that time is not enough. The criticism
does, of course, reduce the probability of the assessment to some extent
and may open the way for a sounder treatment.

Let us consider the case of a microzonation of a city. Microzonation
based on, say, the recording of microseisms at sites around the city or
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surficial soil properties might take the form of a map which is presented
to the authorities as a basis for zoning (see Figure 1). Now I happen to
believe that some of the justifications for this type of microzonation
are invalid arguments. that is, ones in which the conclusions do not fol
low from the kind of measurements on which they are based. In other
words, the arguments commit a fallacy. However this may be, the fact that
the argument is invalid by no means shows that the prediction on the dis
tribution of intensity across the city in a future earthquake will be
found to be false. rof course, the earthquake may show that it is quite
different, also, as in the case of Bucharest in the 1976 Romanian earth
quake (3).) It is easy enough to see from experience and basic physical
principles that something is likely to be the case, but when asked to
prove it in a strict way, we cannot do it. Rather, it is easy to fall
into fallacious arguments in the course of making the attempt. What is
important is that arguments on microzonation and site response be written
down clearly with all assumptions stated so that critics can draw attention
to the difficulties.

So far as possible, because assertions concerning future strong ground
motion cannot usually be proved in any formal way, it is better to treat
these opinions as hypotheses which have certain probabilities. Then these
hypotheses can be tested by examining their consequences when earthquakes
actually occur. These tests of strong ground motion prediction can be ob
tained, of course, outside the region of one's immediate interest which is
one reason why studies of foreign earthquakes are of such importance to the
whole subject. Yet even when such tests become available, there is a tend
ency to turn a blind eye to exceptions to the predicted ground motions and
to welcome whatever appears to be a confirmation. A case in point is the
widespread use of simple curves which correlate maximum ground acceleration
with the magnitude of an earthquake (4). Many measurements from strong
motion instruments now indicate that high peak accelerations occur in quite
small magnitude earthquakes at near distances. Such observations must be
faced up to, and either found to be expected exceptions to the rule, accord
ing to a theoretical model, or admissible data points which must be incor
porated into an overall reassessment of the problem of scaling intensities
with earthquake size and distance (5,6).

Of course, the criticism of established procedures is open to being
labeled as "destructive. 1I But the cleaning up of false positions is an
essential stage in the development of strong motion seismology, and in the
long run, is welcomed by all. The critic, of course, for his part, must be
prepared to recognize that what seems to be an exception might not really be
an exception at all. Thus, the peak vertical acceleration of 1.2g recorded
in the Gazli earthquake in May 17, 1976, in the U.S.S.R., might not really
be an exception to the distribution of vertical accelerations recorded in
California (7). The explanation might be in terms of a different focal
mechanism, for example. In the criticism that follows I try not only to
point out the difficulties in some current procedures, but also indicate
sounder approaches.

FALLACIES IN ARGUMENTS BY ANALOGY

It is generally accepted that the most reliable method of ground
motion prediction is to use a value of a parameter from an identical case
which has already occurred. In practice, although there is never an exact
repetition, a great deal can be gained by making detailed comparisons
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between the problem at hand and analogous cases. For example, the inten
sity distribution in Utah can be estimated from similar geological and
seismological situations that have occurred in California and in other
parts of the world.

It should be remarked that it is not necessary for an analogy to be
complete for the inferences drawn from it to be highly reliable even
though such arguments are often dismissed out-of-hand. Indeed, it can be
shown that, where there are a great many common properties, the probability
of the similarity of another measured property will be very high.

If P is a hypothesis which on data H entails consequences ql' q2' ... ,
qn' ... , and if the initial probability of P on data H, P(pIH), is non
zero, then it can be proved that

lim (P(qn+llql' q2 ... qn H) = 1.
n -+ 00

(1)

This result may be applied to argument by analogy in the following way.

A previous earthquake x is to be compared with a design earthquake y,
each of which has n observable properties xn' Yn that are identical. We
assume that the properties of x and y that are dissimilar are enumerable.

Suppose that x has the property x +1 that mayor may not belong to y.
Consider the hypothesis p that after tHe dissimilarities between x and y
have been enumerated, the remaining properties of x and yare identical.
(Note P(pIH) may be unlikely; we require it only to be non-zero.)

Then, if qi is the result that property x is observed identical to
property Yi' then p entails qi for all i. Further, from the assumptions
regarding x and y, it follows that tests ql' qz ... qn have been success
ful. Thus, from (1), the probability of qi+l 1S high.

It follows that, as the number of observed identical properties of the
observed and design earthquakes x and y increases, the probability that a
predicted property (i.e., seismic parameter) of y is similar to an observed
property of x approaches certainty. It is thus perfectly proper to weight
heavily intensity observations from selected earthquakes at other times and
places when considering prudent parameters for a specific site. It is a
common fallacy to allow a theoretical development, based on numerous as
sumptions, undue weight compared with such empirical evidence.

An illustration is the unwillingness of regulatory groups to give
strong weight to the observed intensities in the 1906 San Francisco earth
quake when assessing ground motions for sites affected by waves from
similar sources. The evidence from the 1906 earthquake (Ms = 8-1/4) is
that no especially severe intensity of ground shaking occurred along the
fault rupture. In an important paper, Louderback (8) discussed in detail
the distribution of intensities in the near field of the 1906 seismic
source (the San Andreas fault rupture). Louderback argued that (particu
larly in strike-slip faulting) because of the mean depth of the radiating
source (5-10 km, say), the intensity of shaking near to a surface fault
rupture is not a sharp maximum but rather there is a broad zone in which
the highest intensities depend mainly on the nature of the ground and af
fected structures. He noted that the seismic intensity along the San
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Andreas fault rupture in 1906, so far as buildings were concerned, and
leaving aside the ground breakage along the fault rupture, was about VII to
VIII (Modified Mercalli Scale).

My own inferences from the reports of intensity in the 1906 earthquake
are, in the light of present theoretical and observations knowledge, two
fold. First, the broad average intensity in the 1906 earthquake within
10 km of the San Andreas fault would correspond to MM VIII-IX (or about
0.5g maximum peak acceleration in the frequency range 5-10 Hz). The pock
ets of highest observed damage in 1906 were associated with weak structures
often at distances of tens of kilometers from the fault, usually where
special soil conditions could be responsible for the effects. Secondly, it
is fallacious to extrapolate remote measurements of intensity of ground
motion to the surface faulting using essentially linear regression curves.
The maximum intensity of shaking from both strike-slip and dip-slip fault
ing does not occur at the surface rupture, although the physical reasons
are probably different in each case.

FALLACIES IN THE USE OF MAGNITUDE AS A SCALING PARAMETER

At the present juncture, probably few seismologists or earthquake
engineers would be prepared to justify the use of magnitude (or moment) as
the single or even dominant seismic parameter in predicting the overall
seismic intensity at a site. The evidence from strong-motion records is
that peak accelerations can range by factors of two and three (in the fre
quency band 1 to 10 Hz) for earthquakes of the same magnitude; some earth
quakes of quite small magnitude, such as the magnitude 4.5 Ancona, Italy
earthquakes in June 1972 and the Melindy Ranch (magnitude 4.7) earthquake
of September 4, 1972, had peak accelerations exceeding 0.6g. The epi
central distances were 5 and 9 km, approximately.

The finding that magnitude is not a robust scaling factor for ground
motion leaves many intensity attenuation curves (9,10), which are based on
magnitude alone, without firm support. There are, however, aspects of
earthquakes which are closely dependent on the magnitude parameter. These
are, in particular, the meizoseismal area and the duration of tne shaking
(11). Both of these parameters are ultimately concerned with the dimen
sions of the wave generation surface and, in particular, in strike-slip
faulting, the length of the fault rupture. Thus, a long, thin earthquake
source, like that of 1906 in California, produces a very elongated meizo
seismal area. The magnitude of a strike-slip earthquake affects duration
much more than it affects peak acceleration, because the larger the magni
tude the greater the length of ruptured fault and hence the more extended
the area from which the seismic waves are progressively emitted.

The intensity of shaking is, of course, both mitigated and changed in
character as time goes on. The further the site is away from the ruptured
fault the more on the average will the wave amplitudes decay, the higher
frequences being attenuated more severely than the lower ones. If San
Francisco were subjected to shaking from a magnitude 8 earthquake on the
San Andreas fault, for example, the highest amplitudes of the high-frequency
seismic waves would come from the part of the fault which ruptured adjacent
to the site. As the rupture extended along the San Andreas fault north and
south for hundreds of kilometers, the waves reaching San Francisco would
change their frequency content markedly, with more and more a shift to
longer periods. Most structures would, therefore, be subjected to loadings
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which are moving further away from the main frequency band of engineering
response.

Of the source parameters presently defined, perhaps stress drop is the
most satisfactory to describe the local intensity of shaking. The incre
ments of stress drop on the radiating fault adjacent to the site will be
decisive in producing the highest pulses of high frequency energy.
Further, unlike magnitude or moment, the stress drops are local, not global,
phenomena and depend on the local properties and stress conditions of the
rock. If it is accepted that stress drop is the dominant parameter to
scale high frequency spectra at a local site, then a consequence appears to
be that the relevant scaling, after certain minimum values are reached, is
not dominantly related to the length of the fault nor to the ultimate magni
tude. Thus, in my mind, values of acceleration recorded in the near field
in the 1940 E1 Centro, 1966 Parkfield, 1967 Koyna, and 1973 Managua earth
quakes should be given considerable weight in estimating the expected ac
celeration values near to a strike-slip fault source of much larger magni
tude earthquakes.

FALLACIES IN PROBABILITY ESTIMATION

In evaluating the probability of predicted seismic site parameters,
two important considerations are sometimes overlooked. First, a method
ology commonly followed nowadays requires the joint assertion of a number
of propositions. These propositions are often not statistically independ
ent but are assumed related to each other in some way {such as the common
but perhaps ill-founded view (see below) that the peak acceleration is re
lated to the fault rupture length). Secondly, in calculating the joint
probability, the product rule must be used correctly. In application, the
rule is liable to become: the probability of the conjunction of two prop
ositions on given data is the product of their separate probabilities on
those same data. This is false when there is a dependence between them.

As an illustration, let us consider just four propositions that are
proposed to hold at the same time during the lifetime of a structure.

a = a peak acceleration (or spectral scale paramater) will occur
greater than a.

m = an earthquake of magnitude (or moment) will occur greater than m.
d = a fault rupture will occur within distance d of the site.
r = a transfer parameter (reciprocal attenuation index, focussing,

etc.) will pertain greater than r.

Then the joint probability of these four events is (with an order that
allows for the main dependencies)

P{amdrIH) = p{dIH) P{mJdH) P{rJmdH) P{alrmdH). (2)

With only these four factors, and even allowing odds as large as 10 per
cent for each, the probability of the joint occurrence of all four asser
tions is of order 10-4 . Those who insist on "conservative" (high) values
for a, m, and r and (low) values of d often produce quite remote probabili
ties for the joint occurrence. Any judgment on risk that does not treat
the situation in this way must be suspect.
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INCORRECT REGRESSION MODELS

Two correlations between empirical strong-motion parameters have come
to playa central role in the forecasting of seismic intensities. The first
is a regression of the magnitude Mof an earthquake on the logarithm of the
length of fault rupture L of the form

M = a + b log L . (3 )

Log L has also been regressed on Mand quite wrongly used to predict a
magnitude, given a fault rupture length (11). Even when, however, the cor
rect regression (1) has been used to predict a probable size of an earth
quake at a site near to an active fault, a fallacy of a different type has
been incorporated in the analysis in most cases. The fallacy is that the
usual least-squares fitting of a and b in (1) assumes that all error re
sides in the measurement of magnitude and that the observations of L are
error-free, despite disclaimers by geologists. A correct regression scheme
involves the simultaneous assumption of random variation in both the depend
ent and independent variables, although the scatter in the measurements of
surface faulting is probably the greater. Appropriate statistical models
are available (12).

A similar regression model arises in correlations of peak acceleration
A (em sec- 2 ) with the maximum Modified Mercalli Intensity Imm of the earth
quake in question. Three linear solutions (6,13,14) with somewhat different
data sets are,in order:

log A =
log A =
log A =

0.26 + 0.24 I mm
-0.041 + 0.308 I mm
0.014 + 0.30 I mm

(4)

(5 )

(6)

In all these fits,no formal account is taken of the effect of the variance
in the statistical distribution of the observed intensity. While the whole
question of estimation of intensity is now under substantial review, it is
clearly possible from the published felt reports and descriptions of damage
of each earthquake to produce a frequency distribution of elements in the
intensity scale. As an example, such an assessment has been done for this
study in the case of 36 U.S. earthquakes listed in Table 1, all of which
have peak accelerations recorded by instruments in the meizoseismal zone.
An example of the frequency distribution obtained is shown in Figure 2 for
the Kern County earthquake of July 21, 1952. (The variable widths of the
histogram rectangles reflects the adopted method of allocating weights to
each element in the intensity scale, but the details are not of importance
to the present argument.) What can be seen from Figure 2 is that the var
ious elements, given their allocated weights, range from a low of VI to a
high IX. The central tendency is not strong, but a value (in Arabic numeral~
of about 8.6 might be chosen as a representative II max imum ll intensity for this
particular earthquake. (We take the upper quartile line rather than the
actual highest element which is often abnormal given the whole body of ob
servations.) It can also be seen from the distribution of Figure 2 that a
standard error yielding 0 2 = 0.25 (intensity units) is a reasonable value to
indicate the scatter about the adopted value. Such estimates of upper tend
ency and of variance are probably precise enough for the present purpose, but
the question of sensitivity needs more detailed work. The method illustrated
in Figure 2 yielded IImax imum ll intensities and peak accelerations listed in
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Table 1. These values were fitted to a linear form like (4), (5), and (6)
on the assumption that the ratio of the standard deviations of the two var
iables are constant. In this case, the slope b is given by

L:XiYi
b = --,.,----r-

L: Xi 2 - (n-=-ilCY2 ,

where x is the intensity and y the log acceleration, measured about the
mean values. The data used are shown as crosses in Figure 3. Regressions
were then made for 0 2 = 0 and 0 2 = 0.25 for all intensity values. The latter
assumption is not exact but serves as an illustration of the effect of al
lowing for errors in the independent variable. The two least-squares lines
obtained are shown in Figure 3. There is a substantial difference in slope
between the error-free (EF) and error (E) lines. The numerical results are

log A = 0.160 + 0.245 Imm (02 = 0) (7)

log A = -0.340 + 0.313 Imm (02= 0.25) (8)

For comparison, in Figure 3 is shown the fits by Neumann (13), and Trifunac
and Brady (14). These two solutions are surprisingly so close as to pre
clude two lines being shown in the figure. It is not suggested that the
statistical model defined by equation (6) is the most satisfactory one for
the present work. Mark prefers (11) the use of a bi-variate normal popula
ation as a suitable approximation. The actual form of the probability dis
tribution will depend upon the distributions obtained from appropriate
weighting of the intensity data.

TENABILITY OF VERTICAL PROPAGATING WAVE TESTS

For a decade or more, soils engineers, with few exceptions, have stead
fastly developed models for testing wave propagation through surficial
layers which assume that the incident seismic waves travel vertically up
wards. The theoretical justification is the significantly lower velocities
of the soils compared with the underlying rock structure and the predicted
motions have been checked against strong motion records from a limited num
ber of sites where information is available on the soil and rock velocities.
Such special programs are justified by the finding that the elastic proper
ties of soils are not limited to those normally assumed in seismology, i.e.,
perfect and isotropic elasticity, homogeneous layering, and infinitesimal
Hookian stress-strain relations. Recently, however, the same methods,
validly developed for special soils applications, have been carried over to
predictions of strong ground motions in situations where the seismological
assumptions hold to a close approximation. Yet even in such geological con
ditions where a well-tested and highly-developed elastic theory is available,
the assumption of vertically propagating waves has proved to have an adhesive
qua1ity.

Among the questions that have now been raised concerning the assumption
of vertical wave propagation for site evaluation, two are perhaps most im
portant. First, in the near field of the earthquake source, it has been ob
served and theoretically predicted that in certain directions a wave pulse
will spread outwards associated with the relaxation of the double couple of
forces at the fault. A pulse of this kind was recorded at station 2 in the
1966 Parkfield earthquake and at the Pacoima station in the 1971 San Fer
nando earthquake (see last section for further discussion). These pulses
consist predominantly of SH motions which reach the surface obliquely from
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the fault surface. Their periods are relatively long, giving wave lengths
of the order of many hundreds of meters which are much greater than the
thickness of the surficial soil layers usually considered in the upward
traveling wave models. In the treatment of such pulses, simple geometric
ray theory is unsatisfactory, and arguments which depend on sharp upward
refraction through thin surface soil layers can, at the best, be crude ap
proximations.

More serious criticism of the model is the omission of surface waves.
Surface waves of both Love and Rayleigh type have been observed for many
geological conditions by both regular seismographs in the far field and
strong motion instruments in the near field (15). They have been shown to
exist for frequency ranges of engineering interest, namely from frequencies
of about five Hertz to periods of many seconds in appropriate circumstances.
A recent informative study of the development of surface waves from the
fault source of the 1971 San Fernando earthquake, across profiles of strong
motion accelerometers in the Los Angeles area, has been given by Hanks (15).
For small structures the effect of surface waves traveling in the surficial
layers may not be of great engineering importance, but for large structures,
such as long bridges and large nuclear reactors, this is not the case. For
example, foundation mats of some of the most recently proposed nuclear re
actors have dimensions of 150 meters, which are close to the quarter wave
lengths of surface waves which are likely to be present near to the source
of earthquakes. Structural engineers have commenced to consider these ef
fects (16) and the literature contains numerous seismological discussions.
It should be kept in mind that even for a single layer of unconsolidated
alluvium over an elastic half-space the wave patterns associated with Ray
leigh waves may be rather complicated. In one calculation (17), in which
the alluvium thickness was taken as 100 meters, it was shown that a compli
cated dispersion pattern containing the fundamental first and second high
Rayleigh modes might be expected. It was found that in the frequency dia
gram all of the modes passed very steeply through the region of dominantly
vertical motion; hence, most of the surface displacements would be hori
zontal, except at the highest frequencies.

ASSUMPTIONS ON RISK ESTIMATION

A resiliant but ill-founded assumption is that earthquakes in a region
occur in an independent manner so that a Poisson distribution is a suitable
one for summarizing their occurrence. This assumption of independence of
events is contrary to the general physical model of earthquake genesis which
assumes that the crust is slowly straining so that, as time goes on, the
likelihood of another large earthquake becomes greater. Similarly, in after
shock sequences, it is assumed physically that as the sequence progresses
less strain is available and hence the likelihood of another earthquake
decreases.

Most recent risk mapping based on probabilistic models in the United
States (17) has assumed the Poisson law. The question whether this assump
tion gives rise to adequate estimates of risk, even though it violates the
physical assumptions, has not been much explored. Yet there are alternative
statistical treatments in the theory of point processes which adequately
represent the situation. One of these is the Hazard function h(t). Let q
be the statement "an earthquake occurs in (t, t+dt)" and p be lithe last
earthquake was at t = 0." Then
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h(t) dt = P ( q I p )

h(t) = f(t) / ( 1 - F(t) )

d= - dt ( 1n ( 1 - F(t) ).

(9)

(10)

The Hazard function in its classical form above fails to take account
of two important aspects of the memory problem. First, it is not so much
the last event which is of interest as the origin of the interval, but that
(p =]""an event of consequence occurred at t = 0. 11 The treatment of this is
expressed in terms of the auto-intensity probability function

ho(t) dt = P ( q I p ) . (11 )

The second problem is that in any seismicity study the risk depends not only
on the time sequence but on the size Mof the previous earthquakes. We
therefore require a joint probability H(t, M) which incorporates the funda
mental motion of the Hazard function with the probability law for statement
s that lithe earthquake has magnitude M. II On the assumption of independence,
we can write

H(t,m) = P ( q and sip )

= h(t) dt • P ( M> m ) (12)

For non-independence, the marginal distribution becomes rather complicated.

SIMPLISTIC FAULT SOURCE MODELS

Working mainly with western U.S. earthquakes, it is easy to fall into
an unquestioned position that the source of damaging earthquakes is the rup
ture of a single fault. Indeed, many large historical earthquakes in Cali
fornia and Nevada have been clearly the consequence of the sudden dislocation
of a shallow fault of simple geometry with offsets quite evident at the sur
face. Yet there is much evidence that this earthquake source mechanism is
not universal; crustal ruptures may be rather widespread and many stranded.
Case histories may be cited from the Fairview Peak-Dixie Valley earthquakes
of 1954, from Japan, New Zealand, and Italy. One illustration is the Friuli
earthquakes in 1976 in northern Italy. Based upon the structural geology and
well-located aftershocks (see Figure 4), the inference is that slip occurred
on many thrust faults in the hypocentral region.

Adoption of the multiple fault-slip model may lead to radical changes
in sQme of the methodology now in vogue for the prediction of strong ground
motion or microzonation of a region. For example, the use of a fault length
formula such as equation (3) would be fallacious.

Finally, it may be worthwhile pointing out again that the fault source
model, whether simple or complex, does not lend itself to the present chain
of reasoning which uses the peak horizontal ground acceleration as the key
scaling parameter for design spectra. As was mentioned above, there is seis
mological evidence that near to a rupturing fault a pulse of approximately
one second duration propagates outwards and affects structures on the sur
face. This pulse, however, may not have the largest accelerations in the
record, although it may be associated with the greatest kinetic energy.
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It has been pointed out from studies of the damaged Olive View Hos
pital in California in the 1971 San Fernando earthquake (17) that failures
in that structure apparently occurred during the long duration pulse that
can be seen in the Pacoima velocity record about three seconds after the
instrument triggered. The hospital structure was forced out of its elastic
range of response by this motion with significant damage to the supporting
columns of the lower floors. The subsequent strong ground motion, which
was of higher frequency and contained a peak acceleration greater than 1.Og,
then shook the damaged building about its new configuration without further
significant inelastic displacements.

The lesson is that a line of argument which is intended to be cautious
in design, if based solely upon the large values of acceleration at high
frequencies, may miss its goal and there may be no assurance of sufficient
structural resistance. As more near-field seismograms come to hand, there
will be an opportunity for rigorous testing of the present arguments on in
tensity and microzonation and the elimination of prejudicial fallacies.'
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TABLE 1. Revised Acceleration-Intensity Data
Upper

Earthquake Date Max.Ace. (xg) Intensity

Long Beach 03/10/33 0.15 8.4
Los Angeles 10/02/33 0.07 7.5
Ferndale 07/06/34 0.16 5.9
El Centro 12/30/34 0.18 7.6
Helena, Mont. 10/31/35 0.15 8.5
Ferndale 02/06/37 0.04 7.0
Ferndale 09/11/38 0.13 6.8
El Centro 05/18/40 0.29 9.8
Santa Barbara 06/30/41 0.21 7.8
Ferndale 10/03/41 0.12 6.9
Los Angeles 11/14/41 0.14 8.6
Hollister 03/09/49 0.18 7.0
Seattle, Wash. 04/13/49 0.24 8.5
El Centro 01/23/51 0.03 6.7
Ferndale 10/07/51 0.12 7.0
Kern County 07/21/52 0.19 8.6
Ferndale 09/22/52 0.07 6.0
San Luis Obispo 11/21/52 0.05 7.0
El Centro 06/13/53 0.03 6.9
Taft 01/12/54 0.07 6.3
Hollister 04/25/54 0.05 7.2
El Centro 11/12/54 0.03 5.8
Eureka 12/21/54 0.12 7.3
El Centro 12/16/55 0.01 6.2
Port Hueneme 03/18/57 0.08 7.3
San Francisco 03/22/57 0.07 7.5
Hollister 01/19/60 0.05 6.6
Ferndale 06/05/60 0.05 6.4
Holl ister 04/08/61 0.13 7.3
Olympia, Wash. 04/29/65 0.07 8.4
Parkfield 06/27/66 0.51 7.5
El Centro 08/07/66 0.02 6.4
Eureka 12/10/67 0.21 6.3
Borrego Mtn. 04/08/68 0.10 7.4
Lytle Creek 09/12/70 0.04 7.4
San Fernando 02/09/71 1.25 10.9
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KI LO~ETERS
HHHRHE='""=3

FIG. 1. Three microzonation levels for Bucharest before March 4, 1977 earthquake.
Hatched area shows area of most damage; 8M is site of accelerogram record.
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ZONING FOR THE HAZARD OF SURFACE FAULT RUPTURE IN CALIFORNIA

by

Earl W. Hartl

ABSTRACT

Under prOVISions of the Alquist-Priolo Special Studies Zones Act of
1972, the State of California establ ishes regulatory zones in order to
mitigate the hazard of surface fault rupture. The regulatory zones are
delineated to encompass traces of the San Andreas and other hazardous
faults. Regulation of most proposed development projects within the zones
is carried out by affected cities and counties. In most cases, geologic
site-investigations are required prior to development and structures for
human occupancy cannot be sited astride active faults that are identified.
The investigative reports are reviewed by local government for adequacy
and subsequently filed with the State Geologist. Although the fault-rupture
hazard is generally considered to be the most readily mitigated geologic
hazard, accurate location and evaluation of faults appear to be more
difficult than initially anticipated.

INTRODUCTION

Surface fault rupture generally has been viewed by geologists as the
most easily avoidable of the several geologic hazards. This view is based
on the well-defined features and observed historic rupture along the San
Andreas and other highly active faults. Thus, following the 1971 San
Fernando earthquake and associated fault ruptures in southern California, the
State Legislature passed the Alquist-Priolo Special Studies Zones Act in
1972. Under this Act, zones are established to regulate development near the
traces of potentially hazardous faults. This is the only law of its kind in
the United States.

ALQUIST-PRIOLO SPECIAL STUDIES ZONES ACT

This Act, also known as Chapter 7.5 of Division 2 of the Public Resources
Code, was signed into law in 1972 and amended in 1974, 1975 (twice) and 1976.
Responsibil ities for carrying out the Act are shared among state agencies and
local governments. Simply stated, the State Geologist is responsible for
delineating Special Studies Zones; cities and counties affected by the zones
must regulate certain development IIprojects ll in which structures for human
occupancy are planned within the zones; and the State Mining and Geology
Board establishes specific "Policies and Criteria" to guide the cities and
counties in their implementation of the law. The specific requirements and
functions of the Act are identified in table I and the full text of the law
is given in Appendix A. The Policies and Criteria, which have the affect
of law, are summarized in table 2. Most important of the latter are the
definition of an lIactive fault" and the Specific Criteria.

'Senior Geoloai c '" \, '\\. 'Jpervisor of Fault Zoning Pr,ogram, Cal ifornia Division
of Mi "'~\\'L \\a'Lt \\\a\, 'an Franc i sco, Ca Ii forn ia.

"tt\l ~ ~'Iank James F. Davis and Charles W. Jennings who reviewed this
m ..... ::>cr i pt and prov ided usefu 1 comments.
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Table 1. Summary of responsibilities and implied functions under the
Alquist-Priolo Special Studies Zones Act.

State Geologist
1. Delineates Special Studies Zones; compiles and issues maps.

a. Preliminary Review Maps.
b. Official Maps.

2. Reviews new data.
a. Revises existing maps.
b. Compiles new maps.

3. Approves requests for waivers initiated by cities and counties.

State Mining and Geology Board
1. Formulates policies and criteria to guide cities and counties.
2. Serves as Appeal Board.

Seismic Safety Commission
1. Advises the State Geologist and the State Mining and Geology Board.

Cities and Counties
1. Regulates "project" developments within Special Studies Zones.

a. Determines need for site investigations.
b. Reviews investigative reports.
c. Submits reports to State Geologist for file.
d. May initiate waiver request.

2. Approves permits for "projects".
3. Collects fees to cover administrative costs.

Table 2. Summary of policies and criteria adopted by the State Mining and
Geology Board. (See Appendix B, Ref. 2 for full text.)

Po' i ci es
1. Suggests methods relating to review of Preliminary Maps prior to

issuance of Official Maps.
2. Defines active fault (equals potential hazard) as a fault that has had

surface displacement during Holocene time (last 11,000 years).

Specific Criteria
1. No structures for human occupancy are permitted on the trace of an active

fault. (Unless proven otherwise, the area within 50 feet of an active
fault is presumed to be underlain by an active fault).

2. Requires geologic report directed at the problem of potential surface
faulting for all projects defined by the Act (Section 2621.6).

3. Requires that geologic reports be submitted to State Geologist for open
f i 1e.

4. Requires cities and counties to review geologic reports for adequacy.
5. Permits cities and counties to establish standards more restrictive than

the policies and criteria.
6. Defines (a) "project", (b) structure for human occupancy, and (c) new

real estate development.
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STATE PROGRAM FOR ZONING FAULTS

Section 2622 of the Alquist-Priolo Special Studies Zones Act requires
that the State Geologist shall do the following:

1. "Delineate ... appropriately wide special studies zones to encompass all
potentially and recently active traces of the San Andreas, Calaveras,
Hayward, and San Jacinto Faults, and such other faults or segments
thereof, as he deems sufficiently active and well-defined as to con
stitute a potential hazard to structures from surface faulting or fault
creep. II

2. Compile maps of Special Studies Zones and submit such maps to affected
cities, counties, and state agencies for their review and comment.
Following appropriate reviews, the State Geologist must provide
Official Maps to the affected cities, counties, and state agencies.

3. Continually review new geologic and seismic data in order to revise the
Special Studies Zones or delineate additional zones.

As required under the Act, the State Geologist (Chief of the California
Division of Mines and Geology) initiated a program early in 1973 to
delineate Special Studies Zones to encompass traces of potentially and
recently active traces of the San Andreas, Calaveras, Hayward, and San
Jacinto faults and to compile and distribute maps of these zones. A
project team, headed by this writer, was established within the Division
to develop and conduct a program for delineation of the zones.

Initially, 175 maps of Special Studies Zones were delineated for the
four named faults. These zone maps, issued as Prel iminary Review Maps,
were distributed for review by local and state government agencies on
December 31, 1973. Following prescribed 90-day review and revision periods,
Official Maps were issued on July 1, 1974. At that time, the Special Studies
Zones became effective and implementation was required by the affected cities
and counties. Official Maps of new and revised zones also were issued in
1976, 1977 and 1978, following similar formal review, for other faults
considered " su fficiently active and well-defined."

As of July 26, 1978, a total of 263 Official Maps of Special Studies
Zones had been issued for the faults identified in figure 1. An index
map identifying the zone maps issued is provided in Special Publication 42,
which is revised periodically (3). Additional faults will be zoned and some
existing zones will be revised in the future. Approximately 24 counties
and 64 cities are affected by the existing zones.

Definitions

In order for the State Geologist to carry out his mandate to issue
zone maps, certain terms identified in Section 2622 of the Act had to be
defined:

A fault is defined as a fracture or zone of closely associated
fractures along which rocks on one side have been displaced with respect
to those on the other side. A fault trace is the line formed by the inter
section of a fault and the earth1s surface. It is also the representation of
a fault as depicted on a map, including maps of Special Studies Zones.
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Antioch
Buena Vista
Calaveras
Cleveland Hill
Fort Sage
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Hayward
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Figure 1. Potentially active faults in California zoned for special studies
under the Alquist-Priolo Special Studies Zones Act of 1972.
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An active fault is defined by the State Mining and Geology Board in
their Policies and Criteria (3) as one which has "had surface displacement
within Holocene time (about the last 11,000 years)." The Board's definition
of an active fault "is intended to represent minimum criteria only," and
local jurisdictions "may wish to impose more restrictive definitions re
quiring a longer time period of demonstrated absence of displacement for
critical structures." This definition provides specific guidance for the
site investigations required by local government. It also serves as a
basis for other definitions and policies of the State Geologist.

Because the Alquist-Priolo Act requires the State Geologist to
estab1 ish Special Studies Zones to encompass all " potent ia11y and recently
active" traces of the San Andreas, Calaveras, Hayward, and San Jacinto
faults, additional definitions were needed. Faults were defined as
potentially active, and were zoned, if they showed evidence of surface
displacement during Quaternary time (last 2 to 3 million years). Exceptions
were made for certain Quaternary faults presumed to be inactive based on
direct geologic evidence of inactivity during all of Holocene time or longer.
The term recently active was not defined, as it was considered to be roughly
equivalent to 'lpotential1y active."

A major objective of the Divisionis continuing fault evaluation program
is to evaluate the hundreds of remaining potentially active faults in
California for zoning consideration. However, there are so many potentially
active (i.e. Quaternary) faults in the State (6) that it would not be
meaningful to zone all of them. In late 1975, a policy decision was made
by the State Geologist to zone only those potentially active faults that
had a relatively high potential for ground rupture. To facilitate this,
the terms l'su fficient1y active" and "we ll-defined," from Section 2622 of the
Act, were defined to apply to faults other than the four named ones. These
two terms constitute the present criteria used by the State Geologist in
determining if a given fault should be zoned under the Alquist-Priolo Act.

Sufficiently active. A fault is deemed sufficiently active if there
is evidence of Holocene surface displacement along one or more of its segments
or branches. This evidence may be directly observable or inferred and it
need not be present everywhere along a fault to qualify that fault for zoning.

Well-defined. A fault is considered well-defined if its trace is clearly
detectable by a trained geologist as a physical feature at or just below the
ground surface. The fault may be identified by direct observation or by
indirect methods (e.g. geomorphic evidence or geophysical techniques). The
critical consideration is that the fault, or some part of it, can be located
with sufficient precision and confidence in the field so as to indicate
that the required site-specific investigations would meet with some success.

Determining if a fault is sufficiently active and well-defined is
a matter of judgment. However, these definitions provide workable guidelines
for establishing Special Studies Zones under the Act. More precise meanings
of these terms should develop as more is learned about the techniques of
evaluating the hazard of surface faulting.

The evaluation of faults for zoning purposes is done with the
realization that not all active faults can be identified. Furthermore,
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MAP EXPLANATION

Potentially Active Faults

1906 C
~--.......-------.......?.

0---0

Faults considered to have been active during Quaternary time; solid line
where accurately located, long dash where approximately located, short dash
where inferred, dotted where concealed; query (?) indicates additional un
certainty. Evidence of historic offset indicated by year of earthquake
associated event or C for displacement caused by creep or possible creep.

Aerial photo lineaments (not field checked); based on youthful geomorphic
and other features believed to be the results of Quaterr)ary faulting.

Special Studies Zone Boundaries

These are delineated as straight-line segments that connect encircled turning
points so as to define special studies zone segments.

- --0 Seaward projection of zone boundary.

Figure 2. Example of Special Studies Zones map and explanation of map symbols.
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certain faults considered to be active (e.g. because of known seismic
activity at depth) are so poorly defined at the surface that zoning is
impractical. Although the Official Maps ofSpecial Studies Zones indicate
that "potentially active" (i.e. Quaternary) faults are zoned under the
Alquist-Priolo Special Studies Zones Act, it is emphasized that only those
potentially active faults that meet the criteria of " sufficiently active
and well-defined" are actually zoned.

Delineating the Special Studies Zones

Special Studies Zones are del ineated on topographic base maps of the
U.S. Geological Survey at a scale of 1:24,000 (1 inch equals 2,000 feet).
The zone boundaries are straight-line segments defined by turning points
(figure 2). Most of the turning points are intended to coincide with
locatable features on the ground (e.g. bench marks, roads, streams).

Locations of Special Studies Zone boundaries are controlled by the
position of fault traces shown on the Official Maps of Special Studies
Zones. With few exceptions, the faults shown on the early Special Studies
Zones maps were not field checked during the compilation of these maps.
However, all faults zoned since 1976 have been field-checked to verify that
they do meet the criteria of sufficiently active and well-defined. Zone
boundaries on early maps were positioned about 660 feet (200 meters) away
from the fault traces to accomodate imprecise locations of the faults and
possible existence of ' active branches. Later zones are narrower and some
zone boundaries have been positioned as close as 200 to 300 feet from the
identified traces.

FAULT EVALUAT ION PROGRAt1

This is a 10-year program, initiated in early 1976 and designed to
evaluate those "other ll faults identified in the Act as " sufficient1y active
and we11-defined l' (see definitions above). The need for this program is
based on the recognition that effective future zoning could not rely solely
on limited fault data of others. Justification of this program is discussed
in more detail in California Division of Mines and Geology Special Publication
47 (2).

In order to evaluate the potentially active faults in California, the
state is divided into 10 regions, and one region is evaluated each year.
Evaluations for the first two years of this program have been completed and
the results are summarized by Hart and others (4, 5). Based on field and
aerial photographic interpretations, as well as the work of others, recom
mendations were made to establish new zones for segments of 6 faults and to
revise existing zones for segments of 2 others. Perhaps more important is
the large number of potentially active (Quaternary) faults that were not
recommended for zoning because the criteria of 'Isufficiently active and well
defined" were not satisfied. It is recognized, however, that some of the
faults not recommended for zoning may be active, at least at depth (as
indicated by recorded seismicity), and future surface faulting is possible.
Although public safety is of primary concern to the State Geologist, he also
recognizes the difficulties in evaluating certain active faults. This is
particularly true with regard to reverse faults in the Transverse Ranges
where historic surface rupture has been complex and distributed over wide
zones (6). Also, traces of such faults tend to be quickly obscured by
debris shed from the rising mountain ranges.
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IMPLEMENTATION BY CITIES AND COUNTIES

Upon issue of the Official Maps of Special Studies Zones, local
jurisdictions are required to regulate certain development "projectsll within
the del ineated zones (see Section 2621.6 of Appendix A). Specific procedures
must be established to screen development permits and to notify developers if
a geologic investigation is required for the development site. If an inves
tigation is required, this must be done by a Registered Geologist (California)
(table 2). The ensuing report is submitted to the city or county for review
as to its adequacy. A review must be made by a Registered Geologist who may
set his own minimum standards or may use gUidelines provided by the State (3).
Ultimately, a permit is issued (or denied) on the basis of the investigation
and proposed structures are sited so as to avoid active faults that may have
been identified. A copy of the investigative report is then filed with the
State Geo log is t.

The decisions regarding the location and recency of faulting and the
level of risk acceptable often are difficult to make and may be shared by the
investigating geologist with local government and even the developer. Some
side effects have developed as a result of the Alquist-Priolo Special Studies
Zones Act that were not anticipated when the law was passed (e.g. with regard
to insurance, loans, property sales). Also, there is a tendency by some
individuals to assume that all seismic hazards are confined within the Special
Studies Zones and at least one state law (school construction) was amended as
a consequence. Although individuals and government agencies are learning to
implement the new law, it is quite apparent that identifying and avoiding
hazardous faults is not a simple task.

SITE-INVESTIGATIONS FOR SURFACE FAULT RUPTURE

Many references exist on the methods and rationale for identifying
and evaluating faults in terms of recency and some references are specifically
directed at the problem of surface fault rupture. In spite of this, there seems
to be some disagreement and uncertainty among geologists as to how specific sites
should be investigated under the various geologic conditions that exist. In
order to evaluate this problem, the investigative reports filed with the State
Geologist through 1977 were systematically reviewed to determine the methods
used to investigate faults and what the state of the art is for fault investi
gations in California. The results are summarized by region and for three
periods of time in table 3.

Several observations can be made based on the tabulated data. Most
obvious is that significant contrasts in the methods used to investigate
sites exist between northern and southern California. This is particularly
true for the number of investigations using trenching, boreholes, and geo
physical methods. The decreasing use of trenching and magnetic methods
employed in northern California during the 1974-1977 period also is revealed
by table 3. The reasons for this are not completely clear, although the
reliance on geophysical methods (especially magnetic profiling) has been
discouraged by the State Division of Mines and Geology and others. For
example, guidelines issued in 1975 (as CDMG Note 49 and later reprinted (3))
may have had some effect on the use of the inconclusive geophysical methods.
In spite of these efforts, a number of geologists continue to use geophysics
to evaluate faults, apparently because the methods are rapid and non
destructive and in the belief that the absence of a geophysical anomaly
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Table 3. Statistical summary of methods used to evaluate the hazard of
surface fault rupture for site investigation reports filed with the
California State Geologist under the Alquist-Priolo Special Studies Zones
Act. All reports were reviewed and accepted by cities and counties prior
to being filed. The number of reports evaluated are shown in parentheses.'

Percentage of site-investigations using each method

Method II N. Ca 1if.

74-75 75-76 76-77
(76) (116) (166)

S. Ca Ii f.

74-75 75-76 76-77
(42) (71) (115)

Tota 1 Ca Ii f.

74-75 75-76 76-77
(118) (187) (281)

Trenching 63% 58%

Pits 4 4

Boreholes 28 34

Geophysical 61 48
Seis. refraction 38 45
Magnetic 40 12
Elec. resistivity 1 1
Other 3 0

None of the above 12 14

IliA· f 1ctlve au ts
identified

54%

4

27

44
35
15

1
o

14

14%

86% 83% 88%

2 8 7

2 10 7

064
o 3 1
033
o 0 0
o 0 1

10 7 6

16%

71% 67%

3 6

19 25

39 32
25 29
26 9

1 1
2 0

11 11

68%

5

17

28
21
10

1
1

11

15%

ICompiled by E.W. Hart; assisted by D.L. Wagner, W.Y.C. Lo, and J.G. Moreno.

I ILiterature review, interpretation of aerial photographs, and field mapping
methods are not given; data for these methods either are not considered
representative or are not useful, based on reports of the 1974-75
period. A partial analysis of 1974-75 reports for northern and southern
California, respectively, indicated 93% and 74% of the investigations
did literature review and 66% and 38% did air photo interpretation.

I I 'Not determined for 1974-75 and 1975-76 periods.
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demonstrates the absence of an active fault. Clearly, the data in table 3
indicate that standards vary from place to place in California.

A more subjective evaluation of the reports on file raised serious
questions regarding 1) the appropriateness of investigative methods for certain
sites, 2) the lack of documentation and general report quality, and 3) the
validity of the conclusions reached regarding the existence or absence of active
faults at the investigated sites.

Even though many of the reports on file with the State Geologist are
inadequate in some respects, many provide useful new information that neces
sitates revision of existing Special Studies Zones for some faults. The most
useful data are provided by trench excavations in alluvium and careful logging
information not previously available to us. A good example of new data is
provided near Hemet in Riverside County, California, where more than 50 site
investigations have utilized deep trenching as the principal investigative
tool (figure 3). These trenches revealed that: 1) the traces of the Casa Loma
fault are not always located where they are shown on earlier maps and 2) the
so-called Park Hill fault (a ground water barrier) apparently does not exist
as a surface fault and presumably is not a fault-rupture hazard. Based on these
data, a deletion of the zone established for the Park Hill fault is relatively

11<D'ss'
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~
\J

o
I
o

5PECIAL- 'S»iUDte:'S.
;ZONES

JIll HEtv\ET

EXPLANATION

Locations of previously mapped surface traces
(dashes) and ground water barriers (dots)
of potentially active faults shown on
Special Studies Zones Maps of Hemet and
San Jacinto quadrangles.

Locations of active fau.1ts based on 1974
1978 trench observations; short dashes
indicate inferred projections.

Locations of exploratory trenches.

~
N }.; ~.-q

~

~
<II

oJ ~k-
~ AtlzIn Z.

Figure 3. Map of Special Studies Zones near Hemet, Riverside County, California, showing locations
of fault traces used to establish zone boundaries (pre-1974 data) and actual locations of active
faults determined from site investigations (trench data based on unpublished reports of G.S.
Rasmussen and L.S. Lohr).
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uncomplicated. However, revising the zone boundaries for the Casa Loma fault
will be rather difficult in some areas due to the proven existence of discon
tinuous and multiple fault strands in Holocene alluvium. Additional uncer
tainties in revising the Casa Loma zone is caused by the realization that
1) some faults may have been overlooked or misidentified in one of the trenches;
2) the area is subject to non-tectonic subsidence which may be the cause of
some ground rupture, and 3) some of the unfaulted alluvium is so young that
some fault strands may be obscured by recent erosion and sedimentation.

CONCLUSIONS

Based on accumulated experience, it is apparent that: 1) the abundance
and complexity of Quaternary faults are much greater than formerly believed;
2) the evaluation of faults in terms of recency of activity and precise
location generally is very difficult, both with regard to zoning and to site
development; 3) the revision of Special Studies Zones is a delicate procedure
that must be based on information clearly superior to the information used to
establish the zone. California1s practical experience with regard to zoning
faults for the hazard of surface rupture should be of value to other govern
ments contemplating the establishment of seismic zones.
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Appendix A

ALQUIST-PRIOLO SPECIAL STUDIES ZONES ACT
Excerpts from California Public Resources Code

DIVISION 2. GEOLOGY, MINES AND MINING
CHAPTER 7.5. SPECIAL STUDIES ZONES

2621. This chapter shall be known and may be cited as the
Alquist-Priolo Special Studies Zones Act.

2621.5. It is the purpose of this chapter to provide for the
adoption and administration of zoning laws, ordinances, rules,
and regulations by cities and counties in implementation of the
general plan that is in effect in any city or county. The Legisla
ture declares that the provisions of this chapter are intended to
provide policies and criteria to assist cities, counties, and state
agencies in the exercise of their responsiblity to provide for the
public safety in hazardous fault zones.

This chapter is applicable to any project, as defined in Section
2621.6, upon issuance of the official special studies zones maps
to affected local jurisdictions, but does not apply to any develop
ment or structure in existence prior to the effective date of the
amendment of this section at the 1975-76 Regular Session of the
Legislature.

2621.6. (a) As used in this chapter, "project" means
(I) Any new real estate development which contemplates the

eventual construction of structures for human occupancy, sub
ject to the Subdivision Map Act (commencing with Section
66410 of the Government Code).

(2) Any new real estate development for which a tentative
tract map has not been approved.

(3) Any structure for human occupancy, other than a single
family wood frame dwelling not exceeding two stories.

(4) Any single-family wood frame dwelling which is built or
located as part of a development of four or more such dwellings
constructed by a single person, individual, partnership, corpora
tion, or other organization. No geologic report shal: be required
with respect to such single-family wood frame dwelling if the
dwelling is located within a new real estate development, as
described in paragraph (I) or (2) of this subdivision, for which
development a geologic report has been either approved or
waived pursuant to Section 2623.

(b) For the purposes of this chapter, a mobilehome whose
body width exceeds eight feet shall be considered to be a single
family wood frame dwelling not exceeding two stories.

2621.7. This chapter, except Section 2621.9, shall not apply
to the conversion of an existing apartment complex into a condo
minium. This chapter shall apply to projects which are located
within a delineated special studies zone.

2621.8. This chapter shall not apply to alterations or addi
tions to any structure within a special studies zone the value of
which does not exceed 50 percent of the value of the structure.

2621.9. A person who is acting as an agent for a seller of real
property which is located within a delineated special studies
zone, or the seller if he is acting without an agent, shall disclose
to any prospective purchaser the fact that the property is located
within a delineated special studies zone.

2622. In order to assist cities and counties in their planning,
zonmg, and building-regulation functions, the State Geologist
s~all del.meate, by December 31, 1973, appropriately wide spe
cial studies zones to encompass all potentially and recently active
traces of the San Andreas, Calaveras, Hayward, and San Jacinto
Faults, and such other faults, or segments thereof, as he deems

sufficiently active and well-defined as to constitute a potential
hazard to structures from surface faulting or fault creep. Such
special studies zones shall ordinarily be one-quarter mile or less
in width, except in circumstances which may require the State
Geologist to designate a wider zone.

Pursuant to this section, the State Geologist shall compile
maps delineating the special studies zones and shall submit such
maps to all affected cities, counties, and state agencies, not later
than December 31, 1973, for review and comment. Concerned
jurisdictions and agencies shall submit all such comments to the
State Mining and Geology Board for review and consideration
within 90 days. Within 90 days of such review, the State Geolo
gist shall provide copies of the official maps to concerned state
agencies and to each city or county having jurisdiction over lands
lying within any such zone.

The State Geologist shall continually review new geologic and
seismic data and shall revise the special studies zones or delineate
additional special studies zones when warranted by new infor
mation. The State Geologist shall submit all revised maps and
additional maps to all affected cities, counties, and state agencies
for their review and comment. Concerned jurisdictions and
agencies shall submit all such comments to the State Mining and
Geology Board for review and consideration within 90 days.
Within 90 days of such review, the State Geologist shall provide
copies of the revised and additional official maps to concerned
state agencies and to each city or county having jurisdiction over
lands lying within any such zone.

2623. The approval of a project by a city or county shall be
in accordance with policies and criteria established by the State
Mining and Geology Board and the findings of the State Geolo
gist. In the development of such policies and criteria, the State
Mining and Geology Board shall seek the comment and advice
of affected cities, counties, and state agencies. Cities and counties
shall require, prior to the approval of a project, a geologic report
defining and delineating any hazard of surface fault rupture. If
the city or county finds that no undue hazard of this kind exists,
the geologic report on such hazard may be waived, with approval
of the State Geologist.

After a report has been approved or a waiver granted, subse
quent geologic reports shall not be required, provided that new
geologic data warranting further investigatons is not recorded.

2624. Nothing in this chapter is intended to prevent cities
and counties from establishing policies and criteria which are
stricter than those established by this chapter or by the State
Mining and Geology Board, nor from imposing and collecting
fees in addition to those required under this chapter.

2625. (a) Each applicant for approval of a project may be
charged a reasonable fee by the city or county having jurisdiction
over the project.

(b) Such fees shall be set in an amount sufficient to meet, but
not to exceed, the costs to the city or county ofadministering and
complying with the provisions of this chapter.

(c) The geologic report required by Section 2623 shall be in
sufficient detail to meet the criteria and policies established by
the State Mining and Geology Board for individual parcels of
land.

2630. In carrying out the provisions of this chapter, the State
Geologist and the board shall be advised by the Seismic Safety
Commission.

SIGNED INTO LAW DECEMBER 1972; AMENDED SEPTEMBER 26, 1974, MAY 4, 1975,
SEPTEMBER 28, 1975, AND SEPTEMBER 22, 1976.



HIGH-RESOLUTION GEOPHYSICAL SURVEYS,
A TECHNIQUE FOR MICROZONATION OF THE CONTINENTAL SHELF

by

Michael R. Ploessel
I

ABSTRACT

A high-resolution geophysical survey is a necessary component of
the studies for micro zonation of areas on the continental shelf. The
shallow geology of the continental shelves cannot be adequately understood
without high-resolution seismic data. High-resolution survey instruments
include side-scan sonar, Fathometer, tuned transducers, boomers and
sparkers. These instruments provide a map view of the seafloor, as well
as subbottom data along the line of survey. Tuned transducers and
boomers provide information to depths of 100 to 500 feet below the sea
floor and can resolve individual layers 1 to 3 feet thick. Faults with
as little as 1 to 2 feet of throw (vertical offset) can be identified on
the records. Sparkers provide data to depths in excess of 3000 feet
below the seafloor, but can only resolve individual layers about 25 feet
apart. However, faults with as little as 10 feet of throw can be
ipentified from sparker records. High-resolution geophysical data,
particularly from boomer systems, also provide an indication of the
characteristics of seafloor materials. Although geophysical data are
not a substitute for sampling of materials, very soft, unconsolidated
sediments commonly can be distinguished from denser sediment and from
rock. High-resolution geophysical data has already been obtained for
large portions of the United States Continental Shelves.

INTRODUCTION

High-resolution geophysical survey techniques combined with tra
ditional marine geologic and seismologic research techniques make micro
zonation of the continental shelves of the world possible. The basic
data needed for microzonation of the continental shelf is similar to
that needed onshore. Microzonation of an area cannot be adequately
completed without a thorough understanding of the geologic environment.
In the marine environment, one of the techniques necessary to adequately
understand the geologic environment is a high-resolution geophysical
survey.

Geologic data needed for microzonation include the location of
active and potentially active faults, the characteristics of the seafloor
and subbottom earth materials, and the location submarine landslides and
similar features. When this geologic data is utilized in conjunction
with historic seismicity data. The magnitude of earthquakes that could
affect an area can be estimated along with the potential effects of such
events.

I Senior Engineering Geologist, McClelland Engineers, Inc. 5450
Ralston St., Ventura, California 93003.
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Hicrozonation of the continental shelves of the world has been
hampered in the past by an inadequate knowledge of the geology of the
shelves. This is particularly true of knowledge of the geology at and
immediately below the seafloor, the information most needed for micro
zonation studies. Since the early 1940's, reasonably accurate water
depth recorders have been operated on research vessels to map the sea
floor topography. In addition, petroleum companies have explored the
deep geology of the continental shelves through the use of "deep seismic
systems." In general, seafloor topography and the deep geology are
not adequate to determine the geology of the shallow sediments. Within
the past ten to fifteen years, high-resolution geophysical equipment,
capable of clearly delineating the seafloor and shallow subbottom geology,
has been developed and is commercially available. The most widely used
of these instruments are side-scan sonar, Fathometer, tuned transducers,
boomers, and sparkers. Each of the various types of sources operate at
different frequencies. Basically, instruments with higher frequencies
(shorter wavelengths) have greater resolution. In this paper, the term
"resolution" refers to the distance that can be resolved between distinct
acoustic interfaces in order that they may be displayed as distinct
reflections on a seismic record.

HIGH-RESOLUTION GEOPHYSICAL SYSTEMS

All of the high-resolution acoustic (seismic) systems described here
operate on the principle whereby transmitted seisciic energy incident
upon an acoustic interface is reflected from that interface. The re
flections from the acoustic interfaces are displayed graphically.
Generally, the acoustic interfaces displayed on the subbottom profiles
correspond to physical interfaces, such as bedding planes, unconformities,
faults, the top of hard rock, boundaries of gas zones and similar
interfaces. A complete description of these systems is beyond the scope
of this paper, the reader is referred to Parkinson (3), Klein (2),
Sieck and Self (4), and Van Overeem (6) for additional discussion of the
various systems and additional references.

Side-Scan Sonar System

Side-scan sonar systems provide graphic records that show a two
dimensional (map) view of the seafloor topography and objects on the
seafloor. These records are analogous to low-angle, oblique aerial
photographs. Side-scan sonar transducers transmit pulses of about
100 kilohertz. This relatively high-frequency signal is reflected en
tirely from the seafloor, and no subbottom information is obtained.
The width of the area covered by a side-scan sonar record can be ad
justed to range from a few feet to 2600 feet. Figure 1 is a side-scan
sonar record showing Tertiary sedimentary bedrock exposed at the sea
floor.

Fathometer

Fathometers are traditional water depth recorders. They usually
operate at frequencies of about 40 or 200 kilohertz. Because of this
high frequency, no subbottom penetration is obtained. However, the
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high frequency provides resolution of less than one foot. Figure 2 is a
Fathometer record.

Tuned Transducer Systems

Tuned transducers are often operated as precision depth recorders
and subbottom profiling systems. The commercially available systems
usually operate at 3.5 or 7 kilohertz. The transmitted pulse has a
wavelength of less than 1 foot and allows resolution of fine detail on
the seafloor and in the shallow subsurface. A considerable amount of
the energy from these sources is reflected from the seafloor, but
subbottom penetration up to 300 feet below the seafloor can be obtained
in thick sections of soft, unconsolidated sediments. Typical subbottom
penetration is 30 to 100 feet. In soft sediments, faults with throws
(vertical offset) of as little as 1 to 2 feet can be resolved with tuned
transducer records (Figure 3).

Boomer Systems

Boomers have electromechanical sources that generate broad-spectrum,
relatively clean acoustic pulses. The output pulse usually ranges from
200 to 10 kilohertz. These instruments provide considerably greater
penetration than tuned transducers at only slightly lower resolution.
Boomers can provide subbottom penetration in excess of 500 feet in areas
of soft sediment. Typical penetration is 100 to 300 feet. Resolution of
boomer type instruments is about 1.5 to 3 feet. Faults with as little
as 1.5 to 2 feet of throw can be defined on the records (Figures 4 and
5).

Sparker Systems

Sparkers provide deeper penetration below the seafloor than tuned
transducer or boomer systems, but have noticably lower resolution.
Energy output of the sparker is commonly 3 to 15 kilojoules. The fre
quency of the output pulse is broadband, ranging from about 10 to 500
kilohertz. The sparker source creates the sound pulse by electrical
discharge between electrodes and a metal cage. Subbottom penetration
is generally 1000 to 3000 feet. A typical high-resolution sparker has
a resolution of about 25 feet, but faults with as little as 10 feet or
less of throw can be determined (Figures 6 and 8).

SURVEY GRIDS

The line spacing or survey grid necessary for micro zonation depends
on the nature of the geology in the area to be surveyed. In areas
of simple geology, the primary lines could be spaced as far as two miles
apart, with tie lines perpendicular to the primary lines, 6 miles apart.
In areas of complex geology, such as offshore southern California or
Alaska, considerably closer line spacing is required. Primary lines
spaced at one-half mile with tie lines 1.5 miles apart should generally
prove adequate.
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DATA COST AND AVAILABILITY

The initial cost of obtaining high-resolution geophysical data is
highly variable and depends on a great number of factors, including the
number and types of instruments used in the survey, navigation difficulties,
the size of the boat needed, weather, and so on. As a general rule,
however, high-resolution geophysical data can be acquired in 1978 dollars
for approximately $100 to $200 per line-mile.

Although the initial cost of obtaining high-resolution geophysical
data is relatively high, there are many areas of the Continental Shelf
where this data has been acquired for various reasons and is presently
available for relative low cost. For example, the U.S. Geological
Survey requires that high-resolution geophysical surveys be performed
over all areas proposed to be leased for offshore oil exploration and
production. This data is available to the public for only the cost of
reproduction. Various governmental agencies have also obtained high
resolution geophysical data for a variety of purposes. In the United
States this data is also available for the cost of reproduction. Many
private geophysical contracting firms have performed speculative pro
prietary surveys over large areas to be sold to mineral exploration
companies. Several years after acquisition, much of this data is considered
to have relatively low value. It can then be acquired at relatively low
cost. A list of firms that may have such data is in The Geophysical
Directory (5). In the United States, data are available for virtually
all areas which have been subjected to petroleum exploration. This
includes a great portion of the United States Continental Shelf.

The cost of interpretation of high-resolution data could range from
$10 to $100 a line-mile, depending on number of systems run, complexity
of geology and so on. High-resolution seismic data is most effectively
utilized when interpreted by qualified, experienced geologists and
geophysicists (1, 4).

GEOLOGIC FEATURES MAPPABLE FROM HIGH-RESOLUTION SEISMIC DATA

High-resolution seismic data can clearly delineate seafloor and
shallow subbottom geologic features important to effective microzonation.
Not only can the location of shallow faults be determined, but the data
is often of sufficient quality to determine if the faults have been
recently active. Figures 3, 5, and 6, show faults that reach the sea
floor. There is a rather strong fault-line scarp at approximately fix
mark 216 on Figures 5 and 6. To determine the recency of activity, it
would be necessary to date the sediments that are faulted. To do this
the sediments must be sampled and dated. Figure 4 shows a fault that
clearly has been inactive during the Holocene, although the fault does
offset older Quaternary sediments.

Some of the characteristics of earth materials can be inferred from
high-resolution data alone. Very soft unconsolidated or very hard,
dense material can usually be distinguished. Positive identification of
sediment or rock type and age, however, can only be made by direct sampling
and analysis. Tuned transducers only obtain the depth of penetration



651

shown in Figure 3 in soft, unconsolidated sediment. A soil boring in the
area of Figure 3 revealed these sediments to be soft, unconsolidated
clay. The usefulness of samples is greatly extended by high-resolution
data because the distribution, depth and thicknesses of sedimentary
units which have been identifi4d by sampling can be determined. Figure 7
is a boomer record inferred to be unconsolidated sediment overlying
steeply dipping sedimentary bedrock. Samples from a soil boring
confirmed this as Quaternary sediment over Tertiary bedrock. Figure 8
is a sparker record of Tertiary sediment over volcanic rock. The
volcanic rock is "acoustic basement" and there is no coherent return
of the seismic signal from these rocks. Again, to determine the type
of rock appearing as acoustic basement on the records, it was necessary
to sample the rock. However, data from one well chosen sample station,
can be extrapolated with the seismic data over a large area.

Many other geologic features that must be delineated to accomplish
microzonation can be seen on high-resolution data. Submarine landslides,
clearly distinguished on the data (Figure 8), are one of these features.

CONCLUSION

A high-resolution geophysical survey is only one component necessary
for microzonation of an area on the continental shelf. Such surveys
are however, a necessary component. Historic seismicity 1ata is not
sufficient to accomplish microzonation. Without an adequate understanding
of the geology of the area, complete microzonation cannot be done.
A complete and thorough understanding the shallow subsurface geology
of the continental shelf can only be accomplished with high-resolution
geophysical survey techniques.
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Figure 1: Side-scan sonar record showing folded sedimentary rocks
exposed at the seafloor.
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Figure 6: Sparker (10 kilojoules) record showing fault. Figure 5
is a boomer record of the same area. The sparker obtains much
greater penetration but less resolution.
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Figure 8: Sparker (10 kilojoules) record from the Outer Banks~

offshore southern California. A slump more than 250 ft thick and
one quarter mile long occurred at contact between Tertiary sedi
ments and volcanic roc¥o Several faults reach the seafloor and
may have experienced 1" .it activity.



Ilflll~I1UNAtll Bl.Ml



SEISHICITY AND SEISHIC RISK RELATED rro SUBDOCTION ZONES

by

L. EstevaI and E. Baz§nI

ABSTRACI'

A criterion is presertted for estimation of intensity-recurrence rela
tions at sites near subduction zones. Intensities are expressed in terms of
engineering parameters (peak ground acceleration or velocity, ordinates of
response spectra) for firm ground and standard flat topography. Recurrence
relations for intensities are obtained from those corresponding to magni
tudes of earthquakes generated at given volumes of the earth's crust (local
seismicity), through use of attenuation expressions relating magnitude, in
tensity and focal distance. A formulation based on the concepts of bayesian
statistics is adopted for the assessment of local seismicity at given earth
quake sources, by probabilistic analysis of statistical information concern
ing seismic activity at those sources and at others having similar geotec
tonic characteristics.

INTIDDUcrION

Determination of seismic design parameters for structures requires esti
mating probability distributions of maximum values of certain variables
measuring ground motion intensity (such as peak ground acceleration or ve
locity), which can be correlated with structural response. Due to lack of
direct instrumental information at given sites, such distributions must be
determined from magnitudes of past earthquakes, models of local seismicity,
and expressions relating intensity with magnitude and site-to-source dis
tance.

This paper deals with the assessment of local seismicity in subduction
zones; i.e., with the formulation of stochastic process models concerning
occurrence times, magnitudes and hypocentral coordinates of earthquakes, and
with the estimation of parameters of such models. The criterion adopted in
volves definition of local seismicity in terms of the rate of occurrence of
earthquakes with magnitudes greater than given values, in a unit volume of
the earth's crust (1). The analysis proposed takes into account statistical
data and geological evidence in the zone of interest as well as available
information of other regions with similar geological characteristics. Eval
uation of the associated uncertainties is accomplished through applicattion
of Bayes' theorem, which serves to obtain probability distributions of alte£
native hypotheses concerning the characteristics and parameters of the ran
dom process model used to represent local seismicity of earthquake sources
near a given site.

Seismic activity of subduction zones (fig 1) takes place at both, sub
ducting plate and continental block, as well as at their interface. Local
seismicity varies with depth and distance to the trench line. This paper
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studies sIJatial variation of seismicity at a segment of the subduction zone
of Cocos plate under the Mexican Southern coast. Use is made of statistical
information from this zone and from other subduction zones in the Circum
paci fic Belt. Seismological data covering magnitudes greater than 6 from
1953 to 1965, and greater than 7 from 1917 to 1964, were obtained from
Rothe (2) and Duda (3) respectively.

The criterion presented is applied to the estimation of seismic risk
at the projected site for a dam near the southern coast of Mexico (see
fig 2).

BAYESIAN ESTIHATION OF :wc::AL SEISMICI'IY

Occurrence of earthquakes with magnitudes greater than of equal to M
generated at a given seismic source will be represented by a Poisson process
with mean rate A(M) per unit volume and per unit time. Hence, estimation of
local seismicity will consist in determining A for several values of M.
According to Esteva (1), A(M) is expressed as follows:

A(M) = cde-13M - e -13MI ) for M< MI
= 0 M.?:.M I

where Ct, Band MI are parameters to be determined. MI is an upper bOUDe to
the magnitudes that can be generated at the source under study. Ideally,
estimation of these parameters should be based on direct statistical infor
mation of the seismic source of interest; however seismological records
cover only a very short time interval and hence they are insufficient for
making precise estimates of Ct, 8 and, especially, MI' Because of this lack
of direct data the information of other zones with similar geotectonic
characteristics is very valuable. Use of this information enhances the
extent of available data, although at the expense of introducing additional
uncertainties about the differences between seismicities of zones considered
similar. This is consistent with the conventional practice of estimating
maximum magnitudes at a given source by extrapolating observations made at
similar sources.

As mentioned above, interest of this paper is centered on a segment of
the subduction zone of Cocos plate under the southern coast of Mexico. Nine
auxiliary regions were considered with similar geotectonic characteristi cs
(see Table 1). Estimates of Ct, 8 and MI for each auxiliary region are very
uncertain if based exclusively on statistical data from that same region.
This uncertainty can be largely reduced if estimates are based on the overall
information for all auxiliary regions, in conjunction with a reasonable
assumption concerning the probability distribution of possible deviations
between local seismicities of all auxiliary regions. Uncertainty in Ct, 8
and MI for a randomly chosen region, among those considered similar accord
ing their geotectonic features, comprises two portions: that stemming from
actual inter-zone variability, and that tied to the estimation process
starting from statistical evidence. The latter results from the estimation
criteria adopted, while the former depends on comparisons of geotectonic
features of the zones (dimensions, rates of deformation, etc). For instance,
the/ extreme hypothesis that all regions of Table 1 have the same values of
Ct, Band MI , leads to important uncertainty reductions, as data of all zones
are included in the same population. The largest uncertainties result Q~der
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the assumption that the seismicity of each zone is defined by a vector of
random parameters, independent of those corresponding to the other zone~;,

but belonging to the same population. Even in the last case usc of statis
tical information of auxiliary zones may drastically reduce uncertainty in
seismicity estimates.

Initial distribution of M1 for eack auxiliary zone

As mentioned above, M1 is the maximum feasible magnitude at a given
seismic source. Recent studies (4, 5) have shown that near field ground
motion is more precisely. correlated with seismic moment and stress drop
than with magnitude. Thus use of the latter quantities, may be advanta-
geous when trying to predict seismic intensities from local parameters.
Besides, physical and mechanical characteristics of potential seismic sources,
can be better used for predicting bounds to seismic moments and stress drops
than to magnitudes. Assuming that the failure mechanism in an earthquake
source consists in relative slip between contact surfaces in the rupture
zone, and given a hypothesi s about the shape of that zone, cracking theorJ
can be used to express seismic moment Mo as ~A3/2~a (6, 1), where ~ de-
pends on the shape of the rupture interface, A is the corresponding area
and ~a is the mean shear stress drop. Kanamori (8) used the former rela
tionship to determine stress drops for some earthquakes and found values
within a narrow band about 30 bars. However because statistical informa~ion

about focal parameters consists mainly of data about earthquake magnitude
most engineering work on intensity attenuation expressions has been based
on the latter parameter. Such expressions are used herein, considering, in
addition, that available statistics are expressed in terms of magnitudes and
focal coordinates.

For each of the nine auxiliary zones, a beta type bayesian initial dis
tribution fM1(o) of M1 was assumed:

Here, x = (m - ma ) /(mb - ma ), f(·) is the gamma function, with parameters
p and q related as follows with mean ill and variance Var(M1) of the bayesian
distribution of M1:

-m - m____a~ =

- m
a

p

p+q

Var(M1 )

=
(~ -m

a
)2

pq

(p+q)2 (p+q+l)

The lower bound ma of feasible values of MI , was taken equal to the
maximum value observed in each zone; the upper bound llib was considered
equal to q for all zones. The mean value iii was based on indirect estimations
of maximum observed seismic moments, and on maximum expected values taking
into account the dimensions of the respective seismic source, and correla
tionsbetween seismic moment and magnitude (9). From the uncertainty in es
timetes based on geophysical data,it was assumed that M1 had a 50 per cent
probability of lying between ma + 0.8 (iii-IDa) and llib-0.8 (:iIib-fii). This
condition fully determines p and q for each auxiliary region. However, in
region 9 M1 was considered uniformly distributed between ma and mb, because
there ill < mao
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Initial distribution of a and S in auxiliary zones

Due to lack of adequate criteria for estimating a and B (eq 1) from
geophysical information, the following formulations is based exclusively
on statistical data of eack region. Only earthquakes with focal depth lower
than 300 km were taken into account, because deeper earthquakes have no si£
nificant contribution to seismic risk at the surface.

Two sets of statistical data are available f~r each region, namely n'
earthquakes with magnitudes mj~ MJ(j ::: l,n'; M~ ::: 6) during time interval
t' (13 years) and nil with magnitudes mk2.M~' (k ::: l,n"; M~ ::: 7) during time
interval t" (35 years). Each earthquake is only in one set, as t' and t" do
not overlap. According to Bayes' theorem, if no information other than a
statistical sample is available, the probability density function of a, B
and MI , given the statistical information, is proportional to the likelihood
of that information. Under the assumption that earthquakes occur according
to a Poisson process, this likelihood is:

(", ''''') '( )
- 1\ 0 t + 1\ 0 t (bt') n - b l: m + l: m n"p ::: e a e j j k k (abt")

where A~ ::: e-bMJ_e-bm, A~

a, band m are specific values
bound 3.46 is needed to ensure
time is finite (10).

-bM" -bm
::: e o-e 'O~a~ 00, O~b~3.46. In eq 3,
of the uncertain parameters a, B and MI. The
that the amount of energy liberated per unit

Elimination of terms that do not depend on a, b, and m turns eq 3 into
the following:

) (
n -ay-b~p(a,b,m = Cab) e (4 )

where C is a normalization constant, n::: n' +n", y::: t'(e-bM6_e-bm)+

" n' n"
+ t"(e-bMo_e-bm), II = l: m. + l: In..

j=l J k=l.K

If C satisfies fa fbP(a,b,m)dbda = 1, eq 4 gives the conditional prob
ability distribution of a and B given the statistical evidence and given
M1 ::: m, i.e., for the i-th zone,

The joint probability distribution of a, Band MI for the i-th region
is:

fl(a,b,m) = f!(m)f'.(a,bjm)
l l l

(6)

where fl(m) and f~(a,blm) are given by eqs 2 and 5, respectively.
l l

1mtial and rx>sterior distributions of a, B and M] in the zone of interest

Because the nine auxiliary regions are equally similar to the zone of
interest, the initial probability function of a, Band MI in this zone was
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1 9
taken as f'(a,b,m) ::: - L: f~(a,b,m), where f~(a,b,m) ::: f!(m)f!(a/w.,blm)/w.;

9 i=) l l l l l l

W. ::: area of zone of interest/area of auxiliary region in i (see Table 1).
l

Application of Bayes' theorem with the likelihood function given by
eq 4 leands to the following expression for the posterior distribution of
Ct, B and M1 :

f" ( a, b ,m) ::: k Ef~ (a,b ,m) ( ab) n*e-ay*- b II*
l

where n*, y* and ll* are defined as in eq 4, but with data of the zone
of interest; k is determined by the condition I a I b fmf"(a,b,m)da db dm = 1.

Algebraic transformations lead to eq 8:
G

f"(a,b,m) =k ~ C.f!(m)(ab)Di e-aYi-blJi/w~i+1
i=l l l l

( 8)

Here, y. = y* + y . /w., D. ::: n .+ n* , lJ· = ll. + ll* and y., n. and ll. were de-
~ l l l l l l l l l

fined in eq 4.

Expected value of local seisrnicity

The expected value of local seismicity is given as follows:

Here, f"(a,b.m) is given by eq 8 and >..(Mla,b,m) must be calculated with
eq 1. Values of E [>..(M)] determined by means of the above procedure for the
selected segment of subduction zone are shown in fig 3. A comparison with
statistical data can be appreciated in the same figure.

Adoption of the form of eq 1 for local seismicity of each auxiliary re
gion does not neccesarily lead to an expression of the same form for E [>..(M)] ;
however, as fig 3 shows, negligible errors (lower than 0.5 per cent} are
obtained if the latter function is given by eq 10 with a = 368,000, B ::: 1.95
and M1 ::: 1.84.

- --
E[>..(M)] ; ~(M) ::: (i(e-SM_e-SMl)

SPATIAL VARIABILITY OF UXAL SEISMICITY

(10)

The procedure presented in the foregoing sections gives a bayesian esti
mation of local seismicity averaged throughout all the subduction zone.
However, seismic risk estimates are sensitive to values of local seismicity
averaged over much smaller volumes of the earth's crust; hence the need to
develop criteria for probabilistic inference of possible patterns of space
variability throughout SUbduction zones. Such variability depends on the
magnitude interval under consideration.

A typical section of a subduction zone, divided into 90 cells, is shown in
fig 4. The dimensions are those of the Cocos plate. The problem consists in
determining the probability p.(M) that an earthquake known to have been gen

]

erated somewhere in the zone originated precisely at cell i. The Pi's are
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9
stochastically dependent, because t Pi(M) = 1; nevertheless, the corrcla-

i=l
tion is small, as the number of terms in the addition is hir;h. Moreover,
the following derivations are based on marginal distributions of each Pi (M),
rather than on their joint distribution of the pis.

Initial distribution of Pi (M)

The subduction zone segment of interest was divided into three subzones
(fig 2). Each subzone was in turn subdivided into 90 cells (fig 4). An uncer
tain Pi(M) was supossed to correspond to each cell. In order to assign ini-
tial probability distributions to the p!seach auxiliary region was divided
into two to five subzones (the larger tfie lenght of -the region the larger
the number of subzones); each subzone was is turn subdivided into 90 cells
following the same pattern of the zone of interest, 26 auxiliary subzones
were defined in this manner.

Let nj be the number of earthquakes with magnitude M2.Mo generated at
subzone i. If rij of those earthquakes were generated at cell j, the like
lihood of Zij (probability that an earthquake generated at subzone i origi
nated at cell j) has the form of a beta distribution with the following
mean and coefficient of variation (11)

Z.. = (r .. + l)/(n .. +2)
1.J 1.J 1.J

Vi j = {( n j - r i j + 1) / [( r i j + 1)(n j + 3)]} 1/
2

(14)- tE2 [Pi (M)] }

_ In order to satisfy the condition l: Zij = 1, it is neccesary that
Zi' = (rij + l)/(nj + k) where k is the total number of cells in which
sutzone j was divided; hence, this equation was used instead of eq 11. The
~xpression for Vij remains unchanged. These equations-provide estimates of
Zij and Vij for each cell i of each subzone j. These estimates define initial
mean and variance of the bayesian distribution of Pi(M):

1 51,
E [Pi (M)] = E [Z1.••1 = n t Z..

j-J N j=l 1.J

+ ....L. { ~ Z2
51,-1 j=l ij

where 0ij = Zij Vij' and 51, stands for the number of subzones.

Because O.$.Pi(M)'::;'l.O, the distribution of Pi(M) can be taken as beta
with mean and variance given by eqs 13 and 14. This is equivalent to assum
ing r! fictitions earthquakes generated at cell i of a subzone out of n!

1. 1.
generated at the whole subzone, where n! and r! are related with the moments

~ 1.
of the initial bayesian distribution of p.(M) as follows:

1.

r! = E[p. (M)] (n! + 2) -1
1. l l

(16)
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Posterior distribution of p. (M)
1

Let the initial probability distribution of Pi(M) at a cell of the sub
zone of interest be beta with parameters n!, r!. If statistical data show

1 1
that r. earthquakes with magnitude greater than or equal to M were generated

1 .

at the mentioned cell, out of n earthquakes in the same magnitude range fen-
erated at the sUbzone, then, according to Bayes' theorem, the posterior dis
tribution of Pi(M) is also of the beta family, with mean and coefficient of
variation given by:

E"[p.(M)] = (r '.' + l)/(n'.' + 2)
1 1 1

1/2
V"[p.(M)] ={(n'.'-r'.'+1)/[(r'.1 + 1) (n'.' + 3)J}·

1 1 1 1 1

where r~ ~ r! + r.; n~ = n'. + n.
1 1 111

(18 )

Statistical data include earthquakes with unknown focal depth between° and 70 km. These earthquakes were put in ten additional fictitions cells.
The values of Pi(M) for these cells were determined as for real ones; later
those values were distributed to cells lying between 0 and 70 km. Finally,
posterior means of Pi(M) were normalized so that :~~ E[Pi(M)J = 1.

The described procedure was applied for M = 6 and M = 7. The results
obtained are given in Table 2, for subzone A of fig 2. It was assumed that
Pi(M) = Pi(6) for M<6, Pi(M) = Pi(7) for M>7 and that Pi(M) varies lineary
for 6 < M< 7. The latter assumption can be improved by computing Pi (M) for
other values of M.

REGIONAL SEISMICITY

The final goal of local seismicity assessment is the estimation of
regional seismicity. This can be made for instance in terms of recurrence
periods V(Y) of given intensities Y. Values of V(Y) are obtained by inte
grating the contributions of local seismicity of nearby sources, and hence
they reflect bayesian uncertainties tied to those seismicities. Thus,

where ~(M) is given by eq 10, and M is the value of magnitude that
gives place to intensity Y at a site distant R from the source whose con
tribution is being considered. The integration process requires the use
of attenuation relations between M, Rand Y (1). Here expressions derived
by Esteva and Villaverde (12) for peak accelerations and velocities were
used to obtain their respective recurrence periods at the site of interest,
with coordinates 100 0 Wand 17.97 0 N. The results of applying eq 19 have to
be corrected in order to account for the dispersion in the attenuation
relations. This was accomplished by means of an analytical procedure pro
posed by Esteva (1). Final results are shown in fig 6; they do not include
local effects of stratigraphy and topography.
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CONCLUDING REl'1ARKS

A criterion has been derived and implemented for the assessment of local
seismicity related with subduction zones. The criterion is a particularization
of the philosophy of bayesian analysis of seismicity. The formulation pres
ented herein allows coordinated analysis of information arising from ava.ilable
statistics and geotectonic evidence. It deals with overall seismic activity
throughout subduction zones as well as with the spatial distribution of that
activity.

Statistical data used in this work were selected and revised by S.K.
Sing, who also surveyed and interpreted the geophysical information.
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Table 2. Expected values of p. (M) for subzone A of fig 2.
1

for M = 6

987 2111 1653 1714 1328 2514 1021 947 948 947

953 1267 2184 7456 1479 1974 983 1016 948 947

953 1214 2284 3321 1571 995 982 1072 1018 947

883 806 678 1026 1374 1229 962 856 833 881

814 814 969 1042 1321 877 938 873 814 848

814 814 851 852 1098 1985 875 814 814 814

814 814 883 931 979 983 913 875 814 848

814 814 814 814 869 848 845 848 875 814

814 814 814 814 814 836 844 814 844 873

for M = 7

1132 1316 1450 1228 1382 1311 1152 1132 1135 1135

1132 1414 1718 1539 1433 1311 1152 1132 1135 1135

1132 1669 1615 1807 1593 1405 1152 1132 1135 1135

1101 1021 1644 1060 1505 1219 1112 1104 1043 1043

950 950 1021 950 1087 950 1079 950 950 950

950 950 950 1056 1017 1076 950 1020 950 950

950 950 985 950 1019 950 1018 987 985 950

950 950 950 950 1019 1020 950 1020 984 985

950 950 950 950 950 950 950 985 984 984

.. -5
These values must be multlplled by 10
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Fig 1. Schematic cross section of Cocos
plate as it subducts underneath
Amer i can plate

Fi g 2. Cocos plate subduction zone
in southern Mex ico
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SEISMIC HAZARDS ALONG THE MAKRAN COAST OF IRAN AND PAKISTAN:
THE IMPORTANCE OF REGIONAL TECTONICS AND GEOLOGIC ASSESSMENT

I By II
W. D. Page, W. U. Savage ,J. N. AltIII ,

IV VL. S. Cluff ,and D. Tocher

ABSTRACT

The available record of historical seismicity along the Makran coast
of Iran and Pakistan is limited and indicates scattered seismic activity
east of the Iran-Pakistan border. If only the Iranian portion of the
11akran coast is considered, the seismic hazard, based on interpretation of
the historical record, may be incorrectly assessed as low. A more accu
rate analysis of the seismic hazard must include consideration of the
regional tectonic framework in combination with the historical record of
seismicity and geologic evidence of tectonic activity.

An assessment of the regional geology and tectonics along the Makran
coast indicates two tectonic regions. The west Makran coast is character
ized by Quaternary units displaced by thrust faults of the Zendan fault
system. The south Makran coast lies shoreward of an active subduction
zone characterized by a trench, an emerging coast, deformed sedimentary
rock, and active volcanoes inland from the coast. The 27 November 1945
earthquake (Ms 8.3) near Pasni, Pakistan, is related to the near-coast
subduction zone and field investigations have documented 1 to 3 m uplift
of the coast at Ormara, Pakistan. The coast at Ormara has raised marine
terraces and beaches, and similar raised terraces are found on the
headlands along the entire Makran coast from Karachi, Pakistan, to Jask,
Iran. At Konarak, Iran, where raised beaches were examined in some
detail, nine terraces were observed. The two lowest terraces at Konarak
occur as small remnants, and radiocarbon dates indicate they are Holocene
in age.

Quaternary faults of the Zendan fault system are estimated to have
earthquakes of magnitudes as large as 7.5. The raised marine terraces and
other geologic evidence of the subduction zone indicate that the emergence
of the lfukran coast is probably associated with major earthquakes and that
major earthquakes can be expected in the future along the entire active
coastline from Karachi to Jask. This example illustrates the importance
of assessing the tectonic framework and the regional geology and reevalu
ating the locations of historical earthquakes in the region as part of a
realistic assessment of seismic hazards.

I Project Geologist, Woodward-Clyde Consultants, San Francisco,
California

II Senior Project Seismologist, Woodward-Clyde Consultants, San Francisco,
California

III Project Geologist, Woodward-Clyde Consultants, San Francisco,
California

IV Chief Geologist, Woodward-Clyde Consultants, San Francisco,
California

V Chief Seismologist, Woodward-Clyde Consultants, San Francisco,
California
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INTRODUCTION

Modernization and industrialization of Iran is proceeding at a rapid
pace and extending into regions of the country that have formerly been
inhospitable desert with few scattered villages. The southern coast of
Iran, south and east of Bandar Abbas to the Pakistan border, is one of
these regions. As plans for development are made and various structures
and facilities built, evaluation of seismic risk for major installations
becomes desirable. If only the historical and instrumental seismic data
are used for this evaluation, the risk would be incorrectly assessed
because the instrumental seismic record in this region shows only a few
small earthquakes, mostly located near Bandar Abbas and along the Pakistan
border.

If the geologic record is examined and related to the probable plate
tectonic model for the region, it is apparent that large earthquakes could
occur here in the future. The area of study along the coast can be
divided geologically and tectonically into two parts, the west Makran
coast along the Strait of Hormuz from 50 km east of Bandar Abbas to Jask,
and the main Makran coast along the Gulf of Oman and the Indian Ocean from
Jask, Iran, to Karachi, Pakistan.

This paper summarizes the data and extends the interpretations pre
sented in other studies on the Makran coast (1, 2). It discusses the
seismic record in the area, presents a tectonic model, examines Quaternary
faulting along the west Makran coast, and evaluates the uplift of the
Makran coast. A comparison is also made between geologic similarities of
the Pakistan part of the Makran coast, where the 1945 Pasni, Pakistan,
earthquake (Ms 8.3) occurred, and the Iranian portion of the Makran coast.

The field work was done as part of a siting study by Woodward-Clyde
Consultants for the Atomic Energy Organization of Iran. Six weeks from
May to July 1975 were spent in the field. The authors wish to thank the
geologists who worked on parts of the study for their assistance and
critical discussion of the problem, particularly Gary Anttonen, Shakir
Zuberi, Tom Freeman, Mike Perkins, and Paul Guptil. We also wish to
acknowledge George Plafker for his discussions and contributions in the
field.

SEISMICITY OF THE MAKRAN REGION

The instrumental seismic record of the Makran region (Fig. 1) is
characterized by scattered, infrequent earthquakes in the period of
record, May 1926 through April 1977. By contrast, in the Zagros Mountains
to the northwest, moderate to large earthquakes are common, particularly
along the eastern Zagros front. To the east of the Makran area, moderate
earthquakes are scattered along the Owens fracture zone and inland along
or near the Ornach Nal and Chaman fault belts (Fig. 2).

The Iranian segment of the Makran coast and Makran ranges has had
only one third the number of earthquakes that the Pakistani segment has
had. These earthquakes are concentrated in two places: east of Bandar
Abbas, and near the Pakistan border. The two largest earthquakes in the
region, the November 27, 1945 earthquake (Ms 8.3) and the August 5, 1947
earthquake (Ms 7.3), occurred near Pasni, Pakistan. The small number of
earthquakes and their wide variation in reported focal depths (near zero
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to more than 100 km) does not support any clear correlation with geologic
structures in the Makran region. Jacob and Quittmeyer (3), however, show
the depths of the earthquakes increase inland from the coast to a depth of
80 km.

REGIONAL STRUCTURES

Southern coastal Iran can be divided into three structurally dis
tinct regions: The Zagros Mountains, which lie between the Persian Gulf
and the Iranian Plateau; the west 11akran coastal zone, which lies along
the coast of the Strait of Hormuz from east of Bandar Abbas to Jask; and
the ~fukran ranges, which lie between the Gulf of Oman and the Jaz Murian
Depression.

The Zagros Mountains trend northwest and consist of broad anticlines
that are locally pierced by salt diapirs. The valleys between the
anticlines are narrow synclines that locally contain thrust faults. The
structures progress from broad gentle anticlines along the Persian Gulf to
a discontinuous series of low-angle thrusts and overturned folds to the
more continuous, main Zagros thrust along the mountain front (4). The
main Zagros thrust bifurcates at its southeastern end and appears to
continue southward a~d southeastward into the 11akran ranges as two major
fault systems: the Zendan fault system along the west Makran coast, and
the Jaz Murian system along the southern margin of the Jaz Murian
Depression (Fig. 2).

The Makran ranges have two distinct structural trends. The west
Makran coastal zone is a narrow strip, approximately 30 km wide, of north
trending folds and faults lying between the Strait of Hormuz and the
north-trending Zendan fault system. The main Makran range east of the
Zendan fault system has east-trending faults and folds extending from the
Jaz Murian Depression to the Gulf of Oman.

Folding along the west Makran coast is characterized by broad, dish
shaped synclines separated by narrow, sharply defined anticlines that have
steeply dipping flanks. The anticlinal folds are from 20 to 70 km long.
High-angle, east-dipping reverse faults associated with overturned beds
are common on the western anticlinal limbs.

The Zendan fault system extends more than 250 km, from the termina
tion of the main Zagros thrust on the north to the coastal mountains west
of Jask (Fig. 2). It is characterized by east-dipping faults produced by
tangential compression and overthrusting toward the west. The fault
system is relatively linear from its intersection with the main Zagros
thrust to north of Senderk, approximately 50 km southeast of Minab. This
segment of the fault system consists of only two or three main traces
striking approximately N20oW. Fault traces in the southern part of this
system are less linear, which could reflect lower-angle thrusting than
that along the northern segment. Branch faults east of the main thrust
zone appear to change in strike and parallel the east-west structural
trends of the main segment of the Makran ranges.

The older rocks in west Makran region are the most strongly
deformed, indicating deformation has been continuous since Pliocene or
early Quaternary. Older Quaternary alluvium, which was deposited across
the folded and eroded Tertiary strata with a marked angular unconformity,
is faulted and deformed.
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Folds in the Makran ranges east of the Zendan fault system generally
parallel the southeasterly and east-west trends of the Makran ranges.
Overturning toward the south associated with north-dipping thrust faults
is common along the southern flanks of these structures (4). Ahmed (5)
describes similar structural relationships in the eastern Makran ranges of
Pakistan. Faults at the western end of the Jaz Murian Depression and
along its southern border also exhibit evidence of Quaternary activity
(1).

QUATERNARY FAULTING IN THE WEST MAKRAN AREA

The Zendan fault system has had late Quaternary displacement (1, 6).
Fault scarps in the late Quaternary alluvial fans along and north of the
Senderk River, approximately 45 km southeast of Minab, indicate uplift of
eastern blocks relative to the western blocks. Holocene displacement
(7000 to 1250 yr BP) occurs 40 km north north of Minab (6). This faulting
is also compressional in nature, but with the southwestern block
overthrust to the northeast. Quaternary fault activity along the system
is less pronounced south of Senderk, but scarps suggest late Quaternary
faulting involving uplift and overthrusting from the east.

Several smaller faults, found 20 km west of the main Zendan fault
zone in an area southeast of Kuhestak displace Quaternary alluvium. These
are east-dipping reverse faults found in the steeply overturned, western
limbs of anticlines. They include the 8-km-Iong Zeyarat fault, and the
20-km-Iong Labani fault.

UPLIFT OF THE MAKRAN COAST

Raised Quaternary beaches and marine terraces along the Makran coast
from Jask, Iran, to Karachi, Pakistan indicate a tectonically emerging
coast (7, 8) related to earthquakes (9). The coast is marked by a series
of prominent headlands separated by low areas. The headlands are gener
ally flat topped or stepped by marine terraces. Some terraces are 1 to
2 km wide and 10 to 15 km long. The wave-cut terraces are locally tilted,
and small faults having a few meters displacement cut some terraces.
Landward from and between the headlands are low coastal plains
characterized by accretionary beaches, lagoonal deposits, and tombolos.

NOVEMBER 27, 1945, EARTHQUAKE, Ms 8.3

The November 27, 1945 earthquake near Pasni, Pakistan is believed
typical of the seismic events along the Makran coast, including the
seismically quiet Iranian sector of the coast. The published locations of
this earthquake were as far as 200 km apart, so the earthquake has been
studied and relocated to near Pasni, Pakistan (Fig. 1) The intensity of
the shock may have reached XI, on the modified Mercalli scale, at Pasni
and Ormara. Many one-story buildings there, constructed of unreinforced
masonry (sun-dried brick) and dressed stone and mud mortar, collapsed or
were seriously damaged during the earthquake. The intensity of the
earthquake at Karachi had decreased to not more than IV or V, and at
Jiwani to not more than IV (1, 9).

Approximately 2 m uplift of the coast occurred at Ormara (1, 9).
The Ormara area is characterized by a steep, rocky headland that is
connected to the mainland by a low tambala. Pre-1945 beaches and wave cut
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platforms are now 1 to 3 m above highest tide and the tombolo broadened
several hundred meters. Moreover, the Ormara headland and vicinity had
been uplifted prior to the 1945 earthquake, indicating that uplift has
continued throughout the late Quaternary, or longer (1, 9).

RAISED BEACHES IN IRAN

The highest, most extensive sequence of raised beaches in Iran is
present on the Konarak headland, an area that is similar to the Ormara
headland. The nine terraces preserved on the south side of Konarak
headland, which is connected to the mainland by a tombolo, have been
described (1, 7, 9) and the conclusions are presented here. Shallow
water, marine deposits of late Quaternary age form terraces and overlie
siltstone bedrock of Tertiary age with an angular unconformity. Some
terraces are continuous for several kilometers, whereas others are
preserved as only scattered remnants. The terraces are marked by wave-cut
platforms and wave-cut cliffs. With increasing elevation, the terraces
show an increase in dissection and weathering, and shells in the deposits
show increasing recrystallization.

The two lowest terraces occur as small remnants along the southeast
side of the headland. The third and most extensive terrace covers most of
the southeast part of the headland. The deposits of the third terrace
consist of about 4 m of limey sands and silts having numerous shells.
Uranium series dates on the shells range from 138,000 to 156,000 years
old, and indicate this terrace is Sangamon in age (9). The fourth through
ninth terraces are older but have not been dated.

LONG TERM AVERAGE RATES OF UPLIFT

Calculating the amounts of uplift and rates at a particular place
requires estimates of the relative (eustatic) position of sea level during
the Quaternary at that place. Calculations of Sangamon high sea level
stand (approximately 125,000 years ago) at plus 6 m (10) used in this
study are based on the late Pleistocene sea levels recorded from Barbados
(11) and New Guinea (12). Clark's (13) curve of the Holocene rise of sea
level along the Makran coast is used for Holocene sea level estimates
[see (9) for a more complete discussion].

At Konarak, the best Holocene data, shells in situ from raised
lagoonal deposits associated with the lowest terrace, give a Holocene rate
of uplift the same as the post-Sangamon rate, suggesting the actual
tectonic rate is 0.01 to 0.02 cm/yr (9). There is no post-Sangamon rate
for comparison, but the headland and associated raised terraces are higher
than at Konarak (14). This could indicate a faster long-term average rate
of tectonic uplift for the Ormara area. At Jask, the post-Sangamon uplift
rate is zero (9).

The long-term average uplift rate appears to increase from Jask on
the west to Ormara on the east. This reflects different amounts of uplift
at different places on the coast, a fact supported by the tilting and
faulting and discontinuous remnants of the pre-Holocene terraces seen all
along the coast. In general, the terraces increase in number and
elevation from one at Jask to nine at Konarak up to 100 m in elevation,
and an unknown number at Ormara up to 500 m in elevation.
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PLATE TECTONIC MODEL

The plate tectonic model (Fig. 2) used in this report was described
by Page and others (1) and is from Stonely (15), White and Klitgord (16),
and Farhoudi and Karig (17). In the proposed model, the Afro-Arabian
plate is moving northeastward with respect to the Eurasian plate and
underthrusting beneath it. The Zagros thrust zone connects with the
north-trending Zendan fault system, which in turn connects with a
subduction zone off the south Makran coast.

The northern part of the Zendan fault system apparently connects to
the east end of the Zagros thrust and the western end of the subduction
zone off the south ~1akran coast. Stonely (15) characterizes the Zendan
fault system as a right-slip fault. Field reconnaissance during this
study, however, revealed no positive evidence of right slip along this
structure. Surface features asociated with the fault system indicate
overthrusting from the east, suggesting a more easterly direction of
movement for the Arabian plate than that postulated by Stonely. However,
the Zendan fault system could have a strong component of right slip
obscured by thrust displacement.

The postulated active subduction zone off the Makran coast extends
from the Zendan fault system to the Owens fracture zone and the Chaman
fault. Evidence for this subduction zone consists of 1) active andesitic
volcanoes north of the Jaz Murian Depression and 350 km north of the
trench in the Gulf of Oman (3); 2) an accretionary sequence of turbidite
deposits constituting the Makran ranges which are being squeezed between
subducting oceanic lithosphere on the south and the Eurasian continental
lithosphere on the north (17); 3) seismic events that increase in depth
inland from the coast (3); and 4) raised beaches between Jask, Iran, and
Karachi, Pakistan (7), which indicate episodic uplift of the continental
margin along the southern t1akran coast (1, 9). The active fault system
trending along the southern edge of the Jaz Murian Depression is not a
plate boundary in the proposed model, but is related to the subduction
zone (1).

EVALUATION OF SEISMIC HAZARD

In spite of the low seismicity known from the historical and
instrumental record, the geologic evidence and the tectonic setting
indicate that the coastal area of Iran from 50 km east of Bandar Abbas to
the Pakistan border is tectonically active and, therefore, is an area of
significant seismic hazard.

Along the west Makran coast, numerous faults, including faults in
the Zendan fault system, have displaced Quaternary alluvial units in the
west Makran region. These Quaternary units have not been dated (other
than locally by reconnaissance work of Vita-Finzi (8», nor has the
faulting been studied in enough detail to assess the degree of activity.
However, lengths of the faults studied for this report can be used to
estimate maximum earthquake magnitudes. Using the curves of Patwardhan
and others (2) the Zendan fault system (200 + km long) is estimated to
have a maximum earthquake magnitude of 7.5, the Labani fault (20 km long)
a maximum magnitude of 6.5, and the Zeyarat fault (8 km long) a maximum
magnitude of 6.0. Three earthquakes, magnitudes 5.3, 5.6, and 6.25
(Fig. 1), have occurred in the northern area of the Zendan fault and tend
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to confirm the estimates of magnitude based on fault length; however,
magnitude/fault length relationships alone are generally inadequate to
confidently assess earthquake magnitude and further comparisons of other
parameters are needed to give more reliable estimates.

Along the Makran coast, major earthquakes can be expected. If the
1945 Pasni earthquake is typical, and assuming no aseismic uplift in this
area, then uplift along the Makran coast can occur as discrete increments
along different parts of the coast at different times. The lower two
terraces at Konarak may have formed this way. Using the calculated uplift
rate at Ormara of 0.1 to 0.2 cm/yr, and an uplift of 2 m for the Pasni
Ormara earthquake, then the recurrence interval of such an earthquake
along this particular part of the coast is 1000 to 2000 years. At
Konarak, where the uplift rate is slower (0.02 to 0.1 cm/yr), the
recurrence interval of a Pasni-Ormara-type earthquake would be 2000 to
10,000 years. Assuming the Pasni earthquake reflects a strain release
along the coast from Pas~i to east of Ormara, a distaIlce of 125 km, and
measuring the length of the coastal subduction zone of 850 km, the
recurrence interval for a similar magnitude 8+ earthquake somewhere along
the Makran coast is approximately 125 to 250 years. Because the terraces
increase in elevation and number toward the east, the east end of the
coast appears more likely to have more frequent and larger magnitude
earthquakes than the west end.

This analysis of the regional geology, tectonics and plate tectonic
model, local detailed geologic studies, and evaluation of seismicity of
the Makran region in Iran underscores the need to incorporate all these
disciplines before a reasonable assessment of seismic hazard can be made:
it must be kept in mind that a lack of seismicity in an area is not
necessari1.] :la indication of low seismic hazard.
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ENGINEERING AND SEISMOLOGICAL OBSERVATIONS AT DAMS

by

S. Kh. Negmatullaev
I

, G. S. Seleznyov
II

, D. W. SimpsonIII and C. RojahnIV

ABSTRACT

Seismological studies related to dams must investigate the pre
impounding seismic regime and monitor any changes in seismicity during and
after filling of the reservoir. Engineering seismological studies must
investigate the kinematics of ground motion in and around the dam during
earthquakes, the dynamic stresses and pore pressure within the body of the
dam and any residual deformation. Depending on the size of the dam and
seismic hazard, three levels of investigation are recommended:
1) For dams less than 100 meters high in areas of low seismicity, con

tinuous operation of 1 to 3 seismograph stations in the reservoir
region and 1 or 2 strong-motion instruments on or near the dam.

2) For dams more than 100 meters high in areas of moderate to high seis
micity, continuous operation of 4 to 6 seismograph stations around
the reservoir and 4 to 6 sets of instruments for measuring strong
motion, stress, pore pressure and residual deformation within the dam.

3) For dams of special interest, such as the 315 meter high earth-fill
Nurek Dam in Tadjikistan, continuous operation of more than 6 seismo
graph stations around the reservoir including at least 5 years of
pre-impounding monitoring; and a more complete complex of instruments
for measuring strong-motion and stress deformation conditions within
the dam.

INTRODUCTION

In order to satisfy increased demands for hydroelectric power, irri
gation, flood control and water supply, the number of large reservoirs,
especially those with very high dams, has increased rapidly over the last
two decades. There are now more than 400 dams higher than 100 meters of
which 93 have heights greater than 150 meters (1). The highest dams are:
Ragoun (USSR, 340 m), Nurek (USSR, 317 m), Grande Dixence (Switzerland,
285 m), Inguri (USSR, 272 m), Rossella (Italy, 265 m), Vajont (Italy, 261
m), Mica (Canada, 242 m), Sayano-Shushenskoe (USSR, 242 m), Mauvoisin
(Switzerland, 236 m) and Oroville (USA, 236 m). These dams produce res
ervoirs with capacities (for the largest dams) from 10 to 169 km3 • About
half of these reservoirs are located in seismically active regions. These
unique structures demand special attention, not only during the planning
and construction stages, but also during utilization.

I Institute Director, Institute of Seismoresistant Construction and
Seismology, Dushanbe, Tadjikistan, USSR.

II Chief, Department of Hydrotechnical Structures, Institute of Seismo
resistant Construction and Seismology, Dushanbe, Tadjikistan, USSR.

III Research Associate, Lamont-Doherty Geological Observatory of Columbia
University, Palisades, New York 10964.

IV Research Civil Engineer, U.S. Geological Survey, Menlo Park,
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Large dams must be constructed to withstand the strongest earthquake
shaking expected at the site. This requires information on both the ex
pected maximum earthquake and the response of the dam to this ground
shaking. In the design of most critical engineering structures, seismic
risk is evaluated assuming that future seismicity can be estimated from
the seismic history of the area. This assumes that the structure is pass
ive and has no effect on the local seismicity. With dams and large res
ervoirs this may not be true. The impounding of large reservoirs has, in
a number of cases, severely modified the local seismic regime (1, 2).
Estimates of seismic risk for large dams must, therefore, include the
effect of natural seismicity and also the potential for induced seismicity.

To insure the seismic safety of a large dam requires the integration
of geological, seismological and engineering studies of the reservoir area,
the dam site and the dam structure. These studies, and a close coordin
ation between them, must extend throughout the planning, construction and
utilization of the project. In the following, we will discuss some of the
techniques and instrumentation required for monitoring the seismic safety
of a dam, with special reference to existing and proposed studies at the
Nurek Dam in Tadjikistan, USSR.

SEISMOLOGICAL OBSERVATIONS

Seismicity studies at reservoirs, as with any large engineering
structure, must include studies of regional seismicity in order to esti
mate the maximum expected earthquake for which the structures must be
designed. In the early planning stages for a large dam project, estimates
must be made of the seismic risk. This requires a knowledge of the re
gional seismicity, active geological structures and historical earthquake
activity within the region. From these data, standard techniques are used
to estimate the expected size and location of the maximum natural earth
quake. Unlike other types of structures, however, studies of seismicity
at large reservoirs must also take into consideration the effect which the
reservoir may have on changing the seismic regime (1).

The initial basis for evaluating the seismic requirements for a dam
is the regional seismicity. In most areas of moderate to high seismicity,
such information is available from regional or national seismograph net
works. These provide an indication of the general level of seismicity in
the project area. Early in the planning stages for the dam, special
studies should be initiated, increasing the number of stations and im
proving the coverage of the reservoir area. If there is seismicity near
the reservoir, seismological and geological information should be inte
grated to identify the extent of active or potentially active faults. As
the time of impounding approaches, the station coverage should be further
increased to provide detailed observations during the initial filling
cycles.

How many stations are required will depend on a number of factors,
including the background level of seismicity, the size of the dam and
reservoir, the potential for induced seismicity and the hazard posed to
populated areas (5). For any large dam, 1 to 3 sensitive seismograph
stations should be included in the standard monitoring equipment for the
project. For dams more than 100 meters high in areas of moderate to high
seismicity, 4 to 6 stations should begin operation at least 5 years prior
to first impounding and continue to operate throughout the lifetime of the
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dam. These stations should be located within an area, centered on the
reservoir, with a diameter of less than twice the maximum dimension of the
reservoir.

For those dams which are of special interest, either because of their
size or specific seismic hazards, a temporary network of stations should
supplement the long-term observations during, and for 5 years following,
the first filling of the reservoir. This network, consisting of 6 to 10
stations, should be located in the immediate vicinity of the reservoir,
with special emphasis near areas of active faulting and near the deepest
part of the reservoir.

Studies of reservoirs with potential for induced seismicity require
monitoring of both temporal and spatial changes in seismicity. In order
to positively identify changes in the seismic regime caused by filling of
a reservoir, it is necessary to have stable observations of seismicity
over many years. At most of the reservoirs where large induced earthquakes
have occurred (e.g., Kariba, Koyna, Kremasta, Hoover, Hsinfengkiang) (1,
2), networks of seismograph stations were installed only after the onset of
increased seismicity, so that it has been difficult to compare pre- and
post-impounding seismicity and to define the exact nature of changes
caused by the reservoir.

When induced or natural earthquakes occur near a reservoir, it is
important to be able to locate hypocenters with sufficient accuracy to
associate activity with specific faults. Migration of activity and changes
in the level of activity associated with variations in water level in the
reservoir may be important in predicting future patterns of seismic activ
ity. A dense network of high-magnification stations close to the reservoir
is necessary to provide the accuracy and detection of microearthquakes
required for such studies.

As an example of a combination of regional, local and intensive seis
micity surveys for observation at a large reservoir where induced seis
micity is occurring, we will use the case of Nurek Reservoir on the Vakhsh
River in Tadjikistan (3). When completed in 1979, the earth-fill Nurek
Dam will be 315 meters high and impound a reservoir volume of 10.5 km3 •
The reservoir first filled to 100 meters in 1972 and the second stage of
filling, to 200 meters, was in 1976 (Figure 1).

The southern part of Tadjikistan is a region of moderate to high
seismicity. Instrumental observations of seismicity began in Tadjikistan
in 1920. Since 1955, regional seismic stations have operated around the
reservoir, and the catalog of earthquakes greater than magnitude 2.5 is
complete from 1955. The maximum expected earthquake for the area has been
estimated as magnitude 6.5 (3).

As shown in Figure 1, there have been pronounced increases in seismic
activity during the first two stages of filling of the reservoir. Before
filling, approximately 10 earthquakes per year greater than magnitude 1.5
occurred within 10 km of the reservoir. During the early filling stages,
this number rose to more than 100 per year. The largest earthquakes fol
lowing impounding were two of magnitude 4.5 near the southwest end of the
reservoir, at the end of the first stage of filling in 1972 (4).
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When the dam began filling in 1971, there were five stations within
40 km of the reservoir operated by the Tadjik Institute of Seismoresistant
Construction and Seismology and four additional stations were added before
1976. In 1975, as part of a joint Soviet~American program in earthquake
prediction, a radio-te1emetered network of 10 stations was installed
around the reservoir. Figure 2 shows the location of the two sets of sta~

tions. The combined network of Soviet and American stations is well-suited
for studying both temporal and spatial variations in seismicity. The
Soviet stations have provided a stable and complete catalog of earthquakes
for the 10-15 year period prior to and during filling of the reservoir.
Each of the Soviet stations is manned and operates independently, recording
three components of ground motion at magnifications of 10,000-20,000.
Because of the relatively wide spacing between stations, the location
accuracy is not high, but the temporal stability provides a clear indi~

cation of the changes in seismicity caused by filling of the reservoir
(Figure 1).

The stations of the American network installed in 1975 operate un
attended, continuously te1emetering data to a central recording location.
Station magnifications are 200,000-500,000. The network is concentrated
near the central part of the reservoir, where most of the induced seis
micity is occurring. Within this area, location accuracy has improved by
an order of magnitude and the detection threshold has decreased by 2 magni
tude units.

Figure 1 shows that increased seismicity at Nurek is closely related
to times of rapid change in water level (e.g., November 1972, March 1975,
August 1976). There are also indications that the level of seismicity is
also related to the rate at which the water level is changed. Thus, it is
possible that careful control of the way in which the water level is
changed can be used to control the level of seismic activity. In order to
monitor such controlled changes in seismicity, or to observe changes in
microearthquake activity preceding larger natural or induced earthquakes,
a sensitive network of seismograph stations is required in the immediate
reservoir area.

ENGINEERING INVESTIGATIONS

Many of the parameters necessary to study the seismic response of a
large dam are included in the standard observations for the control and
monitoring of the dam structure. These "static" observations include the
monitoring of residual deformation (settlement and displacement), stress,
pore pressure (especially in the core, in the upstream face and in the
foundation), filtration rates through the dam and water levels upstream
and downstream from the dam. These observations, some obtained by passive
measurement and some through active experiments, are traditional and well
known, and will not be discussed here. Usually, the extent to which these
static observations are made depends on the size and importance of the
structure.

When dams are constructed in seismic regions, these static obser
vations must be supplemented with equipment for monitoring "dynamic" pro
cesses (5, 6, 7), especially the kinematic parameters of motion: displace
ment, velocity and acceleration. A detailed study of the dynamic pro
cesses taking place in dams during earthquakes also requires observation of
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deformation~ stresses and pore pressure within the dam and its
Such observations can lead to improved design techniques and

of the behavior of specific structures during severe ground

Following is a general description of proposed instrumentation for
monitoring "dynamic" processes in Nurek Dam. The proposed schemes have
been recommended by the Tadjik Institute of Seismoresistant Construction
and Seismology. They are based on experience gained from studies of
other large dams in the Soviet Union (6, 7).

The earth-fill Nurek Dam will have a height of 315 meters and a crest
length of 700 meters; it will extend 1500 meters along the river channel
(Figure 3). The body of the dam consists of a central water-resistant
core, transition zones, supporting prisms of gravel and rockfill on the
upstream and downstream faces. The gradients of the slopes are 1:2.25
for the upstream face and 1:2.20 for the downstream face. The dam will
form a reservoir with a total capacity of 10.5 km3 and an area of 100 km2 ,
which will extend 70 km upstream from the dam. Annual variations in water
level will be 50 to 60 meters (a volume of 4.5 km3).

Shown in Figure 3 is the proposed system for measuring kinematic
parameters in the dam. The system will consist of 29 measuring points (13
permanent and 16 temporary); its purpose is to record the movement of the
foundation, the walls of the canyon and the body of the structure during
small and strongly felt earthquakes. The thirteen measuring points de
signed for long-term use are equipped with apparatus for recording strong
and destructive earthquakes. The other 16 measuring points are to be used
for short-term experiments (3 to 5 years). Their purpose is to obtain
data for special projects such as the study of spatial variations in the
vibration of the body of the dam, variations in the dynamic behavior of
the rock canyon and/or the interaction of the structure with the rock
foundation.

Shown in Figure 4 is a proposed system for observing dynamic stresses
in the core and downstream prism, which is the most stressed element with
in the body of an earth-fill dam. The three~omponent dynamic stress cells
are to be located at three levels with a total of 5 measuring points in the
prism and 2 in the central core.

Also shown in Figure 4 are proposed locations for pore pressure mea_
surements in the core of the dam and in the water-saturated upper prism.
The instruments are to be located at the levels of the main viewing
galleries, i.e., at 1/2 and 3/4 of the height of the dam.

Strainmeters for measuring residual deformations during earthquakes
are proposed at 5 points along the transverse profile (maximum section)
of the dam (Figure 4). These observations will be made at the crest on
both slopes and in the viewing galleries at approximately 1{2 and 3/4
of the dam height.

Continuous observations will also be made of the variations in water
level upstream and downstream of the dam. Locations of the proposed gauges
are shown in Figure 4. The range of these observations must include
variations in the reservoir level during normal use and also take into
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account possible disturbances as the result of a strongly felt earthquake
(e.g., seiches, increased filtration).

For monitoring and control of the dam structure, it is proposed that
the following 24 channels of data be continuously recorded at a central
site: residual displacements at the crest and on the slopes (6 channels);
acceleration of the foundation and crest at the maximum section (6 chan
nels); pore pressure in the upper prism and in the central core at 2
levels (4 channels); water level upstream and downstream of the dam (2
channels); and dynamic stress at one point in the core and at one point in
the lower prism (6 channels).

The extent of instrumentation for measuring the dynamic response of
Nurek Dam is based on the fact that the dam is unusually large and is
located in a moderately active seismic zone. The degree to which smaller
dams should be instrumented depends on the relative size and type of dam
as well as the expected level and occurrence of seismic activity. A sur
vey of instrumented dams in the U.S. (8) suggests that most instrumented
dams fall into one of the following two categories: 1) dams where 1 or 2
strong-motion accelerographs have been installed to record site response;
and 2) dams where 4 to 6 strong-motion accelerographs have been installed
to measure site response and structural response. It is assumed that the
extent of instrumentation at each of these dams is dependent upon the
availability of funding, size and type of dam and extent of expected
seismic activity. Considering such factors in general as well as exper
ience with dam instrumentation in the USSR, the following instrumentation
schemes are recomInended: 1) for dams less than 100 meters high in areas
of low seismicity 1 or 2 strong-motion instruments near and/or beneath
the dam; 2) for dams more than 100 meters high in areas of moderate to
high seismicity, 4 to 6 sets of instruments for measuring strong-motion
on and near the dam as well as stress, pore pressure and residual deform
ation within the dam; and 3) for dams of special interest such as the
315 meter high earth-fill Nurek Dam, a more complete complex of instru
ments for measuring strong-motion and stress deformation conditions within
the dam.
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Figure 2: Seismograph stations in the vicinity of Nurek Reservoir.
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Nurek Dam showing proposed system for measuring strong~otion.
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MODELING STRONG MOTIONS FROM MAJOR EARTHQUAKES

~

R. A. Wiggins I , G. A. FrazierI , J. SweetI , and R. Apsel I

ABSTRACT

We have implemented a set of programs for computing strong motion
synthetic seismograms for hypothetical earthquake ruptures. The modeling
procedure consists of three parts: a) characterization of the fault slip
at each point on the rupture surface, b) synthesis of Green's functions
of the wave propagation from points on the rupture surface to receivers,
and c) convolution of the Green's functions with the rupture motion. The
slip function incorporates a very rapid initial displacement to simulate
observed slip behavior near the crack tip. The Green's functions com
puted are the complete response for a point dislocation in a layered
viscoelastic halfspace over the frequency range from 0.02 to 20 Hz. We
assume that the rupture spreads from the hypocenter at some fraction of
the shear velocity and that the rupture remains coherent only for short
distances. Parameter studies indicate that high frequency radiation is
strongly controlled by the motion at the crack tip while low frequency
radiation is controlled by the magnitude and duration of the total slip.
In addition, rupture propagation strongly focuses high frequency radiation.
Other relevant earthquake processes include rupture coherence or lack of
coherence, propagation paths and wave types, and wave attenuation with
distance.

INTRODUCTION

The traditional method for assigning seismic risk is based on
averaging and scaling response spectra from past earthquakes. Such
scaling is based on the magnitude of the earthquake and the distance
from the fault to a receiver or site. We have extended this procedure by
using a simple model of earthquake rupture in an idealized earth to pre
dict ground motion. This model includes parameters describing fault geo
metry, slip characteristics and geologic structure. Field observations,
laboratory measurements, and recordings from past earthquakes are used to
establish values for the parameters. The procedure makes use of several
lengthy computer codes to implement the earthquake model. The combined
computer procedures then serve to predict the motion for a specific
location from a hypothetical rupture.

The elements of the computer model can be visualized from Figure 1.
The model answers the following questions: How does rupture propagate
across the fault surface? What is the nature of slip at each point on the
fault surface? And, how does the seismic energy propagate from the fault
surface to the receiver?

The following section describes the computer model in more detail
and the final section describes the results of validation studies.

I Preceding page b\an~ ,sociates, P. O. Box 1083, Del Mar, CA 92014.
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COMPUTER MODEL

1. Fracture Simulation

A three-dimensional finite element code (SWIS) was used in conjunction
with analytical solutions and laboratory experiments to provide information
on how fault slip occurs during an earthquake (1). Experiments performed
on compressed rock specimens indicate that shear fracture occurs when the
shear stress exceeds some limiting value in the neighborhood of one kbar.
(The actual failure strength depends on rock composition, loading range,
the presence of cracks, confining pressure, and interspersed fluid.) The
fracture strength of rocks can then be related to the maximum velocity of
particles on the fault surface near the crack tip.

The physics of spontaneous shear fracture is contained in our charac
terization of fault slip. The following parameters are pertinent:

(a) Rupture Velocity: The rupture initiates at a point on the
fault surface and spreads at a velocity which is taken as
a fraction of the local shear-wave velocity. Sensitivity
studies have been performed with rupture velocity varying
from 50 percent to 90 percent of the shear wave velocity,
the upper limit being set at the Rayleigh-wave velocity
according to fracture mechanics. The shape of the resulting
rupture fronts is illustrated in Figure 2. A low velocity
near the top of the fault surfaces distort the circular wave
fronts.

(b) Dynamic Stress Drop: Large particle accelerations occur at
points on the fault where new crack surface is being produced
due to stress concentrations. Immediately following the pro
duction of new crack surface, a portion of the stress concen
tration is relieved and the shear stress drops rapidly to a
lower value. This effect is characterized in the slip function
by a peak in the slip velocity at rupture initiation. This
rapid slip, which can be related to dynamic stress drop using
simplified mechanics, occurs for a brief interval of time while
the crack extends a few tens of meters.

(c) Static Stress Drop: The static stress drop is a measure of
the average difference in shear stress before and after an
earthquake. The average final offset on the fault is linearly
related to the static stress drop when the rupture area is held
constant. After the initial peak, the slip velocity drops to
a uniform value consistent with the static stress drop and rise
time.

(d) Rise Time: Rise time is a measure of the duration of fault
slip at a single point. SWIS calculations indicate that the
"rise time" is controlled by the time it takes for information
from non-sliding portions on the fault surface to propagate
to points where sliding is occurring. On the average, the
"rise time" appears to be the time it takes for the shear-wave
velocity to traverse the fault width.
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(e) Spatial Variations: In an actual earthquake, slip characteris
tics inevitably vary in some complex manner over the fault
surface. In an effort to minimize the number of earthquake
parameters, the same slip function is used for all points on
the rupture surface.

The time history of slip at each point is specified by the above
parameters. Their graphical relationship is illustrated in Figure 3.

2. Wave Propagation

An analytical code (PROSE) has been developed to propagate seismic
waves in a horizontally layered, viscoelastic earth. The method accurately
synthesizes the multiplicity of waves that arise in a layered medium over
the frequency range from 0.02 to 20. Hz. Green's functions are obtained
for wave contributions that result from rapid slip over small fault seg
ments which are distributed over the surface of impending rupture. Several
hundred of these Green's functions are obtained for a single earthquake to
insure accurate simulation of the seismic energy that radiates from all
portions of the rupture surface.

The SH-wave Green's functions for the Imperial Valley crustal struc
ture are shown in Figure 4. The functions illustrate the SH motion that
would be detected at a variety of distances from point dislocations placed
at five depths. Notice that the shallow sources excite long period surface
waves and are much more complex than the deeper sources. The principal
arrival from the deeper sources is the direct body wave. The source at
depth 5 km is located just above a layer boundary. The critical reflection
is located at about 12 km. Beyond 12 km, a head wave can be seen separating
from the reflected wave.

3. Ground Motion

The fault slip, based on calculations by SWIS, is combined with the
wave propagation produced by PROSE to produce synthetic earthquake motions
using a convolution code (FALTUNG) (see Figure 5). The prescription of
fault slip is convolved, both in time and space over the rupture surface,
with the elementary solutions from PROSE to produce synthetic ground motion
at selected points on the earth's surface over the frequency range from
0.02 to 20. Hz.

VALIDATION STUDIES

The range of validity of the computer model has been tested by
simulating three past earthquakes - Brawley (1976), Imperial Valley (1940)
and Parkfield (1966). For all three earthquakes, best fits are obtained
for a rupture velocity of 90 percent of the shear-wave velocity, a dynamic
stress drop of 0.5 kbars and "r ise time" set to the travel-time for shear
waves to traverse the smallest fault dimension.

Brawley - Ground motions are modeled at an epicentral distance
of 33 km using a 1.8 km-square rupture surface at a hypocentral
depth of 7 km. A sufficiently good match is obtained between
computed (2) and recorded ground motion to validate both the
computer model and the geologic model for Imperial Valley. Sensi
tivity studies indicate that an adequate match with recorded
signals depends critically on the size and depth of the rupture.
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Figure 6 illustrates the effect of the fault size on the signal.
Coherent rupture across a finite fault surface has the effect of
filtering out high frequencies. On the other hand, the effect of
depth (Figure 7) is to modify the ratio of late arriving surface
waves to the initial body wave.

Imperial Valley -- Ground motions are computed at the E1 Centro
recording station using a bilateral rupture which initiates 12.3 km
to the southeast of the recording station. This rupture extends
over a length of 48 km and a width of 12 km. Although an adequate
fit to the response spectra is obtained by a linear bilateral rupture,
the fit to the coda is improved by use of a rupture propagating along
the crooked path of the mapped surface break.

Parkfield -- Comparisons of the observed and computed response spectra
show excellent agreement for the horizontal components of Stations 5,
8, and 12, using a 32 km long rupture with a width of 9 km (see
Figure 8 for a comparison for Station 5). The computed vertical
components are uniformly high in the mid-frequency range but give
good fits near the extreme frequencies of 0.02 and 20. Hz. Station 2
is so close to the fault that most of its response depends on local
rupture properties which are not resolved in this study. The geologic
structure on the N.E. side of the fault is not the same as on the S.W.
side; nevertheless the fit to the Temblor Station is good.

A sample of computed synthetic seismograms are shown in Figure 9.
These seismograms have the total appearance of strong motion recordings
of real earthquakes.

CONCLUSION

As discussed above, some aspects of fault slip may be complicated be
yond our ability to understand in detail; however, rather uncomplicated
characterizations can be used which explain earthquake data over a broad
range of frequencies. Our studies indicate that high and low frequency
seismic behavior is dependent on very different aspects of the earthquake
model. Fault proximity, rupture depth and rupture velocity have major
effects on both low and high frequencies. The total size of the rupture
surface, the static stress drop and the rise time or slip duration affect
only the low frequency radiation. The dynamic stress drop and geologic
structure at the receiver affects high frequencies. Hence a picture
merges in which large high-frequency radiation comes from a fairly limited
region on the fault and is strongly dependent on the rupture strength of
the medium and the location and geology of the site.

Based on these studies we conclude that our computer models can
provide useful estimates of the frequency content of site specific ground
motions for earthquake design purposes.
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SIZE OF RUPTURE

,------_._-------------,

Tectonic and Earth
Characteristics Along

The Fault Zone

Slip Characterization
Over the Rupture

Surface

SWIS: 3-D Finite Element
Model for Earthquake

Rupture

GeOIOgy':f the-FaUI:.l.
Region and the

Propagation Path

J-'
PROSE: Mathematical

Model for the Propagation
of Seismic Energy

Elementary Solutions for
Ground Motions Produced

by Small Rupture Segments

FAULT
THE BEST

FIG. 6 - INCREASING THE SIZE OF THE
SURFACE ENHANCES LOW FREQUENCIES.
FIT IS A 1.8 X 1.8 KM FAULT •

..
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BRAWLEY EARTHQUAKE

DEPTH OF RUPTURE

FIG. 7 - DEEP RUPTURE ENHANCES THE RATIO O~ THE
~IRST MOTION BODY WAVE TO THE LATER ARRIVING
SURFACE WAVES. THE BEST ~IT IS 7 KM DEPTH.

PARKFIELD

STATION 5

COMPUTATION

n ,110 1(0"" "00 lOOO "00 1000

"Mf'S",

NORTH 05 WEST

~oo 100" b(Ml Uloo , 00 JOO/l

NORTH 85 EAST

" ,00 'O(lll 1',00 10M l~OO 3000

FIG. 9 - COMPUTED ACCELERATIONS, VELOCITIES AND
DISPLACEMENTS FOR THE THREE COMPONENTS AT
PARKFIELD STATION 5,

PARKFIELD STATION 5

FIG. 8 - COMPARISON OF COMPUTED AND OBSERVED
RESPONSE SPECTRA FOR PARKFIELD STATION 5
HORIZONTAL COMPONENTS.
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PREDICTION OF STRONG GROUND MOTION
USING SMALL EARTHQUAKES

Francis T. Hu
Dept. of Geological Sciences
State University of New York
Binghamton, New York 13901

Abstract

A method is proposed here to use seismograms obtained from small
earthquakes along an active fault to generate strong motion seismograms
at a site.

Introduction

Strong motion seismograms are difficult to obtain, especially for a
specific site. Actual strong motion records from a particular earthquake
at a certain site is certainly the best estimate of strong motion at the
site from a similar earthquake in the future, but it cannot easily be used
with great confidence for that site for an earthquake with different source
parameter, nor could it easily be used to predict strong motion used for
different sites for different earthquakes. Purely theoretical computation
is not yet comprehensive enough to include non-parallel, heterogeneous
medium.

Operationally, the strong motion at a site can be considered as the
convolution of source, path and site functions and attempts have been made
to estimate the site and path functions (e.g., Duke and Mal, 1975). With
the recent interest in strong motion array studies it may well be possible
to know all three factors as functions of observable parameters such as
geometry and geology of a fault, the material properties along the path and
at the site, so that strong motion at a site can be predicted reasonably
accurately. In the meantime, other methods of grou~d motion prediction
have to be found.

Here a hybrid method is proposed. The method is based on the follow
ing considerations: (1) Small earthquakes, with their small fault dimen
sions and short time durations, generate accelerograms that can be scaled
to yield Green's function or impulse response for the particular source
site pair. (2) For strong motion from a large earthquake on a fault at the
site where small earthquakes on the same fault have been recorded, we may
assume reasonable source spatial and temporal variations and sum the
appropriate Green's functions weighted by the source function.

The theoretical basis related to this method has been discussed in
papers by Burridge and Knopoff (1964), Langston and Helmberger (1975),
Backus and Mulcahy (1976), Stump and Johnson (1977) and Hartzell et al.
(1978) .

The emphasis in this proposed method is the utilization of small
magnitude (1<M<4) events to obtain empirical Green's functions. This
method is made-practical by the availability of a digital-cassette record
ing and relatively large dynamic-range instruments.

Preced,ng page blank
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Method

There are two main problems involved in the proposed method, namely,
the scaling of displacement from small earthquakes to reduce it to that of
a unit excitation and the summation of elementary sources to produce simu
lated displacement from a large earthquake.

From Burridge and Knopoff (1964), the displacement at a point from a
shear dislocation source can be written as

where mkj is the moment tensor density and can be expressed as

In these and the following equations, x= (X1,X2'XS), t is time, prime
refers to source coordinates, Sj is~the dislocation specified at every
point on the fault surface S', and n = (n1,n2,n3) is the unit normal to
the fault surface. 9ij is the Green's function representing the displace
ment in the ith direct10n due to a point force in the jth direction with
o (t) as source time function. 9ij k denote differentiation with respect
to source coordinates xk. '

Considering an earthquake with source dimension much smaller than the
wave lengths of interest, then the source can be approximated as a point
and equation (1) can be written as a convolution integral (Stump and
Johnson, 1977):

~ ~

where ~ - ~ is the source location, and 3 denotes convolution.

In frequency domain, we can then write

U. (i,f,' f) = G (~x ->'.t~.-:-) M (~f)
1 l, ij,k""" jk s,

where f = frequency. In the first problem, we need to normalize Ui to
that from a unit impulse. This can be approximately obtained by assuming
a simple and yet reasonable structure between the source and the receiver
to obtain 9ij and Gij' Then mjk or Mjk can be obtained by trial and error
or inversion (Langston and Helmberger, 1975; Stump and Johnson, 1977). In
order to obtain Mjk we need at least six components (for example, two
three-component stations); but if we can make certain assumptions about the
source--in the case of the San Andreas fault in Northern California, pure
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strike-slip faulting may be assumed--then the number of independent records
required can be decreased. The location of the earthquake, however, has to
be accurately known, so that earthquakes not on the fault of interest will
not be used; thus a conventional seismic network for locating microearth
quakes could be used, or if there are enough stations of the kind needed in
this work in the area, location can be performed also.

It should be remarked here that the intent of the procedure discussed
above is not to fit the seismograms in every detail but to obtain a rela
tive scaling of the sources.

By recordin~ a l~rge number of small earthquakes from the same fault,
a library of U'(x,t; ~) can be established. Because of the non-uniform
distribution of small earthquakes, interpolations have to be made. Hartzell
et al. (1978) have demonstrated that theoretical Green's functions can be
interpolated with satisfactory results.

Once the library of the Ui's is established, then the displacement
field from a large earthquake can be calculated by using Hartzell et al.
(1978):

--- J
~ ~ Joo --- ---u.(x,t} = dx' S (x') u. (x, t i x' , t')

1 1
S' -00

---f(x',t') dt'

---
..>- --- ~

rv L S (n' ) Sn (x' ) u. (X,ti x' ,@)
- n Inn

---0 fn(x',t)

where Sn =area of the element such that ~ Sn equals the total fault area.
f(x',t') and S(x') together specify the source of spatial and temporal
variations and include factors such as rupture propagation velocity, vari
ation of displacement along the fault, and stop-and-start nature of the
source. By assuming various combinations of S', S(x'), and f(x't ' ) we can
simulate earthquakes of various magnitudes, fault lengths and character
istics.

Discussion

This proposed method aims at incorporating correct path and site
functions which are difficult to compute theoretically, not knowing the
structure precisely nor ways to handle them mathematically, in the calcula
tion of strong ground motion at a site. It will also enable one to calcu
late the motions from earthquakes with various fault parameters, such as
fault length, rupture propagation velocity, amount of slip and the source
time function; multiple event type of earthquakes can be simulated also by
specifying appropriate s(x) and f(x,t).

Although there has been a large collection of data at large distance
ranges recorded on film with velocity transducers, those are not usable for
the present purpose because of the lack of precise calibration and the
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limited dynamic range. The feasibility of recording small accelerations,
(down to tens of ~g) has been proven (F. T. Wu, unpublished data), thus
this proposed method is within reach. However, the Green1s function
library for a particular site will take a period of time to collect; if a
fault is presently active and populated with small earthquakes, then this
method is appropriate. Especially, for large important structures with
long planning time, it is possible to obtain data within a few years.
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STATISTICAL ANALYSIS OF STRONG-MOTION ACCELERATION RECORDS
OBTAINED IN JAPAN

by

k
,I II

T. Iwasa 1 , T. Katayama , K.

ABSTRACT

This paper presents the results of multiple regression analysis of 301
strong-motion acceleration records, and also shows the results of a quanti
fication analysis of average response accelerations obtained from 277
component horizontal acceleration records. From the analysis done, empiri
cal formulas which can statistically estimate maximum horizontal accelera
tion, duration of major motion, and number of zero-crossing in terms of
earthquake magnitude, epicentral distance, and subsoil condition, are
proposed. Frequency characteristics of horizontal motions and ratios of
vertical to horizontal accelerations are averagedly evaluated depending on
subsoil conditions. Furthermore, various average response spectrum curves
for a linear single-degree-of-freedom system are proposed in terms of earth
quake magnitude, epicentral distance, and subsoil condition.

INTRODUCTION

In establishing reasonable criteria for earthquake resistant design of
structures, it seems essential to properly evaluate characteristics of
ground motions and structural behavior during strong earthquakes. A number
of strong motion accelerographs are installed at various engineering struc
tures and on neighboring grounds in Japan to grasp dynamic properties of
ground motions and structural responses.

Although there will be a number of factors which affect characteristics
of ground motions, it seems probable that three principal factors might be
earthquake magnitude, geographical situation of the focal area of an con
cerned earthquake related to the structural site, and subsoil condition at
the site. In this study characteristic variables of ground accelerations are
statistically analyzed in terms of these three factors.

The results are utilized as basic materials in standard design seismic
forces and seismic loads of "New Criteria of Earthquake Resistant Design
(Draft) ," (1, 2) proposed by the Ministry of Construction in March, 1977.

OBSERVATION OF STRONG-MOTION EARTHQUAKES AT ENGINEERING STRUCTURES IN JAPAN

In Japan the observation of strong-motion earthquakes for engineering
structures was initiated when SMAC-type accelerographs were developed in
1953. The observation network has gradually progressed with experiences of
severe structural damages due to the Niigata Earthquake of 1964 and the

I Public Works Research Institute, Ministry of Construction, Chiba, Japan
II Associate professor, Institue of Industrial Science, University of

Tokyo, Tokyo, Japan
III Public Works Research Institute, Ministry of Construction, chiba, Japan
IV Consulting Engineer, Japan Engineering Consultants, Tokyo, Japan
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Tokachi-oki Earthquake of 1968. As of March, 1978, the number of SMAC
accelerographs installed on various structures and neighboring grounds is
over 1200 totally. It is believed, however, that the same number of accel
erographs are necessitated in order to obtain enough strong records for major
earthquakes which might take place at any areas of this country.

In addition to the stations with SMAC-type accelerographs, there are a
number of stations where electromagnetic-type seismographs are equipped.
Moreover, dynamic behavior of subsoils during earthquakes is also being
measured using downhole seismometers at several points as well as standard
seismometer and SMAC accelerograph measurements on the surface. Records
obtained from these field measurement programs have been published periodi
cally by institutions concerned (3).

ANALYSIS OF ACCELERATION RECORDS

A statistical analysis of measured acceleration records was attempted
to quantitatively express characteristic variables of ground motions as
functions of seismic conditions and subsoil properties at the observation
point. In the present analysis were employed those records which were
obtained during earthquakes with the Richter magnitude of 5.0 or higher and
the hypocentral depth of 60 km or shallower, and which include at least one
record with the maximum acceleration of 50 gals or higher for an earthquake.
Records with the maximum acceleration less than 10 gals were excluded. The
total number of the records used is 301 (the number of components treated
is 3x301=903) for 51 earthquakes. Factors considered in the analysis are as
follows:

(1) Seismic properties: Richter magnitude M, epicentral distance J (km)

(2) Subsoil conditions: Observation stations are classified into the
following four groups depending on subsoil conditions.

1st Group: Rock

2nd Group: Diluvium

3rd Group: Alluvium (Except 4th Group)

4th Group: Soft Alluvium

(3) Characteristic variables of acceleration records:

(a)

(b)

(c)

(d)

(e)

(f)

Absolute maximum horizontal acceleration (larger
perpendicular horizontal motions)

Period of vibration at the time when acceleration
Hmax

Duration of major motion

Ratio of vertical to horizontal accelerations

Number of zero-crossing during the time
interval of Td

Mean period during the time interval of T
d

value of two

Hmax(gals)

becomes
Tl(sec)

Td(sec)

v=Vmax/Hmax

The procedure for determining the above characteristic variables are
illustrated in Fig. 1. Each of the characteristics values (expressed as X
below) was assumed to be represented by the following two types of expres
sions:
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(1)

Type-Z (Z)

where aI, bl' cli aZ, bZ, cz are constants for each characteristic value,
and are depending on subsoil conditions.

The analysis was conducted for five different cases, namely four groups
of subsoil conditions plus the average subsoils including the entire data.
In determining the expressions for Hmax ' only eq. (1) was investigated and
the term of d in eq. (1) was substituted by (J+Jo), where do was taken as
0, 10, ZO, 30 and 40 km.

Table 1 indicates the distribution of 301 records used in the analysis.
Table 2 shows formulated regression equations and correlation coefficients,
which are obtained from the analysis based on the mUltiple regression
analysis. In the table are shown the results of three characteristic values
Hmax ' Td and Nz in which multiple correlation coefficients are greater than
0.5. Since correlation coefficients for expressions of Type-l were generally
greater than those for Type-Z, the results for only Type-l are shown in the
table. Although the correlation coefficient was the highest in the cases of
do=lO km among the five cases analyzed, H for the case of J =0 is

d · bl " max 0expresse 1.n Ta . e Z. F1.g. Z 1.l1ustrates Hmax for do =0 as functions of M and
d, for the case of the average subsoils.

As for the other three characteristic values Tl' v and Tm, the multiple
correlation coefficients are found to be less than 0.5. This means that
there is no distinct relation among those values and M and d. For these
variables the mean values and the standard deviations are evaluated depend
ing on subsoil conditions, and are listed in Table 3.

The results of the analysis described in the above may be summarized as
follows:

(1) The maximum horizontal acceleration (Hmax ), the duration of major
motion (Td ), and the number of zero-crossing (Nz ) can be approximately
expressed as functions of earthquake magnitude and epicentral distance.

(2) The duration of major motions (Td) defined in Fig. 1 gets longer as the
earthquake magnitude (M) becomes greater and as the epicentral distance
(d) becomes longer.

(3) The relation between the number of zero-crossing (Nz ) and the epicentral
distanc= (d) is considerably affected by subsoil conditions. The value
of Nz increases with the increase in d for harder grounds. It seems
that Nz is not affected by d but M, for softer grounds. The number of
repetitions of major motions which can be approximately Nz/Z, is 30 to
100 for the various subsoil conditions.

(4) The period of vibration (Tl ) at the time of Hmax ' the ratio of vertical
to horizontal accelerations (v), and the mean period of vibration (Tm)
during the major motion are not clearly related with M and d. The
following two points, however, can be seen.

(a) The mean values of Tl and Tb get longer as subsoils become softer.
This tendency is obvious for soft alluvial grounds. The ratio of
Tl to Tm is 1.20 to 1.26, and the ratio is almost constant,
irrespectively of subsoil conditions.
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(b) The mean value of v being 0.32 to 0.34 is not strongly affected by
subsoil conditions. Since the standard deviation is 0.15 to 0.21,
the vertical acceleration can be assumed to be the half of the
horizontal acceleration for the designing purpose.

ANALYSIS OF EARTHQUAKE RESPONSE SPECTRA

The Port and Harbour Research Institute, the Ministry of Transport and
the Public Works Research Institute, the Ministry of Construction have been
conducting response spectrum analysis for major ground motions obtained at
various grounds during moderate to strong earthquakes (4,S,6). In the
present analysis the results of the response spectra done at the two Insti
tutes for 277 horizontal components of ground motions, which were triggered
during 68 earthquakes with the Richter magnitude between 4.5 and 7.9 and the
hypocentral depth of 60 km or shallower, are employed.

Factors considered in the analysis are as follows:

(1) Seismic properties: Earthquake magnitude on the Richter scale (M),
and epicentral distance (£1 in km)

(2) Subsoil conditions: Observations sites are classified into four groups
in the same manner as shown in the previous section.

(3) Characteristic variables of acceleration records and their response
spectral values:

(i) Maximum horizontal acceleration (two perpendicular components for one
record): Amax (gals)

(ii) Absolute response acceleration: SA (gals), which is computed from
digitized values of triggered records by assuming a linear viscously
damped single-degree-of-freedom system with the natural periods of T
(=0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.5,
2,2.5, 3, and 4 seconds) and the damping ratio of h (=5% of critical).

In the analysis the following are assumed.

(a) A quantification analysis can be applied to the estimation of SA in
terms of earthquake magnitude (M), epicentral distance (£1), and
subsoil conditions (S), by employing an expression as

10910 SA = C(M) + C (A) + C(S) (3)

where SA: Estimated value of SA (gals),
C(M), C(A), and C(S): Weighting functions depending on M, £1,

and S, respectively.

(b) A quantification analysis can be also applied to the estimation of
Amax in terms of the three factors in the above, by assuming an
expression of

loglo~ax = C' (M) + c' (£1) + c' (S)

where Amax : Estimated value of Amax (gals)

C' (M), C'(J), and C'(S): Weighting functions depending on
M, £1, and S, respectively.

Classification of 277 components employed in the analysis is shown in
Tables 4 and 5. Magnitudes in the tables are irregularly divided into five
groups with consideration of scattering of the data used and also convenience
of practical application of the results.
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Table 6 shows the results of the quantification analysis for SA' and
lists the weighting functions C(M), C(J), and C(S) in Eq. (3), ranges of the
three functions, and the multiple correlation coefficients. Furthermore,
Figs. 3 and 4 illustrate the response spectral curves (T-SA relation) which
can be obtained from Table 6. In these figures, the maximum values of
ground acceleration (Amax ) which are also estimated from the quantification
analysis are tabulated. From the two informations, the acceleration
magnification factor P(= SA/Amax ) can be evaluated. The values of Amax
shown here, however, may not be used for the estimation of the absolute
maximum horizontal accelerations (Hmax )' but for the estimation of p. For
estimating Hmax ' the results described in the previous section can be
employed.

Degrees of the effects of the three factors (M, J, and S) on SA are
shown in Fig. 5, by indicating the variation of the ranges of C(M), C(J),
and C(S) with T.

From the analysis shown in the above, the following can be indicated.

(1) As for the effects of subsoil conditions on SA' the effect of rock
ground is considerably different from those of the other three subsoils.
Values of SA for rock are smaller than those for the other subsoils,
except for natural periods shorter than 0.3 seconds. For the range of
comparatively longer periods, the values of SA tend to become larger
for softer subsoils.

(2) The shapes of T-SA curves do not change much with the variations of M
and J. It is understood that for the range of longer natural periods
the values of fi will increase as M gets greater, and as J gets longer.

(3) Among the effects of the three factors, earthquake magnitude (M=4.5 to
7.9), epicentral distance (J = 6 - 405 km), and subsoil condition (rock
to soft alluvium), the effects of M are found to be the greatest for
the entire range of natural periods. The effects of J are close to
those of M for the shorter period range, and become small for the longer
period range. The effects of subsoil condition are slightly smaller
comparing with those of M and J, for the entire period range. This may
be reasonable by the fact that the ranges of M and Jare both consider
ably large. It should be noted, however, that for the range of the
periods between 0.5 and 2 seconds the effects of subsoils become rather
great.

CONCLUSIONS

The following remarks may be pointed out as the conclusions of the
statistical analysis of strong motion records obtained in Japan.

(1) The absolute maximum horizontal acceleration, the duration of major
motions, and the number of zero-crossings can be approximately evaluated
as functions of the earthquake magnitude, the epicentral distance, and
subsoil condition.

(2) The mean value of the ratio of vertical to horizontal accelerations is
found to be around 1/3. The ratio may be conservatively taken as 1/2,
for the design purpose.

(3) Response spectral curves by which structural response accelerations
can be averagedly estimated in terms of earthquake magnitude, epicent
ral distance, and subsoil conditions, are proposed. Among the three
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factors of the earthquake magnitude (M), the epicentral distance (J),
and the subsoil condition (S), which affect the response acceleration,
the effects of M are the greatest. The effects of J are close to those
of M for the range of shorter natural periods, and get smaller for the
range of longer natural periods. The effects of subsoil conditions are
generally small, but become comparatively large for the range of natural
periods between 0.5 and 2 seconds. It is remarkable that response
accelerations for the range of the natural periods between 0.5 and 2
seconds get larger as subsoils become softer.
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ANALYSIS OF SOURCE AND MEDIUM

EFFECTS ON STRONG MOTION OBSERVATIONS

by

I II
A. F. Shakal and M. N. Toks~z

ABSTRACT

The influence of the medium and source on recorded strong ground motion
is studied through the analysis of accelerograms and theoretical modeling.
The causes of the variations of ground motion at nearby sites are investi
gated by calculating the spectra, spectral ratio, and coherency for records
from the San Fernando and Kern County earthquakes. The results show that the
ground motion is coherent at low frequencies, but the coherency drops off
at higher frequencies - between 1 and 10 HZ, depending on station spacing and
site characteristics. The Pasadena and Lake Hughes area strong motion
records from the San Fernando earthquake are re-examined to investigate the
effects of local geology on the amplification of ground motion and the fre
quency dependence of this amplification. At the low frequencies in the pass
band of the Wood-Anderson instrument, the strong motion shows effects of the
sediment layering similar to those seen by Gutenberg. At the higher fre
quencies to which the acceleration is most sensitive, the shallow sedimen
tary layers have the greatest effect. Theoretical seismograms are calculated
for a finite propagating source and the variation of these with azimuth is
demonstrated.

INTRODUCTION

The strong motion records obtained from the San Fernando earthquake
have provided the opportunity for detailed study of the variations of strong
ground motion. Two particular aspects of these variations which have emerged
from the subsequent analysis of these data are studied in this paper. First,
the strong motion observations show significant variations between sites
which are clearly not attributable to the effects of the source. Second,
the sediment amplification effects on strong motion have been found to be
apparently different from the amplification observed for small earthquake
response.

In this paper, the strong motion variations at nearby sites are studied
through spectral analysis of the recorded strong motion, considering in
particular the frequency and site dependence of these variations. The sedi
ment amplification effects on strong motion are re-examined considering the
frequency dependence of the amplification and the frequency response of the
recording instruments. Finally, the variations in the strong motion which
may be expected simply due to the azimuthal dependence of the radiation from
the source are considered.

I Graduate Student, Department of Earth and Planetary Sciences, Massachu
setts Institute of Technology, Cambridge, Massachusetts.

II Professor, Department of Earth and Planetary Sciences, Massachusetts
Institute of Technology, Cambridge, Massachusetts.
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COHERENCY OF STRONG MOTION BETWEEN NEARBY SITES

The study of the variations in recorded strong motion is approached
through analysis of the spectra, the spectral ratio, and the coherency at
nearby stations. The coherency is an estimate of the correlation between
two records as a function of frequency (1). The spectral ratio relates
the amplitude of a frequency component in one record to that in the other
without regard to phasing. Thus the spectral ratio and the coherency,
sensitive to phasing, are complementary. The spectral ratio is often called
the empirical transfer function in soil-structure interaction studies (2,3).

The coherency is defined as the smoothed cross power spectrum nor
malized by the product of the smoothed individual amplitude spectra

P (f)
xy

[p (f) P (f) rlz
xx yy

C (f) =
xy

As an example, Figure 1 shows the estimate of the coherency between the
records from the San Fernando earthquake at Millikan and Atheneaum in
Pasadena, less than .5 km apart. The spectra are smoothed by tapering the
covariance functions in the time domain; the bandwidth of that smoothing
operator in the frequency domain is indicated in the figure. The coherency
spectrum for these two records drops rapidly around 3 Hz. In general, we
find that the width of this band of coherence narrows as the intersite
distance increases, but is quite variable.

As an example at two closer stations, a similar analysis for the Holly
wood Storage stations in Los Angeles is shown in Figure 2. HSB is in the
basement of the Hollywood Storage building, HSL is about 100 ft from the
building in a neighboring lot. Fortunately, records from both the San
Fernando and Kern County earthquakes were obtained at both these stations,
and so the between-station comparison can be made for two very different
records. The spectra and the coherency for these stations are shown in
Figure 2, for both the San Fernando and Kern County earthquakes. In the
San Fernando records, there is a net loss at high frequencies in the building
record, apparent both in the records and the amplitude spectra. The coherency
is nearly unity out to 8 or 10 Hz. Crouse and Jennings (2) studied these
records in terms of soil-structure interaction. The lower coherency values
(i.e., reduced correlation) at about 2 and 5 Hz are at the frequencies that
estimates of the theoretical building transfer function (2,3) are minimum.
Thus these lows are consistent with their conclusion that soil-structure
interaction influenced the basement record. The Kern County records have
much less high frequency content than the San Fernando records, being
recorded about 120 km from the source, as opposed to about 35 km. The
coherency is high out to about 5 Hz. The spectra show that the building
record once again has suffered a loss at the higher frequencies, and the
difference is again roughly a factor of two. This is better shown by the
ratios of the amplitude spectra, which are also shown in Figure 2. The
spectral ratios are quite similar despite the different source mechanisms
and the direction and distance of the two earthquakes. This appears to be
a real site-to-site repeatable variation. The spectral ratios are near
unity for low frequency, and near .5 for frequencies above about 5 Hz.
Crouse and Jennings (2) found that the predictions from theoretical struc-
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tural models were in general agreement with the observed spectra up to about
5 Hz, beyond which the theoretical model was unable to predict satisfactorily
the filtering out of the higher frequencies by the building. At these higher
frequencies scattering may be important. Considering the building resting
on (or imbedded in) the surface of a half space, for wavelengths much longer
than the building dimension, A»L, the entire surface of the half space moves
as one, and the waves recorded at the building should be little different
from those recorded at any other point on the surface. For wavelengths near
the dimension of the building, A~L, complex interaction and coupling between
P and S waves occurs. For wavelengths much shorter than the building dimen
sion, A«L, the wavefield at the building will be independent of that at
the free-field station many wavelengths away. At these high frequencies,
even if both energy spectra were the same, the ratio of the two amplitude
spectra would be expected to be less than one, being controlled by the
ratio of the effective elastic moduli of the building near the recording
device to that at the free field station.

Seismic body waves in the low velocity near-surface layers propagate
nearly vertically because of the bending of the rays. As an example Figure
3 shows the computed S-wave ray paths emerging at the Castaic site from a
range of incidence angles at depth. Castaic is a site about 30 km to the
northwest of San Fernando, chosen as an example simply because relatively
deep velocity estimates are available for the structure under the site (4).
The incidence angle in the upper layers is nearly vertical regardless of
the incidence angle at depth. The cross-phase spectra for the records at
the Hollywood Storage stations were computed for both the San Fernando and
Kern County earthquakes and they indicate no major propagation in the hori
zontal direction.

FREQUENCY DEPENDENCE OF AMPLIFICATION DUE TO SEDIMENT LAYERING

In 1957, Gutenberg (6) studied seismograms from small earthquakes
recorded at various locations in the Pasadena area and found a real corre
lation of amplification with geology. He observed strong amplification and
increased duration in seismograms obtained over deep sediment as compared
to those obtained at the CIT Seismological Laboratory, on basement. After
the San Fernando earthquake Hudson (7) analyzed the strong motion records
from this area to determine if the same effects Gutenberg saw for small
earthquakes were observed for strong motion. He found that the strong
motion records (see Figure 5) do not show a strong effect of the sediment
under the stations on the amplitude of the acceleration. Hudson quite
reasonably concluded that the local distribution of ground shaking predicted
on the basis of small earthquake studies may not correspond very well with
the distribution during a damaging earthquake. Because of the importance
of this apparent discrepancy to microzonation, we have re-examined this
problem considering the frequency dependence of amplification due to sedi
ment layering and the frequency response of the recording instruments.

A major difference between the experiment of Gutenberg and the strong
motion data from the San Fernando earthquake is the recording instrument.
Gutenberg recorded with the low frequency Wood-Anderson instrument, the San
Fernando data is recorded on accelerometers and seismoscopes. The response
of these instruments is shown in Figure 4. The accelerometer responds most
strongly to the higher frequencies, where the Wood-Anderson is down by a
factor of ten from its maximum at about 1 Hz. (The difference between the
accelerometer response and the acceleration is negligible below 15 HZ.)
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The effect of the low pass band of the Wood-Anderson can be seen in
Figure 5, where the acceleration records have been passed through the Wood
Anderson instrument response, and plotted for comparison (Kanamori and
Jennings (8) made similar computations in ML estimation). The acceleration
records are all roughly similar except that the SL record is higher fre
quency. On the other hand, in the Wood-Anderson records, the SL record has
been considerably reduced because its higher frequencies are outside the
preferred band of the instrument. The Wood-Anderson records are in better
agreement with Gutenberg's results. The duration at SL is less than that at
ATH or MLK by a factor of 3 or 4. In amplitude, one component at SL is simi
lar to those at ATH and MLK, the other is lower by a factor of perhaps 2 or
3. All of Gutenberg's results are based on single component records. If
only one component of the San Fernando strong motion had been recorded, the
resulting amplification ratio would lie within these extremes, depending on
orientation. Gutenberg found a duration factor of about 4 and an amplifica
tion factor varying from 1 to 6 for ATH relative to SL. Therefore, the com
puted Wood-Anderson seismograms show a duration increase over the sediment
at ATH roughly the same as Gutenberg's, and an amplification similar, but
somewhat less than that seen by Gutenberg. Seismoscope recordings were
obtained during the San Fernando earthquake (Morrill (9» from several of the
same sites at which Gutenberg made his recordings. Although the frequency
and duration of the strong motion cannot be obtained from these records, the
limited amplitude analysis possible yields a similar conclusion. The ampli
fication that they show is similar to but less than that found by Gutenberg,
particularly for sediment depths of 800 ft or greater. It is important to
note, however, that the EW (roughly transverse) strong motion at SL is anoma
lously large compared to the records at the other bedrock stations MtW and
WHS. Forming amplification ratios relative to SL is very sensitive to the
SL record. If amplification ratios are formed relative to MtW the results
are quite consistent with those of Gutenberg. It is difficult to establish
at this point whether the lower amplification factors relative to SL are
caused by strong motion being less amplified by sediment due, for example,
to nonlinear response, or whether they are due to an anomalous record at SL,
due to its proximity to an outcrop boundary trending along the azimuth to
the epicenter.

An another example of the differences in amplification as seen on accel
eration records and Wood-Anderson records, we consider the records at the
Lake Hughes array, shown in Figure 6. These were all recorded in instrument
shelters or I-story buildings and so should be free of building effects. The
acceleration records show roughly similar amplitude and duration except for
LH12, which is large. LH9 apparently triggered late. According to the USGS
station list (10), LHI is on about 300m of alluvium over granitics, LH4 is on
weathered granite, LH9 is on gneiss, and LH12 is on thin alluvium over conglo
merate. The Wood-Anderson seismograms computed from the acceleration records
are shown for comparison. They show quite clearly the sediment layer ampli
fication at LHI where the amplitude is 2 or 3 times that at LH4 or LH9. LH12,
whose acceleration record is high amplitude, does not have a proportionately
high amplitude Wood-Anderson record because of its high frequency, roughly
6 Hz, where the Wood-Anderson response is down by a factor of 3. This 6 Hz
amplification in the acceleration record could arise from an alluvial layer
of perhaps 60 to 80 ft.

To consider in greater detail what is occuring in the amplification,
Figure 7 shows theoretical layered medium seismograms passed through the Wood
Anderson and accelerometer instrument responses. We consider a sediment
layer of 15 and 90 meter thickness (50 and 300 ft) over basement corresponding
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to the upper crust of Kanamori and Hadley (5). The sediment layer has a
velocity of .5 km/sec (1600 ft/sec), and a shear Q of 20. For simplicity,
we consider SH waves, incident from the halfspace at 30 deg. The two input
time functions are shown in the figure, their spectra peak at 2 and 7 Hz,
respectively.

The Wood-Anderson record over the thick layer is amplified relative to
that over the thin layer because of the passband of the instrument and the
low frequency response of the layer. Similarly, the accelerometer shows
amplification at high frequency in the record over the thin layer. The deep
layering causes increased amplitudes and duration in the Wood-Anderson
record but not the acceleration because the high frequencies to which accel
eration is sensitive are attenuated by the Q in the layer. The layer is only
1/5 of a wavelength thick at 1 Hz, while it is 2 wavelengths thick at 10 HZ.
In sum, the Wood-Anderson pass band tends to reflect deeper sediment
layering, as seen by Gutenberg, while acceleration records are influenced
to a large extent by the shallow layering and do not show the deep layering
well.

SOURCE RADIATION EFFECTS

The analysis of strong motion observations must include allowance for
differences in source radiation if the station spacing is not small relative
to the distance to the fault. As an example, Figure 8 shows velocity seismo
grams computed for stations varying in azimuth around a rectangular strike
slip fault. The stations are equispaced and located a constant distance
from the fault. The seismograms were computed using the analytic solution
of Madariaga (11) for the Haskell source. For simplicity, they were correc
ted for the free surface by doubling, since the incidence angles are in a
range where, for strike-slip faulting, this is a reasonable approximation
(Anderson (12». It can be seen that there are strong variations in both
the amplitude and frequency content of the computed strong motion, even for
stations a constant distance from the fault.

CONCLUSIONS

Variations of strong ground motion at nearby sites are strongly depen
dent on frequency. Comparisons of spectra and coherency between sites shows
that the strong motion is coherent at low frequencies, but the coherency
drops off at higher frequencies. At high frequencies, the effects of atten
uation and of scattering due to near surface heterogeneities and buildings
are substantial.

The amplification effects of the site due to local geology are also
dependent on frequency. Thus such effects when measured by a Wood-Anderson
seismograph or by a strong-motion accelerometer appear to be different.
Theoretical calculations made using different thicknesses of low velocity
sedimentary layers show strong dependence of the amplitude of the surface
motion on the peak frequency of the incident pulse. Theoretical seismograms
for a finite propagating source predict significant variations in strong
motion levels even at a constant distance from the fault.
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Figure 3. S-wave ray paths for the Castaic site. Velocity structure
of Duke et ale (4) over basement corresponding to the upper crust of
Kanamori and Hadley (5).
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Figure 4. Normalized velocity response of the Wood-Anderson seismograph
and the accelerometer. The response of the seismoscope is nearly
identical to that of the Wood-Anderson, but with less damping.
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onents. Geologic map showing exposed basement and contours of sediment depth (in
feet) after Gutenberg(6).
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GROUND MOTION AMPLIFICATION DUE TO
CANYONS OF ARBITRARY SHAPE

by

Franc i sco J. Sanchez-Sesma I

ABSTRACT

A method is presented to compute the scattering and diffraction of
plane seismic waves by a canyon of arbitrary shape. The problem is
formulat~d in terms of Fredholm integral equations of the first kind in
which the integration path is defined outside the boundary, thus obtaining
kernels which are regular. A class of discretization schemes using line
source solutions is employed. Boundary conditions are satisfied in the
least-squares sense. Semi-analytic I ine-source solutions are used for
incident P or SV waves. Numerical results are presented for ampl ification
spectra for semi-circular canyons. Extensions and possible appl ications
are discussed.

INTRODUCT ION

In the last few years the influence of local conditions on ground-mo
tion has attracted the interest of numerous researchers. The construction
of important structures, such as nuclear reactors or large dams, has
enhanced this interest. In· several regions, spatial distribution of seismic
damage has been explained by the influence of local soil conditions and
topographic features (1-3). The subject has been treated in the 1iterature
as scattering and diffraction of elastic waves by irregularities on the
surface of an elastic half-space.

For semi-cyl indrical and semi-ell iptical canyons analytical solutions
have been obtained for horizontally polarized incident plane SH waves (4,5).
These solutions have been extended to deal with semi-cyl indrical and semi
ell iptical alluvial valleys (6,7). The SH-waves diffraction due to
canyons of arbitrary shape f)dS been formulated in terms of a Fred:u;,n
integral equation of the second kind and appl ied to the study of topographic
effects at Pacoima Canyon (8). Another approach assumes periodicity of
surface shape and discretizes integral equations to obtain ground motion
ampl ifications for incident P, SV, or SH waves (9). This method is
restricted to small slopes. For acoustic media an exact solution has been
obtained for a semi-spherical valley and a semi-cyl indrical canyon (10).
Only vertically incident waves were considered in detail. A procedure has
been proposed for P and SV waves which employs a least-squares criterion
to satisfy free boundary conditions on the canyon and half-space surface
(11). An alternative method has been developed for the solution of SH-waves
diffraction by arbitrarily shaped canyons (12). This method makes use of

Associate Professor of Engineering, Instituto de Ingenierla, Universi
dad Nacional Autonoma de Mexico, Mexico 20, D.F., Mexico.
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an integral representation of scattered and diffracted waves as a single
layer potential in which the integration path is outside the boundary, thus
obtaining a regular kernel. This idea has been appl ied by De Hey to the
solution of Laplace's interior problem (13) and has been proposed in a
sl ightly different form for solving plane elastostatic problems (14). The
method has been successfully extended for treating diffraction of SH waves
caused by arbitrarily shaped alluvial valleys (15).

In the present paper the method is extended to incident P or SV waves
in a two-dimensional problem. It is well known that incidence of P or SV
waves at a given angle on a free surface generates both types of waves. The
diffracted field is represented with the aid of single-layer potentials in
which the integration paths are chosen outside the canyon's boundary,
getting similarly regular kernels. Inclusion of traction-free boundary
conditions leads to a system of Fredholm integral equations of the first
kind. A class of discretization schemes using solutions of buried 1 ine
sources in an elastic half-space is employed. Numerical results are obtained
in the least-squares sense.

Solutions of buried I ine sources are obtained using the single-frequen
cy method developed by Aki and Larner (16) and recently appl ied by Bouchon
and Aki for model ing seismic-source wave fields (17). Spatial periodicity
of sources is assumed and an approximate semi-analytical representation is
obtained.

Questions arise regarding completeness of the set of sources and
convergence of the method. We will not deal with these questions in this
paper but it can probably be shown, using Herrera's theory of connectivity
(18,19), that the set of concentrated sources is complete. The argument
would be similar to one used in developing bases for some related problems
(20). The same theory (18,19) can probably be used to show that the solu
tion, using the least-square criterion, converges to the exact as the number
of sources tends to infinity. These ideas are related to a procedure pro
posed by Millar (21), who described conditions for the val idity of the
Rayleigh hypothesis in scattering of acoustic waves.

PROBLEM FORMULATION

To formulate the problem for the propagation of harmonic P or SV waves
let us consider the usual potentials ¢ and ~ (22). These potentials satisfy
the Helmholtz equation

(1)

(2)

where kp = w/a = P-wave number, a = I(A+2~)/p = P-wave speed, A = Lamme
constant, ~ = shear modulus, p = mass density, w = circular frequency,
kS = w/8 = S-wave number, S =~ = S-wave speed.

Displacements u and u in terms of ¢ and ~ are given byx y
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=~+~
ay dX

The stress components can be written as

dU dU
a (A + 2fl) ~+ A -X

x dX dy

dU au
a == A~ + (A + 2fl) afy ax

au au
T == fl( ~ + -X )
xy dy ax

(4)

The traction-free boundary condition impl ies that at the free surface

t == a cos e - T sin e a

}x x xy (5)
t ==T sin e - a sin e == ay xy y

whe-re t , t = traction components in x, y directions respectively, e==angle
measure~ co6nterclockwise from the x-axis to vector n, n = vector normal to
the free surface (Fig. 1).

The potentials ¢(O) and ~(O) of the free-field solution for incidence
of harmonic P or SV plane waves, ommiting the time factor exp(iwt), can be
wr i tten as

¢ (0)= A, exp [- ikp(x cos e - y sin e) 1+A2 exp [- i kp(x cos e + y sin e) ]

~(O)= 8, exp[-ikS(xcosf-ysinf)]+B2 exp[-ikS(xcosf+ysinf)]
} (6)

where A" 81 = ampl itudes of incident P, SV waves, A2, 82 = ampl itudes of
reflected, P, SV waves, and e,f = angles of incidence and reflection
(Fig. 2). For incident P waves it is clear that 81 == O. In order to obtain
free boundary conditions at y = 0, ampl itudes of reflected waves are put in
the form

A2 4 tan e tan f - (tan 2 f - 1)2

~= 4 tan e tan f + (tan 2 f - ,)2

82 4 tan e (tan 2f - 1)--=- 4 f + (tan 2 f ,)2A1 tan e tan -

Similarly, for incident SV waves (A, = 0) we obtain

A2 4 tan f (tan 2 f - 1)--== 4 (tan 2 f 1}2B1 tan e tan f + -

82 4 tan e tan f - (tan 2 f - 1)2
--= 4 (tan 2f 1)2B, tan e tan f + -

(7)

(8)
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The relation between f and e is given by cos f = (Bfa) cos e.

Assume that the solution including waves diffracted by the canyon has
the form

u = u(O) + u(d) (9)

_ [ ]T (0) _ [(0) (O)J T (d) _ [(d) (d)JT (0) (0)where u - ux ' uy ,~ - Ux ,Uy ,~ - Ux u¥ ,u ,uy =
displacements in the free-field solution in terms of ¢(O) and ~(5), and
u*d), u~d) = displacements due to diffracted waves in terms of diffracted
potentials ¢(d) and ~(d). Assume, extending the ideas of the SH-case (12),
that we can write

¢ (d) (p) =: f g (Q) ¢1 (p, Q)dS
Q

+ f h(Q)¢2(P, Q) dS
Q

(10)
C1 C2

~(d) (p) f g (Q) ~1 (p, Q) dS
Q

+ f h(Q)~2(P, Q) dS
Q

( 11)
C1 C2

where P s E U dE, Q s C or Q s C2 (Fig. 3), g('), h(') = single-layer den
sities, an unknown functions to be determined, ¢1 and ~1 = potentials for a
buried I ine source of P waves, and ¢2 and ~2 =: potentials for a buried line
source of SV waves.

As an illustration, express the potentials for the I ine source of P
waves as (23, 24).

¢1 =7Ti{H~2)(kpr1)-H62)(kpr2)}+ /X>A(k)exp[-iyv]exp[-i(x-xo)k] dk (12)
-00

~1 = foo B(k) exp[-iyy] exp[-i(x-xo)k] dk (13)
-00

where v=v'k2 - k2 1m (v) < 0, Y =: v'k 2 - k2 Im(y) < 0,
P

, S ,

r 1 = [(x - X )2 + (y - yo) 2 J12 ,
0

r2 [(x - X )2 + (y + YO)2]%,
0

x, y = coordinates of point P

xo'Yo = coordinates of source at po int Q,

A(k)

F(k) = (2k2 -k2
)2 + 4 k2 V Y = Rayleigh function, and

S

H(2) (.) = Hankel function of the second kind.o
In order to evaluate the integrals in equations 12 and 13 (and similar

Iy for potentials due to the SV source) approximately, we assume spatial
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periodicity for the integral part of potentials and consider the frequency
w a complex number with a small negative imaginary part. In this way we
obtain a series representation and the singularities from the real k-axis
are removed. This procedure is due to Aki and Larner (16). Details can be
found in Bouchon and Aki (17).

Substituting equations 10 and 11 into equations 3 and taking into
account equation 9, we obtain

~(P) =~(O)(P) +J g(Q)~(1)(P,Q)dSQ+Jc h(Q)u(Z)(P,Q)dS
Q

(14)
C1 Z

where P € E U dE, ~(1) (p,Q), ~(2) (p,Q) = displacement vectors at point P due
to a unit line source of P and SV waves respectively, located at point Q.

We may write a similar expression for the traction vector 1= [tx,tyJT.
For P € dE, the canyon's boundary, equations 5 leads to

J g (Q) ! (1) (p , Q) dSQ+ ~ h(Q) t (2
) (p , Q) dSQ= - ! (0) (p), P E: dE (15)

C1 2

Expression 15 constitutes a system of Fredholm integral equations of the
first kind. We will solve the system in the least-squares sense requiring
that the mean square error

+ !(O) (p) 12 dS p

be ami n imum.
waves.

J It(d)(p)
dE -

In expression 16,t(d)

(16)

= traction vector due to diffracted

NUMERICAL SOLUTION

Let g(.) and h(.) be of the form

M
9 (Q) = L: a 6(IQ - ~I)

m=l m

N
h(Q) = L: b 6(IQ-QI

n=l n n

( 17)

(18 )

where M = number of sources of P waves with ampl itude a at points 9m E: C1 ,
N = number of sources of SV waves with ampl itude b at ~oints Q E: C2 , and
6(.) = Dirac'sdelta function. Thus equations 14 ~nd 15 £an benwritten as

u(p)

and
(20)
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Imposing equation 20 at L points p~ on the boundary of the canyon we
obtain

M N
Eat (1) (p n , 0 ) + E b t (2) (p n , Q ) = - t ( 0) (p n), 9-= 1, 2 , . . . ,L(21)

m=l m ~ h 1m n=l n~ N n ~ h

Equation 21 represents a linear system of 2L equations with M+N un
knowns, which is solved in the least squares sense multyplying first the
system by the traspose conjugate of the coefficients matrix. This procedure
is the discrete equivalence of obtaining a minimum for the mean square error
in expression 16. Once the system is solved, equation 19 leads to displace
ments in all points of region E and its boundary.

RESULTS

Figures 4 and 5 show ampl itudes of normal ized horizontal and vertical
displacements on a semi-cyl indrical canyon under incident plane P and SV
waves with incident wave-length A = 4na, where a = half-width of the canyon
for three different incidence angles 80 = 0°, 30°, 60° (80 = 90 0 -e for
incident P waves and 80 = 90°- e for incident SV waves). In all cases 15
sources and 50 collocation points on the boundary were taken. Curves C1and C2 were circles with radii 0.6a and 0.7a respectively. The Poisson
relation, A = ~, has been assumed.

General trends on ampl ification noted previously (2,4,5,9,11,12) also
show up for semi-cyl indrical canyon under incidence of plane P or SV waves;
that is, for the frequencies covered here, there are reductions at the
bottom for vertical incidence. The barrier effect is also noticeable; for
the wave-lenght studied, there is about 100 per cent ampl ification in hori
zontal motion at one border of the canyon for incident P waves with 60°
incidence angle. The SV case gives similar results.

CONCLUSIONS

A method has been presented to compute the scattering and diffraction
of plane seismic waves by arbitrarily shaped canyons. The problem is
formulated in terms of a system of Fredholm integral equations of the first
kind in which the integration paths are curves differ from the canyon's
boundary in order to get regular kernels. Line-source discretization and
the least-squares criterion simpl ify numerical treatment and lead to stable,
accurate solutions.

Ampl itude reductions at the bottom were found for vertical incidence.
There are large ampl ifications for obI ique incidence. This barrier effect
should be taken into account in bridge or reservoir design where large
differences in support motion can take place.

Although results are I imited to the frequencies studied, they also show
that the method appears to be a useful tool to deal with some scattering
problems. For instance, it can be appl ied to solve scattering by buried
alluvial valleys or tunnels.
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A METHOD FOR ASSESSMENT OF SEISMIC DESIGN MOTIONS

by

E. Mardiross I , P HD , D.I.C., A.C.G.I., B.Sc(Eng.)

ABSTRACT

The present paper seeks to highlight an approach to modify recorded
accelograms to suit a particular situation: accounting for the local
site conditions. Considerable progress has been made in recent years in
setting up a number of strong motion instruments in allover the world
which could provide useful data, but until enough data becomes available
designers will have to follow the following approach in establishing
design criteria for structures and for microzoning purposes.

INTRODUCTION

Assessment of ground motion characteristics of the design earthquake
for sites threatened by seismic ground motion is a major issue in dynamic
analysis of engineering structures. The El Centro 1940 accelogram has
been widely used by earthquake engineers as a seismic design motion for
earthquake proof design in many countries where strong ground motion data
are not available. Comparison of the latest recorded data in many
countries with the E1 Centro record show considerable differences, both
in frequency characteristics and amplitudes of the motion.

The new method of analysis which will be presented in this chapter
is based on a combination of approaches discussed in (5) in order to
arrive at the bedrock motion. The major new features introduced are:

a) Use of scaling factor to scale the time coordinates of the
bedrock motion. ----

b) Use of maximum bedrock velocity as a criterion for predic
tion of bedrock motion.

c) Computation of surface motion from the estimated bedrock
motion, using the theory developed by the author (5).

BASIC INFORMATION

As a first step, the site soil and bedrock conditions must be deter
mined and the potential earthquake magnitude established. Additional
information, such as the predominant period of bedrock motion, duration
of bedrock shaking and maximum velocity at the bedrock surface, is also
necessary.

I Formerly Graduate Research Engineer, University of London, Imperial
College, London.
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THE POTENTIAL EARTHQUAKE MAGNITUDE

To start with, the design earthquake magnitude can be determined
by the following two methods:

a) Assuming that during the lifetime of the structure there
will be a major event (Say M= 6.5) in the area.

b) Use of past experience, i.e. a thorough review of both the
seismicity and the geology of the area.

Approach (b) is very important but not enough. Gaps during the
observation period are often the reason for such maps to cause
seismological surprises. TherefOre, potentiality of the future earth
quake must be taken into account.

PREDOMINANT PERIOD OF THE BEDROCK MOTION

Predominant periods of the bedrock motions, using data from sta
tions on or near granitic rock, are related to Magnitude by Gutenberg
and Richter (2) by the equation:

log Tpb = - 1.1. + O.lM (1)

where Mis Richter magnitude and Tan is predominant period of the
bedrock. (l) is only valid for ep'l~entral distances ~ I'V 50km.

The assessment of the predominant period of the bedrock motion may
be carried out with the aid of Gutenburg-Richter formula, supplimented
by data from small earthquakes or strong explosions. The results
obtained from strong explosions, though not very good, will provide
some idea.

PREDICTION OF MAXIMUM BEDROCK VELOCITY

The next stage of the method requires the estimation of maximum
bedrock velocity at the bed~ock formation of the proposed site.
Amplitude of maximum bedrock velocity is chosen because it is less
sensitive to effects, such as fracture propagation, as the fault
ruptures.

The assessment of maximum bedrock velocity at a given epicentral
distance can be done by means of a local attenuation equation. In the
absence of one, the following attenuation equation can be used to
describe the variation of expected maximum velocity with earthquake
magnitude and epicentra1 distance:

v =32 eM/(R + 25)1.7 (2)

where v is the maximum velocity in em/sec. on hard ground or weathered
rock, Mis the Richter magnitUde of the earthquake and R is the
epicentral distance in kilometres (on the basis' of the American
events) (4). The values obtained for v for a given Mand R should be
checked against other similar formulae; attenuation of peak velocity
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is not only highly dependent on the area, but also on the location of
the proposed site w.r.t. the epicentre of potential earthquake. The
two points A and B shown in fig. 1, although possessing the same epi
central distance, will have different arrival patterns, therefore 
different motions.

ASSESSMENT OF DURATION OF BEDROCK MOTION.

Finally, calculate the duration of bedrock motion for the design
earthquake using the equation given by (1).

METHOD OF ANALYSIS

The general method of analysis for assessment of the surface motion
characteristics involves the following four steps:

(a) Choose a number of existing strong motion records with
different frequency characteristics. Try to include
records made under similar conditions to yours, if
possible.

(b) Multiply the time and acceleration coordinates of the
chosen records by the following factors, respectively:

(3)

(4)

where t f is the time factor by which the time coordinate
of the thosen acceloergram should be multiplied to give
the new required predominant ~eriod. t f is obtained by
computer runs using IISPECTRA II • Figs. Z and 3 present
the results of the analysis for Golden Gate S80E adjus
ted by t values of 2 and 3 to give new predominent
periods Sf 0.25 and 0.4 seconds, respectively. The
value of Af is determined from the relation:

* VAf = 2 n . --E. (5)

Tpb A..

where Vb is the maximum estimated bedrock velocity, At
is the peak acceleration of the chosen accelogram, Tpbis the predominant period of the adjusted accelogram.

(c) Adjust the duration of shaking of the strong portion of
the records to the value calculated for the design
earthqu ake.

* This is a first approximation to Af • Its true value ;s obtained by
tri a1 and error.

+ A computer program for computation of response spectra (5).
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(d) Use the computer program II EARTHQUAKE II (5) to evaluate the
effect of local soil conditions upon the bedrock motion,
employing the dynamic properties of soil and bedrock.

DESIGN SPECTRUM OR TIME HISTORIES AND SEISMIC MICROZONING

With the four steps discussed in the above section one can calcu
late design spectrum. It is important to examine the validity of the
proposed method of analysis for a building site in a highly seismic
region. It is assumed that an earthquake of magnitude 6.9 is likely to
occur at an epicentral distance of 40km. (with a focal depth ~ 20km)
from a proposed building site, marked "A" shown in fig. 4, underlain by
40m of medium sand with shear wave velocity of 300 m/sec. followed by a
very deep formation of shale with shear wave velocity of3800 m/sec. 3
Densities of the medium sand and the shale are 2000 kg/m and 2100 kg/m ,
respectively. Hysteretic damping ratios of the sand was assumed to be
0.02. Calculate the following:

a} Design velocity and acceleration response spectrum or
Design time histories.

b) Strength of the potential earthquake motion liS" at the
propos ed site.

c) Suggest procedures for seismic microzoning of the
region.

In the light of the previous discussion regarding the method of
analysis, there are three parameters to be computed. Computed values
of these parameters for M= 6.9 and epicentral distance R = 40km. are
the design values of maximum bedrock velocity equal to 30 cm/sec.,
predominant period of bedrock motion equal to 0.4 sec. and duration of
bedrock shaking equal to 14.0 sec. The next step in arriving at res
ponse spectrum or time histories is to select a number of acce10grams
from "rock samp1e" or "hard ground" and adjust these motions by
appropriate values calculated from 3 and 4.

The· velocity and acceleration design spectrum and the design time
histories for site A, based on two bedrock motions, i.e. Golden Gate
S80E and San Fernando S16E* adjusted by t f = 3.0, Af = 2.050 and
t = 1.0, A =0.280 having accounted for the potential changes, which
mhY result from variations in local soil conditions using "EARTHQUAKE",
are presented in figs. 5 - 6 a,b,c,d. Obviously, the more bedrock
motions are included the more ground surface spectrum and time histo
ries will be obtained. Therefore, one should design for all the
calculated spectrum, in this case t~o. It is much more meaningful to
base the design on the characteristics of the individual spectrum
rather than on the characteristics of an overall average.

* This accelogram as available in the Dept. of Civil Eng. of Imperial
College possess duration of shaking slightly below 14.0 sec.



745

Grcllnd SurfC1.c~.. . , , . . .' -..: .'." · .' ......0' ·. - '... o.a,' '.'" .. -' I •

•
HEDIUN SAUD I40.0 t'l. 3

• . ~ =2000Kg/u
S,.;t

L. .':,:,-. 0 •• ; ....~..,.~••• "' ••O\.··,; •• : ... ·.~1 ~: ;~~~sec·'... to • ~ "'. ' .... ""•• ; •• :, -..-. '1," \ •••,., ...~ .:" ·1··...' 4. I...I; s.,./ •

IROCK
CROSS SECTION OF SITE"A" S =800 r:l/sec.

,.~

~
"I := 2100 Kg/m3

r.:::
§
~
~

~.
0,. YO.5km •r,q

O.5la1•
t:3

..
H

~l --L§--1 • • • • • • •
r:
E-i .. • • • • • • • • · .\ TQ
~--4

• • • • • • • • • •
~
0

• • • • • • p

~ .- • • • • • • l'~ • :\~&i
~ • • • • • • • • • • •c;

H ~

f1 • • -. ., • • • • ., .. •
., • • • • ., • • •

• • • • • • • .. • •

• • • • • • • • • • •

• • • • • • • .. • • • • • • • •
• • • • • • • • • • • • • • !~ • • • • • • • • • • • • • • l'~ •

(.)

~ • • • • • • • • • • • • •

~ •
• • • • • • • • • • .. • • •

• • • • • • • • • • • • • if• • • • • • • • • • • • ~ •

~'-.... L t• 400• ;7

~'-
..,.- ~

FIG. 4 SELECTU> AREA FOR SE:SEIC llICROZCHIllG



,. DAMPING. 5~

",.,

746

2.

3.

•
•

• '0"
• 20"

j

e::
'')

\o'l

1

""

<'
..'>

r'

,. J,,,>

<'"

",:. V

u
c,

°0 '.00
i

o .40

FIC.5'COL:I'UT:::D ClleUllD SURFACE ACCELERATIOll RESPCUSJ:: SPECT!lA AT Sl'l'i A..

n ,. DAI'IPING • ~
a

2. • .. '0':

.,6E S.... r.rU!l40 RAD. o.~ Sa 4011 S .jooa/nc. lWlJ' • 0.02 3. • .. 20"

i 0
llJU. 0.4,..~ N 1

~ ..,
ct:

e::
:;:)
l{.l 0...
X ...
~
J:

"......p c,
a: ~

-'a:
e::.....
~

'"w
~CL.

.,t) '"
1

'"1M

DO I I i i I i --,.'
.00 := .• 0 ~

.~ I ZO l.fiO l.'.lC Z ,.1) l."':; ~.roVw

--- "J~TL:R~L P(~!OC (SE.Cl~



, • OAI'IPI He OIl IS

i
t.J
:>

x
.T.
z:.....

"..

t ..,,..,.

"...

""

747

;--NRTURAL f'fRIOO lSrC)~

fIC. 5b COt'.1'Ul'::n GaCUND SURFACE V!::U)CITY R;:SPOKSE SPECTRA AT SITE A..

•
•

I

Z.6:

OIl t.~

• t.S

I
3.l0

o
.n

1. OAAPINli OIl 5S

•

i

'oJ
>
-J
a:
cr:.....
U
'oJ
0
Il)

1

o

'"
'"

1

c·.• ~ -,
;;.f: 1'.ZO

YIUQt "' ~.o cD/.eo.

Z'.40

•

£.0::
~N1PURAL PfRIOO rSU:l~



748

saos Oold... 0... JW).. 0.36 /£ • IfO& Sw}CQoV.... DAHI"'o.02

t <>

- '"
Lt.) ,-""

~ ~~ /\ ~ I • (\! r t ~.!. f f' f
.:r.
CY
w
-'
i.,L.j

i.J
...J C'

er. !

>-
:::>
CL co
>- -::>

C'
CJ .
1

.~

or
-0

I

.-. T 1Mf SLCON05-~

J'IC. .541 cc':I'unn CROUND SURFACE ACC"LEJUTION TIY.E BISTOZlY AT SITIo: A•.

S16E Su rera&1do JlAD,. 0.36 Ba Itoa S.~..c. DJJlP" 0.02

o

'"o
I

o--TlMf ~t(ONOS-7>

rIG. 6e COl~!P:lT::D CllCUIlD SURPAC:: J..CC~1£IlATl(·N T1M:: Hl:,7UP.Y AT SI'1'8 I..,



,J

.,.. '

j c>.,
~~

C~.
W...,,.
z::

<>
LJ ,>

,n

>-
C"

...-

...J
(.;) .,

JVJ,,'r.>
W
:> "0 .' .} ~ .JC

...-
:.:; "CL c>
...- 0
::J C"
0 I

1 .,.,
C>

749

, -.. ""'"

0-' T lt1f StTCNCS'-7

fIC. ,54 COlJPUT£D aROUND SURFACE VELOCITY Tn:E HISTORY AT SIT:: A.

I
t5 G:=

I

I ·~ ,."- .~ ...
i .

:!o.:::~

C">

"
t:>

'"

1 ,.,
CJ

~
c:J.....

<I)
......
z:

0w
~
0

>-
c~

...-
w
0 0
-J 0
W
:> Co

~J

...-
:::> t:'J

CL ~...- co
:::> ...
0 I

1 ..,
<:1

0
~

I

f

l4.0:

-, T I M[ S[[,ONOS'-7

PIC. • ' 64'=C!,:l'Ir.ElI CRCUIlJl SUllFACE VC:LOCITr TIl.:<: lI1STOilT AT SITt: A.



750

A PARAMETER AS A MEASURE OF SEVERITY OF GROUND SHAKING

Consider an element of soil, mass "m" at the surface of an over
burden. The kinetic energy which will be available for damage at time
"t" while the velocity if v(t) is:

2
[Kinetic = imv (t)· (6)

or the total kinetic energy available to be fed into structures located
on t~e d~posit over a time interval "Tdur" where Tdur is the length of
shak1ng 1S:

T
Ekinetic = 0.5.m. ~ v

2
(t) Sf; (7.3)

t=o

Equation (7.3) is written as:
Ek· t'S = . 1~e 1 c = 0.5

t=o
(7.4)

where "S" is the total energy available for damage per unit mass of
soil. The quantity IISII is called strength of ear,thquake motion and is
a measure of total energy which would be supplied to structures located
on the site, i.e. a measure of intensity of ground shaking. The advan
tage of this new parameter to describe the severity of ground shaking
to the "old" ones, such as Spectrum intensity defined by Housner ,is
this: this new parameter includes duration of shaking, whereas that
of Housner does not. The role played by the duration of ground shaking
on structural damage is explained in (5)·

The comp~ted values of the more useful parameter IISII, are 890 and
510 (em/sec.) •

It is important to note that the predicted design parameters given
in this section, as well as the computed acceleration and velocity time
histories, could be used for seismic microzonation of the region for
several design magnitudes and epicentral or source distances. ,The
capability of the method used for seismic microzonation purposes per
mits the expected values of the design parameters to be calculated
exactly on each grid point shown in fig. 4. Variations in design
earthquake magnitude and epicentral or source distance on calculated
design parameters could easily be assessed and the errors associated
with such variations computed.

CONCLUSIONS

Based on the study reported in this paper it may be concluded
that:

(a) The new method of analysis presented in this chapter pro
vides a useful means of calculating the design spectrum,
the design motion time histories and the strength of the
design earthquake at a particular site in many seismic
parts of the world where no strong-motion data is available.
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(b) The main features of the bedrock motion should not be esti
mated from Modified Merca11i (MMI), defined in 1931 or
Medvedev Sponheuer and Karnik (MSK) defined in 1964,
intensity scales. These scales are not only objective
scales but are desig~ed for non-specialist designed buil
dings. Do not consider tall structures, prefabricated
structures and long distance effect, etc. Approximate
correlations of maximum bedrock velocity, duration of bedrock
shaking,:and predominant period of bedrock motion with MMI or
MSK would, therefore, only provide very rough estimates under
certain conditions and be completely misleading under others.
Instead the appr~ach (a) is proposed.

(c) The recommendations made and the new method of analysis
presented would result in a considerable amount of savings
in the total cost of the proposed projects. In particular,
the new method allows a clear demonstration of the importance
of taking into account the influence of local soil conditions
on potential seismic motions.
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PRELIMINARY EVALUATION OF SITE TRANSFER FUNCTIONS
DEVELOPED FROM EARTHQUAKES AND NUCLEAR EXPLOSIONS

by

I IA. M. Rogers and W. W. Hays

ABSTRACT

Ground motion produced by the 1971 San Fernando earthquake was com
pared to that accompanying Nevada Test Site nuclear explosions, using
recordings of both events at several common stations in the San Fernando
Valley-Pasadena area of California. Similar trends in ground response were
observed for both sources. Those differences in the nuclear and earthquake
ratios that were observed are tentatively explained by changes in wave
propagation at the rock sites due to the proximity of the earthquake source
relative to the nuclear source. The known dispersion in such observations,
however, would also account for significant portions of the observed varia
tions.

INTRODUCTION

Sites in the San Fernando Valley-Pasadena area of California were
occupied with three-component, broadband, L-7 seismographs to record
Nevada Test Site nuclear explosions. These sites together with other
station locations in the Los Angeles region will ultimately be used to
establish the geographic variation in the ground shaking hazard and the
relationship between the hazard and the geologic characteristics of the
site. If it can be demonstrated that site response induced by nuclear
events is nearly equal to that produced by earthquakes, the task of deter
mining and mapping site response in Los Angeles will be greatly facilitated.
Such maps could ultimately be of great value in city planning, in prepara
tion for future earthquake disasters, and to building engineers. The
primary analysis requirements for the overall study are (1) to determine
how accurately the ground shaking hazard inferred from low-strain ground
motions reflects the principal characteristics of ground response under
high-strain ground motion conditions and (2) to determine if wave propaga
tion effects at sites near the source cause significant ground response
characteristics that are absent in the ground motion records recorded
hundreds of kilometers from the source. The purpose of this paper is to
present a preliminary assessment of ground motion data recorded at common
sites in the San Fernando Valley-Pasadena area from nuclear explosions and
from the 1971 San Fernando earthquake.

ANALYSIS TECHNIQUES

A broadband magnetic-tape-recording seismograph (1) was used to
record velocity seismograms of Nevada Test Site explosions. The analog
tapes were digitized and processed (2) to obtain pseudo-relative velocity

I Geophysicist, U.S. Geological Survey, P.O. Box 25046, Denver Federal
Center, Denver, Colorado 80225
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(PSRV) spectra, Fourier spectra, and acceleration, velocity, and displace
ment time histories. In this paper, the results are presented in terms of
the ratios of PSRV spectra of the whole time history, a representation that
can be related to the response of buildings. By taking ratios of spectra
for sites underlain by alluvium to sites underlain by rock (when the
distance between the two sites is small relative to the distance to the
source), the approximate sedimentary transfer function is obtained.
Although all three components of the ground motion data have been analyzed
in this manner, only the arithmetic mean of the two horizontal components
at each period are presented in this paper. Portions of the spectra con
taminated by noise were not used. For the nuclear explosions the noise
level was determined by computing spectra from a time segment prior to the
arrival of the seismic signal. The criterion used in the analysis was that
the spectral value at each period was used only if the signal-to-noise
ratio was at least two. The San Francisco earthquake data were examined
for contamination by comparing spectral values at periods of interest to
the mean spectral level in the period range 0.06-0.09 seconds. Spectral
values at periods of interest were rejected if they were not at least twice
this mean level.

COMPARISON OF RATIOS RELATIVE TO THE GRIFFITH PARK ROCK SITE

Figure 1 shows the location of the recording stations used in this

.A. MAIN SHOCK EPICENTER
V 34"24.7'N - 118024'W

rm Zone of Surface Rupture, Son
l* ... Fernando Earthquake

... location of Strong Motion
Accelerograph and l-7 System

."-"" ':'!\'I'

Figure l.--Map showing 1971 earthquake epicenter, surface ruptures, and
station locations.
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study, the epicenter of the San Fernando earthquake, and the zone of
surface faulting. Values of the peak ground acceleration and velocity
recorded at each station, distance to the epicenter, and the azimuth from
the epicenter to each station are given in table 1.

DISTANCE AZIMUTH FROM PEAK PEAK
STATION NAME ABBREV. (KM.) EPICENTER TO STATION ACCEL. (9) VEL. (cm/s)

HOLIDAY INN HOI 20 197 0.27 30

GLENDALE MUNI. BLDG. GMB 32 154 0.28 28

3838 LANKERSHIME 3838 30 172 0.18 15

ATHENAEUM ATH 37 140 0.11 14

MILLIKAN LIB. MIL 37 140 0.22 16

CALIF. INST. TECH. CIT 34 144 0.19 12

GRIFFITH PARK GOC 33 164 0.18 20

Table l.--Station data glvlng azimuth and distance from the earthquake
epicenter to the station and the peak acceleration and velocity on the
strong motion records.

The spectral ratios (nuclear and earthquake) for three sedimentary
sites are shown in figure 2, relative to the reference crystalline rock
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Figure 2.--Graphs showing earthquake time histories, nuclear event time
histories, and nuclear and earthquake spectral ratios at common sites.
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756

site, Griffith Park (GOC). One time-history component is also shown for
each station for both nuclear event and earthquake. Station Holiday Inn
(HOI) is underlain by intermediate-depth alluvium (270 m) and deep sedi
mentary rock (4.2 km); station Glendale Municip~l Building (GMB) is
underlain by shallow alluvium (91 m) and shallow sedimentary rock (1.5 km);
and station 3838 Lankershime (3838) is underlain by shallow sedimentary
rock «0.6 km?). All of these sites, including the reference rock site,
are located at approximately the same azimuth and distance from the source
region of the San Fernando earthquake; therefore, differences in spectral
ratios due to source and path effects are minimal. The data show that
average spectral amplitudes at sites underlain by alluvium in the thin
«100 m) to intermediate (100-500 m) thickness range are larger on alluvium
than on rock and that the nuclear data broadly duplicate the earthquake
data. However, some deviation does occur at the long periods for the HOI
and 3838 sites. Discussion of the possible causes of these deviations
follows.

Examination of the strong motion displacement time histories computed
by Hanks (3) for the San Fernando earthquake indicates that surface waves
developed locally, principally at sites underlain by a thick sedimentary
section~ The earthquake velocity records (fig. 2) for stations GOC, GMB,
and 3838 show very little surface wave development, and most of the energy
arrived at these sites within the first 10-15 seconds. As a consequence,
the long-period earthquake spectral ratios approached I for periods greater
than 1-2 seconds at stations GMB and 3838. In contrast, greater surface
wave development occurred at station HOI, and the long-period earthquake
spectral ratio (HOI/GOC) was consequently high relative to the other two
sites.

On the other hand, the Nevada Test Site explosions produced ground
motions in the San Fernando Valley-Pasadena region that were well dis
persed. Significant surface waves were recorded at sites underlain both by
basement rock and sedimentary rock. These surface waves were also modified
by the local geologic structure, but because the waves were not primarily
generated locally by incident body waves, they were present to some degree
at all sites. The nuclear long-period ratios are relatively high owing to
the persistence of surface wave energy propagating over several hundred
kilometers that is modified locally at sites underlain by sediments. On
the other hand, energy produced by nearby earthquakes that is incident at
sedimentary sites may not have developed significant surface waves (from
locally incident body waves) because the sedimentary travel path is too
short or too heterogeneous. While this mechanism could produce differences
in long-period earthquake and nuclear data at sites underlain by rock or
sediments, in this case the most significant differences occur at a site
underlain by rock. Although these results indicate that some discre
pancies may be encountered when using ground motion data from distant
nuclear explosions to predict strong motion site response for nearby
earthquakes, these data show that the spectral ratios agree at most periods
within a factor of 2.

In assessing the validity of the spectral ratio method for nuclear
explosions and earthquakes, one must maintain some perspective on the
goals. The expectation is that the method will produce mean amplification
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values across several period bands that will closely approximate the values
derived from the other data set. These mean values will be derived from
several events recorded at a group of sites underlain by similar geologic
conditions. However, because of the inherent variability in ground motion
data (11), one cannot expect that a single ground motion recording, at a
pair of sites, from either a nuclear explosion or an earthquake, will
produce a precise transfer function. In estimating site-specific transfer
functions, the most important requirement is to obtain an ensemble of
ground motion data for pairs of stations that demonstrates the repeatability
of the mean transfer function and establishes the approximate standard error
of estimate. From the regression of nuclear PSRV data with yield for a
single period and a single station, it is known (12) that the standard
deviation of PSRV data at each period is about a factor of 1.6. Ratios of
PSRV data will, therefore, exhibit even higher dispersion. Of course,
differences in spectral ratios that occur across broad-period bands can be
considered to be more significant statistically than differences that occur
at a single period. Thus, for the case of the spectral ratios depicted in
figure 2, some of the observed variability can be attributed to the inherent
dispersion that is observed in earthquake and nuclear-explosion ground
motion data.

COMPARISON OF RATIOS RELATIVE TO THE CALIFORNIA INSTITUTE OF TECHNOLOGY ROCK
SITE

The time histories record~d at stations Athenaeum (ATH), Millikan
Library (MIL), and the Seismological Laboratory (CIT), all at the California
Institute of Technology, are shown in figure 3. The spectral ratios
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Figure 3.--Graphs showing earthquake time histories, nuclear event time
histories, and nuclear and earthquake spectral ratios at common sites.
Ratios are relative to rock site CIT.
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relative to CIT are also shown and indicate a striking difference, at the
short periods, between the ratios based on nuclear explosions and those
derived from the San Fernando earthquake. The ratios based on nuclear
explosion data are consistently higher than the ratios based on earthquake
data. It should also be noted that the earthquake ratios are greater than 1
for periods greater than 0.3-0.4 second, indicating that in this case ground
response on soils will be greater than on rock for periods longer than 0.4
second, and lower for periods shorter than 0.4 second. Hudson (4) first
noted that ground motions for these two soil sites might be lower than ort
rock. On the other hand, the nuclear ground response data imply that ground
motions will be larger on soil than on rock for periods greater than at
least 0.2 seconds.

The ATH and MIL sites, which are about 500 m apart, are both underlain
by 270 m of alluvium over crystalline rock, the same rock that underlies
CIT. One would expect both MIL and ATH to exhibit a similar ground response
relative to CIT because they are nearby and are underlain by the same
geology. Thus, the similarity of the earthquake spectral ratios at MIL and
ATH and the corresponding similarity of the nuclear spectral ratios verifies
that the ground response is reproducible. There is also good agreement
between the transfer function derived by Gutenberg (5) for the ATH site
using earthquake data and the transfer function based on nuclear explosion
data. Two sites have been occupied that indicate good agreement between
Gutenberg's method (5) and the methods of this study (6). This agreement
also supports the premise that the relative ground response derived from the
nuclear data is reproducible and that the site transfer function is closely
related to low-strain earthquake ground response.

Given that the ground motion data are accurate, an explanation is
required for the striking difference, especially at the short periods,
between the spectral ratios based on nuclear explosion and earthquake data.
The nuclear explosion-based ratios imply consistently higher ground motion
levels than the earthquake-based ratios. One possible explanation is that
nonlinear effects are present in the strong motion data and absent in the
nuclear explosion data. The nonlinear effects (7) would act to reduce the
observed ground motion levels for periods less than 1-2 seconds at the
alluvium (ATH, MIL) sites, but not at the rock site (CIT). Several facts,
however, indicate that this mechanism is not a likely possibility. First,
the strain levels from the San Fernando earthquake are not high at these
sites, the peak strain being estimated as

au = 1 au ~ 7 x 10-~ax v at -
Where v (wave velocity) ~ 270 m/sec (8),

auat = ground velocity ~ 0.2 m/sec

Strains of this magnitude would be expected to produce at most, a change in
relative ground response less than 20-30 percent (9), whereas the observed
differences in ground response are several hundred percent. Second, no
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strain-dependent effects are apparent in the ground response data for the
GMB and HOI sites, which are closer to the epicenter than CIT and experi
enced particle velocities about twice the level observed in Pasadena.
Third, spectral ratios of ground motion recorded at locations on the Nevada
Test Site provide data to evaluate strain effects. Figure 4 compares
ground motion ratios (alluvium/welded tuff) for two nearby nuclear explosions
recorded at common sites on the Nevada Test Site. The peak ground motion
parameters and strains produced at the sites are also shown in the figure.
A velocity of 180 m/s (13) was used to estimate the strains at the site
underlain by 6 m of alluvium. Thus, although the ground motion levels and
strains are greater than an order of magnitude apart and are comparable to
those recorded in Pasadena, the ratios shown are similar. This result,
although limited, is evidence that ground response observed at low strain
levels can be extrapolated to higher strain levels. The data also indicate
that peak acceleration on alluvium are greater than on consolidated sedi
ments for this level of ground shaking and these sediment thicknesses.
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Figure 4.--Graph comparing spectral ratios for two nuclear events. The
recording sites, on the Nevada Test Site, are 20 m apart.
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Examination of the GOC/CIT ratio shown in figure 5 for the earthquake
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Figure 4.--Graph comparing spectral ratios for two nuclear events. The
recording sites, on the Nevada Test Site, are 20 m apart.

indicates that of these two rock sites GOC recorded the largest amplitudes.
Hanks (3) has shown that larger amplitudes were generated at azimuths to the
south than at other azimuths, and this fact would explain the higher observed
amplitudes at GOC. On this basis one might attempt to remove the azimuthal
dependence in the GOC/CIT ratio by assuming the ratio averages about 1 at
long periods. In this case the nuclear ratio, shown in figure 5, would
match the earthquake ratio at long periods (T > 1 second), but would display
an even greater difference at the short periods than that shown in figure 5.
Because we accept the validity of the GOC nuclear and earthquake data on the
basis of the comparison shown in figure 2, and we accept the ATH and MIL
earthquake data on the basis of the comparisons shown in figure 3, the
results seem to indicate anomalously large CIT earthquake amplitudes at
periods less than one second relative to ATH-MIL. This result is both
curious and difficult to explain.

Differences in wave propagation path from the source to the site can
produce focusing effects (10) (including topographic effects suggested by
Hudson (4) for the CIT site), which can be highly azimuth and distance
dependent. Gutenberg (5), however, did not find a significant azimuthal
effect for any of the earthquakes and sites that he studied, including ATH
and CIT. This fact alone does not preclude the possibility of path effects,
however, because it is possible that the right combination of azimuth and
distance was not sampled by Gutenberg's data.

Another possible explanation of the observed differences is the
presence of noise contamination in the strong motion record due to building
vibrations that were excited during the earthquake, but not during the
nuclear explosion. In a two-story building, however, vibrations with
periods as long as 1 second do not seem likely.
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Finally, path propagation effects not related to focusing may playa
part in producing relatively high CIT short-period motions. Consider the
fact that station CIT is located at the southeastern margin of a northwest
trending salient of crystalline rock (the Verdugo Mountains-San Rafael
Hills) that is almost intersected on the northwest by the rupture surface.
While a portion of the short-period energy recorded at CIT likely traversed
deep horizons and arrived from below, it is possible that significant
portions of short-period energy also traveled along more direct near-surface
paths. Propagation of near-surface body and surface wave phases, for
instance, may have been induced by the "breakout" of the fault surface near
the northern terminus of the Verdugo Mountains. While these waves would
undergo about a factor of 4 (Q=150) material attenuation over the 20 km
between the rupture and CIT, attenuation of about a factor of 20 (Q=50) would
occur between CIT and the stations ATH and MIL, because this 4.5 km travel
path occurs totally in alluvium. Assuming this analysis can be extended to
estimate the fraction of horizontal-to-vertical traveling earthquake ampli
tudes required at CIT to produce the observed effects and taking into
account path attenuation and site response, the results of this analysis
indicate that the horizontal traveling earthquake amplitudes at CIT are at
least 30% of the total recorded amplitude, but may be as large as 50% of the
total. Whether or not it is reasonable to expect a percentage of horizontal
traveling amplitude this large is questionable and may only be resolved by
analytical modeling. Further, the observed peak acceleration at the site
(0.19 g) is not anomalous compared to Schnabel and Seed (14) acceleration
vs. distance curves which indicate expected acceleration of about 0.2-0.3 g;
however, a change in the peak acceleration of 30% could easily be masked by
the normal scatter in such data. In conclusion it is uncertain which of the
mechanisms discussed leads to the observed differences between CIT and ATH
MIL. It is possible, of course, that all of the factors play some role.

CONCLUSIONS

1) Average spectral ratios at sites underlain by thin-to-intermediate
thickness alluvium indicate that for both nuclear and earthquake ground
motions, spectral amplitudes on alluvium are greater than on rock (sedi
mentary or crystalline) across most of the period range of engineering
significance. Also, long-period amplification at a site underlain by
intermediate-thickness alluvium was observed to be higher than that at a
site underlain by thin alluvium.

2) The general agreement between long-period earthquake and nuclear
spectral ratios at alluvium sites indicates that surface waves develop with
similar amplification characteristics for both nearby and distant sources at
these sites. In one case, the lack of agreement at long periods between
earthquake and nuclear spectral ratios for a site underlain by shallow sedi
mentary rock suggests that surface-wave development at this site reflects
some wave-propagation differences for near and distant sources. This effect
produces slightly conservative ground shaking response estimates at long
periods.



762

3) Short-period earthquake energy recorded at CIT appears anomalously
high relative to ATH and MIL, and this observation is possibly also related
to travel-path effects. If correct, this result does not indicate that the
site response estimate derived from the nuclear data at the two alluvial
sites is in error, but suggests that estimation of actual ground shaking
levels at sites near earthquake epicenters should incorporate complex source
and travel-path geometry effects in addition to site response.

4) Because of the complexity of predicting source and travel path
effects using present technology, prediction of mean site response using
nuclear event ground motions may have to incorporate some additional
variance related to unknown source and propagation effects to correctly
represent expected earthquake-induced site response.
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THE CONTRIBUTION OF LOVE WAVES TO STRONG GROUND MOTIONS

by

Kazuyoshi KUDO

ABSTRACT

Love waves whose characteristics are mostly controlled by thick(2-3km)
sedimentary layers, were calculated using normal mode theory for given fault
parameters of the Off-Izu-Peninsula earthquake(1974) , the North-Izu earth
quake(193Q) and the Saitama earthquake(1931). These were compared with the
transversely polarized displacements observed at Hongo, Tokyo. Good agree
ment between synthetic and observed seismograms was obtained in both
amplitude and phase in the period range from 5 to 10 or more seconds. Far
field expressions derived from normal mode theory are sufficient for the
prediction of Love waves when kp is larger than 10, where k and p are wave
number and epicentral distance, respectively. For waves with periods
greater than about 10 seconds, this condition is fulfilled for epicentral
distances larger than 40km for the structure in and around Tokyo. A point
force approximation is adequate but a slight improvement is obtained by
evaluating a fault of finite vertical extent.

INTRODUCTION

There is an urgent need to determine the characteristics of strong
ground motion due to earthquakes in the period range from one to ten or more
seconds, because of the increasing number of high-rise buildings and large
scale structures.

Long-period strong-motion seismographs have been operating at the
University of Tokyo, Hongo(Tokyo) , since the beginning of this century.
A few seismograms of great earthquakes, such as the Kanto earthquake of 1923,
are overloaded but some complete records of large earthquakes are available.
Among them, there are some seismograms where the amplitude is constant for a
long time (1 to 2minutes) with nearly constant period (7 to 10seconds).
Generally speaking, the longer the natural period of a building is, the
smaller damping constant. Therefore, these earthquake ground motions are
especially dangerous for such buildings, if their natural period matches that
of the ground motions. The study of the generation and wave-types of these
earthquake ground motions is important for anti-seismic designing.

Seismograms of the Off-Izu-Peninsu1a earthquake of 1974 (M=6.9), the
North-Izu earthquake of 1930 (M=7.0) and the Saitama earthquake of 1931 (M=
7.0) recorded at the University of Tokyo are analyzed in the following.
The predominant displacement amplitudes at Tokyo due to these earthquakes
are shown to be Love waves mostly controlled by thick sedimentary layers.
The source parameters of the earthquakes have been determined by other
authors. We will examine to what extent we can obtain agreement between
observed and synthetic seismograms adopting the excitation theory of surface
waves (Ben-Menahem,1961; Ben-Menahem and Harkrider,1964; Haskel1,1964;
Harkrider,1964,1970; Saito,1967), without any modification of the given
source parameters as far as is possible.

Assistant of Earthquake Research Institute,University of Tokyo, Tokyo, Japan.

Preceding page blank
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EXCITATION THEORY OF SURFACE WAVES

Theoretical amplitude spectra of surface waves from various types of
sources at depth in layered media have been given by Harkrider(1964,1970),
Haskell(l964), Saito(1967) and others. In the present paper, the expressions
and notations by Harkrider are adopted. Far field spectral displacement
amplitudes of horizontal Love and Rayleigh waves for a point double couple
force,can be written as

U(w) = Sew) k x(8,h) E exp[-i(kr+31f/4)]/ 121fr

where S(w)=spectral source function, k(=w/C)=Love or Rayleigh wave number,
8=azimuthal angle measured counterclockwise from the strike direction to the
station, h=focal depth and r=epicentral distance. The complex radiation
pattern functions of Love and Rayleigh waves are

XL(8,h) = i(cosAcososin8-sinAcos2ocos8)G(h) + (1/2sinAsin2osin28

+ cosAsinocos28)V(h)
and

XR(8,h) =1/2sinAsin2oB(h) - i(sinAcos2osin8 + cosAcosocos8)C(h)

+(cosAsinosin28 - 1/2sinAsin2ocos28)A(h)

where A=slip angle measured counterclockwise from a horizontal line to the
strike and o=dip angle measured downward from the negative dip direction.
The quantities V(h) ,G(h) ,A(h) ,B(h) and C(h) are given as

and

V(h) = [vs(h)/vo ] , G(h) = l/~s[Tis(h)/(vo/CL)]'

A(h) =-[u*(h)/w], B(h) =-(3-4S2/a,2)[u*(h)/w ]-2/(p a,2)[O"R* (h)/(w /CR)]s 0 s S 80S S S 0

c(h) =-l/~s[TRs(h)/(wo/CR)]

where the quantities in the right hand of the above equations are identical
to Haskell(1953). Subscript s means the source layer. The amplitude factors
are

E = A k-l/2
L L L

and

ER = -[u~/wo]ARkRl/2, AR = [2CRURJooop[[U*(Z)/wo]2+[W(Z)/wo]2]dz]-1.

In the following, the time function of the force is assumed to be a
simple ramp function. The expressions for a propagating fault have been
given by Ben-Menahem(196l) as exp(-iX)sinX/X for a unilateral fault if r»L,
where X=wL/2(1/V-cos8/C). The corresponding effect for a symmetric bilateral
and bidirectional fault may be written as l/2[exp(-iX)sinX/X+exp(-iY)sinY/Y],
where X=wL/4(l/V-cos8/C), Y=wL/4(l/V+cose/C). L,V and C are fault length,
rupture velocity and phase velocity at angular frequency w, respectively(Aki,
1966).

If we restrict our discussion for kr larger than 10, the far-field
approximation is adequate.
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OFF-IZU-PENINSULA EARTHQUAKE

RECORDS AT TOKYO

A large earthquake(M=6,9) occured on May 9th of 1974 in the southernend
of the Izu~Peninsula. Omori long-period strong-motion seismographs recorded
the ground motion well at the Earthquake Research Institute(35.72°N;139.72°E).
The epicenter, focal depth and origin time are 34.62°N;13S.Sl o E, 10km and

OSh33m27.Ss(J.S.T.), respectively (Matsuzaki,1975). The epicentral distance
is l50km and the seismic intensity at Tokyo was lIT (Japanease scale).

The locations of epicenter and station are shown in Figure 1. The
recorded seismograms and the seismograph constants are shown in Figure 2 and
Table 1, respectively. They are reproduced from Iwata et al(1974).
Digitizing of the records was done on a SMAC-READER which gave computer cards
directly as out-put. Digitization points were taken at every O.lmm which
corresponds to a 0.2sec time interval. The distortions of wave form due to
the finiteness of arm length were removed and the data were interpolated to
equal time intervals(0.25sec) using a spline function(Saito,1973).

N

+

CHIBA

Fig. 1. Map indicating the
epicenters of the Off-Izu
Peninsula earthquake of 1974,
the North-Izu earthquake of
1930 and the Saitama earthquake
of 1931, and the location of
the recording site. Hatched
lines show the locations of
seismic profiles.

Real displacement of ground motion was aquired by the Fourier transform
method(F.F.T.). In the computation, a Hamming spectral window having cut-off
frequencies at 0.04 and 1.0Hz was used. The upper two traces in Figure 3 show
the displacement of the NS and EW components thus obtained. Lower traces in
the figure show the displacements parallel and perpendicular to the wave
propagation direction. As the amplitude of the transversely polarized wave
is about two times larger than the radial one, we will discuss only this
wave in what follows.
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TABLE 1. Seismograph characteristics

Component

EW
NS

Natural period
(sec)

19.9
31.0

Magnification

1.34
1.44

Damping Const.
(h)

0.23
0.18

Paper speed
(mm/min)

30.0
30.0

Fig. 3. Seismograms after the
instrumental responses were
removed (upper two traces),
rotated into radial and transverse
components (lower two traces).

Fig. 2. Seismograms of the Off-Izu
Peninsula earthquake recorded at Tokyo,
reproduced from Iwata et al (1974).
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UNDERGROUND STRUCTURE AND GROUP VELOCITY DISPERSION

The primary intention of the present analyses is to identify the wave
type of the major amplitudes of the observed seismograms. For this work, it
is suitable to obtain group velocities of each wave group. A moving-window
mu1itip1e-fi1ter method (e.g. Dziewonski et a1,1969) is adopted to obtain
the group velocity dispersion curve. The power densities of the incoming
wave, as functions of time (group velocity) and frequency, are contoured, as
shown in Figure 4. The numbers on the contours show values relative to the
peak value in decibels. Clear dispersion is found, and we are able to assume
that the transversely polarized wave mainly consists of Love waves.

The dispersion characteristics are determined by the structure in which
the waves propagate. We do not have a seismic cross section containing both
source and station, nevertheless the structure in the Tzu-Peninsula (source)
and in and around Tokyo (station) are known independently. Hotta et a1(1964)
obtained a seismic cross section of central Japan including the Izu-Peninsu1a
by the observation of P-waves generated by explosions. Corresponding S-wave
velocities were determined by assuming Poisson's ratio to be 0.25 in each
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layer (Modell): Shima et pI (1976a,b~c) obtained seyeXpl P~ pnd S~wave

velocity structure models o~ Tokyo thxough the opsexvation of se~smic waves
generated by explos~ons. Among them, two models were chosen (Model 2 and
Model 3), The locations of seismic refraction profiles are shown by hatched
lines in Figure 1. The constants of each model are shown in Table 2.
Dispersion curves of Love wave group velocity (fundamental mode only) for
these models were computed according to Haskell (1953), and were compared with
the observed group velocity (solid circles) as shown in Figure 5. Although
the dispersive characteristics of the observed group velocities are rather
different from the computed values, the difference in the case of Model 3 is
small compared with the other models. These discrepancies notwithstanding,
we generate syntheses according to the excitation theory of Love waves for
the three structural models.
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Fig. 4. Contour plot of power
spectral density of the Off-Izu
Peninsula earthquake against group
velocity and frequency. Numbers on
the contours show values relative to
the peak value in decibels. Chain
of solid circles shows a ridge of
the contour.

Fig. 5. Dispersion Curves of group
velocity of fundamental mode Love
waves, for three models, plotted
against observed data (solid circles).

TABLE 2. Structure models based on seismic profiles

Model 1

Layer ec(kmfsec) 8(km!sec) p(g/cm3 ) Thickness (km)

1 2.83 1.6 2.4 1.5

2 6.0 3.4 2.65 22.5

3 6.82 3.7 2.88 6.0

7.8 4.4 3.3

Model 2

Layer a (km/sec) B(km/sec) p (g/cm3) Thickness(km)

1.8 0.7 2.0 1.0

2.5 1.5 2.3 1.6

5.5 3.0 2.5

Model 3

Layer a(km/sec) B(km/sec) p(g/cm3) Thickness (km)

1.6 0.58 1.8 0.2

1.8 0.7 2.0 0.47

3 2.5 1.5 2.3 1.84

4 5.3 3.0 2.5 3.5

5 6.0 3.4 2.6
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SYNTHESIS

Matsuzaki(1976) obtained the sou~ce parameters of this earthquake as
follows; strike~N50oW, slip angle=14°(xight l qteral), dip angle=76°, fault
length=20km, fault width=lOkm, focal depth (h)=lOkm, mode of rupture=
bilateral, rupture velocity=2.5km/sec, rise time=lsec, seismicmoment=
6.6xl025dyne~cm.

Amplitude spectra of Love waves were calculated for three structures
adopting the above source model. They were also computed for a focal depth
of 6.0km holding the other source parameters constant. The spectra are
shown in Figure 6. The synthetic amplitude spectrum for Model 3 for focal
depth 6.0km (thick broken line in Figure 6) is somewhat larger than the
observed spectrum but it resembles the major amplitudes of the record fairly
well. The other cases are in poor agreement. From the view point of appli
cation to earthquake engineering, it is interesting that the major amplitude
spectrum is roughly matched by the fundamental mode Love wave in the
structure beneath the observation point.

The phase characteristics of the waves are also important from the same
point of view. It is convenient for this work to obtain synthetic seismo
grams by means of the inverse Fourier transform (e.g. Kanamori,1970a,b).
A Hamming spectral window having cut-off frequencies at 0.04 and 0.25 Hz
was used for the computation. Synthetic seismograms of fundamental mode
Love waves thus obtained are shown in Figure 7 together with the observed
seismogram. Synthetic Love waves for all structure model are inconsistent
with the observed seismogram, even though the case of Model 3 gave good
agreement in its amplitude spectrum. None of the computed dispersion curves
match the observed one. Therefore, there may be some factor beyond the
scope of this study that causes the synthetic Love waves to be out of
keeping with the observed ones. However, none of the structure models may
be appropriate, because the seismic cross sections reveal only small parts
of the path from source to station(see Figure 1). Groups velocities of
surface waves reflect the average structure from source to station when an
interface between a surface layer and a semi-infinite medium has dip, or
when a surface layer has some vertical boundaries (Sato, 1959, 1966).

Is it possible to obtain a better synthesis if we introduce a structure
whose group velocity dispersion curve agrees with the observed one?

IMPROVEMENT AND DISCUSSION

A new three layered model was proposed as follows, The observed
group velocity at low frequencies is closest to the dispersion curve of
Model 2, so the S-wave velocity of underlying semi-infinite medium was
assumed to be 3.0km/sec. since it tends to 1.45km/sec at high frequencies
(above a.2Hz), the S-wave velocity of the uppermost layer was assumed to
be 1.5km/sec. The S-wave velocity of intermediate layer was arbitrarily
assumed to be 2.5km/sec. Densities corresponding to the 1st, 2nd, and 3rd
layers were assumed to be 2.3, 2.6 and 2.7g/cm3 , respectively. Several
dispersion curves were computed varying the thickness of the first and
second layers, and compared with the observed group velocity. The resulting
dispersion curve and layer parameters are shown in Figure 8.

Synthetic amplitude spectra and seismograms were calculated again
adopting this new model (Model A). A synthetic amplitude spectrum showing
adequate agreement was obtained for a focal depth of 7.5km as shown in
Figure 9. A slight improvement is obtained by taking into account the
fault width, which is represented by point forces distributed continuously
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on a vertical fault plane (Harkrider~ 1964), as shown in Figure 9. In this
calculation, the homogeneous point forces are distributed from 4 to 14km in
depth every O.Skm. Excellent agreement between observed and synthetic
seismograms was obtained in both amplitude and phase, except for the
beginning of the S-arriva1 and the coda.

The underground structure Model A is not unique and another model may
be equally acceptable. However, if we could model other earthquakes of
similar path by Model A, it might be possible to predict the Love waves of
future earthquakes which occur in and around the Tzu-Peninsula, even through
Model A does not reflect the real seismic cross section.

The disagreement in low frequencies may be caused by our adoption of
the far field expression. However, short period waves less than around
10sec are the most important from an earthquake engineering point of view.
Under this restriction, the far field expression is applicable for epicen
tral distance larger than 40 km, since the wave number k(=w/C) at a period
of 10sec is around 0.25(cycle/km) except for Modell. An interpretation of
short period waves less than 5sec as appeared at the beginning of the
S-arriva1 is our next problem.

16,--------------,

10° L-L-J,J-.LLL.LL-U-U-ll.LL~--";;--';-;~
05 1 2 3 (Hz)

Frequency

OFF-lZU-PENINSULA EARTHO.

Observed

Model 3

J-- GO sec -----1
Synthet ic

(h:6km)

h(km) Model

== 19~ 1

1\ :.:= 199 2

/,J ::::: 19~ 3

/'-. '- • Observed1.- I. f,
/-1 •• '1'I.' .,

" .\
I
I
I

\
I./ //-\\

.I /,/ \
/ // 1\
. / ' I,

/ / / \\ ..
/ ,/ \\ \i \ .."

i \i \: ,.
/ \\ I I •

CIJ 10\

~
"-
E

'"

Fig. 6. Synthetic amplitude spectra
of Love waves for six cases compared
with the observed amplitude spectrum
of the Off-Izu-Peninsula earthquake.

Fig. 7. Wave forms of synthesized
Love waves for three models having
focal depth 6.0km, compared with the
observed transverse wave.

Model A depth<J<m)-;;
f:2.3g/cm3" B:I.5 km/s ,

~ 3· 25
~ B:2·5 Y:2·G
~ 4·5
?:' B:30 f:2·7
u
0 •a; --> 2· .
0- -"~
'" - Observed .--

- Computed

1·

·05 ·1 ·2 ·3 (HZ)

Frequency

Fig. 8. Structure model and its
group velocity dispersion curve of
fundamental mode Love waves compared
with the observed data.



30

-;:; 20
"'"§
-
,,10

"~ •
a.
E
<l 5

• ObserVed

Synthetic
h=4-14km
h=7-5km

•
:t~
••••

·3 (Hz)

772

I-- 60sec ~

Fig. 9. Synthetic amplitude spectra and wave forms calculated by adopting
Model A (see Figure 8). The solid curve shows the amplitude spectrum
obtained through integrating homogeneous point forces distributed from 4 to
14 km on a vertical fault plane. The dashed curve is obtained from a point
force at 7.5km depth.

OTHER EXAMPLES

NORTH-IZU EARTHQUAKE OF I930

A large earthquake (M=7.0) occurred on November 26, 1930, in the
northern part of the Izu-Peninsula as shown in Figure 1. A general descrip
tion of this earthquake is given by Richter(1958).

Omori long period strong-motion seismographs (Table 3) were operating at
Hongo(Tokyo) and recorded the ground motion due to this earthquake well.
Tanaka and Yoshizawa(1977) derived the real ground motion from the records.
The transversely polarized wave is shown in Figure 10. The wave propagation
path is almost the same as the case of the preceeding section, but the
epicentral distance is different (Figure 1). Accordingly, the underground
structure of Model A should be adequate for synthesis of this earthquake,
if a flat layering assumption is valid.

Source parameters of this earthquake were selected by referring to
Ichikawa(197l), Geller(1976), and Abe(1978) as follows; strike=N9°E, slip
angle=1800(left lateral), dip angle=90°, fault length=22km, fault width=llkm,
rupture velocity=2.0km/sec, rise time=1.7sec, seismic moment=2.7xl026dyne-cm.
Azimuthal angle and epicentral distance are 148° and 100km, respectively.
Synthetic Love waves were computed for three cases of rupture; the first is
that the rupture starts from the southern end of the fault and propagates
north unilaterally, the second is that rupture propagation is in the opposite
direction, and the third is that the rupture starts from the center of the
fault and propagates bilaterally. The depth to the top of the fault was set
at 5km. Synthetic Love waves thus obtained are shown in Figure 10 together
with the observed seismogram. According to Imamura(193l), this earthquake
is characterized by multiple shocks, at least four events. The fourth
event, 7.5 sec after the first event was the major shock. The beginning of
the observed wave in Figure 10 corresponds to the P-arrival of the first
shock. Then the timing of the synthetic seismogram is set corresponding
to the P~arrival of the fourth shock. Synthetic Love waves for the first
case of rupture match the record fairly well.



773

Roughly speaking, our flat layering model is adequate. However, an
appropriate structure should be introduced for precise analysis, since the
correspondence between synthesis and observation becomes weak in later phases.

TABLE 3. Seismograph characteristics that recorded the ground motions of
the North-Izu and Saitama earthquake at Hongo

Component Natural period(sec)

N13°W, S13°E 33
N77°E, S77°W 47

Magnification

1.5
1.5

Damping ratio(v)

1.5
1.8

NORTH -[ZU EARTHQ.

Observed (aHer TANAKA and

~ 'OSH'"",,'''''

~:"
unilateral 2

Scm

CJvvw,,,,;;;;;;~"
>---- 60 sec-----<

SAITAMA EARTHQUAKE OF I93I

Fig.lO. The transversely polarized
wave of North-Izu earthquake of
1930 obtained from the seismograms
recorded at Hongo, Tokyo and
synthetic Love waves for three
models of rupture propagation.

The Saitama earthquake (M=7.0) occurred on September 21, 1931, in the
northwestern part of Saitama Prefecture, as shown in Figure 1. The propa
gation path to Hongo is different from the preceeding cases. Figure 11
shows the seismograms recorded by the same seismograph (Table 3) as the
North-Izu earthquake at Hongo, Tokyo. The transversely polarized real
displacement and its power amplitudes as functions of group velocity and
frequency are obtained in the same way as in the preceeding section. A
significant dispersion of group velocity is also found in this case, but
it is not as simple as in the preceeding cases (Figure 12). Since one
branch of the observed dispersion curve seems to match Model 2 as shown in
Figure 13, we adopt Model 2 for generating the synthetic Love waves.

Abe(1974) determined the source parameters of this earthquake as
follows; dip direction=N196°E, slip angle=5°(left lateral), dip angle=80°,
fault 1ength=20km, fault width=10km, mode of rupture=bi1atera1, rupture
ve1ocity=2.3km/sec, rise time=2sec, seismic moment=6.8x1025dyne-cm, focal
depth=lkm.

The amplitude spectrum and Love wave seismogram were synthesized
adopting the above source model. However, they are much larger than the
observed ones. Further calculations were done with the depth to the top of
the fault at 3 and 5km, holding the fault width constant. They are compared
with the observed amplitude spectrum and transversely polarized displacement
in Figure 14. The synthesis for 5km depth matches the observed seismogram
fairly well, though the consistency is poor compared with the case of the
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model is not resolved
layering model is not
In fact, basement rocks

portion of the propaga
A similar problem is
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Off-Izu-Peninsula and North-Izu earthquake.
The discrepancy of focal depth with Abe's(l974)

at present; however one possibility is that our flat
suitable for a precise analysis of this earthquake.
are exposed in the source region, while the greater
tion path is covered with thick sedimentary layers.
discussed in Heaton and Helmberger(1977).

CONCLUDING REMARKS

The transversely polarized displacements of three earthquakes observed
at Hongo, Tokyo, mainly consist of fundamental mode Love waves. This is
confirmed by adequate agreement between recorded and synthetic seismograms
in both time and frequency domain through normal mode theory.

A flat layering assumption is valid if its group velocity dispersion
curve fits the observed group velocity.

The most important conclusion from the viewpoint of earthquake engineer
ing is that strong excitation of Love waves is expected when thick sedi
mentary layers exist in and the focal depth is shallow, even though the
epicentral distance is small.

According to Kawasaki(1978), the agreement between the wave forms
obtained by normal mode and exact ray theory is excellent even at close
distances except for the head wave portion. Then normal mode theory is
appropriate for estimating the displacements due to Love waves excited by
shallow earthquake, from the veiwpoint of computational economy.

Higher modes of Love waves have not been discussed in the present paper.
However, they must be taken into account in any study of the generation of
short period waves, which is important for ordinary buildings. A detailed
structure model is needed to accomplish such a study.
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THE RELEVANCY OF ONE DIMENSIONAL SHEAR
MODELS IN PREDICTING SURFACE ACCELERATION

by

Issa S. OweisI

ABSTRACT

A simple shear beam model was established based on detailed analyses of
cases covering various soil profiles from 15 sites. Profiles were excited
by rock motions of various intensities and frequency content. The model was
then applied to compare with recorded data. It is concluded that a) amplifi
cation occurs for low intensity rock motions in virtually all soil profiles;
b) for high intensity rock motion t soils tend to attenuate rock motion and t
c) profiles with large fundamental period tend to attenuate rock motion.
Such profiles may be soft profiles or deep dense profiles. It is shown that
these observations are in qualitative agreement with observational data but
quantitativelYt discrepancies may exist increasing in significance with in
creasing stiffness of the profiles.

INTRODUCTION

Site response analyses are being used in the United States to evaluate
the effect of soil overburden on rock motion generated by earthquakes. In
performing the analysis t the soil profile is modelled as horizontal layers
with infinite lateral extent and ground motions are assumed to be the result
of vertically propagating shear waves. The soil column is assumed to vibrate
essentially as a shear beam subjected to base rock earthquake motion. The
rock motion is required as input to the analysis and is usually characterized
by peak accelerationt frequency content and duration. The response of the
soil deposit is calculated utilizing the lumped mass approach (e.g. 8 t 15 t
24) or a continuous solution (wave propagation) approach (e.g. 6 t 15, 16).
The continuous solution approach allows the specification of earthquake rock
motions at either of two locations (see Fig. 1): a) the soil rock interface
at the bottom of the profile or b) a hypothetical rock outcrop near the site.
The soil density p, shear modulus G and shear wave velocity V are functions
of depth. The symbols S, I and 0 stand for soil surface, soil rock interface
and rock outcrop, respectively. Accelerations at the rock interface are
theoretically less than at the rock outcrop depending on the stiffness of
the soil profile and underlying rock as illustrated in Fig. 2. Nonlinearity
of the soil is accounted for by employing an equivalent linear model (8, 16)
or employing a non linear stress strain relationship (24). Performing a site
response analysis requires the definition of several parameters regarding
the soil profile and input motion (5, 7).

In the types of analyses described above, it is assumed that the ground
motion is primarily influenced by local site conditions and that ground mo
tion is the result of shear wave propagation. The one dimensional and hori
zontal layering may be a simplification, but it is a reasonable assumption

I
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for many sites. Justifications for the theory are the reported modes of
surface waves having some similarity to the modes of a shear beam model (30),
and reported successful applications to several sites (7, 26). Significant
discrepancies have been indicated in applying the theory to other than deep
soft sites (5). It is believed that where the earthquake source is nearby,
the assumption of the condition of vertically propagating shear waves may
no longer be valid and for firm sites near the zone of energy release,
ground motion is believed to be controlled primarily by source mechanism
(17). Near fault ground motions in the 1971 San Fernando earthquake were
characterized by long duration acceleration pulses which are believed to
be directly related to the faulting process and are not a result of local
geologic conditions (2). This type of ground motion is also believed to
be typical of only firm sites close to the fault zone (12). An epicentral
distance or distance to the closest point of fault rupture less than one-half
the estimated length of rupture has been used as a criterion to distinguish
earthquake data reflecting primary effects existing only very near the source
(10). A statistical evaluation of recorded ground accelerations on rock
and soil sites shaken by an earthquake with a magnitude of about 6.5 suggests
little difference between the mean values of peak acceleration developed
on rock or sites with stiff soil conditions (20). Site effects for other
soils are more significant as shown in Fig. 3. Based on the mean relation
ships, site effects get more pronounced with decreasing stiffness of the
soil, and smaller accelerations are amplified for the three soil categories.
The same conclusion can be drawn from the site compatible response spectra
(21) shown in Fig. 4. The site effects are reflected more clearly in Fig.
4 than in Fig. 3. The results summarized in Fig. 3 and 4 are consistent
with an earlier observation (17) that with increasing stiffness, the soil
would become rock-like and the soil profile would become an extension of
the underlying rock.

The primary purpose of this paper is to assess the applicability of
the shear wave propagation theory for the three soil categories in Fig. 3.
In order to accomplish this, a simplified model, based on many detailed re
sponse analyses, is constructed to predict surface acceleration. The mean
relationship for rock acceleration, given in Ref. 20 for an earthquake
magnitude of about 6.5, was used for the input rock motion. The Frequency
Content of the rock motion was characterized by the average response spec
trum for rock shown in Fig. 4 but scaled down to correspond to 10% spectral
damping, using ratios implied in Ref. 11. The resulting spectrum is shown
in Fig. 5. The abcissa in Fig. 5 is the ratio TIT where T is the period
and Tp is the predominant period of rock motion detined as the period at
which the peak occurs in the response spectrum. Published relationships
(18) were used to estimate Tp for a magnitude 6.5 earthquake.

ANALYTICAL MODEL

Figure 1 shows a generalized soil profile with rock outcrop. Assuming
that normal modes of vibrations do exist for the soil profile, then the ab
solute acceleration a{Z,t) at an arbitrary level Z (defined above rock as
shown in Fig. 6) at time tis:

a{Z,t) = r ~i Yi (Z) Ai (t)
i=l

Eq. 1
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where Ai(t) = absolute acceleration response of one degree of freedom
system having the period and damping ratio of mode i, and
subjected to the base acceleration aI(t).

Yi(Z) = normalized modal shape i

= modal participation factor of mode i defined for the case
Yi(H) = 1.0.

Figure 6 shows the three modal shapes Yl(Z), YZ(Z) and Y3(Z) for the
special case of uniform layer.

If the frequencies of the modes are well separated as is usually the
case for many soil profiles subjected to shear, the root mean square (RMS)
can provide good approximation for acceleration at the surface. In practice,
a finite number of modes is usually considered and from Eq. 1

a(H,t) = Eq. 2

where Sai is the maximum value of Ai.

Eq. 3a(H,t) =

Considering a two mode approximation, the corresponding surface accel
eration is:

The participation factor ~l based on data listed in Table 1 may range
from 1.28 to 1.61. The ratio ~2/~1 may vary from 0.37 to 0.6. Using average
values of 1.5 and 0.5 for ~l and ~2/~1 respectively, Eq. 3 reduces to

as = 0.75 Sal V4+ (::i) 2 Eq. 4

where as: surface acceleration

absolute acceleration response spectra of rock input
at interface ai(t) corresponding to the mode i having
a period Ti • Sal and SaZ correspond to the first and
second modes, respect~vely.

Correlation of Surface Acceleration with Spectral Accelerations

A study was made to develop a correlation between calculated surface
acceleration from detailed response analyses and the acceleration predicted
from Eq. 4.

One hundred and thirty-four cases were analyzed in which as was avail
able from runs of program SHAKE (16) and the fundamental period Ts was that
associated with strain compatible soil profiles provided by SHAKE. The cases
covered 15 sites with a range of different soil conditions. Eleven sites
(Sites I through XI) were analyzed for correlation and the four remaining
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sites (Sites XII through XV) were used to verify the correlation. Data on
the cases studied are summarized in Table 2. Depth to rock varied from 40
feet to more than 500 feet, with small strain shear wave velocities varying
from 300 fps to 2800 fps. The actual number of cases used in the correlation
was one hundred twenty-seven. Site V was not included because of untypical
extreme softness and high damping. The profiles were excited by a variety
of rock accelerograms having peak accelerations from 0.02 g to 0.7 g.

The accelerograms used included recorded and artificial motions and in
all cases the absolute acceleration response spectrum Sa vs. T was available
for a spectral damping ratio = 0.1. To compute Sar and Sa2' the available
response spectrum of the input rock motion was used in each case in the man
ner shown in Fig. 7. Sal/aI was obtained at a period Tl = Ts ' while Sa2/aI
was taken as an eye average of Sa/aI for the range of period between T2 =
0.3Tl and T2 = 0.5Tl. The selection of this range for T2 was based on the
data summarized in Table 1.

In 29 cases, in which the rock input motion for SHAKE had been specified
at the rock outcrop (point ° in Fig. 1) instead of the rock interface (point
I), the input response spectrum was scaled down by the ratio aI/ao, prior
to obtaining Sal and Sa2. This ratio aI/aO' which represents a correction
for rock flexibility, was obtained from Fig. 2. The curve in Fig. 2 is based
on wave propagation considerations (13) and the data points are from 21 cases
where aI was calculated as part of the SHAKE run.

Figure 8 shows the values of as computed from program SHAKE to those
predicted by Eq. 4. Figure 8 suggests that Eq. 4 underpredicts the surface
acceleration for Sal less than about 0.1 g. For higher values of Sal, Eq.
4 overpredicted the surface acceleration. Based on Fig. 8 the average rela
tionship for surface acceleration is

as = 0.32 Eq. 5

Application of Eq. 5 to the 127 cases of Fig. 8 resulted in the histo
gram shown in Fig. 9. The average value (as predicted/as SHAKE) is nearly
1.0 and the standard deviation is 0.19. Seventy-two percent of the cases
fall within mean plus and minus one standard deviation. In seventy-two per
cent of the cases the error is 20 percent or less. In 81 percent of the
cases the error is 30 percent or less.

Equation 5 was applied to five cases from sites XII, XIII, XIV and XV
and for one published case for the state building site (8). In all the five
cases selected for verification, the error was 25 percent or less.

Evaluation of the Site Period Ts

Application of Eq. 5 requires the site period (Ts ) to be known. Unfor
tunately, the site period is not known at the outset since it can vary sig
nificantly depending on the induced seismic shear strains and therefore on
the characteristics of the base excitation (14, 19, 23). Several simple rules
or procedures have been published for the estimate of site period of varied
soils (e.g. 9, 13, 14, 25, 28). The purpose here is to present a procedure
for a simple application of Eq. 5.
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A meaningful estimate of Ts should be based on soil stiffness which is
compatible with seismic strains (or shear stresses). Shear stresses induced
in a soil profile as a result of underlying rock motion are primarily depen
dent on the spectral acceleration Sal (14). It can be expected, therefore,
that the site period be reasonably correlated with Sal' The correlation was
made between the spectral acceleration Sal and the ratio Ts/Ti where Ti is
the period calculated based on the initial (small strain) shear wave veloci
ties. The mean relationship is described by Eq. 6 and Eq. 7, where Sal is
expressed in percent gravity.

For stiff sites and deep dense sand and gravel

For soft to stiff sites

Eq. 6

Sal> 0.5 Eq. 7

Eq. 8

The cases from all 15 sites in Table 2 were used in establishing the
above relationships. Application of these relationships to all the cases
indicates an adequate correlation as illustrated in Fig. 10. For most of
the cases, the site period was always greater than base rock motion predom
inant period Tp• Based on this, a relationship was established between
Sal/ar and the ratio T/Tp ,

Sal T -0.86--z 2.173
ar Tp

For T = Ts ' substitution of Eq. 8 in Eq. 6 and 7 yields the following
relationships.

For stiff sites or deep dense cohesionless soil profiles

Eq. 9

For soft to medium clay and sand layers

Eq. 10

In Eq. 9 and 10, ar is expressed in percent gravity, Tp and Ti and Ts
in seconds. For very low values of Tp and very high values of Ti' Eq. 9 and
10 may result in values of Ts slightly less than Ti. In such situations,
Ts shall be set equal to Ti' The correlations are applicable for ar greater
than or equal to 2% g. Applications of Eq. 9 and 10 to all the caseS indi
cate a satisfactory correlation as illustrated in Fig. 11. Equations 9 and
10 are applicable where the anticipated Ts is greater than Tp• For stiff
short profiles whose Ts may be less than Tp , an iterative procedure should
be used to establish Ts using an appropriate response spectrum. The proce
dure would be: a) assume a reasonable value of Ts ; b) obtain a value for
Sal/aI from response spectrum; c) calculate a new value of Ts/Ti from Eq. 6
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and d) iterate until Step c coincides with Step a. An improved Ts value is
used in each iteration.

The initial period Ti can be calculated with good accuracy knowing the
initial shear wave velocities of soil profile and the successive application
of the two layer solution (4). Figure 12 shows the initial period Ti for
the sites used in this study plotted vs. profile thickness. Three curves
are drawn: the lower curve is for a dense sand gravel deposit. the upper
curve for profile of normally consolidated clays. the middle dashed line is
the average of both extremes. Closed form solutions (4) were used to calcu
late the periods for the upper and lower curves. It is apparent that all
cases involving stiff soil sites and deep dense cohesionless soil sites fall
below the average line while the soft to medium sites fall above this average
line. Site V plots well above the average and the upper curve because the
profile is untypically soft.

APPLICATION OF THE MODEL TO SPECIFIC CASES

Equations 5. 9, and 10 and Fig. 12 were used to predict surface accel
erations for cases where surface accelerations were recorded and/or estimated
by detailed analysis and where sufficient data are provided to classify the
site. A summary of the cases and the parameters used for the calculations
are given in Table 3. Despite the approximate nature of the relationships
used in the calculations. satisfactory agreement is indicated with results
from detailed analysis. This justifies the application of the derived model
to attempt to predict the relationship shown in Fig. 3. The largest discrep
ancy is for the Oakland City Hall site if the soil profile is assumed to be
stiff and only 100 ft thick. Better agreement with recorded acceleration
is indicated if a 1000 ft profile is assumed. The profile at Oakland City
Hall consists of 100 ft of stiff soil underlain by hard clay. As suggested
by Eq. 5, the surface accelerations depend on spectral acceleration and there
fore on the site period. Large errors in estimating the period can therefore
produce significant errors in calculating acceleration, especially if period
errors are on the low side. The site period is controlled by the surface
layer provided that the lower layer or layers are considerably stiffer than
the surface layer. This is illustrated in Fig. 13 which was derived from
the closed form solution of a two-layered system (4). The relationships in
Fig. 13 indicate that as the soil becomes stiffer (layer A) the contribution
of rock (layer B) with a velocity of 2500 fps to the period of the system
becomes more significant. An underestimate of the period would result in
an analytically stiffer profile and in most cases larger amplification of
rock motion. Figure 13 suggests that analyses for stiff sites can be ex
pected to be more sensitive to assumption or rock properties compared to
other sites. Response spectra are usually smoother and less erratic in the
long period range. Softer sites can therefore be less sensitive to errors
in estimating Ts ' and for the same Tp• less sensitive to the choice of rock
motion accelerogram used in the analysis.

GENERAL APPLICATION OF THE MODEL

The derived model was applied to the results shown in Fig. 3 by making
the following assumptions:

1) The range of thickness for the three soil categories were assumed
as follows:
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Stiff sites
Deep cohesionless soils
Soft to medium stiff clay and sand

50' - 150'
250' - 500'
100' - 500'

2) Deep cohesionless soils were assumed to be dense.

3) All rock accelerations were assumed to apply at rock outcrop. Inter
face accelerations aI were obtained by reducing outcrop values as suggested
by Fig. 2. Outcrop rock accelerations for soft to medium sites were reduced
by 20%. Outcrop rock accelerations for stiff sites and deep cohesionless
soil sites were reduced by 30%.

Based on the above assumptions and using the response spectrum in Fig.
5, surface accelerations were calculated in the manner described earlier.
The ratios of the calculated surface acceleration on soil divided by the rock
acceleration at outcrop for the three site categories are shown in Fig. 14,
15, and 16. The mean relationships based on recorded motion are shown for
comparison.

The trend predicted by theory compares well with the trend based on
recorded data for soft to medium stiff soils and deep cohesionless soil.
The agreement is not as good for stiff soils. For the same level of rock
acceleration, discrepancies are the largest for stiff sites. Furthermore,
discrepancies are consistently larger for smaller rock accelerations. The
soil rock profile excited by a low level of rock acceleration is stiffer than
the same profile excited by larger rock accelerations. Considering the as
sumptions made in applying the model and the approximations in the model
itself, the discrepancies in surface accelerations suggested by the derived
model and hence by the shear beam theory for the cases analyzed are less than
one might expect considering the simplification to the problem inherent in
the theory.

As indicated by Fig. 14, 15, and 16, comparisons are shown for rock
accelerations up to 0.3 g. For higher rock accelerations for sites near the
zone of energy release, the model would predict attenuation of rock motion
for stiff and other conditions which is consistent with the extension of the
recorded data base given in Ref. 20. However, as indicated earlier, near
fault motions may be primarily controlled by source mechanism. The physical
phenomenon involved may be quite different from simply a vertical propagation
of shear wave. The validity of the one dimensional shear model has been
judged based on comparison of peak accelerations (or other response param
eters) and frequency contents (8).

CONCLUSIONS

An analytical model based on detailed ground response analyses suggests
the following.

1. The trend of rock acceleration vs. surface acceleration on different
soils for sites greater in distance than about 20 km from zone of energy re
lease and for a magnitude 6.5 earthquake is on the average adequately predicted
by the one dimensional shear wave propagation theory, especially for other
than stiff sites. Low intensity rock motions are amplified regardless of
soil conditions. Amplification decreases with increasing intensity of rock
motion. Soft to medium stiff soils and deep cohesionless soils are more
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effective in attenuating rock motion. Amplification for low intensity motion
in soft to medium stiff soil is more compared to other soils.

2. Application of the derived model to estimate the relationships in
Ref. 20 suggests that the shear wave propagation theory may provide a conser
vative estimate of the surface acceleration for a given rock acceleration.
Conservatism in predictions can be anticipated to increase with decreasing
site period.

3. Application of the derived model to specific cases and simple anal
ysis suggests that the theoretical response of stiff sites compared to other
sites may be more sensitive to assumptions on the stiffness of underlying
rock and the character of input rock motion.

4. Based on reported evidence, surface motion for firm sites near the
zone of energy release is predominantly influenced by source mechanisms.
The shear wave propagation theory may, for some reason, provide satisfactory
predictions of surface accelerations for such sites. Significant discrepan
cies, however, may exist in predicted vs. recorded frequency content of
motion.

5. Based on this study, the site period appears to be a useful
parameter to characterize the soil stiffness.
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DEEP SHEAR WAVE VELOCITY MEASUREMENT FOR EVALUATION
OF 1-10 SEC SEISMIC INPUT MOTIONS

by

N G I h II d H v .111• oto , Y. 0 ta an .l.,-agaml.

ABSTRACT

Deep shear wave velocity loggings were planned at two sites in Tokyo
area from the earthquake engineering point of view, and actually carried
out down to 3500 m and 2300 m temporarily using earthquake observation
wells. The purpose of these surveys is to elucidate experimentally the
relation of detailed deep site structure to ground motions with 1-10 sec
period during an earthquake.

Shear waves are produced by means of ordinary small explosions and
specially designed SH wave generator. A set of three component seismo
meters was installed in a capsule having a clamping device to the borehole
wall. Sequent measurements were conducted in different depths to the
bottom at intervals of 100-500 m.

The velocity structures completely agree with the known data such as
sonic logs, density distributions, geologic sections and so on.

Engineering seismological importance of shear wave measurement for
thick soil deposits is stressed upon rough estimations of amplification
between ground surface and bedrock.

INTRODUCTION

To know the underground structure near by the seismic observation
station is essentially important for determining precise earthquake
epicenters and for understanding vibration and propagating characteristics
of seismic waves. P wave velocities, from the view point of oil explo
ration, have been precisely investigated as deep as several kilometers
since the last two decades. But, for S wave velocities, which are more
important in engineering seismology, the measurable depth has been gener
ally very limited at most 100-200 meters due to their difficulties in
experiment.

The seismic strong input motions to the recently spreading large
scale structures such as super high-rise buildings must be affected by
deeper underground structure than in the past. This circumstance urges us
to elucidate S wave velocities down to at least a few kilometers. In this
paper a breaf report on S wave velocity measurement of deep soil deposits
is introduced, while considering its engineering seismological importance,
by use of the deeply drilled earthquake observation well in Tokyo area.

I Research Associate of Architectural Engineering,Hokkaido University,
Sapporo, Japan.

II Professor of Architectural Engineering, Hokkaido University, Sapporo,
Japan.

TIl Lecturer of Architectural Engineering Hokkaido University, Sapporo
Japan.
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EXPERIMENT

(1) Test site and observation well

In Tokyo area wells effective for micro-earthquake observation have
recently been constructed by the National Research Center for Disaster
Prevention of Japan and in two of them the observations are already
started (Fig.l). Detailes of one of the wells and of equipped instruments
for routine geophysical observation are seen in Takahashi and Hamada (1).
By temporary use of these wells and by help of research members of the above
Research Center we could conduct deep S wave velocity measurement very
recently. The wells are of 17.8 cm in diameter with steel casing pipe,
cemented to the surrounding medium with water fulfilled. In the well the
temperature increases gradually up to 80°C at the bottom, and the pressure
is almost in hydrostatic condition.

(2) Experimental scheme and instruments

The experiment was planned essentially by means of a down-hole method,
that is, the S (SV,SH) waves generated by explosion were recorded by a set
of three-component seismometers in the well. A general scheme of the
experiment is seen in Fig.2. For S wave generation two kinds of explosion
sources were introduced. One is a simple detonation of small-size dynamite
(100g-5kg) which produces more predominant SV waves than SH waves, although
they are contaminated by P waves. The other is SH wave generator proposed
and designed 10 years ago by Shima and Ohta (2). One set of three
component seismometer of which natural frequency is 4.5 Hz was fixedly
packed in a specially made capsule having a clamping device to the borehole
wall. This capsule, hung by a wire with signal lines inside, is clamped to
the wall at the desired depth. Depth interval is scheduled as short
(-100m) in shallower positions, but long (~500m) in deeper positions.
A special attention was paied to covering a wide dynamic range by severing
one signal to three stepwise gained amplifiers, although employed instru
ments are of conventional ones. A block diagram of total observation
system is depicted in Fig.3.

EXPERIMENT AND RESULT

(1) Experiment at Iwatsuki

This was carried out in 6 days from Nov.8,1976. The observation well
at Iwatsuki is as deep as 3500 m, and the boundary between soils and base
mental rocks is at around 2800 m in depth. It is needless to say that the
SH wave generator is much better for identification of S wave than the
simple explosion source, but no resercher knew how deep the S wave signal
reaches by use of the man made SH wave generator at that time. So, from
the safety point of view SV wave detection by means of ordinary si~ple

detection 10-20 m boreholes was mainly employed and the SH wave generator
supplementarily. Measurements were conducted at 16 different depths,
including the bottom of the well. Final paste-up and total travel time
curves are shown in Fig.4. One may have a doubt about onset of SV waves
in the paste-up, but these were obtained while comparing onset in the
records by means of the SH wave generator at least at the depth of 1500 m,
then extrapolatedly identified. A derived S wave velocities except near
surface of three layers and substratum are 0.44,0.76,1.3,1.6 and 2.5 km/sec
from the top to the bottom. The velocity contrast at the soil-rock
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boundary is, as expected, very remarkable.

The velocity profile is depicted in Fig.5 in comparison with geo
physical data, which clearly satisfies mutual consistency.

(2) Experiment at Shimofusa

Shimofusa experimental site is located 28 km away from Iwatsuki in
south-east direction. The experiment at Shimofusa was done in middle
February, 1978. It took 8 days to measure S waves at 15 different
depths to the bottom (2300 m). In this experiment the SH wave generator
was, instead of the simple detonation of dynamite, mainly employed and
was very useful. The experimental procedure was essentially the same to
that at Iwatsuki. Final paste-up and travel time curves are shown in
Fig.6. It is easily recognized that this time paste-up is clearer in
identification of S onsets than that obtained at Iwatsuki. Therfore
no question is introduced for determining the velocity structure.
In Fig.7 the velocity profile essentially composed of four soil layers
and substratum is compared with the other known data. Again these are
mutually consistent. The largest S wave velocity contrast is between
soil deposit and basemental rock. For the upper four layers another
interpretation is also reasonable that the S wave velocity increases
gradually with increasing depth.

DISCUSSION

(1) Comparison

The S wave velocities between two experimental sites correspond each
other in the following manner, excluded the near-surface layers, that is,

Iwatsuki Shimofusa

0.82 km/sec ·.......... 0.76 km/sec
1.3 km/sec ·.......... 1.2 km/sec
1.6 km/sec ·.......... ?
2.5 km/sec ·.......... 2.6 km/sec.

Except one point that at Shimofusa there appears no layer with the velocity
of 1.6 km/sec, two sites are very similar in their velocity structure
(Fig.8). This is clearly explained from the geological evidence that the
lower Miocene soils are considerably thick at Iwatsuki but very scare at
Shimofusa. The basemental rock with 2.5-2.6 km/sec are mainly composed of
pre-tertiary metamorphic rocks, and these spread widely in and around
Tokyo area. This means that we may consider the pertinent substratum as
so-called bedrock.

(2) Engineering seismological importance

Recent studies such as by HeImberger and Johnson (3) disclosed the
importance of knowledge about the deep ground structure in seismic wave
analysis aimed at mechanical solution of seismic source. Research on
seismic input motion to current large-scale structures urges to elucidate
effects of deep soils upon long-period seismic waves. Fig.9 shows the
amplification of S wave with unit amplitude to the top of the bedrocks at
the both experimental sites. This simplified assumption and calculation
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suggests that deep soil deposit is markedly influential upon wave modifi
cation in the period range of 1-10 sec.

CONCLUSION

Deep shear wave velocity loggings were successfully conducted at two
sites in Tokyo area, by an elaborated down-hole method under the specified
condition that the very deep geophysical observation wells have been
constructed. Fortunately other deep wells are planned at a few seismic
stations in Tokyo area, where it is expected that more detailed under
ground structures will be clarified in very near future. In order to
perform this, however, some development on SH wave generator should
preceed, since the 2-3 km in depth is the upper limit of clean onset of
the S wave signal. By continuing this series experiments, deep under
~round structures in Tokyo area will be disclosed. This is nothing but to
evaluate deep soils effect upon long period seismic input motions.

Finally the writers express their sincere thanks to many researchers
who kindly help us at the experiments. They are Drs. R.Takahashi,
F.Yamamizu and S.Kurihara et al. Thanks are also to Director of National
Research Center for Disaster Prevention. Without their guidance and
assistance no success was expected.
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o,

Fig.l Map of Tokyo area and locations of the experimental sites.
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PEAK HORIZONTAL AND VERTICAL ACCELERATIONS,
VELOCITIES, AND DISPLACEMENTS ON DEEP SOIL SITES DURING

MODERATELY STRONG EARTHQUAKES

By

K. SadighI , M. S. PowerII and R. R. YoungsIII

ABSTRACT

This paper examines the relationships for horizontal and vertical
peak ground motion parameters for moderately strong earthquakes in the
Western United States using recordings obtained on deep soil sites.
Attenuation relationships for peak ground motion parameters were derived
by linear regression analyses using data from recordings obtained during
earthquakes in the magnitude (ML) range 6.3-6.5.

The vertical peak acceleration was found to attenuate at a faster
rate than the horizontal peak acceleration. Horizontal and vertical
velocities were found to attenuate at about the same rate; similarly, the
rate of attenuation was about the same for horizontal and vertical
displacements. For both horizontal and vertical components, the ratios of
peak velocity to peak acceleratio~, v la, were found to increase with
distance, while the ratios of adlv were found to decrease slowly with
distance.

INTRODUCTION

The subject of attenuation of earthquake ground motions has received
considerable attention in past years, and a large number of attenuation
relationships have been developed. The available relationships have
incorporated, in varying degrees, the influence of distance, magnitude,
and local site conditions on ground motion amplitudes. Most relationships
have addressed the attenuation of peak acceleration,but some have also
addressed the attentuation of peak velocities and displacements and
response spectral values. By far greater attention has been given to
horizontal components than to vertical components of ground motions.

The present study has examined the relationships for horizontal and
vertical peak ground motion parameters (acceleration, a, velocity, v, and
displacement, d) on deep soil sites for moderately strong earthquakes in
the Western United States. In additi0f,' the frequently-used ratios of the
ground motion parameters (ie via, adlv ) have also been examined.

I Associate, Woodward-Clyde Consultants, San Francisco, CA.
II Associate, Woodward-Clyde Consultants, San Francisco, CA.
III Senior Staff Engineer, Woodward-Clyde Consultants,

San Francisco, CA.



802

DATA BASE

The data set used in deriving attenuation relationships consists of
two horizontal components and one vertical component from each of 34
strong motion records. The records were obtained during 11 earthquakes in
the magnitude (ML) range 6.3 - 6.5 at 19 recording stations with site
conditions classified as deep soil sites. The list of records used in the
analyses is contained in Table 1. The recordings were obtained at source
distances varying from about 10km to 200km, and the data are fairly
uniformly distributed within this distance range. All the records are
from shallow-focus earthquakes (focal depths less than 20km).

For this study, deep soil sites were defined as having more than
200 feet of soil above rock. Information on subsurface conditions was
obtained from References (3, 5, 10 and 11).

The definition of distance used in the study is the closest inclined
distance from the recording station to a horizontal line on the fault
rupture surface that passes through the approximate center of energy
release. In general, sufficient information was available on the depth,
lateral extent, and geometry of faulting to estimate this distance.
However, for records at some stations, particularly the northern
California stations at Eureka and Ferndale, this distance is undefined.
In these cases, hypocentra1 distance was used.

To the extent possible with available data, recordings from a
variety of earthquakes (total number of 11) were represented in the data
set. Still, almost one-half of the records used were obtained during the
1971 San Fernando Earthquake (ML = 6.4).

All data on peak accelerations, velocities and displacements were
obtained from the California Institute of Technology (C. I. T.) processed
records (1 and 2). Peak accelerations were obtained from C.I.T. Volume I
(1) and peak velocities and displacements from C.I.T. Volume II (2).

DATA ANALYSIS PROCEDURES

Attenuation relationships were
regression analyses. The following form

y = a (D+C)S £

derived through least-squares
of regression equation was used:

where y is a, v, or d; D is the source-to-site distance in km; a and Bare
regression coefficients, and £ is a random error term.

The parameter C is essentially a normalizing parameter for distance.
The studies by Sadigh et a1 (9) and Idriss and Power (4) indicated that

for magnitude ML ~6.5, a value of C equal to 20 is appropriate. This
value of C was used in the present analyses.

The regression analyses provided estimates of the re!ression
coefficients a and S as well as estimates (s2) of the variance (cr ) about



the regression
prediction in In
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(where s is the estimate of the standard error of
y). The attenuation relationship for median values is:

y = ex (D+20) B (median)

from which the mean and the 84th-percentile (corresponding to the median
plus one standard deviation) relationships were obtained as:

y = 9 e
s2

/ 2 = ex es2 / 2 (D+20) B = c;: (D+20) (3 (mean)

(84th-percentile)

RESULTS AND DISCUSSION

Regression coefficients and standard deviations obtained from the
analyses are tabulated below.

Parameter

ahoriz(g's) 76.5

vhoriz (cm/sec) 3140

dhoriz (em) 810

avert(g's) 232

vvert (em/sec) 2340

dvert (em) 265

B s"

-1.6 0.45

-1.3 0.41

-1.1 0.50

-2.0 0.35

-1.4 0.47

-1. 0 0.53

The mean and 84th-percentile attenuation curves derived from the
regression results, along with the data points, are presented in Figures 1
through 6. Figures 1, 2, and 3 show the results for horizontal peak
acceleration, peak velocity, and peak displacement, respectively, whereas
Figures 4, 5, and 6 show the corresponding results for vertical motions.

Using the mean results from the regression analyses, the ratios of
vertical to horizontal peak accelerations, velocities, and displacements
can be expressed by:

avert
3.0 (D+20) -0.4=

ahoriz

v
vert

0.75 (D+20)-0.1=
vhoriz



dvert
---=
dhoriz
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0.33 (D+20)0.1

These results indicate that vertical accelerations attenuate more
rapidly than horizontal accelerations; however, vertical velocities
attentuate at about the same rate as horizontal velocities and similarly
for displacements. These trends can also be seen by examining the ratios
of mean vertical to horizontal ground motions at selected distances, as
summarized below:

Source Distance (km)
Ratio 10 30 2SL 100
avert/ahoriz 0.77 0.63 0.55 . 0.44

vvert/vhoriz 0.53 0.51 0.49 0.46
dvert/dhoriz 0.46 0.49 0.50 0.53

The preceding tabulation indicates that, on the average, the ratio
of vertical to horizontal peak acceleration decreases from about three
fourths at close distances to about one-half at moderate to far distances,
whereas the ratios of vertical to horizontal peak velocity or displacement
are about equal to one-half over a large distance range.

It has been observed that vertical peak accelerations are often
associated with higher frequency motions than horizontal peak
accelerations. Since higher frequency motions attenuate faster than lower
frequency motions, the faster attenuation observed for vertical
accelerations as compared to horizontal accelerations appears reasonable.

The ratios via and ad/v2 were also examined. Using the mean results
of the regression analyses, the ratios can be expressed by:

via (em/sec/g)

41 (D+20)0.3
10 (D+20)0.6

ad/v2
6.2 (D+20)-0.1
11 (D+20)-0.2

(horizontal)
(vertical)

(horizontal)
(vertical)

These results indicate that v /a increases with distance whereas
ad/v2 decreases slowly with distance. Similar trends for via were
reported by Idriss and Power (4) for stiff soil sites, by McGuire (7) for
rock and soil ~ites, and by McGuire (6) for combined site conditions. The
trend for ad/v to decrease with distance is consistent with the expected
variation according to Newmark and Rosenblueth (8) and with results
reported by I~iSS and Power (4). However, McGuire (6 and 7) found that
the ratio ad/v increased slowly with distance.
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Using the preceding expressions, typical ratios of v /a and ad/v2

are:

Source Distance (kIn)
.J:.Q..- 30 50 100

vIa (em/sec/g)
horizontal 114 133 147 172
vertical 77 105 128 177

ad/v2

horizontal 4.4 4.2 4.1 3.8
vertical 5.6 5.0 4.7 4.2

2 These results indicate that at close distances, vIa is larger and
ad/v is smaller for horizontal than for vertical components; however at
far distances, the ratios for horizontal and vertical components approach
each other.

SUMMARY AND CONCLUSIONS

This paper has examined the relationships for peak horizontal and
vertical accelerations, velocities, and displacements on deep soil sites
during moderately strong earthquakes (ML = 6.3 to 6.5 for the data set
used). Linear regression analyses were made to develop attenuation
relationships for horizontal and vertical components.

It was found that vertical peak accelerations attenuate at a faster
rate than horizontal peak accelerations. Consequently, the ratio of
avert/ahoriz decreased from about three-fourths at close distances (about
10kIn) to about one-half at moderate to far distances (about 50 to 100km).
On the other hand, horizontal and vertical velocities and displacements
were found to attenuate at about the same rate, and the ratios of
vvert/vhoriz and dvert/dhoriz were equal to about one-half.

For both horizontal and vertical components, it was found that the
ratios of peak velocity to peak acceleration, vIa, increased with
distance, whereas the ratios of ad/v2 decreased slowly with distance.

REFERENCES

1. California Institute of Technology (1971-1975)
Earthquake Accelerograms, Digitized and Plotted
Uncorrected Accelerograms", Pasadena, California.

"St rong Motion
Data, Vol. I

2. California Institute of Technology (1971-1975) "Strong Motion
Earthquake Accelerograms, Digitized and Plotted Data, Vol. II
Corrected Accelerograms and Integrated Ground Velocity and
Displacement Curves", Pasadena, California.

3. Grant, W. Paul, Arango, 1., and Clayton, D. N. (1978) "Geotechnical
Data at Selected Strong Motion Accelerograph Station Sites",
Proceedings, Second International Conference on Microzonation for



806

Safer Construction, Research and Application,
California, November 26 - December 1.

San Francisco,

4. Idriss, I. M., and Power, M. S. (1978) "Peak Horizontal
Accelerations, Velocities and Displacements on Rock and Stiff Soil
Sites for Moderately Strong Earthquakes", Submitted for possible
publication in the Bulletin of the Seismological Society of America.

5. Maley, R. P., and Cloud, W.
Records: in San Fernando,
1971", National Oceanic and
D.C., Vol. 3.

K. (1973) "Strong-Motion Accelerograph
California, Earthquake of February 9,
Atmosphric Administration, Washington,

6. McGuire, R. K. (1.974) "Seismic Structural Response Risk Analysis,
Incorporating Peak Response Regressions on Earthquake Magnitude and
Distance", R74-51, Structures Publication 99, School of Engineering,
Massachusettes Institute of Technology, Cambridge.

7. McGuire, R. K. (1978) "Seismic Ground Motion Parameter Relations",
Journal of the Geotechnical Engineering Division, ASCE, Vol. 104,
No. GT4, Proc. Paper 13771, April, pp. 481-490.

8. Newmark, N. M. and Rosenblueth, E. (1971) "Fundamentals of Earthquake
Engineering", Prentice-Hall, Inc., Englewood Cliff, New Jersey.

9. Sadigh, K., Idriss, I. M. and Patwardhan, A. S. (1978) "Effect of
Site Conditions on Attenuation of Ground Motions for Shallow
Earthquakes", paper presented at the 1978 Annual Meeting of the
Seismological Society of America, Sparks, Nevada, April.

10. Trifunac, M. D., and Brady, A. G. (1975) "On the Correlation of
Seismic Intensity Scales with the Peaks of Recorded Strong Ground
Motion", Bulletin of the Seismological Society of America, Vol. 65,
No.1.

11. U. S. Geological Survey (1977) "Western Hemisphere Strong Motion
Accelerograph Station List, 1976", Open File Report No. 77-374.



807

Table 1
LIST OF RECORDS USED IN ANALYSIS

Source
Earthquake Magnitude Recording Distance

(Date) --3._ Station (km)

Long Beach 6.3 Long Beach Public 9
(33-3-10) Utile Bldg.

Long Beach 6.3 CMD Building, 25
(33-3-10) Vernon, CA

Lower Calif. 6.5 EI Centro, 63
(34-12-30) IVID

Imperial Valley 6.4 EI Centro, 11
(40-5-18) IVID

Northwest Calif. 6.4 Ferndale City 97
(41-2-9) Hall

Northern Calif. 6.4 Ferndale City 50
(41-10-3) Hall

Borrego Valley 6.5 EI Centro, 49
(42-10-21) IVID

Lower Calif. 6.3 EI Centro, 151
(54-11-12) IVID

Eureka 6.5 Eureka Federal 26
(54-12-21 ) Building

Eureka 6.5 Ferndale City 48
(54-12-21) Hall

Gulf of Calif. 6.3 EI Centro, 149
(66-8-7) IVID

Borrego Mt. 6.4 El Centro, 46
(68-4-8) IVID

Borrego Mt. 6.4 Orange Co., Eng. 164
(68-4-8) Bldg., Santa Ana

Borrego Mt. 6.4 Terminal Is., SCE 195
(68-4-8) Plant, Long Beach

Borrego Mt. 6.4 CIT Millikan Lib. 203
(68-4-8) Pasadena

Borrego Mt. 6.4 CIT Athenaeum, 203
(68-4-8) Pasadena
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Table 1 (continued) Source
Earthquake Magnitude Recording Distance

(Date) ML Station (km)

Borrego Mt. 6.4 CMD Building 202
(68-4-8) Vernon, CA

Borrego Mt. 6.4 Hollywood Storage 218
(68-4-8) P.E. Lot

San Fernando 6.4 8244 Orion Blvd. 19
(71-2-9) (Holiday Inn)

San Fernando 6.4 Hollywood Storage 34
( 71-2-9) P.E. Lot

San Fernando 6.4 CMD Building, 44
(71-2-9) Vernon, CA

San Fernando 6.4 Orange Co. Eng. 80
(71-2-9) Bldg., Santa Ana

San Fernando 6.4 CIT Athenaeum, 32
(71-2-9) Pasadena

San Fernando 6.4 crT Millikan Lib. 32
( 71-2-9) Pasadena

San Fernando 6.4 900 S. Fremont Ave. 36
(71-2-9) Alhambra

San Fernando 6.4 15107 Vanowen St. 22
( 71-2-9)

San Fernando 6.4 1150 S. Hill St. 38
(71-2-9) Occidental Life

San Fernando 6.4 1 City Blvd. , 76
(71-2-9) Orange

San Fernando 6.4 Long Beach State 70
(71-2-9) College

San Fernando 6.4 Long Beach Public 69
(71-2-9) Utilities Bldg.

San Fernando 6.4 Terminal Is. SCE 69
(71-2-9) Plant, Long Beach

San Fernando 6.4 San Bernadino Hall 97
(71-2-9) of Records

San Fernando 6.4 Port Hueneme 73
(71-2-9) Naval Lab.

San Fernando 6.4 3440 Dniv. Ave. , 41
(71-2-9) L.A.
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THEORY OF CONNECTIVITY: APPLICATIONS TO SCATTERING OF

SEISMIC WAVES. I. SH WAVE MOTION

by

b " I II d I dIllF. J. Sa ~na , I. Herrera an R. Eng an

ABSTRACT

The purpose of this paper is to present a method, based on the Theory
of Connectivity recently developed, to solve numerically the problem of
scattering of seismic waves by bounded obstacles of arbitrary shape in an
infinite domain, such as a canyon in a half-space. This method reduces
the dimension of the problem by one but avoids the introduction of singular
integral equations. The results obtained are compared with some known ex
act solutions for SH wave motion, producing very good agreement. Results
for an irregular shaped obstacle are also given. It is observed that, in
some cases of a trench with vertical walls, local amplification factors can
significantly exceed 100%.

INTRODUCTION

In earthquake engineering and strong-motion seismology, the surface mo
tion at a given site due to incoming seismic waves is of interest. For
rough topography this problem may be approached as one of scattering and
diffraction of elastic waves by departures from flatness. Owing to its
mathematical complexity, it has not been completely solved. There area few
known exact solutions (26, 28). Also some approximate solutions have been
obtained by regular (9, 16) and singular perturbations (l8, 19). In these
the wavelength is taken to be large compared with a characteristic linear
dimension of the topography, which is not the case in the present study.

Thus numerical methods are sought for intermediate values of the wave
length. Finite difference (3, 4) and finite element methods (24) have been
used with some success. However, when applied to unbounded regions, they
use a bounded domain involving "artificial" boundaries that contaminate the
solution. The effect may be reduced by considering a larger domain, but
this may produce computer storage difficulties. On the other hand, the
problem of eliminating the errors introduced by artificial boundaries has
only been partially solved (23).

Alternatively, boundary integral equations have been employed for this
problem (27). The integral equation has a singularity which must be han
dled with care. As other boundary methods, this procedure reduces the di
mension of the space, but the solution is non-existent or non-unique at cer
tain frequencies (8). In another representation (21), this difficulty is 
avoided but the equation is still singular.
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Other methods have been used: an acoustic approximation valid for sat~

rated soils (22); the discrete wave-number representation of Aki, Larnerand
Bouchon (l, 5, 6, 7); a collocation method (20). This last one produces an
over-determined system of equations which is solved in terms of a general
ized matrix inverse, but it also suffers from a lack of uniqueness at cer
tain frequencies.

In this paper the solution of the problem of scattering of a plane har
monic SH wave incident upon a bounded reentrant rough topography in an
otherwise flat, traction-free surface, is sought. In the method of solu
tion, the scattered field is represented as a linear combination of known
solutions of the wave equation. The coefficients are chosen to minimize
the mean-square error in the boundary condition. The development of this
approach has been guided by a theory of connectivity recently developed (10,
11), which allows a systematic formulation of boundary methods (12) appli
cable to many other problems and which leads naturally to the complete
system of functions used here for the half-space (13). However, the corre
sponding system of functions for problems formulated in the whole space has
been used extensively in the null-field method of acoustics and electromag
netism (2). Minimization of the mean-square error on the boundary is a
standard technique (15), whose implications have not been fully realized
until recently. In (17), it is shown that when the mean-square error is
minimized on the boundary, the resulting representation converges uni
formly to the solution of the problem provided a complete set of functions
is chosen, as is the case in the present work.

The procedure here presented reduces the dimension by one without in
troducing singular integral equations. The theory of connectivity (10, 11,
13) also simplifies the treatment of the problem of scattering by bounded

.inhomcgeneities such as an alluvial valley, as will be shown in another
paper.

STATEMENT OF THE PROBLEM

Consider a two-dimensional half-space, y>o (as in Fig. 1), consisting
of

E

y

P'f'-,f3

x

Figure 1. Illustrative topography.

two parts: an unbounded region E enclosing a bounded region R which contains
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the or~g~n of coordinates 0. Let the boundary of E be dE and the common
boundary between Rand E be S. The surface S is assumed smooth in the sense
of having continuously turning normal vector~. The unbounded region E is
filled with a linear elastic, homogeneous, isotropic medium of density p
and rigidity ~; shear wave velocity is S=(p/~)1/2. On the other hand, the
bounded region R, having a characteristic horizontal linear dimension 2a,
is empty. The surface dE is traction-free.

A state of antiplane shear deformation and harmonic motions in time is
considered, so that the only non-zero component of the displacement is
w = w(x,y)exp(iwt) in the Z (out-of-plane) direction where w is the circular
frequency. Consider a plane harmonic SH wave wi of unit amplitude incident
upon R at an angle ¢ measured with respect to the x-axis (Fig. 1)

wi = exp[ik(-x cos ¢ + Y sin ¢)] [ 1]

with k=w/S. For convenience the factor exp(iwt) is omitted here and hence
forth.

In the absence of the scattering region R, i.e. if the surface is flat,
a reflected plane harmonic SH wave

wr
= exp[-ik(x cos ¢ + Y sin ¢)] [2]

arises, so that a total field w0=wi+wr is produced in y>O.

In the presence of R, the scattered wave w produced by R is sought,
such that the total field wt may be written as

wt = Wo + w in E . [ 3]

lem
Thus the scattered field satisfies the following boundary value prob-

1/2w + k2w = ° dW dW
O

d [ 4]in E, dn = - ~ on E ,

and w satisfies Sommerfeld's outward radiation condition at infinity, where
1/2 = d2 /dX 2 + d2/ dy 2 is the Laplacian operator in two dimensions and d/dn
is the derivative in the direction of the outward unit normal ~ to dE. It
may be observed that the right-hand side of Eq. [4b] is, in general, non
zero only on S, i.e. the common boundary between Rand E.

Once w is found, the total field wt can b~ determined. In strong
motion seismology it is of interest to find the surface field i.e. wt on
dE, and in particular, on S and close to it. A method for doing this is
described here.

METHOD OF SOLUTION

Consider the complete system of cylindrical wave functions derived in
a previous paper (13):

v = H(l) (kr) cos p8, p = 0,1,2,... [5]

where H~l){z) is ~ankei,s function of the first kind of order p and (r,8)
are the polar coordinates of the point (x,y). Note th~t each vp is a solu
tion of Eq. [4a], fulfills dVp/dn = ° on y = 0, and satisfies a Sommerfeld
outgoing radiation condition.

Let the N-th approximation to w be
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N N
wN(r,6) = E a v (r,6)

p=O p P
where the superindex N on the complex coefficients a~ has been introduced,
to make explicit their dependence on the order of the approximation. In
the work here reported, these coefficients were determined by minimizing
the mean-square error on the boundary given as

I

dWO dW 1
2

~ dn + dnN ds.

By a straightforward derivation, this procedure yields an (N+l)x(N+l)
system of linear algebraic equations

Ba = .£ ,

where the elements of the matrix B and the vector care

dV dV dV dWO
b = f --2. --.S ds c = - f --2. - ds [ 9]

pq 5 an an p 5 an an

The bar indicates a complex conjugate. The matrix B=[bpq] is Hermitian and
positive definite; a numerically advantageous fact.

Since it is known that the set of functions {dvp/dn} is complete with
respect to all functions that are square-integrable on 5, dWN/dn converges
uniformly in S to dw/dn. A proof in a very similar case is given in (17).
Furthermore, wN(r,8) converges uniformly in E to the solution W of Eqs. [41.

Hence, for given N, the system of Eq. [8] is solved for the coeffi
cients a~, and finally Eq. [6] will produce the scattered field at any de
sired po~nt in E, or, in particular on dE.

It is worthwhile observing that when S is a semicircle of radius a,
the functions H~l)(kr) and their derivatives are constant on 5, and the set
of basis functions {vp} or {avp/an} is orthogonal on S in the sense that
the matrix B is diagonal. The coefficients a~ are then independent of N,
and Eq. [6] represents simply N+l terms of the trigonometric Fourier series
for W at any fixed value of r.

Since the displacement w is a complex function, it is necessary to
calculate, as functions of the normalized abscissa x/a, its modulus and its
phase 1/ 1

Iwl = [(Re w)2 + (1m w)2] 2 phew) = tan- (1m wiRe w). [10]

The latter is arbitrarily divided by a normalizing factor 2n, mainly to
facilitate comparison with other known solutions. In addition, the appro
priate value of tan- l is chosen to make phew) a continuous function, and a
constant is subtracted to make its value zero at xla = O.

To deal with incident waves of different frequencies for fixed topo
graphy, a normalized frequency (or wave number) is introduced n = wainS =
ka/n.

NUMERICAL CONSIDERATIONS

While evaluation of Eq. [7] would provide a criterion for the accuracy
achieved, this has not so far been done. The simpler process of repeating
the method for different values of N has been used: it is concluded that
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sufficient accuracy has been obtained when two solutions differ on S by
less than the required error bound.

In addition to the value of N, it is necessary to fix some integration
rule for the evaluation of Eqs. [9]. In view of the factor cos p6 in v ,
there are integrands in Eq. [9a] with up to N complete oscillations on ~.
Numerical experiments have given very poor results when the integration rule
used fewer than 2N points, confirming a result from (29), reported in (17).
Further, by varying the distribution of points, unsatisfactory results have
been obtained with fewer than two integration points in each cycle of the
factor cos 2 (N8) in bNN' This suggests the use of 8 as the most suitable
parameter in terms of which to write the equation of the curve S. A com
pound trapezoidal rule, with equal intervals in 8, clearly showed conver
gence to the correct values of a~ as the number of points increased above
2N. However, to obtain values of a~ with 1% accuracy, as many as 10Npoints
were needed, using the trapezoidal rule with equal intervals in 6. Never
theless, the same precision is attainable with fewer points using integra
tion rules of higher order, provided the curve S, r = r(8), is sufficiently
smooth. In particular, with a compound 9 point Lobatto rule - coefficients
from(25)-approximately 3N points were sufficient. A further increase in
order did not appear productive, presumably because with increasing irre
gularity of the distribution of integration points, more than 3N points are
required to maintain two in e·ach cycle for cos 2 (N8) •

Having evaluated Eqs. [9] , it remains to solve Eq. [8]. Since the
matrix B is Hermitian and positive definite, an LU factorization without
row interchanges should be possible,all the pivots· being positive if round
ing errors do not accumulate seriously. Further, it is possible to choose
a Cholesky type factorization, U = L*, the asterisk indicating the trans
posed complex conjugate, or to factorize B in the form LDL*, where L is
lower triangular with a unit diagonal, and D is real diagonal. This last
form has in fact been used.

Probably the most costly part of the computation is the calculation of
the Hankel functions H~1)(kr). These have been evaluated using Bessel fun£
tion routines from the IBM Scientific Subroutine Package (14), slightly modi
fied so as to provide values simultaneously for p =0, 1, •.. , N.

It should be noted that the matrix B does not depend upon the angle of
incidence~. Thus a considerable economy of computation is achieved if
several angles of incidence are analysed simultaneously for a given geome
try and wave number k.

RESULTS

In order to assess the method, a computer program using it has been
applied to two cases with known exact solutions: semicylindrical (26) and
semielliptical (28) canyons.

The solution for a semicylindrical canyon is given as a Fourier series
with coefficients involving Bessel functions (26). The series was reevalu
ated numerically in the interval Ix/al~3 for n = 0.25 (0.25) 2.0 and angles
of incidence ~ = 0° (30) 90°. Using the same number of terms for both me
thods (i. e. N = 19, 26, 33, 36, 38, 41. 43. 45 resoectively), the modulus
and phase of the d~splacement coincided in all the figure~ printed - a

- difference of less than 10-6 . Essentially the same precision could be
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achieved with fewer terms.

For semielliptical canyons, the solution can be derived as a series
involving Mathieu functions and the results are given in (28) as graphs of
displacement amplitude and phase against normalized distance x/a from -3
to 3, with four angles of incidence 0°, 30°, 60°, 90°. Using the method
of this article, semielliptical canyons of 'aspect ratio b = 0.7 have been
analysed. (b = ratio of minor axis to major axis. For each value of b,
there is both a shallow and a deep canyon). In the shallow case, using N =
22, 32, 36, 40 for n = 0.5, 1.0, 1.5, 2.0 respectively, the differences
with (28) were in general less than 0.05 ~ 2.5% at Ix/al = 0, 1, 2, 3,
which is as good as the precision with which it is possible to read the
graphs in (28). For n = 1.5, 2.0 no results were available for Ix/al = 3.
For n = 2.0, the differences were rather higher, rising as high as 0.25 at
Ix/al = 2, ¢ = 90°. Similar results were obtained for the deep case.
Using the same values of N for nib = 0.5, 1.0, 1.5, 2.0, differences were
in general less than 0.05, at Ix/al = 0, 1, 2, 3. For D/b = 2.0 no results
were available for Ix/al = 3, but the differences rose as high as 0.31 at
Ix/a'l = 2, ¢ = 0° •

However, by repeating the same cases with smaller values of N, success
ful convergence towards the solution was clearly observed. Estimated -
errors for the shallow canyon were less than 0.005 at Ix/al = 0, 1, and
0.0005 at Ix/al = 2,3 (where results were available). Results for the deep
canyon were even better. The discrepancies with (28) for the larger values
of n might be due to the slow convergence of that series solution for
ix/al ~ 2 and those values of n. The authors report than more terms of the
series are needed when nand Ix/al increase, and the results given here
suggest that they did not take sufficiently many in the cases indicated.

It may be concluded that the method presented here is very good for
semielliptical canyons of aspect ratio b>0.7 and at least for frequencies
n<l.S (n/b < 1.5 in deep cases) and probably also for somewhat larger
values of n~ By way of example, graphs of canyon shape, displacement
amplitude and normalized displacement phase against normalized distance x/a,
for b = 0.7 and ¢ = 0°, 30°, 60°,90° are given in Figs. 2 and 3 for
shallow and deep semielliptical canyons respectively.

The validity of the method having been thus demonstrated, it has been
applied to a trench with vertical walls x = + a and curved floor with equa
tion r = a[ cos 2 8+(d2cos 2 8-sin28)2]-1/2, Itan 81 > d. In Figs. 4, 5 the
form of this trench is shown for d=tan 30°, together with graphs of ampli~

tude and phase of the surface motion w obtained for n = 0.5, 1.0 (N=25 and
36) respectively. Qualitat1vely similar results to those for semicylindri
cal and semielliptical canyons were observed. But it is of interest to
note that, for waves propagating towards the right-hand side, the amplitude
of the scattered wave near the left-hand wall can considerably exceed that
of wO , the sum of the incident and reflected plane waves. Finally, in this
example no limitation on the topography slope is imposed as in methods
involving the Rayleigh hypothesis (1, 5, 6, 7). Lack of accuracy of that
method for steep slopes was reported in (4, p. 277).
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ON ESTIMATION OF STRONG EARTHQUAKE MOTIONS WITH
REGARD TO FAULT RUPTURE

by
Saburoh MIDORIKAWA I and Hiroyoshi KOBAYASHI II

ABSTRACT

A method for the estimation of the near-field ground motions with
regard to the shape and dimension of fault and the direction of rupture
has been presented. Authors assumed that the earthquake ground motions in
short period range of from 0.1 to 5 second can be regarded as the super
position of the impulses from the small elements of the fault plane. They
determined the characteristics of the impulses according to earthquake
magnitude, distance from the origin, fault dimension, rupture mode etc.
from the empirical relations, and calculated the response spectra of the
incident waves from the seismic bedrock by the superposition of these
impulses. The results obtained by this calculation showed good agreements
with the observed seismic intensities, peak accelerations and spectra of
the near-field ground motions in cases of the Kanto Earthquake of 1923 and
so on.

INTRODUCTION

One of the main objects in earthquake engineering is to estimate the
spectral amplitude of the near-field ground motions. Many empirical
formulae of the maximum amplitudes of. the ground motions (1),(2) and a few
of the spectral amplitudes (3),(4) have been proposed already. However, it
is difficult to apply these empirical formulae to the near-field problem,
because the used data were limited.

Few seismograms, but many distributions of the seismic intensities in
near-field have been observed. From these distributions, it has been
pointed out that the intensity of the ground motions reflect the nature of
fault rupture strongly.(5) In seismology, the techniques of computing the
near-field ground displacements by the dislocation theory have been
developed. Though the short-period motions, which are important for engi
neering purposes, cannot be treated by this theory (6), it is inevitably
necessary to introduce the conception of this theory into estimating the
near-field ground motions. As the ground motion is regarded as the total
sum of the contributions from finite moving sources, the envelope of the
ground motion in short period range will be represented as the superposi
tion of the impulses from the finite elments of the fault plane. Authors
tried to determine the characteristics of the impulse from the empirical
relations, and calculated the envelope of the ground motions.

1. EMPIRICAL FORMULA OF RESPONSE SPECTRA OF INCIDENT WAVES FROM SEISMIC
BEDROCK

The spectra of the ground motions observed on the ground surface can
be regarded as the product of the spectrum of the incident wave from the

I Graduate Student,Tokyo Institute of Technology
II Professor of Earthquake Engineering, Tokyo Institute of Technology,

Dr. of Eng.
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seismic bedrock by the amplification factor of the ground.(1),(3) The
amplification factor of the ground will be approximately equal to that due
to the propagation of SH-waves after the many recent studies.(7),(8)
Therefore the spectra of the incident waves from the seismic bedrock are
to be examined for the estimation of those on the ground surface. Authors
tried to correct the empirical formula of the velocity response spectra of
the seismic bedrock motion proposed by Kobayashi et al.(3)

At first, the amplification factors of the ground proposed by
Kobayashi et al.(3), which were obtained from the stationarity in the
response spectra of the earthquake ground motions at the individual strong
motion accelerograph site, were compared with those due to the propagation
of SH-waves in the layered soil ground as shown in Fig.l. In calculation
of the amplification factors due to the propagation of SH-waves, they
adopted the upper boundary of the earth1s crust, whose shear wave velocity
is about 3 km/sec, as the seismic bedrock. On the peak period of the both
results at five sites, that is Hachinohe, Kushiro Harbour, J.M.A. Station
of Kushiro, Miyako and Hiroo, they got good agreement and it was affirmed
that the former reflect the underground structure at the observed site.
The average value of the ratios of the latter to the former has no particu
lar periodicity as shown in Fig.2. So they defined the amplification
factors of the ground as the product of those by Kobayashi et al. by the
average value of ratios.

The velocity response spectra of the incident waves from the seismic
bedrock were defined as the quotient of those on the ground surface, which
were represented by the two dimensional velocity response spectra (h==O.05),
by the amplification factor of the ground for the period range of from 0.1
sec. to 5 sec. Using 45 sets of strong motion accelerograms as shown in
Table 1, the empirical formula of those in terms of earthquake magnitude
and hypocentral distance as presented in equation 1 was calculated by the
method of least square.

lo910Svo(T) == a(T)'M - b(T)'lo910X - c(T) . .•..... (1)

where Svo(T) is velocity response spectrum of the incident waves, Mis
earthquake magnitude (J.M.A. magnitude), X is hypocentral distance by km
and a(T), b(T) and c(T) are the coefficients which depend to period.
Coefficients a(T) and b(T) were assumed the periodic functions on the basis
of the results from the scaling model (9),(10) and the inelasticity of the
propagation pass. The results of the coefficients a(T), b(T) and c(T) were
shown in Fig.3.

The velocity response spectra from the empirical formula were shown in
Fig.4, which shows that in the period range of from 0.1 sec. to 0.2 sec.
the velocity response spectra increase with period, and that in the period
range of from 0.2 sec. to 5 sec. the spectra for the earthquake of
magnitude is 6 or 7 are constant velocity and those of the smaller magnitude
decrease with period and those of the larger magnitude, on the contrary,
increase with period. The absolute values of the spectra are fairy small
in comparison with those on the ground surface, and were compared with
those from Ohta's semi-empirical formula of the spectral acceleration
amplitude at seismic bedrock based on the earthquake fault model(9). The
agreement between the spectral value of this empirical formula and Ohta1s
results is comparatively good. The response spectra of the empirical formula
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mentioned above :canbe regarded as those of the incident waves from the
seismic bedrock whose shear wave velocity is about 3 km/sec. However, this
empirical formula cannot be applicable for the near-field problem directry,
because the source of earthquake 'cannot be regarded as a point.

2. METHOD FOR ESTIMATION OF GROUND MOTIONS WITH REGARD TO FAULT RUPTURE

As mentioned above, it is clear that the intensity of the ground
motion in near-field is dominated by the pattern of the fault rupture
evaluating from the isoseismals near the source area.(5) Authors took a
fault rupture into a consideration when they estimated the response spectra
of the near-field ground motions.

They assumed the envelope of the time history of the power on ,the
incident waves in short period range as following:
1) The envelope of the incident wave, E(T), is represented as shown in
Fig.5(a), and its duration, d, is the sum of dsource' which is the rupture
duration, and dx, which is the time interval between the fastest and the
latest wave arrival at a seismometer site.(ll)
2) The envelope of the incident wave is regarded as the superposition of
the impulses from the finite elements of the fault plane, and the shape of
the impulse is regarded as shown in Fig.5(b). The suffixs of d' are cor
responding to those of d.
3) The response envelope of an oscillator, whose damping coefficient is
relatively large, is similar to that of the input motion.

According to these assumptions, the fault plane was devided into n
elements of the finite planes ~Si as shown in Fig.6. The characteristics
of the impulse from the finite plane ~~i can be represented as

d~ource = ~L / VR

dlX = C x Xi

· .••.••...... (2)

• .•.•••••.•.• (3)

Iii = d / [ n x ( 2d'source + dlX )J x Io (4)

Equation 4 was obtained from Equation 5, because the energy of the incident
waves are to be independed to the divided number n.

f E(t) dt = L f Eli(t) dt · •.•.•....... (5 )

where L is length of ~Si, VR is rupture velocity, Xi is distance from a
observed point to the element ~Si, I'i is intensity of the impulse, EI(t) is
envelope of the impulse and C is a constant which takes 0.15 after Trifunac
and 0.3 after Esteva(ll). In this study, authors adopted C=0.24.

From Equation 4, it is necessary to determinde Io and d in order to
get Iii. Io is obtained by setting X, which is distance from a observed
point to the center of the fault plane, in Equation 1. dsource can be given
~;

dsou~ce = L / VR (in case of unilateral faulting) .. (6)

0.5 L / VR (in case of bilateral faulting) .. (7)

As the average of Equations 6 and 7,
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dsource = 0.75 L / VR (8)

where L is fault length. The relations between L, VR and Mhave been
showed by R.J.Geller(lO). These relations are represented as following:

L = 0.012 x 100.5M [ km ] (9)

VR = 0.7 x 100.08M [ km/sec ] (10)

Using Equations 9 and 10, Equation 8 gives dsource in terms of earthquake
magnitude.

dsource = 0.013 x 100.42M [sec]

dX is given by

dX = C x X .....•... (12)

where a constant C is 0.24 as mentioned_ above. Finally they obtained Equa
tion 13 as follows:

d = 0.013 x 100.42M + 0.24X [sec] (13)

Equation 13 is a semi-empirical formula of the duration of the incident
waves from seismic bedrock.

They determined the characteristics of the impulse using Equations 1,
2, 3, 4 and 13, and the relative arrival time of impulses according to the
rupture mode and relative location of source area and the observed site.
The response envelope was calculated and the velocity response spectrum was
obtained from the maximum value of the envelope. The idealized examples of
the calculated envelope were shown in Fig.? The maximum value at station
A, situated on the side of the direction of the rupture propagation, is
stronger than that at station C, situated on the opposite side, and the
duration at station A is shorter than that at station C. These trends are
found in the observed strong motion accelerograms due to the Tokachi-oki
Earthquake of 1968. The comparison of the envelopes of these power of
accelerograms with those which were calculated on the basis of the fault
parameters proposed by Fukao(12), which is indicated in Fig.12, was shown
in Fig.8. From the results of these comparison, it was affirmed that the
effects of the rupture propagation can be considered by this method.

3. ATTENUATION CURVE OF INTENSITY OF SEISMIC WAVES AT SEISMIC BEDROCK

Authors calculated the attenuation curves of the intensity of seismic
waves at seismic bedrock,as the incident waves for layered soil structure
of ground, by the method mentioned above. The velocity response spectra
can be obtained by this calculation directly. So, it is desired to trans
form the response spectra into the peak value of acceleration or particle
velocity. Authors tried comparison between the response spectra and peak
values of acceleration or particle velocity of ground motion on the actual
75 accelerograms, and they got the relationships between the spectral
intensity and the peak value of acceleration or particle velocity as shown
in Equations 14 and 15:



Amax = 1.2 x M.S.I.

Vmax = 0.3 x 5.1.
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.............. (14)

. (15)

where Amax and Vmax are peak values of acceleration and particle velocity
respectively, S.I. is G.Housner's spectrum intensity for h=O.05, and
M.S.!. is modified spectrum intensity represented in Equation 16.

0.5
M.S.I. = fO.l Sa(T) dt (16)

where Sa(T) is acceleration response spectrum (h=0.05).

Figs.9 and 10 showed the attenuation curves of peak accelerations and
particle velocities of the seismic waves at seismic bedrock, which are
evaluated as the incident waves for the ground structures. In this case,
dip angle of the fault plane is 90° and rupture propagates unilaterally.
The fine lines showed the fluctuation due to the change of the relative
position of observed site against the fault rupture. Upper part of the
figure showed the attenuation curve against the ordinary epicentral distance,
which is given by the seismometeric observation, and the fluctuation is
very large. Middle part of the figure showed the curve against the shortest
distance from fault plane, that is similar to H.B.Seed(2), and result is
better than former. In case of lower one, taking the non-dimentional
distance which is the quotient of the distance from the specified point, that
is located O.ll inside from the rupture terminus, by the fault length, the
fluctuation becomes very small and the attenuation curves of accelerations
seem to be independent of earthquake magnitude. The upper limit of the
peak acceleration of the seismic waves at seismic bedrock is about 350 gals.
On the contrary, upper limit of the peak value of velocity increases with
earthquake magnitude and will not exceed 30 kines.

For checking of these results, the distribution of the peak values of
acceleration of seismic waves at seismic bedrock were compared with seismic
intensities measured by Japan Meteorological Agency. JMA intensity V cor
responds to VII of MM intensity scale roughly. In case of the Izu-ohshima
Earthquake of 1978, using the Shimazaki's model(13), they showed the results
of calculation on the peak acceleration of seismic waves at seismic bedrock
by broken line and isoseismal map by JMA scale, in Fig.ll. This broken line
should be compared with the upper boundary of intensity V. In Fig.12, using
the Fukao's model(12), whose dip angle is small, they showed the results of
the case of the Tokachi-oki Earthquake of 1968. In Fig.13, showed also the
results of the Kanto Earthquake of 1923 by the Ando's model(14). Under the
consideration of ground amplification for the seismic waves, these results
showed good agreements for the relationship between calculated ground motion
and observed one. For the assist of consideration, they showed geological
map of disastered area of the Kanto Earthquake in Fig.14.

4. ESTIMATED RESPONSE SPECTRA OF NEAR-FIELD GROUND SURFACE MOTIONS

The response spectra on the ground surface can be calculated as the
products of the response spectrum of the seismic waves at the seismic bedrock
and the amplification factor of SH-waves due to propagation by multiple
reflection in the layered soil. Assuming the amplification factor as 3.5 at
the rock site(8), authors calculated the attenuation curves of the peak value
of accelration for the rock site. Fig.15 shows the comparison of these
attenuation curves and observed relationships at rock sites(2). As the
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evaluation of earthquake magnitude, they adopted JMA magnitude in the
calculation of the empirical formula. So they regarded earthquake magni
tude M=5.3 for the San Francisco Earthquake, M=6.0 for the Parkfield Eq.,
M=6.4 for the San Fernando Eq., and M=7.2 for the Kern County Earthquake
respectively with reference to ML and MS of individual earthquake(16). In
cases of the Parkfield and the San Fernando earthquake, they got good
agreements between the calculated and observed data.

At the sites whose underground soil structures were known, they
estimated the response spectra of ground surface motions of near-field.
In Fig.16, they showed the estimated velocity response spectra at Hongo,
Tokyo by the Kanto Earthquake of 1923. Observed response spectra of this
site have been presented by Nasu et a1.(17) and Yamahara(18). In this
figure authors compared these results changing the earthquake magnitude.
In Fig. 17, authors showed also the estimated response spectra of ground
surface at Cho1ame and Temblor, California due to the Parkfield Earthquake.
The under ground structures of individual sites were modeled as shown in
Fig.18(19),(20). The fault parameters proposed by J.Anderson(21) were
adopted. These results mean that the response spectra of ground surface in
the near-field can be estimated with comparatively good accuracy by this
method.

CONCLUSION

As the conclusion of this study, authors pointed out following results:
1) The empirical formula of the response spectra of the seismic waves at
the seismic bedrock, which is considered as the incident waves for the
layered soil structures of subsurface ground, in terms of earthquake
magnitude and hypocentra1 distance was proposed. As the seismic bedrock,
stiff rock layer, whose shear wave velocity is about 3 km/sec, should be
considered. This empirical formula can be used for the earthquakes of that
the magnitude is less than 7.0 or 7.5 directly. For huge earthquakes, effect
of the near-field motions should be considered.

2) Authors proposed a method for the estimation of the response spectra of
the near-field ground motions by means of the superposition of the impulses
from the small elements of the fault plane. Upper limit of the peak value
of acceleration of seismic waves at seismic bedrock is specified, in spite
of earthquake magnitude.

3) The results obtained by this method showed good agreements with the
observed seismic intensities, peak accelerations and response spectra of
the ground surface earthquake motions in near-field. Consequently, it was
affirmed that this method is available for the estimation of the ground
motions, including the near-field.
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Nov. 15 1961 6.9 120
Feb. 21 1962 6.2 110
April 23 1962 7.0 120
July 18 1962 5.9 100
Feb. 5 1964 6.0 80
June 23 1964 6.9 190
Nov. 14 1964 5. 1 50
Sep. 18 1965 6.7 90
Oct. 26 1965 6.8 200 200 290
Sep. 19 1967 6.2 220

Nov. 4 1967 6.5 60
Nov. 19 1967 6.0 70
April 1 1968 7.5 80
May 16 1968 7.5 230 220 210
June 12 1968 7.2 280 220 130
June 13 1968 5.7 130
Aug. 6 1968 6.6 130
Aug. 7 1968 5.8 90
Sep. 21 1968 6.8 100 170 230 210
Oct. 8. 1968 6.2 100

April 21 1969 6.5 60
June 21 1969 5.6 90
Jan. 21 1970 6.7 140 50 180
April 1 1970 5.7 80
July 26 1970A 6.7 60
July 26197086.1 60
Aug. 2 1971 7.0 220 260 210
March 20 1972 6.3 130 150
May 11 1972 5.8 90
June 22 1972 5.4 80
June 17 1973 7.4 160
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CONSTANT VOLUME CYCLIC SIMPLE SHEAR TESTING

by

W.D. Liam Finn
I

, M.ASCE, Y.P. Vaid
II

and S.K. Bhatia
III

ABSTRACT

Compliance in systems for conducting undrained cyclic shear tests on
saturated sands is equivalent to partial drainage and, therefore, can have
a very significant effect on the measured liquefaction potential. A new
"constant volume" cyclic simple shear test has been developed in which
compliance is limited to very low values. This paper describes both the
new test system and an improved method of sample preparation. Data from
the new equipment are compared with cyclic simple shear data from conven
tional equipment to show directly the effect of system compliance. Late
ral as well as vertical stresses are measured during cyclic loading.

INTRODUCTION

Laboratory methods currently in use for determining liquefaction
potential of cohesionless soils are mainly cyclic triaxial tests and
cyclic simple shear tests (5, 10, 12). Other, but less frequently used,
techniques are cyclic torsional shear tests (7, 8) and shake table tests
on large size samples (1, 3, 4). In evaluating the results of cyclic
loading tests on saturated sands carried out under undrained conditions,
it is assumed that no volume changes occur during the test. However,
there is appreciable compliance in each of these test systems which
allows significant volume expansion to occur in the supposedly constant
volume saturated sample. This volume change, having the same effect as
partial drainage would have, decreases the tendency for the porewater
pressure to rise during cyclic loading. Therefore, undrained tests tend
to overestimate the resistance to liquefaction. A theoretical analysis of
the errors in liquefaction data caused by system compliance has been
presented by Martin, Finn and Seed (9). These errors are always on the
unsafe side and may range up to 100%.

Errors, due to system compliance, are common to all undrained lique
faction testing. The magnitude of the compliance is primarily a function
of the type of test equipment and the grain size of the sand. In the
various kinds of triaxial and shake table tests, compliance arises pri
marily as a consequence of membrane penetration effects and in simple
shear tests with rigid container walls it is due to the membrane expanding
into the corners of the sample cavity as the porewater pressure increases.

An alternative procedure for determining the undrained behaviour of
sand without the complications of compliance is to conduct constant
volume tests on dry sands. In these tests, the changes in confining
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pressures to maintain constant volume are equivalent to the changes in
porewater pressure in the corresponding undrained test. Constant volume
triaxial testing of sand as an equivalent method of obtaining its behav
iour under undrained loading was first suggested by Taylor (14). In such
a test, there is no excess porewater pressure and the condition of con
stant volume is maintained by continuously varying the confining pressure
in order to counteract the tendency to volume change when the sample is
loaded axially. These changes in confining pressure are equivalent to
changes in porewater pressure in the corresponding saturated undrained
specimen. Application of the constant volume test to simple shear condi
tions was proposed by Pickering (11) i~ a technical note and he presented
some preliminary results on the constant volume liquefaction of saturated
Ottawa sand.

We present, herein, a description of a new cyclic simple shear test
in which the compliance is negligible and hence the volume of the test
sample may be considered constant for all practical purposes. In the pro
posed test a constant volume condition is achieved by locking the vertical
loading head after the required vertical confining pressure has been
applied. When cycles of shear stress or shear strain are now imposed, the
tendency of the sand to compact during shaking causes a progressive reduc
tion in vertical effective pressure on the loading head. This reduction
in effective pressure is equivalent to the increase in porewater pressure
in the corresponding undrained test. A preliminary description of this
test has been given previouslY by Finn and Vaid (6).

DESCRIPTION OF TEST APPARATUS

The University of British Columbia (UBC) simple shear apparatus, des
cribed by Finn et al (5) has been modified to permit cyclic shear testing
at constant sample volume. The modified apparatus is shown in Fig. 1.
The two components of linear horizontal strain are identically zero in
this simple shear apparatus. Thus, a constant volume condition is achieved
by clamping the loading head to prevent vertical strain. A horizontal
reaction plate is clamped to four vertical posts which are threaded into
the body of the simple shear apparatus. A stiff vertical load transducer
is attached to the sample loading head and carries on its upper side a
heavy loading bolt which passes through a central hole in the reaction
plate. The desired vertical pressure on the sample is applied by tighten
ing the loading bolt nut on the underside of the reaction plate. Simul
taneously, the loading head is clamped in position by tightening the
loading bolt nut on the top side of the reaction plate. Two small stiff
pressure transducers (350 kPa capacity and full scale deflection of 0.0015
em) are permanently mounted on one of the moveable lateral boundaries in
order to monitor the lateral stresses during cyclic loading.

Maximum gross volume change introduced at the onset of liquefaction
in this so called constant volume test is very small and arises as a
result of the recovery of elastic deformation in the vertical loading
components when the load on the clamped loading head is reduced to zero.
The use of a thick reaction plate, heavy vertical posts and loading bolt,
and a very stiff load transducer reduces the vertical movement of the
clamped head to a negligible amount. For liquefaction tests with initial
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avo = 2 kg/cm2 (196 kPa) this movement amounted to a maximum of 5 x 10-4

cm which was only 5% of the movement of the floating head due to system
compliance in liquefaction tests on saturated undrained samples in the
same equipment and is equivalent to a total vertical strain of the order
of 0.02%. Thus, a more accurate evaluation of liquefaction potential can
be made using the new test.

EXPERIMENTAL PROCEDURE

An experimental procedure for preparing saturated sand samples within
the simple shear apparatus has been described by Finn, Pickering and
Bransby (5). Evolution in testing methods has since led to an improved
procedure which gives samples of more uniform density and, therefore,
yields more consistent and reproducible results. In the earlier proce
dure, densification of the sample to the desired relative density was
carried out prior to siphoning off excess sand to achieve the final desired
height and seating of the ribbed loading plate. A looser layer of sand
tends to form at the top due partly to the siphoning action and partly to
digging of the ribbed loading plate into the sand surface. Such a looser
layer in an otherwise dense sample would lower the overall liquefaction
resistance of the sand sample. In the improved procedure, the sand is not
densified until after the top ribbed plate has been seated on the sand
surface and the membrane has been sealed to the top loading cap.

A constant volume test can be performed on either dry or saturated
sands. Dry sand is deposited within the membrane in the apparatus through
a funnel tip permitting a free fall. The funnel is traversed across the
plan area of the sample so that the sand surface remains sensibly level.
Pouring is continued until an excess of sand over that required for the
sample has been deposited. Excess sand over the final elevation is then
siphoned off using a small vacuum. Saturated samples are prepared to the
desired height by deposition under water in the manner described in (5).
The top ribbed plate is now placed on the sand surface, the membrane
closed over it, and sealed to the loading head. The desired final density
for either kind of test is then obtained by vertical vibrations while the
sample is kept under a seating pressure of approximately 0.1 kg/cm2 . The
top ribbed plate thus follows the settlement of the sand surface and
assumes a proper seating, while the entire sample gets uniformly densified
without development of looser zones under the top plate. The vertical
pressure is then increased to the required value of the overburden pressure.

The cyclic shear load may be applied using either square, ramp or
sine wave forms. The data presented herein were obtained using the square
waveform with periods of zero load described previously by Finn et al (5)
for undrained simple shear liquefaction tests. All tests were run at a
loading frequency of 2 Hz. During the test, vertical pressure, cyclic
shear strain and cyclic shear stress were monitored with electronic trans
ducers and continuous records were obtained with a light beam chart recorder.

CONSTANT VOLUME CYCLIC SIMPLE SHEAR TESTS

All tests were performed on Ottawa sand, ASTM designation C.I09.
This is a natural silica sand consisting of rounded particles with grain
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sizes between 0.15 and 0.59 mm and D50 = 0.40 mm. The maximum and minimum
void ratios are 0.82 and 0.50, respectively.

A typical record of a constant volume simple shear cyclic loading
test on medium dense dry sand is shown in Fig. 2. A similar record using
a saturated undrained sample is shown in Fig. 11 in Ref. 5. The similar
ity between the two records may readily be noted, particularly in the rise
of porewater pressure during the undrained liquefaction test and the
decrease of vertical normal effective pressure during the constant volume
liquefaction test. In the undrained test, the normal effective stress may
eventually reduce to zero as the porewater pressure increases with cycles
of loading, resulting in liquefaction. In the constant volume test, the
porewater pressure remains constant (usually zero) and the normal effec
tive stress may decrease to zero. The simultaneous reductions in hori
zontal and vertical effective stresses during cyclic loading are shown in
Fig. 3 for a typical test.

Dry vs. saturated samples:-

In terms of effective stresses, the mechanical behaviour of cohesion
less soils is not affected by whether the soil is saturated or dry (15).
Fig. 4 shows data from constant volume liquefaction tests of both dry and
saturated samples. Identical values of initial confining stresses, 0vo,
and cyclic shear stress amplitude, T, were used in all tests and only the
relative density was varied. It can be seen in Fig. 4 that there is
excellent agreement between results obtained from dry and fully saturated
samples. This result is quite important because it is much easier and
less time consuming to work with dry sands than with saturated sands. In
view of these results, the tests described subsequently were carried out
using dry samples.

Cyclic stress amplitude vs. cycles to liquefaction:-

A summary plot of the results of cyclic loading tests on samples nor
mally consolidated under an initial confining stress, o~o = 2 kg/cm2

(196 kPa) is shown in Fig. 5. Each contour in Fig. 5 was obtained by
running a series of tests on samples with different relative densities but
using a constant cyclic stress amplitude. The data shows very little
scatter which is not generally the case with results from saturated un
drained liquefaction tests.

From the results in Fig. 5, it is possible to obtain the relationship
between cyclic stress ratio, T/O~O' vs. cycles to liquefaction for various
relative densities of the sand. These relationships are plotted in Fig. 6
for four different relative densities of sand.

The relationships between cyclic stress ratio and cycles to liquefac
tion for overconsolidated sand are shown in Fig. 7 for Dr = 50%. These
results were obtained by running a series of tests similar to the normally
consolidated series but now using samples with a fixed value of overcon
solidation ratio (OCR). The rate of development of porewater pressure
(decrease in vertical effective stress in constant volume tests) in over
consolidated samples with essentially the same relative density and under
a constant T/O~o ratio is shown in Fig. 8. It may be seen in Fig. 8 that



843

higher resistance to liquefaction with increasing OCR is associated with a
slower rate of porewater pressure generation during cyclic loading of the
overconsolidated samples.

EFFECT OF SYSTEM COMPLIANCE

A series of conventional liquefaction tests was carried out on satu
rated undrained samples using the new procedure for sample formation.
Constant values of initial confining stress and cyclic shear stress
(c/cr~o = 0.13) were used and only the sample density was varied. The
results from this series of tests are shown in Fig. 9. Corresponding
results obtained by constant volume liquefaction tests (taken from Fig. 5)
are also shown for comparison. It is clear from Fig. 9 that for identical
methods of sample preparation the resistance to liquefaction measured in
conventional cyclic simple shear tests on undrained saturated samples is
consistently larger than that measured in the constant volume tests.
Since the test samples were prepared in an identical manner, the increased
resistance to liquefaction in undrained tests is directly attributable to
the system compliance in the undrained test. The apparent volume change
at the onset of liquefaction in undrained tests amounted to a movement of
the loading head which was 20 times as large as the corresponding movement
in the constant volume tests. Thus, the use of undrained test data may
result in an overestimation of the liquefaction resistance of sand.

It may be seen, from Fig. 9, that with c/ovo = 0.13 Ottawa sand at a
relative density Dr = 51% will liquefy in 10 cycles in an undrained cyclic
loading test. The data in Fig. 6 show that the same sand at the same
relative density will liquefy in 10 cycles with T/o~o = 0.107. Therefore,
the undrained test, because of system compliance, overestimates the resis
tance to liquefaction by about 25% for the case under consideration. For
any given apparatus and hence a given amount of system compliance, the
degree of overestimation of the resistance to liquefaction will depend on
the type of sand, the relative density and the number of cycles to lique
faction under consideration.

EFFECT OF IMPROVED SAMPLE PREPARA',I'ION TECHNIQUE

Liquefaction resistance vs. relative density:-

The influence of relative density Dr' on cyclic stress ratio c/ovo'
to cause liquefaction in 10 and 30 cycles is illustrated in Fig. 10.
There is a gradual increase in cyclic stress ratio to cause liquefaction
with increase in relative density up to Dr ~ 60%. However, for Dr in
excess of about 60%, the stress ratio required to cause initial lique
faction or a shear strain y = ±5% increased at a much faster rate. The
rate of increase is much more rapid than has been recently reported by
D'Alba et al (1) who found that Tla~o increases linearly with relative
density up to Dr ~ 80%. De Alba's data (1) has been corrected for com
pliance due to membrane penetration and so should be comparable to the
results from the compliance free constant volume test.

The dramatic increase in resistance to liquefaction at higher densi
ties is further illustrated by the results of tests on dense sand samples
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with Dr in the range of 73% to 83%. In these dense samples, the vertical
effective stress reduced to a small terminal value but never reached a
state of initial liquefaction. Shear strains began to develop with cycles
of loading only after the vertical stress had been substantially reduced.
A summary of some of the test results is presented in Table 1 and it shows

TABLE I - Results of Constant Volume Cyclic Loading

Tests on Dense Ottawa Sand

D % T/0' Cycles to develop specified
r vo percent shear strain

±l ±2 ±5

72.8 0.266 10 20 40

76.9 0.192 86 106 160

80.6 0.340 14 48 150

83.4 0.394 13 56 Could not
achieve 5%

that large T/0~O ratios and/or very large numbers of cycles are required
to generate 5% strain for relative densities over 70%. The results pre
sented in Fig. 10 and Table 1 are in agreement with the field records of
liquefaction (Fig. 11) analysed by Castro (2). From Fig. 11, it seems
ther8 is no evidence of reported liquefaction for sites with modified
penetration (N) values greater than 40 which corresponds to Dr ~ 70% based
on the Gibbs and Holtz correlation between N values and relative density.

The observed substantial increase in resistance to liquefaction of
dense Ottawa sand in the present investigations is believed to be a conse
quence of the improved sample preparation technique. The improved techni
que aims at eliminating the possibility of the development of a looser
layer at the top of an otherwise dense sample. The common practice of
bringing the sand sample to the final grade and density before placing the
loading head tends to develop a looser layer at the top. This is avoided
in the improved sample preparation technique by vibrating the sand to the
desired density after placing the loading cap and applying a small seating
stress.

Liquefaction resistance vs. overconsolidation ratio:-

The results presented in Fig. 7 show a considerable increase in
resistance to liquefaction with increase in the overconsolidation ratio,
OCR. For the sand tested, the stress ratio required to cause liquefaction
in 20 cycles at an OCR = 4 was almost double that for a normally consoli
dated sample. Results similar to that in Fig. 7 have also been reported
by Seed and Peacock (13) for Monterey sand. Both Ottawa and Monterey
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sands are medium uniform sands. However, the increase in resistance to
liquefaction with similar increase in OCR is much smaller for Monterey
than for ottawa sand. It is believed that the improved sample preparation
technique has been responsible for the greatly increased resistance to
liquefaction of overconsolidated ottawa sand, measured in the constant
volume cyclic simple shear test.

CONCLUSION

A cyclic simple shear test has been developed for measuring the
liquefaction potential of saturated sands which uses dry sand samples.
The volume changes that occur during the test are so small that for all
practical purposes the test may be considered a constant volume test. The
test is based on the concept that the pressure reduction against a fixed
loading head during cyclic loading is equivalent to the increase in pore
water pressure that would occur in the corresponding undrained test.
Compliance in the constant volume test system is less than 1/20 that of
the corresponding undrained test system and, consequently, the constant
volume test gives more realistic estimates of liquefaction potential.

A new procedure for sample preparation has been developed in con
junction with the constant volume test. In this new procedure all acti
vities associated with sample formation, instrumentation and loading are
completed before the sample is vibrated to the final desired density.
This procedure prevents the formation of a looser layer on top of an
otherwise dense sample due to placement of loading head, sealing membranes
and other manipulations of the sample after densification but prior to
testing. samples formed by the new procedure show very high resistance to
initial liquefaction or straining at relative densities greater than 70%
in comparison with samples formed to final density prior to placement of
loading head and sealing of membrane. Overconsolidated samples formed by
the new procedure also show a much higher resistance to liquefaction than
similar samples formed by the more conventional procedure.

The constant volume test is very quick and easy to carry out
none of the difficulties associated with undrained cyclic tests.
an extraordinarily high degree of reproducibility and consistency
test results.
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TWO-DIMENSIONAL PORE PRESSURE CHANGES IN SAND
DEPOSITS DURING EARTHQUAKES

by

Y h · ki Y h' i I d K h" T k' IIos la os 1m an 0 Jl 0 lmatsu

ABSTRACT

An analytical method applicable to two- and three-dimensional problems
is presented for evaluating generation and dissipation of pore water pres
sures in sand deposits during earthquakes, by extending Biot's consolida
tion equation. Shaking table tests were conducted on a horizontal layer
of saturated sand supporting a structure, and the test results were
compared with the computed values based on the mechanical properties of
the sand which were determined at appropriate stress levels in the model
tests. The computed pore water pressure time histories in the sand were in
good agreement with the observed ones considering the fact that the pore
water pressures were sensitive to a small variation in the table accelera
tion. It was indicated that redistribution of pore water pressures due to
seepage should be taken into account for evaluating the bearing capacity
of saturated sand subjected to cyclic loading.

INTRODUCTION

Previous studies on the generation and dissipation of pore water
pressures in sand deposits during earthquakes (Ref. 8, for example) were
based on the assumption that the total stresses in the soil remained con
stant, although such an assumption was justified in one-dimensional
problems only. In two- and three-dimensional problems, however, the stress
distribution in the soil may change because of uneven ~hanges in the shear
moduli of the soil as a result of generation of excess pore water pressures.
The authors became aware of the need for solving the problem when they
studied the behavior of buildings on saturated sand during earthquakes (11).
The need also exists when we attempt to establish rational criteria for
soil stabilization as a means to prevent damage due to liquefaction, in
terms of area and depth of soil to be stabilized as well as requirements
for density and permeability of the stabilized soil.

The object of this paper is to propose a method for assessing the
pore water pressure changes in saturated sands involving two- or three
dimensional configurations or seepage paths. Shaking table tests on model
ground supporting a structure are conducted to verify the analytical pro
cedure. In order to bypass similitude requirements, the physical and
mechanical properties of the sand in the model ground are evaluated at the
actual stress level in the model which are quite low.

I Professor, Tokyo Institute of Technology, Tokyo,
II Graduate Student- .,,'0 Institute of Technology,

. «e \\\a\\\\
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Japan.
Tokyo, Japan.
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METHOD OF ANALYSIS

Governing Equations

The governing equations developed by Sandhu and Wilson (7) which was
based on Biot's theory of consolidation (1) are extended to account for the
effects of cyclic shear stress, i.e., generation of excess pore water
pressure and change in stresses in the ground. Accordingly, assumptions
concerning the characteristics of sand subjected to cyclic shear are made
in addition to assuming small deformations, linear stress-strain relation
ship, full saturation, incompressible water, and the validity of Darcy's
law.

The equation of equilibrium of forc~s which permits an increase in
the pore water pressure during earthquake can be expressed as follows:

(1)

in which 0 = effective stress tensor, n = pore water pressure, F = body
force vector, P = unit weight of soil, 0ik = the Kronecker delta (equals 0
for if: k and equals I for i = k), g = excess pore water pressure generated
by cyclic shear stress, g'= change in the effective stress due to cyclic
shear stress (estimated for the final state of equilibrium after the excess
pore water pressure, g, has dissipated). Subscripts after a comma denote
differentiation in that direction, and repeated indices denote summation
(7).

The relationship between the strain, e, and displacement, u, for small
deformations can be expressed as

Assuming that the change in the effective stress due to cyclic shear
stress causes no change in the void ratio, the stress-strain relationship
of the sand skeleton can be expressed as

in which C = elastic modulus tensor.

Assuming similarly that the excess pore water pressure due to cyclic
shear stress causes no change in the void ratio, Darcy's law and the
equation of continuity are expressed by Eqs. (4) and (5), respectively.

q. =k· . ('IT . -g .)
~ ~J ,J ,J

q .. =e·· =-u· .
~,~ ~~ ~,~

(4)

(5)

in which q = discharge velocity vector, k = permeability coefficient tensor,
and a superposed dot denotes differentiation with respect to time.

Substituting Eq. (4) in Eq. (5) and integrating in time domain, one
obtains Eq. (6) by virtue of ui,i(t =0) =0.

u· . +h*{k· . ('IT • - g.)} . =0
~,~ ~J, J ,J ,].

(6)
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in which h = 1 and the symbol * denotes convolution product, such that

Boundary Conditions
If surface force T is prescribed on boundary surface Sl

n· {a· . + g! . + (TI - g) 0 .. } = T·J . 1J 1J 1J 1 on Sl (7)

in which nj = directional cosine of a normal to the boundary surface. If
rate of flow of pore water Q is prescribed on boundary surface 82

(8)

If displacement ui and pore water pressure TI are given on surfaces 8 3 and
84 , respectively

on S3

on S4

(9)

(10)

Variational Principle

Eq. (11) defines the functional D(t) that describes the deformation,
and the generation and dissipation of excess pore water pressure during
earthquake.

D(t) =Jv[Cijk.Q,ek.Q,*eij + 2(TI - g)*ui,i - h*qi*(TI ,j - g,j) - 2pFi*ui1dV

+ 2J82h*Q*TIdS - 2J81 Ti*uidS (11)

in which V = volume and S = surface area. The first variation of the
functional oD(t) shows that Eq. (11) is equivalent to Eqs. (1) to (6) under
the boundary conditions of Eqs. (7) to (10).

oD(t) = fv {2[Cijk.Q,ek.Q, +oij(TI-g),j +pFil*oui

+ 2 [-E:ii +h*{kij(TI,j -g'j),i}l*oTI}dV

+ 2JS1 [{-Ti +nj (Cijk.Q,ek.Q, + (TI - g)oijhoUildS1

+ 2fS2 [{h*(Q - niqi) hOTI] d8 2 =0

Application of Finite-Element Method
The displacement and pore water pressure within an element can be

expressed as follows:

{u} = [Nu]{qn}

TI = [NTI]{Pn} (12)

in which [Nu ] and [NTI ] are shape functions, and from which e, a, eii' etc.
can be defined as follows:



{e} = [B] {qn}

{a} = [C] [B]{qn} + {g~}

eu = [D]{qn}

856

{q} = [k]([G]{Pn } - [G]{gn})

{T} = [Nu ) {Tn}

{Q} = [Nn]{Qn}

(13)

in which [B], [D], [G], etc. can be determined by differentiating Eq. (12).

Substituting Eq. (13) in Eq. (11), and equating the first variation of
the functional to zero, and rearranging terms

[L]{u(t)} + (R]{n(t)} - [R]{g(t)} = {M2} + {pd

(R]T{u(t)} -h*[W]{n(t)} =-h*{M3} -h*{P2} (14)

in which [L] = L:!(B]T(C] (B]dV

(W] = L:f[G]T[k] [G]dV

[R) = L:f[D]T[Nn ]dV

{M2} = L:f(Nu]T{PF}dV

{M3} = L:f(G]T[k] (G]{g(t) }dV

{pd = L:f[Nu]T[Nu]{T}dS

{pd = L:f[Nn]T[NnHQ}dS

(15)

Linearly interpolating Eq. (14) in time domain, and letting Q = 0

The incremental displacement for accounting for nonlinear properties of
soil takes the following form:

{L'm} = {u(t + M)} - {u(t)}

From Eqs. (16) and (17)

[L]{l1u(t + M)} + [R]{n(t + I1t)}= [R]{n(t)} + [R]{l1g} + {I1P 1 }

[R] T{l1u (t + M) } - 11
2
t [W]{n (t + M)} = 11

2
t [W]{n (t) } + 11

2
t [W]{l1g}

(17)

(18)

which is the governing equation for predicting changes in pore water pres
sure in saturated soil during earthquakes. Eq. (18) can be solved by
substituting the pore water pressure increment for the time increment I1t.
The pore water pressure increment can be determined by combining the
initial shear stress and the dynamic shear stress which in turn is deter
mined by dynamic response analysis of the ground. When the process of pore
water pressure generation ceases after earthquake ground motion has stop
ped, Eq. (18) is reduced to an equation for a consolidation process in
which material nonlinearity is taken into account. In the present study,
rectangular elements are employed, in which a quadratic interpolation is
used for the displacement and a linear interpolation for the pore water
pressure.

MECHANICAL PROPERTIES OF MODEL GROUND

The mechanical properties of the sand compr1s1ng the model ground were
determined experimentally under the prevailing confining stresses that were
quite small because of the small size of the model. By using these soil
properties in the numerical analysis, it was possible to directly verify
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the analytical method without relying on similitude relationships.

Shear Moduli and Damping Ratios

The shear moduli, damping ratios, and settlement characteristics of
the sand were evaluated with the simple shear apparatus as shown in Fig. 1.
The apparatus is similar to that used by De Alba et al (2), and the shaking
table was actuated by an electric exciter which could produce clean,
sinusoidal acceleration time histories. The inertia mass was a steel plate.
By virtue of the friction-free shaking table and displacement measuring
instruments (LVDT) , it was possible to determine the shear moduli under
small confining stresses and in small shear strains, as shown in Fig. 2.
It can be seen in Fig. 2 that the shear moduli begin to decrease at smaller
shear strains than the previously published data for higher confining
stresses. We must, therefore, pay careful attention to the strain depen
dent behavior of sand even at small strains when we conduct small scale
model tests.

The shear moduli of the sand following its liquefaction were deter
mined on the basis of the one-dimensional volume change characteristics as
shown in Fig. 3.

Liquefaction Model

Martin et a1 (3) and Oh-oka (5, 6) proposed methods to estimate gener
ation of excess pore water pressure on the basis of volume change of dry
sand subjected to cyclic shear. In the present study, the method by Oh-oka
(6) is extended to predict the liquefaction resistance of sand on the basis
of density and initial shear stress on the horizontal plane, as follows:

1

"v ~ K(:;')'(':vqfNeqn (19)

in which eV = volumetric strain, 0V = vertical effective stress, 0Vl
reference effective stress (=1 kg/cm2 ), leq = equivalent shear stress
amplitude (Eq. 20), Neg = equivalent number of cycles, n = empirical param
eter, and K, m = funct~ons of the relative density, Dr (Fig. 4). Although
n varied somewhat with shear stress ratio, a constant value of 0.4 was used.

ld + a(li +ld)
leq= l+a (20)

in which ld = shear stress amplitude on the horizontal plane, li = initial
shear stress on the horizontal plane, and a = empirical parameter (=0.25).

The above method together with the coefficients of volume change of
sand shown in Fig. 3 were used to compute the response of saturated sand
to cyclic shear, and the results are compared with a ring torsion appara
tus (10) as shown in Figs. 5 to 8. The pore pressure ratios for the lower
curves in Fig. 8 do not reach 1.0 because NL in this case is defined as
the number of cycles required to cause a sudden increase in shear strain.
In the computation, the compliance ratio, CR, similar to that defined by
MaLtin et a1 (4) was assigned values between 0.25 and 0.50.

It can be. see.n Lliat the iI1:CidencC:. of the relcttive density (p~ c.~ c:
\ .... -,:-;.. ~_.... ~.
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and 6) and of the initial shear stress on the horizontal plane (Figs. 7
and 8) are successfully represented by the analytical model. It should be
pointed out, however, that the measured values in Figs. 5 to 8 were
obtained under an initial effective vertical stress of about 1 kg/cm2 •
When the compressibility characteristics of the sand under low confining
stresses were used, the computed values of liquefaction resistance were
slightly lower than those shown in Figs. 5 and 7, although the difference
is expected to diminish if the effects of sample preparation methods are
taken into account.

SHAKING TABLE TESTS

As shown in Fig. 9, the model ground consisted of saturated sand
placed in a box 140 cm long, about 20 cm wide, and 40 em deep. The side
walls of the box were transparent plastic plates 18 rom thick in which
eight transducers were mounted for pore pressure measurements. The box
was placed on a horizontal shaking table actuated with an electric
exciter. See Ref. 11 for detailed description of the test procedure.

A clean sand from Toyoura (specific gravity of solids = 2.65,
10-percent size = 0.16 mm, uniformity coefficient = 1.35, the maximum and
minimum void ratios = 0.983 and 0.640, respectively) was pluviated through
aqueons solution of glycerin to a thickness of 20 em and at a relative
density of 40 percent. The coefficient of permeability of the sand satu
rated with the glycerin solution was about 0.005 em/sec at 26°C. The
purpose of using the glycerin solution was to facilitate observation of
the pore pressure dissipation phase.

The width and the average contact pressure of the model structure
were 20 em and 20 g/cm2 , respectively. Sinusoidal vibration at a fre
quency of about 3.5 Hz was applied to the shaking table, with the table
acceleration and the duration of vibration varied for different tests.
The pore water pressure, and the acceleration and displacements of the
inertia mass were recorded simultaneously on oscillographs.

PORE PRESSURE CHANGES IN SAND SUPPORTING A STRUCTURE

tests in which the duration of
side of Figs. 10 to 12~ TIlE

? sol:Ldto th.e shallo~'J ZCD.e ~

Typical results of the shaking table
vibration was 2 sec are shov."'Tl on the left
open symbols with dotted lines cc '"e.spond
symbols witt full line'S indicate L,C, (""ccI' ZOL, > and th:: ti1;." scaJ.e during
vibration (0 to 2 sec) is different from that afterwards.

The model shown in Fig. 9 subjected to the vibration tests was
analyzed as a plane strain problem by solving Eq. (18). The ground
(either side of the line of symmetry) was divided into 48 rectangular
elements with 173 nodal points for the finite element analysis. The
results of the analysis are plotted on the right side of Figs. 10 to 12.

No part of the sand was liquefied in Fig. 10, although the pore water
pressure did increase considerably. The upper part of the sand away from
the structure (encircled Nos. 5 and 7) was liquefied in Fig. 11, whereas
the liqt:efied zone extended to the. 10'iiJer part of the sand a'iJaY from. the
structure in Fig 12 (encircled Nos. 5 to 8). Note a distinct dif PTP~

in the pore \~atc pres,,:uce GJ.se tion time bi.stories bet\,i,,~eD the. r:nn"
liquefi.Ed and liquefied zones, i.e. ~ the pore water pressure in the non.'
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liquefied zone began to decrease immediately after the table motion had
stopped, whereas in the liquefied zone the peak pore water pressure was
sustained for some time before it began to decrease. As one might expect,
the curves for Nos. 7 and 8 which are farthest from the structure are
similar to those for level ground without a structure (12).

The accelerations for Figs. 10 to 12 are in a narrow, critical range
in which the pore water pressures are sensitive to a small change in the
acceleration. Considering the sensitivity of the pore water pressures
and the complexity of the problem, the authors believe that the observed
and computed values are in satisfactory agreement. It is expected,
therefore, that the proposed method of analysis will be applicable to
problems in the field, provided that the physical and mechanical proper
ties of the soil are properly evaluated. Attempts are being made to apply
the method to field problems.

Figs. 10 to 12 confirm the previous observation (11) that the sand
below the center of the structure (Nos. 1 and 2) is less likely to liquefy
than the sand away from the structure. That has been attributed to the
confining effect by the weight of the structure. The beneficial effect of
the confining stress, however, seems somewhat offset by redistribution of
pore pressures due to seepage from the surrounding area. The increase in
pore water pressures due to the seepage effect can be demonstrated by
comparing the curves in Fig. 10 with the inset in the right side of the
figure, which shows the number of cycles required to cause liquefaction
if no seepage is permitted (under undrained conditions). The number of
cycles less than 7 (= 3.5 Hz x 2 sec) indicates that liquefaction would
occur under undrained conditions. The inset figure shows a clear line of
demarkation below the edge of the structure, in that the sand directly
below the structure would not liquefy forever while the sand outside
would liquefy quite easily.

On the other· hand, the result of considerable redistribution of pore
pressures is evident in the curves in Fig. 10 for which seepage is accoun
ted for, in such a way that the pore water pressures directly below the
structure are higher but those outside the structure are lower than the
values which would be predicted by assuming no seepage. In this respect,
the assumption of no seepage may not necessarily result in a conservative
estimate of the bearing capacity of saturated .sand during earthquakes.

CONCLUSIONS

On the basis of the analytical and experimental studies presented in
this paper, it may be concluded that the proposed procedure is applicable
to predicting pore water pressure changes in saturated sand during earth
quakes for two- and three-dimensional problems in which generation and
dissipation of excess pore water pressures may occur simultaneously.
Unlike previous methods in which the vertical total stress is assumed
constant, the present method can deal with changes in stress distribution
caused by local softening of soil due to uneven pore water pressure
development.

The excess pore water pressures in saturated sand supporting a struc
ture indicate that redistribution of pore water pressures due to seepage
should be taken into account in evaluating the bearing capacity of the
sand during earthquakes.
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VERIFICATION OF LIQUEFACTION POTENTIAL BY FIELD BLAST TESTS
I II . I II . IVA. S. Arya , P. Nandakumaran ,V. K. Purl and S. MukerJee

ABSTRACT

Use of the data obtained from shake table on a cohesion1ess soil for
evaluation of liquefaction potential of a deposit showed that the simpli
fied procedure of Seed and Idriss (1970) gives highly conservative results.
It was therefore felt desirable to verify the conclusions by blast tests
at the site analysed. A method was evolved to compute the anticipated
pore pressure rise due to the design earthquake. During the equivalent
motions generated in the field, the rise in pore pressure were measured
and compared with computed ones. It was observed that even the shake
table test data were on the conservative side.

INTRODUCTION
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Preceding page blank

Currently available procedures for evaluating the liquefaction poten
tial of saturated deposits of cohesionless soils make use of soil strength
data obtained in the laboratory. Serious doubts have, however, been
raised on the amount of conservatism in the simplified procedure of Seed
and Idriss (1970) which is based on the triaxial test data on soils of
various grain sizes. The case histories analysed in support of the pro
cedure also raised some questions as to the influence of the continually
changing stiffness of the soil deposit due to pore pressure rise, on the
ground motion parameters used in the design and also the non-availability
of reliable soil parameters except in a very few cases. Test on large
size sample on a horizontal shake table carried out to obtain data for use
with the liquefaction analysis at a site, indicated that the amount of
conservatism in the simplified procedure could be as high as 200 to 250
per cent. Therefore, it was felt necessary to verify the computation of
liquefaction potential using some field tests.

The laboratory tests on a soil using a horizontal shake table and use
of the data for working out the liquefaction potential based on the simpli
fied procedure have been described. Since the analysis did not indicate
liquefaction of the site during the expected earthquake, the validity of
the analysis had to be ascertained in terms of the pore pressure rise
that might be caused by the earthquake. A suitable technique had, there
fore, to be developed for computation of the pore pressure rise at dif
ferent elevations. The planning of the field tests had to be done so as
to generate ground motions which would be equivalent of the expected
earthquake motion and to measure the pore pressure rise at convenient
depths for which analytical results were already available. In this
investigation, however, the ground motions could not be reproduced as
such and, only the equivalence vis-a-vis the capability to cause lique
faction was considered. For this purpose blasting of explosives in a
bore hole penetrating below the water table was successfully used. The

) School of Research and Training
) in Earthquake Engineering,
) University of Roorkee,
) ROORKEE - 247672 (U.P.), INDIA



866

rise in pore pressure was monitored by suitably designed piezometers
implanted in the ground below the water table at various distances from
the blast poiht~ The studies described herein include the laboratory
studies, computation of pore pressures, and the field studies. The site
selected for this investigation consisted of moderately dense deposit of
a uniform sand with little or no fines. The water table was at a depth
of 10 m below the ground surface. The site in question was one of moder
ate seismic risk and the accelerogram selected for the site on the basis
of a seismotectonic study had a peak ground acceleration of 0.3g and peak
ground velocity of 30cm/sec.

LABORATORY INVESTIGATIONS

In the laboratory investigations a shake table was used to determine
the liquefaction characteristic of the

4

soil from the site. The test set
up consisted of a horizontal shake table capable of being excited sinusoid
ally up to a maximum acceleration of 2.0g. A bin 1.05m x 0.59m x 0.43m
was mounted on the shake table for containing the soil sample. The depth
of the soil sample was kept as 0.30 m. The rigid sides of the bin, con
taining the sample, do vitiate to some extent the deformation pattern near
the ends, hence the required observations were confined to central portion
of the bin. Sand samples from depths of 10.0 mand below from the site
were used for the tests. The soil was deposited in the bin under submerged
conditions and compacted to the desired initial relative density by vibra
tion. Three standpipe piezometers placed at three elevations and a
diaphragm type pore pressure pick up were used to measure the increase in
pore pressures.

Results of tests carried out at an initial relative density of 30%
are shown in Figure 1. Here the liquefaction potential, defined as the
ratio of hydraulic gradient developed in 10 cycles of table motion to the
critical hydraulic gradient, is plotted against the corresponding applied
acceleration amplitudes. When liquefaction potential is unity, complete
liquefaction is considered to have occurred.

Interpretation of Laboratory Test Results

From Figure 1, it is observed that the minimum horizontal accelera
tion (a) at which complete liquefaction takes place is 0.075g. The stress
ratio between the shear stress and the effective normal stress causing
liquefaction in a shake table sample will be given by the expression

~. Ysat
g ysub (1)

For the sample used at 30% relative density and liquefying at .075g, this
ratio works out as 0.075 x 2/1 = 0.1500.

Seed and Idriss (1970) have reported the stress ratio causing lique
faction as obtained from triaxial tests as a function of mean grain size.
These stress ratios are for a relative density of 50%. Hence to get a
comparison between the shake table test data and the data given by Seed
and Idriss the stress ratio obtained above is to be divided by Cr x 30/50,
where ·Cr l is a correction to be applied to the triaxial test data to
obtain a more realistic stress ratio, the stress ratio that should have
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been.observed in triaxial tests as causing liquefaction in the shake
table sample at a relative density of 50%, works out to be 0.15/(0.6 x
0.53) = 0.472. The corresponding value from the average curve reported
by Seed and Idriss (1970) is 0.215. Therefore, in this particular case
the actual stress ratio causing liquefaction would be 0.472/0.215, i.e.,
2.2 times the values reported by Seed and Idriss.

It was observed from computations made with test data from a limited
number of tests with higher initial relative densities, that the higher
the initial relative density the larger was the modification factor. In
other words, data reported here leads to the evaluation of the smallest
stress ratio causing liquefaction from shake table tests performed.

Analysis of the liquefaction potential for the soil data from bore
hole was then carried out as proposed by Seed and Idriss (1970). The
stress ratio causing liquefaction obtained by their method was then modi
fied by multiplying by the factor evolved above. Figure 2 shows a plot
of (a) the ratio between shear stress induced by the design earthquake and
the effective overburden pressure that will cause liquefaction as a func
tion of depth. This plot rules out the possibility of complete liquefac
tion occurring at the bore hole location but partial loss of strength is
clearly a possibility.

COMPUTATION OF PORE PRESSURE

Let us define liquefaction potential as equal to the ratio between
the two stress ratios plotted in Figure 2. That is,

Stress ratio induced by the design
1 = earthquake

iquefaction potential Stress ratio that will cause lique-
faction at the same depth

(2)

Assuming the relation between liquefaction potential and ground accelera
tion level as linear (as seen in Figure 1) till the value of liquefaction
potential becomes unity, it is possible to evaluate the pore pressures
which could develop at any depth during the design earthquake. Consider
ing a depth of 10.67 meters at the given bore hole location, the loss of
confining pressure will be seen to be 42.5%. It can therefore be con
cluded that the maximum pore pressure which could be induced by the design
earthquake is 7.99 metres of water head.

FIELD INVESTIGATIONS

The field investigations comprised a series of five blast tests con
ducted at predetermined locations in the field so as to give fairly
representative data for the entire site. The tests were aimed at verify
ing in the field, the validity of conclusions arrived at on the basis of
shake table data and analytical studies regarding the liquefaction poten
tial of the deposit. Ground vibrations were generated by blasting a
charge of 10 Kg of special gelatin 60% in a blast hole about 16 m deep.
Observations were made of the rise in pore pressure or rise in free water
surface in five cased observation holes located at varying distances
(3m to 20m) from the blast holes. The pore pressure rise was measured at
a depth of 1 m below the water table using deep bore hole piezometers in
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some of the observation holes and stand pipe piezometers in others. A
section of the deep bore hole piezometer is shown in Figure 3. The
sensing part here consists of a diaphragm type pressure cell with electric
wire resistance strain gauges. The stand pipe piezometer consisted of a
galvanized iron pipe painted to make it water sensitive. The output of
the strain gauge type piezometers was suitably amplified through universal
amplifiers and recorded directly on inkwriting oscillographs. In addition
to the observation of rise in pore water pressures, the time history of
horizontal ground accelerations was also recorded at different distances
from the blast holes using accelerometers embedded to a depth of 30 cm
below ground level. The output of accelerometers was similarly recorded
using amplifier-recorder system. The data on peak horizontal ground
acceleration vs. distance and pore pressure rise bs. distance have been
plotted in Figures 4 and 5 respectively.

Interpretation of Field Test Data

As mentioned earlier, the object of field blast tests was to obtain
the rise in pore pressures in field corresponding to the design earthquake
for comparison with the results from laboratory tests. As seen from
Figure 4, the horizontal ground accelerations associated with underground
blasts show a fast attenuation with distance and the nature of recorded
acce1erogram is quite different from that of the earthquake and usually
consists of a single peak which decays with time. However, a single
pulse of large acceleration may produce rise in pore water pressures
which may be produced by several cycles of small equivalent acceleration
pulses. What is significant from point of view of liquefaction is the
end product, namely the loss in effective confinement due to rise in pore
pressures. Hence the concept of equivalent number of uniform stress
cycles (Lee and Chan, 1972) was utilized for comparing the results of
different type of tests, namely the shake table tests and the field blast
tests in the present case. Following this procedure the design acce1ero
gram for the site was seen to have an equivalent number Neg = 7.5 of
uniform acceleration cycles of intensity 0.225 g. Similarly the accelero
grams of the blast tests obtained at various distances from the blast hole
were converted into equivalent number of uniform stress cycles of 0.225 g.
The variation of Neq vs. distance for the blast tests is shown in Figure 6.
It is observed from this figure that the blast acce1erogram has the same
Neq as the design earthquake at a distance of 7m from the blast hole. The
pore pressure developed at a distance of 7 m from the blast hole and at a
depth of 10 m below ground level is observed to be 3 m of water head.
This is equivalent to a loss of 20% in effective normal stress at this
depth.

DISCUSSION

It may be observed in the present case that both the field and labor
atory test data indicate loss in confinement leading to partial liquefac
tion. Shake table studies coupled with analysis for liquefaction
indicated a loss of effective confinement of the order of 42.5% whereas
the field blast test data indicated a loss in effective confinement of
the order of 20% for the same design earthquake. This is the case when
stress ratio causing liquefaction had been suitably multiplied by a factor
in the light of shake table test results. A few additional tests conduc
ted on samples with higher initial relative density than 30% for which
the factor of 2.2 was worked out, indicated that the modification factor
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of stress ratio causing liquefaction increases with increase in initial
relative density. Therefore, predicted rise in pore pressures in this
case is indeed on the conservative side and may be expected to compare
favorably with field blast test data if larger values of the modification
factors were used. The approach due to Seed and Idriss (1970), therefore,
appears to yield highly conservative estimates of liquefaction potential.
In the present case it indicates almost complete liquefaction in certain
zones whereas only partial loss in strength is indicated by shake table as
well as field test data.

CONCLUSION

The procedure for evaluation of liquefaction potential as given by
Seed and Idriss appears to give highly conservative results. If this
stress ratio causing liquefaction is modified to suit the results obtained
by large sample shake table tests, as done in this study, fairly realistic
values of liquefaction potential are obtained as verified by field blast
tests.
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USE OF PENETRATION DATA
FOR EVALUATION OF LIQUEFACTION POTENTIAL

by

Houshang Dezfulian, Ph.D.I and Sheldon Ray Prager, M.S.II

ABSTRACT

This paper presents results of a method using field data to evaluate the
earthquake induced liquefaction potential of granular soils. Data was obtained
from Standard Penetration Test results and static cone penetrometer soundings.
Results from field and laboratory testing programs were used to identify the
occurrence of granular layers and determine the characteristics of each layer.
An analysis was made of relative density and the correlation between N values
from the borings and qc from the penetrometer soundings, enabling the pene
trometer data to be converted to corrected N-values.

The liquefaction potential was evaluated by determining the resisting
soil stress ratio from behavior of other granular sites during earthquakes and
dividing by the induced stress ratio from the design earthquake. A correlation
between soil characteristics (determined by the Standard Penetration Test) and
liquefaction potential (using induced earthquake accelerations and observed
site behavior) has been established by Professor Seed and is used in this paper.
A comparison is also made between the factors of safety using the field data ap
proach and the approach using induced stresses from acceleration time histories
and strengths from laboratory cyclic triaxial testing.

INTRODUCTION

Analyses have been performed to determine the liquefaction potential of
saturated granular soils underlying critical facilities for a nuclear power
plant in southwest Iran. The analyses consisted of calculating factors of
safety against liquefaction by two methods:

Method I: Observation of performance of sand deposits during
previous earthquakes using field penetration data (6, 7,9,10), and

Method II: Comparison of induced stress conditions from earthquakes
and stress conditions causing liquefaction in the laboratory based
on cyclic strength curves (5,8).

Method I uses field penetration data to evaluate the in-situ soil character
istics and compares this data to that from sites where earthquakes have occurred
and soils have or have not been known to liquefy by field observation. Data
for the evaluation was obtained from both test borings in which the Standard
Penetration Test (SPT) was performed and from static cone penetrometer tests

I Director, Tehran Berkeley Consulting Engineers, Tehran, Iran
II Senior Engineer, Fugro, Inc., Long Beach, California
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(CPT) in which the point resistance, qc' was converted to an equivalent SPT
value. Evaluation of the liquefaction potential by Method I involves the fol
lowing steps:

1. Development of the soil profile from field and laboratory
data,

2. Determination of the representative relative densities of
the granular soil deposits to establish blowcount correction
factors,

3. Determination of induced stresses from the design earthquake
and corresponding values of cyclic stress ratio,

4. Determination of soil liquefaction resistance from the cor
relation between stress ratio required to cause liquefaction
and the penetration resistance of the sands from field data,
and

5. Determination of factor of safety against liquefaction.

Method II consists of calculating factors of safety against liquefaction
by comparing the induced shear stresses for various input acceleration-time
histories to the cyclic strengths of the granular soils as determined from
laboratory tests on undisturbed samples.

This paper presents the approach and results for Method I and compares
the results to those from Method II.

SUBSURFACE SOIL PROFILE

The site is located in a flat desert region. The ground surface was
assumed to be raised about two meters due to future site development.

A general soil profile was developed from the results of the borings and
cone penetrometer soundings and is shown in Fig. 1. The soils of primary
interest were sands, and sandy silts. The design water depth below existing
grade was assumed to be at a depth of about 1.5 to 2 meters.

Soils in the upper 15 meters consist predominantly of firm to stiff clays
with soft to firm sandy silt at about 7 to 8 meters below the existing ground
surface, and a medium dense silty sand at about 12 to 13.5 meters below the
existing ground surface.

Below 15 meters, soils consist of stiff to very stiff clay with dense sand
layers containing varying amounts of silt, encountered at depths of about 16,
27, 38, 44, and 58 meters. Additional sands were stratified throughout the clay
matrix at other depths but no other continuous granular layers were discerned.

Fig. 2 shows a typical log of a CPT sounding. The data was obtained with
a truck-mounted mechanical cone having a capacity of 10 tons. Penetration was
normally limited by refusal at a depth of betwen 35 to 45 meters.
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DESIGN ACCELERATIONS

The vibratory ground motion at the site was considered to be controlled by
the following two earthquakes:

1. A local earthquake with magnitude 6 to 6-1/4 occurring below
the site and having a focal depth of about 10 to 15 kID.

2. A distant earthquake of magnitude 7 to 7-1/2 occurring at a
distance of about 50 kID from the site and having a focal depth
of about 30 kID.

Factors of safety against liquefaction were computed for maximum horizontal
ground accelerations ranging from 0.25g to 0.35g.

APPROACH

The field analysis is based on an empirical relationship (9) where induced
seismic stress ratios have been calculated for sites where earthquakes were
known to have occurred and are underlain by sand deposits. Corrected blowcount
values (Nl) derived using the Standard Penetration Test (SPT) , ASTM D-1586,
were compared by Seed, et al (9), to the induced stress ratios from the
actual earthquakes, and a conservative boundary between observed cases of lique
faction and non-liquefaction was established. The results of this work are
shown on Fig. 3 which can be used for any value of maximum ground acceleration.
The curve on Fig. 3 is a lower bound for all sites known to have liquefied and
includes data for earthquake magnitudes up to 7.5. A slightly modified version
of this figure has been shown elsewhere (10). The basic assumption is that
this figure is based on past soil behavior and can be used to predict future
soil behavior.

Seed's correlation is based on data obtained for silty sands or sands and
therefore the sandy silt at 7 m does not apply directly. For this study, in
formation from the 7 m layer has been included in the basic data reduction but
is not included in the safety factor determination.

In the analysis, the N-value (SPT) data is corrected to an equivalent
overburden pressure of 1 tsf (about 1 kg/cm2). The correction factor is based
on the work by Marcuson and Bieganouski of the U.S. Waterways Experiment Station
(2). This correction factor is established for two relative density ranges:

o Relative density between 40 and 60%, and
o Relative density between 60 and 80%

The relative density for the granular materials was evaluated using both
the SPT and CPT test results reported by Gibbs and Holtz (1) and Schmertmann
(4). The Schmertmann correlation was for the Fugro electric cone penetrometer
and was converted to the mechanical cone used in this investigation. Histo
grams for the distribution of relative density are presented on Fig. 4 and in
dicate the predominant relative density to be above 60%. The lower relative
density values were found primarily in the two granular layers above a depth
of 16 meters.
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EVALUATION OF LIQUEFACTION POTENTIAL

The determination of corrected N-values for the liquefaction analysis for
relative densities between 60 and 80% can be approximated as follows (6):

Nl = No' (0.46)
Q

where Nl = N-value corrected to an effective overburden pressure
of 1 tsf (about 1 kg/cm2),

N = SPT blowcount, and

,
effective overburden in tsf.0 0 = pressure

Correlations between SPT and CPT results based on soil type have been pro
posed (3). For granular soil the value of qc/N is normally between 3 and 6,
with the higher value more applicable for coarser soils. CPT point resistance
results obtained in this study were converted to an equivalent N-value by means
of a comparison between SPT results from borings and qc results from penetrome
ter tests located about 3 meters apart. Six adjacent sets of data were used for
this comparison.

The value of qc/N for the site granular materials is shown versus depth on
Fig. 5 and ranged from 3.5 to 6. The average value is qc/N = 4.6 and compares
well with the published correlations (3). A value of qc/N = 4.5 was used in the
analysis. For the granular soil layers the average value of point resistance for
each meter of depth was used. Both SPT blowcounts and equivalent CPT blowcounts
(qc/N = 4.5) were used to determine the corrected blowcount (NI).

The average induced stress ratio (Tavg/Oo) arising from design earthquake
shaking was computed using the following relationship (9):

where: Tavg/Od = average induced horizontal stress ratio,

=maximum acceleration at the ground surface,

g

a'o

= acceleration of gravity,

= total overburden pressure at depth considered,

= effective overburden pressure at depth considered,

= stress reduction factor varying from one at the
ground surface, to 0.9 at a depth of 9.1 meters, 0.75 at
a depth of 15.2 meters and 0.5 at a depth of 30 meters.

The induced stress ratio was calculated for the design ground surface ac
celerations. These stress ratios were converted to NI values required to resist
liquefaction by using the curve on Fig. 3. A plot of the lower bound for sites
where liquefaction has occurred is shown on Fig. 6 as a function of Nl and
depth. Data from individual corrected SPT results and the average qc value
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from 50 CPT soundings in the granular zones is plotted on Fig. 6. Histograms
showing the percentage of points in each zone for different depth intervals
are shown on Fig. 7. The CPT plots are based on 50 soundings in which qc was
averaged for each meter of the sandy zones shown in Fig. 1 up to a depth of
32 meters. The zone above 15 meters shows 1/3 of the data points in the lique
faction zone and 2/3 of the data points in the non-liquefaction zone. For the
CPT data most of the liquefiable points came from the 7 meter sandy silt layer.

FACTORS OF SAFETY

Factors of safety against liquefaction were computed for the various
granular layers by using the correlation shown in Fig. 3. The first potentially
liquefiable zone at 7 meters was identified as a sandy silt. This zone was not
included in the factor of safety calculation because Fig. 3 was developed from
sand data. For each granular soil layer the average corrected N-value was de
termined from the SPT and CPT data. The factor of safety against liquefaction
was then determined by dividing the stress ratio necessary to cause liquefac
tion (from Fig. 3) by the average induced cyclic stress ratio from the design
earthquake.

The cyclic stress ratio required to cause liquefaction is based on an
overburden pressure of 1 tsf (about 1 kg/cm2). A small correction to the
cyclic stress ratio for other overburden pressures was applied by using labora
tory cyclic triaxial test results. For the distant earthquake, a relationship
between the stress ratio causing initial liquefaction (apprOXimated by 5~ axial
strain) at 15 cycles and confining pressure was developed and is shown on
Fig. 8. A similar figure was developed for the local earthquake.

Factors of safety were determined for the granular soil at a depth of 12,
16, and 27 meters and are shown on Tables 1 and 2. For the SPT calculation
using the results shown on Fig. 6, average Nl values from 10-15 meters were
used for the 12 meter layer, average Nl values from 15-20 meters were used
for the 16 meter layer, and average Nl values from 25-30 meters were used for
the 27 meter layer. SPT and CPT data were generally unavailable below 32 meters.
Table 1 shows good correlation between the factors of safety from the SPT and
CPT data.

ANALYTICAL METHOD

The liquefaction potential for the granular soil deposits underlying the
nuclear power plant was also analyzed by performing a one dimensional shear
beam analysis for the determination of induced stress from representative
earthquake records and comparing the induced stresses to the soil strengths
under cyclic loading (Method II). The cyclic stresses induced in the ground
were computed by deconvolution of a known ground surface motion by use of the
computer program SHAKE (5). The evaluation of the laboratory cyclic strength
of the on-site granular materials was performed by using the cyclic triaxial
test (8). Factors of safety from the analysis are presented on Tables 2 and 3.
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CONCLUSIONS

1. Liquefaction analyses can be performed using granular soil characteristics
determined from field penetration data using SPT results from test borings
or qc results from cone penetrometer soundings.

2. Using site correlations of qc/N, CPT results can be converted to a
corrected blowcount (Nl)'

3. Factors of safety can be obtained from the field data by dividing the
soil strength by the induced shear stress. The soil strength is
determined from the correlation between stress ratio causing liquefac
tion in the field and penetration resistance of sand. Induced stress
is calculated from the equation presented herein.

4. Factors of safety from the SPT and CPT analyses were in good agreement.

5. Factors of safety from Methods I and II differed. The primary reason
has been attributed to sample disturbance effects affecting the
laboratory cyclic strength.
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TABLE 1

FACTOR OF SAFETY CALCULATION BASED ON METHOD I

FOR a =0.30g FROM THE DISTANT EARTHQUAKE
max

Soil Strength,
(1:/0 ) Factor

Average Nl for af""11g/c~ ro,hfining of Safety
(Jf 0 Pressure

Depth to Induced O 2
SPT CPT SPT CPT Correction SPT CPT

Sand Layer I: (J' (kg/em ) Data Data Data Data Factor Data Data
(m)

avg/ 0

12 .25 1.4 20 28 .22 .32 0.98 0.9 1.3

l6 .21 1.9 35 40 .48 >.50 0.96 2.2 >2.4

27 .i8 2.9 35 32 .48 .40 0.91 2.4 2.0

TABLE 2

COMPARISON OF FACTORS OF SAFETY

FOR LAYER l2-13.5M

~ Peak
Factor of Safety Against LiQuefaction

Acceleration Distant EarthQuake Local Earthquake
a a = a = a -CQheSiOnles,~ max= max: max max

Layer Method a =0.25g a :;;;0. 30g
0.35g 0.25g 0.30g 0.35gmax max

I 1.40 1.15 1.00 1.73 1.44 1.24

12-13.5m II 1.48 1.24 1.06 2.05 1.71 1.47

[Average of
Methods I 1.44 1.20 1.03 1.89 1.58 1. 36

&II

TABLE 3

COMPARISON OF FACTORS OF SAFETY FROM METHODS I AND II

FOR a =0.30g FOR THE DISTANT EARTHQUAKE
max

Depth to F.S. from F.S from Avg F.S. of F.S. from
Sand Layer SPT Data CPT Data Method I Method II

(m)
12 0.9 1.3 1.15 1.4

16 2.2 >2.4 >2.4 1.5

27 2.4 2.0 2.2 1.6
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A PRACTICAL METHOD FOR ASSESSING SOIL LIQUEFACTION POTENTIAL

BASED ON CASE STUDIES AT VARIOUS SITES IN JAPAN

by

h " k"I" IITos 10 Iwasa 1 , Fum10 Tatsuoka ,

Ken-ichi TokidaIII and Susumu Yasuda IV

ABSTRACT

A simplified method for assessing soil liquefaction potential of
sandy deposits is proposed. In this method, an ability of a soil deposit
to resist the occurrence of liquefaction is represented by a liquefaction
resistance factor FL = R/L in which R denotes undrained cyclic strength
and L denotes earthquake-induced stress in grounds. Here proposed is a
method to estimate R from standard penetration N-values, effective over
burden pressure 0v and mean diameter DSO • And L can be estimated from
the estimated maximum horizontal acceleration at ground surfaces (as )max'
a reduction factor to account for deformation of ground ~ , soil density
and water table, according to the concepts developed by previous investi
gators (20). This simplified method was applied to various sites where
liquefaction took place in the past and where appropriate geotechnical
information is available. From the comprehensive studies it is found that
this simplified method is quite adequate for assessing liquefaction
potential against earthquake disturbances.

INTRODUCTION

The methods to evaluate liquefaction potential of level grounds have
been studied from several different points of view. Among them, basical
are the methods based on observations of the performance of sand deposits
in previous earthquakes (empirical methods) and those based on evaluation
of stress conditions in the field and laboratory determinations of the
stress conditions causing cyclic liquefaction of soils (analytical methods)
(19). Firstly in this study, a simplified analytical method was developed
following the previous methods (10, 19). Then, this method was applied to
the previous liquefaction experiences in Japan.

OUTLINE OF THE ANALYTICAL METHOD

An element in surface soil deposits is subjected to cyclic shear
stress histories. Dynamic loads to soil elements caused by earthquake
motions can be defined as

I Chief, Ground Vibration Section, Earthquake Disaster Prevention
Division, Public Work Research Institute, Ministry of Construction,
Chiba, Japan

II Associate Professor, Institute of Industrial Science, University of
Tokyo, Tokyo

III Research Engineer, Ground Vibration Section, PWRI
IV Research Engineer, Engineering Center, Kisojiban Consultants Co., Ltd.,

Tokyo
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(1)

in which T means the maximum amplitude of shear stress in single amplitude
and av ' is the effective overburden pressure at the static condition.
Corresponding to L, the resistances of soil elements to dynamic loads can
be defined as R. The method to evaluate R will be described later. Then,
the ability to resist the occurrence of'liquefaction of the soil elements
can be expressed by

(2)

(3)

FL is the liquefaction resistance factor. From the special distribution
of the value of FL in the ground concerned, the liquefaction potential can
be evaluated. In this method, the effects of seepage of excessive pore
pressure caused by cyclic earthquake-induced shear stress are not directly
accounted for.

EVALUATION OF RESISTANCE R

To establish a simplified method for evaluating in situ undrained
cyclic strength from blow counts by the standard penetration test (N-values),
av' and gradings of soil, a comprehensive series of geotechnical surveys

and undrained cyclic triaxial tests on undisturbed specimens have been
performed (21). The followings were found from that investigation •

.(1) It is rather difficult to estimate in situ relative density
Dr = (em -e)/(em x-e. ) x 100(%) from N-values and av' for a wideax. . a 11un .
rage of graln Slze (Flg. 1). (FlgS. 1 through 3 were reproduced here
from Tatsuoka et al (21).) In situ void ratios which are necessary
to obtain Dr were evaluated by several methods of sand sampling.
Dr* in Fig. 1 means estimated relative density by

Dr* = 21 j ,N
av + 0.7

in which av'

the values of
that Equation
equation much

is in kg/cm2 (5). As seen from Fig. 1, the scatter in
the difference Dr-Dr* is so large that it is apparent
(3) is not adequate to estimate Dr. At present, any
better than Equation (3) has not been found.

(4 )

(2) There is not a unique relationship between undrained cyclic strength
of undisturbed specimen Rl and measured in situ relative density
(Fig. 2). In this figure, Rl is defined as

R
l

= (adp / 2ac')

which is the stress ratio (adp /2 ac') at the number of loading cycles
Nc=20 where the amplitude of axial strain in double-amplitude (DA)
becomes 5 or 6 percent. In general, to obtain a value of Rl' three to
six specimens obtained from one liner were tested. Of course, the
definition of strength as a function of the number of loading cycles
and amplitude of axial strain should depend on the purpose of the
study. Effects of changes in N and in amplitude of axial strain will
be considered in future studies: It was found that the difference of
Rl between for DA=S,%) and for 6% is quite small (3% at most). And in all
of the tests referred, the Skempton's B-values were larger than 0.96.
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The detailed procedures of sampling, transportation, sample prepara
tion, triaxial tests or so were described in the previous papers
(15, 21).

(3) There is a ligh correlation between mean diameter 050 and OR
l

* which
is defined as

(5)

in which Rl is measured dynamic strength of undisturbed specimens by
Equation (4) and Or * is measured value by Equation (3) (Fig. 3).
It can be seen from Fig. 3 that for a wide range of 050' there is a
high correlation between OR1* and 050. The average line drawn in Fig.
3 appears to be a reasonable representation of the relationship
between ORl * and 050. This average line can be represented by

ORl* -0.225 10910 (°50/0 • 35 ) for 0.04 ~ 050 ~ 0.6 mm
and (6)

ORl * -0.05 for 0.6 ~ °50 ~ 1.5 mm

From Equations (5) and (6)

Rl 0.0042 Or * -0.225 10910
OSO

for 0.04~OSO~0.6mm 7(a)(0.3S)
and

Rl 0.0042 Or * -O.OS for o. 6 ~ DSO~1. Smm 7 (b)

In the later analyses, Equation 7(a) will be applied for 0.02 ~OSO<0.6

mm and Equation 7(b) will be applied for 0~6 ~ 0so ~ 2.0 mm. In situ
dynamic strength R can be evaluated from Rl which is defined by
Equation (4) after several corrections (15) as

R = C ·C ·C ·C ·C ·R
123 4 S 1 (8)

Cl is the correction factor for the difference of in situ confining
pressures from those in triaxial tests and has been proposed as
(1 + 2 Ko )/3 (7). C2 is that for the difference between in situ
"random" loading forms during earthquake motions and the sinusoidal
loading form in triaxial tests and have been proposed as l/O.SS - 1/0.7,
with the average being 1.62 (8). C3 is that for the effect of soil
disturbances in the process of sampling and handling. C4 is that for
the effects of densification in the process of sampling and handling.
As samples tested in this study are relatively loose, it is likely
that some increases in strength due to densification occured.
Because densification of samples is caused by disturbances during
sampling and handling, those effects may cancel. Thus, the value of
the product C3 x C4 was taken to be unity in this study. Cs is the
correction factor for the multi-direction shaking which may be anti
cipated in actual in situ loading conditions. According to Seed (19),
this factor is equal to 0.9. using the values of Cl through Cs
described above, Equation (8) becomes

R = 2/3 x 1.62 x 1.0 x 0.9 x Rl = Rl (9)

for Ko = 0.5. This value of Ko can be considered adequate for reclaim
ed lands and alluvial deposits which will be analysed later.
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EVALUATION OF DYNAMIC LOAD L

The dynamic load L defined by Equation (1) can be estimated from the
following equation (20);

(10)

in which a smax means the estimated maximum acceleration on the ground surface in
gals and g is the acceleration of gravity (980 gals), av is the total over
burden pressure, av' is the effective overburden pressure and rd means the
reduction factor for dynamic shear stress accounting for the elastic perform
ance of the ground. In the case studies, the values of a smax / g were estimated
by the several methods as described in the footnote of Table 2. Figs. 4 and
5 show the typical results of earthquake response analyses using several
earthquake records for an alluvial deposit, and a soft alluvial deposit, re
spectively. These analyses were performed by the computer program "SHAKE"
(18). It can be seen in those figures that the value of rd is, in general,
smaller for the input earthquake motion with smaller pr€dominant period T and
for the subsoils with larger natural frequency Tg • It can be also expect~d
that Te is correlated with the magnitud of earthquake M, the epicentral dist
ance J, or so. As a simple correlation among rd' Te (or M, J), Tg or so is not
established yet, it was considered reasonable to estimate rd for the simplified
method from the average relationship as

rd = 1-0.015Z (z: depth in meter)

CASE STUDIES

(11)

Fig. 6 shows the liquefaction experimences in Niigata city during the
Niigata Earthquake of 1964 which was made on the basis of several other
investigations (3,4). The liquefaction potentials of several sites in Niigata
city will be firstly analysed by the method proposed in this paper. The maximum
acceleration of the recorded earthquake motion at the ground surface in Niigata
city was around 170 gals and it was found from response analyses of sand
deposits that r d = 1-0.0152 is reasonable for the sandy deposits in Niigata
city. When only the name of soil type were available, the value of density
and D50 were estimated following Table 1. The values of FL were calculated ,by
the methods described above for the soil layers whose mean diameter range from
0.02 to 2.0 mm. It was postulated that the soil layers whose D50 are less
than 0.02 mm or larger than 2.0 mm do not liquefy. Except one case for the
Fukui Earthquake, soil layes with D50 larger than 2.0 mm are not included in
the surface deposits above the depth of 20 m. Figs. 7 and 8 show the varia
tion of FL with depth for the sites where liquefaction phenomena were not
observed. It can be seen in these figures that the values of F L are larger
than 1.0. Figs. 9 and 10 show the variation of FL with depth for the sites
where severe liquefaction phenomena were observed. It can be seen in those
figures that F L is, in general, less than 1.0 for the liquefied zones. The
ranges of liquefied zones were estimated from the damage to the pile of the
bridge (in the case of Fig.9) or from the comparison of the grading of the
spouted sand with those of the soil deposits (in the case of Fig.lO). Fig.ll

summarizes the results of the analyses for the sites in Niigata city in the
FL - 2 relationship. The ranges of liquefied zones were estimated from several
observations as described above. It can be seen in Fig. 11 that the most
data points with the values of FL less than 1.0 are those of liquefied zones
and that the most data points with the values of FL larger than 1.0 are those
of non-liquefied zones. This tendency is especially noted for a depth
shallower than 10 m. From these facts, it can be concluded that, while some
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modifications may be necessary, the simplified method proposed herein can be
used for evaluating approximate liquefaction potential.

It is obvious that the damage to foundations due to soil liquefaction is
considerably affected by the severity of liquefaction phenomena at each zone
and the depth and the width of liquefied zones. For this purpose, the damage
to foundation structures was compared with the distribution of the estimated
values of FL in the case of the Niigata Earthquake of 1964. It was found that
the severe damage to foundation structures were found only when the value of
FL is considerably less than 1.0, say 0.6, and the zone where F l is consider
ably less than 1.0 is not thin, say thicker than 5 m. To express the degree
of severity of liquefaction phenomena, liquefaction potential index PL or PL*
was defined as

20

PL =J; Fi·w(z)dz (12 a),
20

PL*=.£ F"w*(z)dzo 1 (12 b)

in which F 1 - FL for FL~1.0 and F 0 for FL >1.0 as illustrated in Fig.
12 (a) and w(z) = 10 - 0.52 (2 in meter) and W*(z) = 5 as illustrated in Fig.
12 (b) and Fig. 12 (c), respectively. For the case of FL = 0.0 for the
entire range from 2 = 0 to 20 m, both P L and PL* become 100. And for the case
of FL~ 1. 0 for the entire range from z = 0 to 20 m, both PL and PL* become
0.0. In other cases where FL varies between 0 to 1.0 in some zones, PL and
PL* have values ranging from 0 to 100. The difference between PL and PL* is
due to the difference in the weight function, W(z) and W*(z). W(z) is based
on the idea that shallower deposits can be more susceptible to liquefaction
due to the seepage of pore water from deeper portions than deeper deposits
for an equal value of FL' The values of PL and PL* were calculated for the
sites where liquefaction or no liquefaction were experienced during earthquakes
and good soil data were also available. (Table 2).

Fig. 13 shows the relationship of calculated values between PL and PL*'
It can been seen from this figure that PL* is less than PL with PL/PL* for
the most data ranging from 1 to 1.6. Fig. 14 and 15 show the relationships
among ground condition, liquefaction experience and PL for two sections in
Niigata city, A-A' and B-B', whose places are shown in Fig. 6. It can be seen
from these figures that the higher values of PL correspond well to the ex
periences of liquefaction. Fig. 16 shows the accumulative percentages of PL
for liqefaction sites and non-liquefaction sites and the distributions of PL
for both kinds of sites. The data in Fig. 16 show that all the values of PL
for non-liquefaction sites are less than 20 and PL of their seventy percent
age are less than 5. On the other hand, it can be seen that the value of P L
for eighty percentage of liquefaction sites are larger than 5 and that for
their fighty percentage are larger than 15. Therefore, it is likely that
severe liquefaction will not be expected at the sites with PL less than 5 and
moderate or severe liquefaction will be expected at the sites with PL larger
than 15 or 20. When the liquefaction potential index PL or PL* is used in the
procedures of earthquake resistant design of structures, their definition
should depend on the kind of structure or the purpose of the design. Further
studies on the form of weight function (W(z) or W*(z» will be necessary.

CONCLUSIONS

A simplified procedure for assessing soil liquefaction potential has been
proposed. In this method, liquefaction potential for a layer at a certain
depth is expressed by the liquefaction resistance factor FL and that for a
soil deposit from the surface to the depth of 20 m is expressed by the lique
faction potential index PL or PL* which can be obtained by integrating FL with
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a weight function W(z) or W*(z). The values of FL and PL or PL* were calcu
lated for the sites of liquefaction and non-liquefaction during previous
earthquakes. It was found that the value of PL or PL* are quite different
between the sites of liquefaction and those of non-liquefaction.
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Table 1. Tt and DSO
(This table was used only
when these values were not
reported)

Soil Type. rt ( t/m') D 50 (1IllIl)

Surface
1. 7 O. 0 2Soil

Gravel 2. 1 O. 6

Sand 1. 9 0, 2 5

Coarse 1. 9 O. 3Sand
Medium 1. 9 O. 2 5Sand

Fine Sand 1. 9 O. 2

Silt 1. 7 O. 0 2

Silty Sand 1. 9 O. 1

Sandy Silt 1. 7 O. 0 4
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Table 2 Cases of Liquefaction and Non-Liquefaction Investigated in This Study

* ** ***
Site Ear!t'qJake:~

Depth of
Doc

Major o..Smax
PL P~

Field
Ref.WoterT<bIe Sdl Type Igol51 BehJvior

Jindo-ii Niigato, A 2.3
m

E Fine Sand 170<D 0.0 0.0 X-.
_~ne Oho 1964, A 52 E MediumSa1d 00 00 X

~
M=7.5

-
Shinano River A 20 M Fine to Med, Sand 9.0 5.7 0

Railrcad Bridge A 25 M " 24.9 16.4 0 1131

~
A 05 E,M Fine to Coarse Sand 5.8 5.6 0(6)

Higashi -
i~ B 25 M ~ 1.3 10 0181

Kosen Bridge
~

B 2.5 M , 0.6 0.4 0151

Br.5 Niigato B 2.5 M " 0.0 00 X

Bondoi Bridge Br.6 City A 0.0 M MedlumSond 20.2 19.8 i 0(9)

Yachiyo ~ B 0.0 E,M Fine to Med .Sand [8.3 12.7 I 01111

Bridge ~
B 0.0 E,M -- 39.5 29.8 0(111

Br.7 B 0.0 E,M ~ 26.2 172 01111

Shin-Motuhomo~
A 1.2 M Med,to Coarse Sond 18.6 11.7 X

Bridge Br.2 A 0.0 M " 24.0 20.8 0(11)

Toihei Br.1 A 1.56 M Coarse Sand 32.9 23.5 0(11)

Bridge
1--

8r.2 A 0.0 M " 19.6 11.7 0151

Niigata city Omi A 0.0 M Fine sand 8.2 4.6 I X

~ A 0.0 E CO<J'se Sand 282 !7.8 0110251
Showa

Br.2 A 0.0 1M MeeJ, to Coarse Smd 16.5 11.2 0110.251
Bridge f----

Br.3 A 0.0 M I " 14.3 10.2 0110.251
f----

E[
(13)

c--.8~ A 0.0 Medium Scn:i 4.6 2.5 X

~ B 0.0 E Med. to Coarse Sand 22.7 14.1 [ 0110.251

Br.3 B 00 E " 23.2 179 0110.251

Nishi Oh-Hata Cho A 3.5 E Fine to I'v1ed.Sond 0.4 I 3 X

Niigata Airport U 0.8 E Med. to Coarse Sand 13.1 11,2 ! 01101

Sekiya A 0.6 M Coarse Sand 28.6 22.5 0 191

Br.1 B 14 M, Fine Sand 20.1 14.7 0110-141 II I
Niigata f----

Br.2 B 1.3 M I Fine to Med. Sand 5.8 4.0 0110-141
Railroad f----

Hospital 8rl A 0.63 M Fine Sand 13.5 iO.3 0110-141
f----

Br.2 A I 18 M Fine Sand 10.5 10.0 0110-141

~ A 1.25 M Coarse Sard 18.9 15.B 0
Kawagishi Br.2 A I. 25 M I Coarse Sam 20.1 15.1 0 1121

Cho I----
Br 3 A 125 M Coarse Sand IB.9 167 0

f----
Br 4 A 1.25 M Coor" sand 14.5 12.3 0

I BC21-2 B 1.2 E Medicm Sond 5.1 3.9 0
Kawagishi BC21-3 B 1.2 E Medium Sa1d 9.7 B.O 0

Cho f---- I II
BCI04 A 1.2 E Medium Sord 14.2 13.6 0

f----
BCI4 A 1.35 E Fine to Med. Sand 4.4 4.2 0

Gotando ~ Kama A 0.10 M Fine to Si fty sand 5.3 33 X
Bridge Br .2 City A 4.3 M Fine Sand to Si It 00 0.0 X

Nonoe Beach, Br. I Tokochi- A 0.95 M Fine Sand 200® 0.0 0.0 0

Hokkai do Br. 2 Oki,I968, A 0.95 M Fine Sond 0.0 0.0 0 1141
Br. 3 M=7.9 A 1.1 M Fine Sand 5.8 3.6 01-----

235Q)Hachinohe A 0.57 E Fine Sand 26.7 16.8 0 1161

Gifu A 0.9 M Med. Sond 255® 36.1 16.B 0

Unuma I Kogami- Gifu Nobi, A 0.75 M Grovelly sand 210 ~ 13.0 9.4 0 121

Ogaseike I gaharo Pref.
1891,

A 2.10 M Grovelly Sond 210~ B.8 7.2 0
M=8.0

270~Mangoku, Ohgoki A 1.20 M SorKi to Grav . Sand 2B.7 27.3 0

Meikodori
Nagoya Tonankai,

A 06 M Med. sand 200® 19.5 11.5 0

Kohmei
Cify

1944, A 09 M Coarse Sand 26.3 16.6 0

Inoei M=B.O A 0.23 M Silty to Fine Sand 17.7 13.9 0

Takaya 45 Fukui, A 42 M Med. to CoarseScnd 325~ 22.7 29.0 0

Moruoko No.1 Fukui
1948, A I 8 M Silt to Med. Sand 295(1; IB.7 19.2 X

Maruoka No.2 Pref.
M~7.3 A 1 8 M Med. Sand to Gravel 315® 24.9 22.5 0

Tokoya 2-168, A 4.2 M sandy Silt to Med.Sol"<: 325® 114 14.4 0
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LIQUEFACTION SUSCEPTIBILITY MAP
OF DOWNTOWN TOKYO

by

Kenji IshiharaI and Kaihei OgawaII

ABSTRACT

To provide a basis for the estimate of seismic risk resulting from
liquefaction of the ground during future earthquakes, over one thousand
boring records obtained within the downtown area of Tokyo were examined and
classified into three groups according to the extent of liquefaction as to
whether there is a possibility, a slight possibility or no possibility.
The classification was made on the basis of three rules of identification
with regard to soil type, stratification and N-va1ue in the standard pene
tration test. The result of the study showed that liquefaction-induced
ground failure could occur at about one third of the sites investigated.

INTRODUCTION

Liquefaction-induced ground failures such as flow slides or ground
settlements have been a major cause of damage to buildings and other civil
engineering facilities during past large earthquakes. In recognition of
the potential hazard posed by liquefaction, the Tokyo metropolitan office
undertook a comprehensive investigation of the likelihood of liquefaction
occurring during future large earthquakes within the Koto-Sumida ward area
of Tokyo. In this downtown area, elevation of the ground is near or below
the sea water level with subsurface soils consisting of soft and weak
fluvial or deltaic deposit. This area is also the most densely populated
district in Tokyo Metropolis. Consequently, these unfavorable conditions
existing in this area have been potential factors easily leading to wide
spread occurrence of liquefaction and consequent catastrophic disaster.
The present investigation commenced with an examination of the damage
feature incurred in this area during three large past earthquakes.
Assessment of the seismic intensity in these past tremblers was made
through literature survey in order to determine a value of maximum ground
acceleration that is expected to occur in future earthquakes. On the basis
of this information together with a number of soil profile data, evaluation
of liquefaction potential was made for over one thousand sites in the
downtown area of Tokyo. The details of the study and its result will be
described in the following pages.

SEISMIC INTENSITY OF THE PAST LARGE EARTHQUAKES AND RECORDS OF LIQUEFACTION

During the last century, the area of Tokyo has been subjected to three
major destructive earthquakes which had inflicted considerable loss of life
and damage to property. For each of these earthquakes there exist today
several documents describing the damage found in soil deposits such as
ground fissures, spouting of sand and mud water. The following is the

I Professor of Civil Engineering, University of Tokyo, Bunkyo-ku,
Tokyo, Japan

II Bureau of General Affairs, Tokyo Metropolitan Office, Chiyoda-ku,
Tokyo, Japan
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summary of the information obtained from these documents.

1. Edo-Ansei earthquake of 1855

A violent tremor shook the downtown area of Tokyo at about 10 o'clock
in the evening of November 11, 1855. The magnitude of the earthquake is
estimated as M=6.9, and its epicenter is inferred to have lain almost im
mediately underneath the Sumida ward are~ (Fig.l). There was a concen
tration of inhabitants and private dwellings in the region of very strong
shaking, and the resulting damage was considerable. A total of as many as
7000 people was reported killed and about 4700 people wounded.

An attempt was made recently by Sayama (1972) to map out the distri
bution of the earthquake intensity based on the damage extent and severity
of the shaking reported in old documents in each locality over the area in
flicted. The result of this study is presented in Fig.l where the intensi
ty of the shaking is indicated in terms of the modified Mercalli scale.
In order to make a rough estimate of the maximum horizontal accelerations
from the knowledge of the Mercalli scale as above, the relationship as
indicated in Table 1 may be useful.

Table 1 Relationship between Hercalli scale and probable range of
maximum ground accelerations (Okamoto, 1973)

Modified
V VI VII VIII IX XMercalliscale XI XII

Max.horizontal 10 20 45 95 200 greater
acceleration I l l l than

(gal) 20 45 95 200 430 430

Because the eastern half shown in Fig.l was the area where the population
was very sparse, there exists few documents that can be used to assess how
strong the shaking was. Within the area of Sumida and Koto wards bounded
by the two rivers flowing into the Tokyo bay, it appears likely that the
shaking was strongest in the northwest quarter with the intensity of X to
XI and weakest in the southeast quarter where the intensity was in the
order of IX in the modified Mercalli scale. While the shaking intensity
varied locally from one place to another as above, it may be assumed that
the two ward area being considered might have been shaken by the motion
having a maximum horizontal acceleration exceeding 200 gal as inferred from
the relationship indicated in Table 1. The document survey by Sayama (1972)
has also disclosed the locations as shown in Fig.2 where the soil deposits
were most severely damaged in the form of surface fissures or ground settle
ments. It would be of interest to note that the locations of the surface
rupturing as indicated in Fig.2 coincide approximately with the places
where the shaking intensity was strongest in Fig.l.

2. Tokyo earthquake of 1894

An earthquake with an estimated magnitude in the order of 6.5 shook
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Fig.l Distribution of shaking intensity in the downtwon area of
Tokyo in the Edo-Ansei earthquake of 1855.

the western part of Tokyo, at2:04 p.m.on June 20,1894, killing 24 people
and destroying many brick structures and chimneies.

An assessment of the damage distribution showed the epicenter of the
quake to have lain approximately on the north-south line going through the
western part of the downtown Tokyo. The seismic intensity distribution map
prepared by Hagiwara (1974) is presented in terms of the 12 step intensity
scale similar to the modified Mercalli scale in Fig.3. From this figure it
can be seen that the maximum shaking intensity on the order of 8 concen
trated in the downtown Tokyo. With referrence to Table 1, it may be assumed
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that the maximum accelerations probably ranged from about 100 to 200 gal or
even more. Sighnsofliquefaction in the ground were observed in many places
in the form of surface fissuring, spouting mud and sand water. In one place
called Fukagawa located on the west bank of the Sumida river near the Tokyo
bay, a big spring developed from a fissure and continued to eject water for
as long as one and half hours. The places where spouts of sand or mud
water were reportedly observed are plotted in the map of Fig.4.

3. Great Kanto earthquake of 1923

The great Kanto earthquake of September 1, 1923 (Magnitude 7.9) was
the most disasterous earthquake in Japanese history. The tremors reportedly
lasted for longer than one minute. About 14 thousand people were reportedly
killed or missing, mostly victims of fires which broke out after the quake.
The damage to buildings and other civil engineering facilities spread
throughout the Kanto plain. Destruction was particularly severe in the
downtown area of Tokyo, although the epicenter had been located about 80 km
southwest of the city.

The distribution of the seismic shaking over the metropolitan area of
Tokyo was established, as shown in Fig.S, by Imamura (1937) on the basis of
damage investigation and observation of aftershocks. He classified the
region hit by the earthquake into four areas where the ground had experi
enced different levels of shaking with an average acceleration of 0.1, 0.15,
0.20 and 0.2Sg. It may be seen in Fig.S that the triangular shaped area
enclosed by the two rivers had undergone the heaviest shaking with a ground
acceleration between O.lSg and 0.2Sg. In the southern part near the coastal
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Fig.5 Seismic intensity in the
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Kanto earthquake of 1923
(Imamura, 1937)

line, the shaking was estimated to have been particularly severe with an
estimated ground acceleration in the order of 0.25g.

A similar seismic microzoning was also worked out by Kitazawa (1950)
for the 1923 Kanto earthquake. An effort was first made to find some cor
relations between seismic intensity, damage extent of wooden structures and
penetration resistance of soil deposits for limited damaged areas where any
relevant data were available. Then, for other wider areas where only the
data of the penetration resistance were available, the ground accelerations
were estimated by using the relationship derived above. This region was
then divided into four areas according to the seismic intensity level of
0.1, 0.2, 0.3 or 0.4g. The result of microzoning carried out by the above
procedure is presented in Fig.6 where it may be seen that the low-lying
delta area east of the Sumida river had been subjected to the heaviest
shaking amounting to a seismic coefficient as strong as 0.4g.

More recently, an attempt was made by Kagami and Kobayashi (1971) to
estimate the ground accelerations at the time of the 1923 earthquake at
various places in downtown Tokyo by using the one-dimensional wave propa
gation theory. The N-S component of the acceleration record having a pre
dominant period of 0.4 sec. obtained in the Taft earthquake of 1952 was
modified to have a peak acceleration of 90 gal at the bedrock. As a result
of the computation employing this modified wave form, it was suggested that
the computed accelerations on the ground surface were approximately equal
to the motions estimated on the basis of an empirical formula proposed by
Kanai (1966). The seismic zoning map established as presented in Fig.7
showed that the maximum horizontal accelerations might have been in the
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order of 400 gal. However, at two small sections along the Sumida river,
somewhat greater acceleration in the order of 500 gal was assumed to have
occurred.

Following the 1923 Kanto earthquake, damage surveys reported evidence
of liquefaction at many places in the form of surface cracking and sand
volcanoes accompanied by spouting of water and sand over the ground surface.
The places where sand boils were observed were picked up from old documents
and plotted in Fig.4. It is noted that the liquefaction occurred in the
areas where the ground accelerations were greater than approximately l50gal,
for whichever seismic intensity map was considered.

SELECTION OF SEISMIC INTENSITY FOR MAKING LIQUEFACTION SUSCEPTIBILITY MAP

In order to' assess the likelihood of liquefaction in given soil de
posits in Tokyo for earthquakes as strong as the three as described here,
it is necessary to set an appropriate maximum horizontal acceleration which
is likely to be encountered in the future. The value of this acceleration
need not necessarily be a probable maximum in view of the circumustances in
design practice but should be reasonably a good estimate considering the
accuracy in the predicted consequences. To determine this acceleration,
the range of the maximum horizontal accelerations that might have been ex
perienced within the two ward area of downtown Tokyo during the past big
earthquakes was inferred from the seismic intensity distribution maps shown
in Figs.l, 3, 5, 6 and 7. The ranges of accelerations based on the esti
mated seismic intensity by various investigators are summarized in Fig.8.
For the Kanto earthquake of 1923, it is noted that the estimation by Imamura



903

Delta
I area I

fluvial deQosit
sand dune

I sea

NaturalI levee areaI Fan area

D
I

.O-r-------i

1855

"0
~500 ! ! I

15 r--. I ig400 I lMax. acceleration. 1
a; 250gal,adopted for
u liquefaction analysis

~ 300 (
~ ~
o

.~ 200 O·
~100 ~ I) 1 ~
·1 0 r-~~~--~-- I __
::E Edo-Ansei Tokyo I By By [BY Kagami

earthquake ,earthquake Imamura Kitazawa et al_

1894 I Kanto earthquake 1923

Fig.8 Probable ranges of maximum
accelerations within the Koto and
Sumida ward area in the three
big past earthquakes

Fig.9 Illustration for
formation of
alluvial deposit

gives the lowest acceleration, while Kagamiand Kobayashi asseigned the
highest acceleration. Notwithstanding the scatters involved in this kind
of estimation, it may be reasonable to assume that the maximum acceleration
at the time of the 1923 earthquake might be on the order of 0.25g on the
average throughout the region being considered. Fig.8 also shows that the
acceleration of 0.25g might as well be the average for the downtown area at
the time of the 1855 Edo-Ansei earthquake, although somewhat lower acceler
ation was suggested for the 1894 Tokyo earthquake. From the above consid
eration, it was decided to adopt the maximum acceleration of 0.25g as being
the standard acceleration representating the magnitude of the future
earthquake as well as the past earthquakes that had jolted the downtown
area of Tokyo. In the following liquefaction analysis, the value of 0.25g
will be used as the imput acceleration on the ground surface.

GEOLOGICAL SETTINGS A.~D TYPICAL SOIL PROFILE

The downtown area of Tokyo being considered in this investigation is
basically composed of what is known as fluvial deposit or deltaic deposit.
In modern subsurface geology, the formation of these deposits is illustrated
as follows. Approximately 20 thousand years ago when the average tempera
ture on earth was lowest, it was estimated that the sea level was about 100m
lower than the present level, as much of the sea water existed in the form
of ice. In this di1uvia1 era, the ground surface in the downtown area of
Tokyo is thought to have been sloped steeper than it is at present era as
illustrated in Fig.9, as this area used to be located farther away from the
sea coast. Consequently, cobbles, gravels or coarse sands were transported
and deposited by the flow of rivers during flooding. In the subsequent era,
the earth is thought to have been gradually warmed up as it came into the
alluvial era, and correspondingly the sea level rose and the coastal line
advanced inland. The soft marine deposit was then formed under sea water
as illustrated in Fig.9. This marine deposit consisted mostly of soft silt
or clay with dark grey color and characteristically contained remains of
shellfish. In the downtown area of Tokyo, this marine deposit has a
thickness of 10 to 50 meters. Approximately six thousand years ago, the
temperature of the earth rose to its peak and, accordingly, the sea water
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was raised to its highest level estimated as being approximately 5m above
the present sea level. Since then the temperature on earth has been de
creasing slowly and hence the sea level has been gradually lowered. During
this era where the coastal line was regressing, the ground surface was
nearly flat and fine grained soils were transported and deposited by the
flow of rivers, forming a fluvial deposit known as natural levee deposit or
deltaic deposit near the sea coast, as illustrated in Fig.9. In the
downtown area of Tokyo, this deposit consists mainly of fine to coarse sands
and has a thickness of about 3 to 15 meters. In some places, this sand
layer does not exist, but wherever it does, it becomes the critical deposit
for which the possibility of liquefaction occurring need be checked.
A typical soil profile in this area obtained by boring is shown in Fig.lO
for the site indicated in the map of Fig.16. The soil profile at the boring
site A is the place where liquefaction is known to have occurred at the time
of the 1923 Kanto earthquake as can be seen in the damage map in Fig.4. The
clay-rich sediment below the depth of 8m is the very soft marine deposit as
exemplied by a low blow count value of 1 to 3. The layer at the shallower
depths between 2 and 8m consisting essentially of sands represents the
fluvial or deltaic deposit formed more recently by the flow of rivers. In
the soil profile shown in Fig.IO, the ground surface is covered by what is
generally termed surface soil. This name designates the soil which had not
preserved any trace of inherent layered structures which had been formed
during deposition. In many cases, the surface soil consists of various ma
terials such as gravel, sand, silt, clay, crushed stones and bricks.

PROCEDURES FOR CLASSIFYING POTENTIALLY LIQUEFABLE SOIL DEPOSIT

In order to work out zoning of potentially liquefable area, it would
be necessary to have as many information as possible at hand with regard to
soil profile and its constituting soil characteristics within the area in
question. Raw information on subsoil conditions that is made available most
readily today is a number of boring records obtained on various occassions
by public organizations and private enterprises. A review of over one
thousand of these boring data has shown that the most reliable information
commonly available were : (1) soil type; (2) layering of deposits; and, (3)
N-value in standard penetration resistance. Then, it was considered appro
priate to identify the liquefaction potential at a given site on the basis
of these data. The background concept and procedures for making the identi
fication are described below.

(1) Identification based on soil type
The first step towards identifying liquefable deposits would be to dis

tinguish soil types that are potentially prone to liquefaction. It is well
known that sandy soils are potentially liquefable while silty or clayey
soils are not. To be more specific, studies were made by Ishihara, Sodekawa
and Tanaka (1978) for clarifying the possibility of liquefaction occurring
in silty sand or sandy silt in terms of the fines contained in cohesionless
soils. However, information on the grain size characteristics was not
always available to permit the classification of the thousands of actual
soils on this basis. For this reason, identification of potentially lique
fable or nonliquefable soils was made only on the basis of the soil names
recorded on individual boring log. The designation of soil type used for
the identification is shown on Table 2.

(2) Identification based on layering of deposits
As mentioned in the foregoing section, the sand deposit for which
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Table 2 Soil type classification of liquefable and non
liquefable soils according to the names of the soils
written on the boring logs

Soil type

Sand. Fine sand, Medium sand,

liquefable Silty sand, Sand with clay partings

soils Sand containing fractured shells,

Sand containing rotted plants,
Sand with gravel partings

Non liquefable Surface soil, Surface fill , Clay
soils Si lt • Loam, Rotted soi l , Gravel

liquefaction susceptibility is to be examined in the downtown area of Tokyo
is either the fluvial-deltaic deposit or reclaimed deposit which lies a few
meters from the ground surface. This sand deposit is generally covered by
what is called surface soil consisting of dumped materials or artificial
fills that are unlikely to develop liquefaction. As explained previously,
the sand is generally underlaid by soft clay or silt layers as thick as 10
to 50 meters which are also considered potentially immune to liquefaction.
Therefore, the general subsurface stratification in the area of downtown
Tokyo can be characterized as a liquefable sand layer sandwiched between
non-liquefable cohesive soil deposits. Should the surface soil be thick
enough, the underlying sand deposit will not produce uplift pressure needed
to break off the overlying surface soil and exert damaging effect on the
ground surface. In this case, there will be no surface manifestation and
consequently little damaging effect occurs, even if the sand deposit does
liquefy. Therefore, when a criterion is to be established from the
viewpoint of damaging effect rather than from the inducement of liquefaction
itself, it would be necessary to specify the thickness of the overlying
surface soil. If the thickness of the sand deposit itself is small, it will
nor produce pore water pressure high enough to bring about the damaging ef
fect on the ground surface. Thus, it would also be necessary to take into
account the thickness of the sand layer itself to establish the liquefaction
criterion in the above vein. In order to set up the criterion for lique
faction with accompanying damaging effect, soil profile data for those sites
where surface manifestation of liquefaction existed during the past
earthquakes were compiled from previous study (Kishida, 1969). The
thickness of the sand layer, H2' known from these compiled data, are plotted
in Fig.ll versus the thickness of the overlying surface layer, HI' It may
be seen in this figure that the damaging effect on the ground surface is
brought about when the thickness of the surface soil layer is smaller than
3.0m. Therefore, the soil deposit having a surface soil thicker than 3.0m
will be identified as a deposit where liquefaction may not occur in the
following analysis. It may also be seen in Fig.ll that there was no case
reported where surface evidence of liquefaction was observed in the deposit
having a sand layer thinner than about 3.0m. This fact does not, however,
preclude the possibility of liquefaction manifestation occurring in the soil
profiles where both the surface soil and sand layer are less than 3.0m in
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thickness. In this case, therefore, the soil deposit will be categorized
as a deposit where liquefaction mayor may not occur. In all except for the
above two cases, the soil deposit will be identified as a deposit where
liquefaction may occur. The criterion for identification as above is summa
rized in Fig.12.

(3) Identification based on the density of sand
When a sand layer is identified as potentially possessing the damaging

effect in view of an unfavorably layered profile as explained above, what
needs to be examined next is the density of the sand layer. At present, a
simplest way of evaluating the effect of insitu density of sand would be to
make use of available N-value from the standard penetration test. For
practical purposes, it would be convenient to set up some threshold N-value
below which liquefaction may occur and above which liquefaction may not oc
cur. This critical N-value may be determined through procedure suggested
by Ishihara (1977), when the maximum horizontal acceleration is specified
on the ground surface. In the present investigation, the maximum acceler
ation will be set at 0.25g on the basis of the conclusion derived in the
preceding section. Furthermore, experience in the field has shown that the
ground water table is located approximately 1.Om below the ground surface
and also that the earth pressure coefficient at rest is equal to 0.5.
Assuming further that the wave form of the acceleration time history is of
the shock type (Ishihara, 1977), one can compute the cyclic stress ratios
to which soil elements at various depths in a deposit will be subjected
during a future earthquake. If this cyclic stress ratio is equated to the
cyclic strength of the sand which is correlated in turn with the N-value,
it becomes possible to determine the threshold N-value.

Several empirical relationships have been suggested by various investi
gators to correlate the N-value and the cyclic strength. However, recent
laboratory test results on many undisturbed sand specimens have indicated
that this relationship may be best represented by the formula,

0.0882
N

0v' + 0.7
-------- (1)

where, 0d£ is the amplitude of cyclic axial stress in the triaxial test to
cause initial liquefaction under 20 cycles; 00' is the confining pressure;
and, 0v' denotes the effective overburden pressure in kgf/cm2 at a depth in
question. The threshold N-value computed as above using the relation (1)
is plotted versus depth in Fig.13. For processing a vast majority of data
on the standard penetration resistance, a curved line as shown in Fig.13 was
not convenient for carrying out a routine analysis of liquefaction.
Therefore, the computed threshold N-value was replaced by a straight line
as indicated in Fig.13, and this straight line distribution was used
throughout the present investigation. For conparison purposes, the straight
line is replotted in Fig.14, together with similar curves proposed by other
investigators. Note that the other curves have lower threshold N-values
because these are all based on the experience gained from the Niigata
earthquake of 1964, Japan, where the recorded maximum surface acceleration
was O.162g, a value smaller than 0.25g being considered in this study.

At all sites where liquefaction potential was investigated, the soil
susceptibility was examined down to a depth of 15m.
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PROCEDURES FOR MAKING LIQUEFACTION SUSCEPTIBILITY MAP AND ITS RESULT

On the basis of the three criteria as postulated above for identifying
liquefaction potential of soils, each soil profile within the downtown area
of Tokyo was classified into one of the three groups of domains where: (1)
Liquefaction may occur; (2) Liquefaction mayor may not occur; and, (3)
Liquefaction may not occur. Each data on soil profile was processed by
following the steps indicated in the flow chart of Fig.15. As many as 1370
soil profile data were used for the present study. The results of the
identification work are mapped out in Fig.16. Within the Koto and Sumida
ward area, 33 percent of the sites investigated were identified as the de
posits where liquefaction may occur, and 25 percent where liquefaction may
or may not occur, and the remaining 42% as where liquefaction may not occur.
In Fig.l6 the coastal lines at the time of the 1855 Edo-Ansei earthquake
and the 1923 Kanto earthquake are indicated. The land south of these
coastal lines was reclaimed by depositing artificial fills after the last
large tremblers and, since then has not yet experienced any large
earthquake. Consequently this area was considered more prone to lique
faction than was the northern area which had experienced liquefaction up to
the present time.

CONCLUSIONS

Literature survey has shown that it would be appropriate to conduct
analysis of liquefaction susceptibility by assuming that the maximum ground
acceleration would be 0.25g. On the basis of this level of shaking
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intensity, likelihood of liquefaction was examined for 1370 sites in the
downtown area of Tokyo. The result of the analyses showed that for the
33 percent of the total sites investigated liquefaction was expected to oc
cur; and for 42 percent of the total sites liquefaction may not occur.
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THREE-DIMENSIONAL NONLINEAR ANALYSIS OF SOIL-STRUCTURE INTERACTION
IN A NUCLEAR POWER PLANT CONTAINMENT STRUCTURE

by
J. Isenberg I and D. K. Vaughan II

ABSTRACT

The soil island approach to soil-structure interaction is applied to
the SIMQUAKE 1 series of explosive field tests destgned to simulate earth
quake ground motion effects. on model nuclear containment structures. These
tests indicate strong nonlinear response of the model structures. The
three-dimensional, nonlinear finite element computer program TRANAL is used
to simulate the response of a 1/12 scale model containment structure in
SIMQUAKE lao Results are compared with measured data. III

INTRODUCTION AND SUMMARY

The soil island approach (1) to analysis of structure-medium inter
action was adapted to simulate model power plant containment structures
subjected to explosively generated ground shaking. Field tests which are
referred to as Events SIMQUAKE lA and lB (2), sponsored by the Electric
Power Research Institute, provide an ensemble of input ground motion and
structural response records which are currently being used to evaluate pro
cedures for modeling site characteristics and structure-medium interaction.
A three-dimensional, nonlinear finite element computer program (TRANAL) (3)
was used to represent the response of a one-twelfth scale, cylindrical con
tainment structure and that of a portion of the surrounding backfill and
undisturbed soil, called the soil island.

One of the main findings of the field tests is that the natural fre
quency of the rocking mode, measured during the era after the strong shaking
has subsided, depends strongly on the amplitude of the shaking. Encourag
ing agreement between nonlinear analysis performed with TRANAL and the mea
surements has been obtained (4). The computer resources required for such
analyses are of order one and a half hours on CDC 7600 for 1.5 seconds of
response of the 1/12 scale model (18 seconds for full scale).

SOIL ISLAND APPROACH

The soil island approach is a method of applying ground motion to a
structure. In its most general form, it involves a two-step procedure for
which free field motions are computed by any method that is consistent with
the site characteristics and governing equations of motion; this includes
vertically traveling SH waves or more complete descriptions underlying sur
face wave effects. The first step is to designate a fictitious boundary
in the free field which surrounds the location of the structure; free field
motions on this boundary are stored for future use. In the second step, this
volume of soil and the structure, referred to as the soil island, are ana
lyzed in detail using the stored free field ground motions as boundary con-

I Associate Partner, Weidlinger Associates, Menlo Park, California.
II Senior Research Engineer, Weidlinger Associates, Menlo Park, California.
III This work was sponsored by the Electric Power Research Institute,

Nuclear Power Division, as part of their program in soil-structure
interacti on.
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ditions. As is illustrated in Fig. 1, this reduces the structure-medium
interaction model to manageable size.

The boundaries of the soil island are chosen far enough from the lo
cation of the structure that, when it is included, it causes only a slight
perturbation at the boundaries. The efficiency and accuracy of the soil
island approach depends on choosing an island which is small enough to be
manageable and large enough that boundary effects are negligible. Pre-
vious studies (1,5) suggest that distances of soil cover equal to 2 to 3
characteristic dimensions are adequate. New studies were conducted by the
present authors to guide selection of island size. Two different site pro
files, each with a different horizontal ground motion input at bedrock
level, were postulated. Case 1 uses the N69°W component of the 1951 Taft
earthquake record as uniform bedrock motion input to a homogeneous site at
a depth of 300 feet. Case 2 uses a layered site with the input bedrock
motion, bei~g a combination of the Taft record plus the N69°W component of
the 1971 Castaic record. Free field motions for all depths from the sur
face to bedrock level were first calculated using a shear beam analysis.
These motions were then used as input to the soil island analyses. For
each case, three different sizes of island with embedded structure were
analyzed in plane geometry. The dimensions of the soil islands are shown
in Fig. 2. The complete set of six calculations was analyzed for 10 sec
onds of strong ground shaking. The main results are presented in the form
of peak spectral rocking velocity as a function of distance from the struc
ture to the side boundary. The rocking velocity is the angular velocity of
the structure multiplied by the radius of the structure. As shown in Fig. 3,
the rocking response in each of the two cases converges to a constant value
for island sizes between medium and large. This is consistent with previous
findings that island size on the order of 2 to 3 times the diameter of the
structure appear to give satisfactory results.

TRANAL

TRANAL (TRAnsient Nonlinear an~sis) is a computer program which was
developed by Weidlinger-Associates, under sponsorship of the Defense Nuclear
Agency, for problems in soil and structural dynamics. The code uses a finite
element discretization in space. The single finite element type is an eight.
node, isoparametric hexahedron. The equations of motion are integrated using
an explicit, second order central difference operator. A subcycling scheme
has been incorporated in TRANAL which approximately optimizes time step in
each of several zones. The only restrictions on material models which TRANAL
can accept are those which should be used to screen all models, namely that
they are stable, unique and lead to solutions which depend continuously on
the boundary conditions. The cap model (6) which is currently incorporated
in TRANAL is of this type. The efficiency of TRANAL is measured in terms of
computer time to process an element-time step, which is about 0.4xlO- 3

seconds on CDC 7600. For a typical three-dimensional, nonlinear problem
involving simulation of a power plant containment structure subjected to 15
to 20 seconds of strong ground shaking, the computer time required is of
order l~ to 2 hours. The code is operational on CDC 6600 and CDC 7600 equip
ment. The capacity of the code is approximately 50,000 equations on CDC 7600.

ANALYTI C MODEL

Simulation of Event SIMQUAKE lA requires representing the properties of
the site, the geometry of the partially embedded 1/12 scale containment
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structure and the ground motion input to the soil island. Details of the
SIMQUAKE lA test layout and the 1/12 scale containment structure are shown
in Figs. 4 and 5. The properties of the soil are represented by the cap
model, an elastic, strain-hardening version of the classical incremental
theory of plasticity; This model represents such important characteristics
as compaction, shear hysteresis and failure (6).

The cap model consists of a yield surface, a moveable cap and a plas
tic strain rate vector. An early version of the model, which consists of
a fixed yield surface as illustrated in Fig. 7, is used in the calculations
reported below. The model has recently been amended to include nonlinear
hardening yield surfaces and a state limit or failure surface in shear to
improve modeling of hysteresis in cyclic shear. Subject to theoretical re
strictions (6,7,8), the yield surface, the shape of the cap and its harden
ing rule and the bulk and shear moduli must be selected using laboratory
and field data for a specific site as a guide. This was done for the test
site. Uniaxial stress/strain curves for the two soil layers used in the
SIMQUAKE lA analysis are shown in Fig. 8.

The properties of the backfill which surrounds the lower one-fourth
of the structure and the properties of the interface between the soil and
structure have a significant influence on the dynamic response of the model.
As an interim step, the backfill in the model is assumed to be softer than
the physical backfill; this is a continuum approximation to the discontinu
ous processes of debonding and rebonding between the sides of the structure
and adjacent backfill due to rocking. A debonding-rebonding criterion
based on a critical value of tensile pressure (average direct stress) is
used on the bottom of the structure. These approximations are currently
being refined to represent the "beating back" phenomenon which has been
observed in Event SIMQUAKE and elsewhere (9).

The finite element soil island model, including layered site, backfill
and structure, is shown in Fig. 6. There are three elements in the verti
cal direction between the surface and the bottom of the structure. There
are six elements across a diameter of the structure and, in all, 30 ele
ments define the interface between the floor (of the half structure) and
underlying soil. The resulting finite element model has about 5,000 ele
ments with over 17,000 degrees of freedom.

The input to the analysis is derived from horizontal and vertical
velocity-time histories (from velocity gages or integrated accelerometer
records) at nine points as shown in Fig. 4. The points lie on the center
line of the test bed and on the boundaries of a rectangle whose length is
100 feet, whose depth is 62.5 feet and which encloses the structure.
Typical boundary velocity-time histories for SIMQUAKE lA are shown in
Figs. 9 and 10. A preliminary plane strain finite element calculation
without structure was performed in which the measured velocities and inter
polated records at intermediate points were applied to the boundaries. An
imaginary soil island was defined within this model having a length of
70 feet and a depth of 35 feet. Motions along this boundary were used as
input to the three-dimensional calculation of the soil island with struc
ture.

The cost of analyzing the three-dimensional, nonlinear soil island
model with embedded structure for 1.5 seconds of response (18 seconds
for full scale structure) is 5,700 CP seconds on CDC 7600. At rates pre-
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vailing on government computers, this costs about $400; at rates prevail
ing at commercial computer centers, the cost is about $4,000.

RESULTS OF SIMQUAKE lA ANALYSIS

To illustrate the application of the cap model, the soil island ap
proach and TRANAL, selected results of posttest simulation of Event
SIMQUAKE lA and comparison with field data are presented below. The mea
sured and calculated horizontal velocity-time histories at the top of the
1/12 scale structure are compared in Fig. 11. Qualitative agreement is
satisfactory with regard to the period of the first three peaks (outward,
inward, outward). Recent improvements in the site model have eliminated
the discrepancy between times of peak response.

Measured and calculated horizontal interface stresses on front and
rear faces of the structure are shown in Figs. 13 and 14. On the side near
the source there is initial compres~i~n;on the side away from the source
there is initial tension (measurement) or zero stress (calculation). This
behavior is associated with initial counterclockwise r.ocking (top of struc
ture rocks toward source). This initial phase is followed by a reversal
in the sense of the stresses; the side near the source becomes compressed.
This is associated with clockwise rocking (top of structure rocks away
from source).

The rocking velocity-time history is computed by subtracting the hori
zontal velocity-time histories at the top and bottom of the structure.
Fig. 12 compares the result of doing this with both calculated and mea
sured velocities. There is qualitative agreement in the sense of the ini
tial rocking (top rocks toward source) and in the sense of the first clock
wise peak at t~.35 sec to t~.4 sec. The second major counterclockwise
peak at t~.6 sec (measured) to t~.7 sec (calculated) is also correctly
simulated, as is the frequency of the rocking mode.

SUMMARY AND CONCLUSIONS

This paper describes briefly the application of the cap model, the
soil island approach and the TRANAL three-dimensional nonlinear finite
element code to analysis of the response of a 1/12 scale nuclear power
plant containment structure subjected to simulated earthquake ground
shaking. Encouraging qualitative agreement between measured and calcula
ted structural response, especially with respect to rocking and the inter
face stresses generated by rocking, were obtained. The computer cost for
the three-dimensional nonlinear analyses of the 1/12 scale structure for
1.5 sec (18 sec for full scale) was $400 on U. S. government computer
facilities and would be about $4,000 at commercial rates on a CDC 7600.
Similar calculations are being performed for a subsequent test, SIMQUAKE 2_
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BOUNDARY METHODS I N SO I L-STRUCTURE 1NTERACT I ON

by

E.Alarcon, J.Dominguez, A.Martin, F .Paris $

ABSTRACT

A general theory that describes the B.I .E.M. Approximation in steady

-state elastodynamics, is developed. Constant and linear elements in plane

problems are presented and also some results which are compared with

previus one. Finally the capabilities of the method are presented.

1. SO I L-STRUCTURE I NTERACT I ON

A problem which has traditionally fascinated soil dynamic researchers

has been the foundation design of vibrating machinery. Several methods based

either in the WINKLER idea (BARKAN(1962), SAVINOV(1955), etc.)or in the

assur:iption of a elastic homogeneous, isotropic halfspace (RE I SSNER( 1936),

QU I j\lLAN (1953), SUNG( 1953) has been developed.

Using that experience soul a~thors have the use fulness of those results

to earthquake engineering problems.

The starting point was a paper publ ished by RE I SSNER in 1936, in wich,

trying to establish a theorical basis for the DEGEBO (Deutschen Forschungsg~

sellschaff fUr Bodenmechanik) experimental research, usea ti-Ie LAMB'S(1904)

problem solution (halfspace under harmonic load fig. 1(a) ) to obtain the soil

response to a osci Ilating load appl ied through a rigid ci rcular plate.
The solution method was the integration to LAMB results in the circular

area, wich means a uniform contact pressure (fig. 1(b)).

RE I SSNER results were very different of experimental ones mainly beca~

se a sign error (SHEKTER 1948) in the algebra and also because the uniform

distribution doesn't produce the equality of displacements required by the plate

rigidity.
I n the "Fi ftY-Six Annual Meeting of the American Society for Testing

Materials (July 1953)", P.M.QUINLAN and T.Y.SUN~ presented two papers

in which they repeated the analysis for the (fig.{(c»:C;ases. The first is a

static rigid plate distribution, the second a uniform one and the thi rd a parab£

I ic one more simi lar to a flexible plate case.

As can be seen all results were obtained through a simpl ification of the

initial boundary problem.
For the rigid disk it is a mixed problem in which the displacement shape is

known in the part under it and the tractions are ni I in the reminder of the half

-space boundary.

$ E.T.S. Ingenieros Industriales

Universidad Pol itecnica de Madrid

MADRID. SPAIN
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RE I SSNER and SUNG solved a different problem when they assumed a prescribed
traction distribution under the plate. This leads, as was said, to a series of

displacements incompatible with the hypothesis of rigid plate and, consequently,

the results must be used with great care.

I n several repports, specially in the 1971 & 1973 ones, VELETSOS and

coworkers presented an interesting new approach and also useful numerical

results • For instance, the case of rocking and horizontal displacement was

treated (VELETSOS & WE I (1971» with the following hypothesis:

a) during the horizontal imposed displacements there are no normal stress

in the halfspace boundary, in spite of the existence of vertical displace

ments.

b) in the rocking case there are no tangential stress in the surface of the

half~ace, in spite of the existence of horizontal displacements.

These hypothesis allow the computation of the horizontal case independently

of the rockin one, but on the other hand, they produce non-rigid displacements

of the plate. Nevertheless through the use of a wighted reciprocity relation, this

approach produced very accurate results.

The viscoelastic case (MEEK & VELETSOS (1973» was also estudied after

a polynomial representation of previous elastic results.

By the way it is worth noting that more promising appears to be the method

presented by DASGUPTA & SACKMANN (1977) using a correspondence pr:i:nciple

for discretized set of values.

The importance of the embeddement of the footing was also recognized very

early (R I CHART 1960) and a large amount of work has been done by NOVAK and

coworkers (1972,1973, 1974, ••• etc.) • The fundamental idea is to admit that the

soil round the footing is built by a series of elemental lavers which react indepe!2

tly of the halfspace over which they are resting. The agreement with experimental

results is, of course, not very good.

After these pioneering works a considerable amount of work has been done

in recent years to determine the dynamic stiffnes of foundations of various shapes

(GAZETAS & ROESSET, 1976, WONG & LUCO, 1976, ELSABEE & MORRAY,

1977, KAUSEL, ROESSET & CHRISTIAN, 1976, ••• )

An interesting comparison between two and three-dimensional solutions

including the influence of embeddement has been recently publ ished (JAKUB, 1977)

All these results are currently appl ied to the cases in which the base of

the structure behaves as a single rigid footing (base slab in nuclear reactor

bui Idings, high-rise bui Idings on mat foundation, etc.). I n order to permit analysis

of other structures where this ideal ization is unreasoneable CHOPRA & coworkers

(1969, 1974, 1975, 1976, etc.) have obtain results using a different approach.

The ha/fspace is treated as a substructure and the dynamic (frequency

-dependent) stiffness matrix is of order equal to the number of connection degrees

of freedom on the structure-foundation interface.

I n this way the i j term of the matrix is defined as thfJ,ofce in the i mode

when in the j one is applied a harmonic unit displacemnt e , with all other

d.o.f. being kept fixed (fig. 3).

I n the case of the pure plane horizontally homogeneous halfspace one needs

the results only for two boundary problems: the vertical displacement and the
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,horizontal one. An appropriate traslation will provide the results for all the
degrees of freedom. The displacement betwen the activated node and the neighbo~

ring ones is assummed according to the isoparametric representation to be used

in the subse quent F .E. analysis of the above-ground structure.

I nstead of solving this mixed problem di rectly CHOPRA et al. prescribe

zero displacements also outside the struture-foundation interface, and after a

standard condensation, theyget the correct dynamic foundation stiffness matrix.

2 BOUNDARY INTEGRAL EQUAT I ON METHOD.

The first idea of B.I.E.M. was presented as early as 1963by JASWON

in a paper on potential problems. RIZZO (1967) succesfully extended the method

to more complicated problems, and CRUSE and coworkers (1969,1972,1973, etc.)

have shown the possibilities of the method.

The B.I.E.M. is based upon the existence of two items: a fundamental solu

tion of the field equation and a reciprocity theorem, which in elasticity is the

BETT I 'S theorem: f T",,ui< tis + { lS. ~#t( tlv :. ~ T~' '!!. ets -I-~ ~~ ~ c1v
h~ - -)S; / q ~ (1..)

wherev .....
I is the vector traction in a boundary J D with normal ~

X the body force in the volume D

u the displacement vector and a -J( means the corresponding variables in

the fundamental solution. If this is expressed in the form
fl _ /I . .e' o+\) .... ~ T ' .1'7,' (2.)
~ - lA..Ac..'" J.)t - Ikt; -e..

where e j are di rections of actuation of unitary loads. (KELV I N solution) and in

the absence of volume forces (1) is transformed inL ))
Uj, (p) oJ. / 'Tit, (PI Q) Mol< (a) Dis = Ul<t (PI a) TIC (~) dS ()

JJ~ 'JS) .... 1
which is known as SOMIGLIANA'S identitY.E is the point of actuation of the load

and q the point in the boundary along which is carried the integration.

The following step is to write eq 3 when e. ~ E, ':: being a point of the boundary.

After some algebra the results can be written in the form

g,~(p) "'h9>T'~'ots = k:b ~'I"'·d.s ..... ('f)
where £. is a diagonal matrix in the case of a smooth boundary.

J n the case of a harmonic osci Ilation CRUSE & RIZZO (1968) presented the

fundamental solutions as

(1,': I Lcrrc.:~' -)t V(~ ~JJ
J otn(','1,'I.

T I. _ -'- [c d Cf _ J '\I) (r,;· ;)V- "Vii v,') - -= ;t Pi '1',;' - 2 r,i Vii *)-
Il.J ~ "or r r' 'J)", "

0(1'1 ""

- Z) (~ - ~f -~ ;t)"7.~-]
..... ('5)
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in which La.-me/ c-onJ tf:ln ts

c/e."sc;ty

r(P, Q) ::: distance betwen P, Q points.
and ko is the modified Bessel function of the 2nd kind of zero order.

The method presented by CRUSE (1968) used a constant element to discretize
the boundary, and, in it, the traction and the displacement are assumed constants.

The equations to be solved are then

£ 6i f Uv'c' ets = ~ Vi I Tv''; ds -I- 1 ~.
/6$ )/)S (1)

which can be written as ... , .

13)C'iT = A·.M..·
In general, there are data and unknowns in t;J'" and u. After a reordering

system (8)can be put in the classical form
/<.;<: F

where the data are collected in F and X is the vector of unknowns.- -
The efficiency of the approach is showed whith some exemples.
In fig. 4 we present the results obtained with a constant element program when

the rocking case ( ¢ ::: 5Q
) is studied. The results were compared with those resul

ting of the application of JAKUB formulas. Taking:
'i:: 2. . (2. =1.. w - '/" . "':;;. '1. • 13 = 1./ I-&' / ( I

and following JAKUB'S notation
k?:J!:; ':_6v' <; 8~ ::< 1.,1{ 3 } f< f kz. : 2., ( P::r
A70 :: /-O'J..t:te., 0,9

for the relation betwen the moment appl ied and the angle.
The corresponding moment in the first case (40 elements)

0.45 x 0.938 0.4221
0.17 x 0.813 0.1382
O. 12 x 0.688 0.0825
0.084 x 0.563 0.0472
0.059 x 0.438 0.0258
0.039 x 0.313 0.0122
0.022 x 0.188 0.0041
0.0075x 0.063 0.0004

0.7325 x 0.125 x 2 0.1832
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and dividing by 52 Ki'h kz. _ O,/~ 3Z. 2./ 0 °'1
r - O.OP'1-2. ;;;

I n order to analyse. tbe importance of discretization a coarser one (10 elements).

The results are

0.4614 x 0.938 0.4327
0.2249 x 0.813 0.1828
2 x 0.0477 x 0.625 = 0.0596
4 x 0.0262 x 0.25 = 0 •0262

0.7013

The error is 0.0312/0. 7325 ~ 0.042 very good for the sparse discretiza~

tion used.

In fig. 5 we have presented also some displacements out of the plate.

As can be seen the method is very accurate and produce several useful results.

For instance, the displacements outside the plate and inside the halfspace can be

used to study the reciprocal influence with neighbouring structures.

I t is important to notice that the mixed boundary problem has been handled

di rectly, without any additional hypothesis and also that the embedded foundation

with a general geometry can be analysed in the same fashion.

As an exemple an embedded strip foundation with a deep haif of the plate size

and the same material and discretization that the previous exemple was run in 5%

rocking. The results under the plate are in a half of the plate are

x/s Traction X Traction Z

0.938 0.1043 -0. 1046E - 01 -0. 2786E+0. 0 0.4539E-Ol
0.813 0.5783-0.1 -0.1064E-01 -0.127E+0.0 -0. 2339E-0 1

0.688 0.5140E-Ol -0.1038E-Ol -0.9159E-Ol -0. 171 9E-0 1
0.563 0.4775E-Ol -0.1035E-Ol -0.6597E-01 -0. 1263E~01
0.438 0.4586E-01 -0. 1033E-01 -0.4744E-Ol -0.9215E-02
0.313 0.4485E-01 -0.1031 E-01 -0.3193E-01 -0. 6286E~02

0.188 0.4430E~01 -0. 1029E~01 -0. 1861 E~O1 -0.3705E-02
0.063 0.4408E-01 -0.1029E-01 -0. 6093E-02 -0. 1205E-02

Real part Imag. part Real part Imag. part

The problem of the elastic foundation can be also analyzed. Nevertheless a

constant element evolution of displacements is a bad representation in order to a

subsequent conection with a F •E. mesh in the structure of interest.

A I inear variation can be

1
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The only difficulty now is the treatment in sharp corners with displacement

conditions (for exemple in the low corner nodes of a embedded foundation). The

analysis of this case can be seen elsewhere (ALARCON, MARTIN & PARIS 1978).

In this way higher order elements can also be used but, for the soil repre

sentation the errors introduced with the elastic model make i lIuso,ry every preci

ssion.

3. CONCLUS I ON

The B.' .E.M. appears as a powerful tool in the analysis of soil-structure

dynamic interaction problems.

With this method it is very easy the treatment of elastic seminfinite media and

the embeddment partial or total (j .e. a limed tunnel ( 6 .a) of the structure is

not a problem. Also every shape of the interface betwen soi I and structure is also

easily handled. ( 6.b)

The original mixed boundary problem is solved but thare is no problem if

one wants to relax the condition of perfect bonding in the interface and employ the
50-called "rigid-smooth" and "rigid-pressureless" conditions along the foundation

boundary in order to model more closely the real situation. ( 6.C).

The presence of an arbitrary rigid boundary ( 6.d) can be solved without

problems, and also the layered ( 6. e) case with the apropriate fundamental solu

tion.

In the general case ( 6. f) a subdivision betwen diferent regions and the

establishment of the compatibility and equilibrium in the interfaces allows one to

write a banded system of equations (see for instance, LACHAT & WATSON, 1977).

Finally the response to incident waves can be obtained without problems and

for every angle of incidence ( 6.g).
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SEISMIC SHEAR STRAIN INDUCED IN SOIL DEPOSITS

by

Yoshihiro SUGIMURA I

Abstract

A method of estimating the seismic ground strain by using elastic wave
propagation technique for strong motion data and some computed results from
this technique are presented in this paper. One hundred and fourteen com
ponents in total of strong motion data recorded at 15 sites in California,
of which soil condition is known, are used as analytical examples to deter
mine the seismic shear strains in the ground. According to these results,
the conclusions so far achieved can be expressed as the following two cate
gories. (1) There exists a set of directions, the predominant and the
lowest components perpendicular to each other, and the parallel and normal
directions to the causative fault line correspond to such a coordinate
system. (2) There exists some correlation between the maximum velocity
response at the ground surface and the maximum shear strain in the soil
deposits such as the form of Ymax=0.00262Vmax'

INTRODUCTION

It is generally known that local soil conditions at sites subjected to
seismic shaking considerably affect damage to structures at the site. Hence,
many analytical studies and laboratory tests have been performed to determine
the dynamic characteristics of various types of soil deposits. It is impor
tant to consider "strain dependence" of soils, i.e., nonlinearity of shear
modulus and damping ratio with shear strain which has been clarified mainly
by laboratory tests [1, 2, 3, 4, 5, 6, 7J. A clue to the relationship
between earthquake groung shaking and damage to structures may be found,
therefore, if strains induced in the ground during earthquakes are evaluated
and then compared with the results of laboratory tests. However, except for
some geophysical and geotechnical surveys such as triangulation which are
mostly in a static sense, no suitable instruments equivalent to strong motion
accelerographs for ground acceleration have been developed to measure local
seismic strain waves.

This paper presents some computed results of the shear strains induced
in soil deposits during earthquakes by using elastic wave propagation tech
nique for strong motion data. Some researchers including the writer already
got the results of some examples by the similar method [8, 9, 10], but all of
those are limited to only a few cases. It seems to be a worthwhile subject
to investigate such data as many as possible and statistically, on which the
purpose of this paper is concentrated.

SHEAR STRAIN IN SOIL DEPOSITS BY ELASTIC WAVE PROPAGATION THEORY

Let consider the multiple horizontal soil deposits and f i and g. as the
upward and downward shear velocity waves, respectively, which propagate in

I Head of Geotechnical Engineering Division, Structural Engineering Depart
ment, Building Research Institute, Ministry of Construction, Japan
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Z·
+ g. (t+ r)

1 i

each soil layer. The velocity
by the following equation.

. zi
ui(t,zi) = fi(t- Vj)

response in each layer, then, can be expressed

(1)

in which,

i = layer number from the ground surface
t = time (sec)
z. = depth from each upper boundary with negative sign (m)
V~ = shear wave velocity in each layer (m/sec)

1

At the ground surface (zl=O), the upward and downward velocity waves
become equally halves of the recorded velocity wave u,(t,O), from the bound
ary condition, i.e., the shear stress is equal to zero, then,

(2)

Therefore, the shear strain wave in the top layer ~an be expressed as
following equation.

1 . zl zl
Yl(t,zl) =~ [-fl(t- y-) + gl(t+ y-)J (3)

1 1 1
From the second layer, each shear strain wave can be expressed in the

same way as above by the equation,
1 . zi . zi

y.(t,z.) = -V [-f.(t-,.,) + g.(t+ -V)J (4)
1 1 . 1 v. 1 •

1 1 1

The first and second terms in the parenthesis of the right hand side of
Eq. (4) are determined by using the upward and downward velocity waves at the
each upper boundary as shown below, which satisfy the continuity condition
related to displacements and shear stresses.

1 . -Hi -1 -H. 1
fi(t,O) = '2 [(l+cxi_l)fi_l(t- V. 1) + (1-cxi _l )9i_l(t+ v~-)J (5)

1 - 1 -1
1 . -H. 1 -H. 1

9i(t,0) = '2 [(l-cxi_l)fi_l(t- V~-) + (1+cxi _l )9i_l(t+ v1 -)J (6)
1-1 i-l

in which, H. is the thickness of each layer (m) and cx. is the impedance ratio
of wave pro~agation defined by the following equation~

p.V.
cx. = 1 1 (7)

1 Pi+1Vi+l
in which, Pi is the mass density of each layer.

There appears here one of the difficulties to use the elastic wave
propagation theory. Parameters such as shear moduli of soils would not be
constant during a destructive ground shaking, since soils are not elastic in
general. If one changes, the other would also change because of the inter
dependence between elastic moduli and the amplitude of velocity, so that
actual strains in soil deposits may not be determined, in a strict sense,
directly and definitely from seismic records. But in spite of this diffi
culty, the application of the simple method mentioned above for estimation
of strains appears to be, at present, the best available first approximation
for engineering use.
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EARTHQUAKE DATA AND GEOTECHNICAL DATA FROM THE SITES OF THE STATIONS

Twenty four earthquakes with some aftershocks and foreshocks are used
as the analytical examples in this paper as listed in Table-l. And Table-2
shows the fifteen stations which are also selected for analytical purpose.
It will result in fifty seven strong motion records in combination of the
earthquakes and the stations as shown in these tables. All of these records
were processed at the Earthquake Engineering Research Laboratory, California
Institute of Technology and finally, the results were published as corrected
accelerograms and integrated ground velocity and displacement curves [llJ.
Each number in parentheses in Table-l and Table-2 is corresponding to the
arrangement number of CIT. One hundred and fourteen horizontal components
in total of these velocity curves are used as the original waves recorded at
the ground surface of each station.

Geotechnical data from the sites of the stations were given by C. M.
Duke and D. J. Leeds, 1962 [12J; W. R. Hansen et al., 1973 [13J; and the
U. S. Department of the Interior, Geological Survey, 1976 [14J. Subsurface
conditions of these sites from Duke and Leeds are shown in Table-3, and are
used as basic in subsequent sections.

LOCATIONAL RELATION OF STATION, EPICENTER AND FAULT LINE

Locational relation of stations, epicenters and fault lines in southern
California is shown in Fig. 1. Since earthquakes occur at random locations,
the direction of each component of a seismograph at a station does not ordi
narily coincide with the direction to the focus. Therefore, initially
original records should be decomposed into the available coordinate system
under consideration. The combination of longitudinal and transeverse direc
tion to the epicenter, or normal and parallel direction to the causative
fault line can be a typical example of such a coordinate system. The effect
of the depth of the focus is neglected in this paper because each case shown
in Table-l is a comparatively shallow earthquake.

In addition to the nonlinearity of soil modulus during ground shaking,
it will be necessary to examine what kind of wave is contained within the
recorded data. This judgement was made hereon mainly by drawing the par
ticle orbits of the recorded waves compared with various conditions such as
the direction of causative fault break, the distance and the locational re
lation between each station and the fault line or the epicenter. And it was
clarified through this process that the large shaking component is induced
along the direction of the causative fault line rather than any other direc
tions, especially for the cases shown as follows:

Earthquake

Imperial Valley 1940
Kern County 1952
Long Beach 1933
Parkfield 1966

Causative Fault

Imperial Fault
White Wolf Fault
Newport-Inglewood Fault
San Andreas Fault

Station

El Centro
Taft
Long Beach
San Luis Obispo

It will be reasonable at least for these examples, to assume the data
decomposed into the corresponding directions as the shear waves and to apply
Eq. (3) and Eq. (4) to them. An analytical example is shown in the next
section for the case of Imperial Valley earthquake in 1940 recorded at El
Centro site.
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EXAMPLE OF IMPERIAL VALLEY EARTHQUAKE IN 1940 RECORDED AT EL CENTRO SITE

The Imperial Valley earthquake in 1940 has the following two distinc
tive features. (1) The causative fault line is nearly straight and it's
movement is horizontally right-lateral. (2) The observation station is lo
cated at the very short right angle distance (about 6 Km) from the causative
fault line as shown in Fig. 1.

Figure 2 shows the horizontal particle orbits in every 5 sec. of ve
locity response recorded at El Centro site. The up-down component is neg
lected in this figure, because it is quite small compared with horizontal
movements. The original components of seismograph are shown by the signs
NS (SOOOE) and EW (S900W), respectively. The signs LO and TR indicate the
components of longitudinal (S53.4°E) and transverse direction (S36.6°W) to
the epicenter, and the signs NO and PA indicate the components of normal
(N53°E) and parallel direction (S37°E) to the causative fault line. Figure 3
shows the velocity waves decomposed into the corresponding directions as well
as the original ones. It is clarified from these figures that the largest
ground motion would occur in the direction parallel t~ the causative fault
line, especially in the initial 5 or 10 seconds. This fact suggests the
possibility of the existence of the principal axes of seismic ground motion,
the major of which agrees with the parallel direction to the causative
fault line.

Time histories of the seismic shear strains at everyone tenth depth of
the top layer are shown in Fig. 4 and Fig. 5 for the cases NO and PA, respec
tively. These figures lead to the followings: (1) The shear strains always
become zero at the ground surface as might be suspected from the relation of
Eq. (3). (2) The maximum values of shear strain are 0.151 (%) for the case
NO and 0.129 (%) for the case PA, both of which occur at the vicinity of the
lower boundary of the top layer by the effect of impedance ratio between the
top and the second soil layers. It can be estimated that the soils in the
top layer at this site got into the nonlinear state to a certain extent
because the shear strain grows up more than 0.1 (%), around which the reduc
tion of shear moduli of soils is pointed out to be conspicuous from many
laboratory soil tests.

RELATION BETWEEN THE MAXIMUM VELOCITY AND THE MAXIMUM SHEAR STRAIN

In the same way as above, shear strains in soil deposits were computed
for the each site condition of the station shown in Table-3 by using the
corresponding strong motion data. Those results are shown in Fig. 6a to
Fig. 6c as the relation between the maximum velocity at the ground surface
and the maximum shear strain in the soil deposits. The results shown here
include, however, the cases in which original recorded data are simply
applied to Eq. (3) and Eq. (4), because it doesn't always follow that the
condition such as the direction of the causative fault line and the loca
tional relation between the station and the epicenter is clear.

Although it is necessary to treat these results as the first approxi
mation of seismic shear strains induced in the ground, these figures suggest
the fact that there exists the correlation between the maximum velocity
amplitude at the ground surface and the maximum shear strain induced in soil
deposits. The first order linear function by the least square approximation
is given for each case as follows.
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For the case of 25 earthquakes recorded at El Centro site (No. 117),

Ymax = 0.00378Vmax ' a = 0.00105 (8)

For the case of 3 earthquakes recorded at Taft site (No. 1095),

Ymax = 0.00320Vmax ' a = 0.00130 (9)

For the case of 57 earthquakes recorded at all of the stations,

Ymax = O.00262Vmax '

in which,

a = 0.00115 (10)

Ymax =
V =max
a =

the maximum shear strain induced in soil deposits (%)
the maximum velocity at the ground surface (kine)
standard deviation (%)

The coefficients of above equations are slightly changed to each other,
i.e., it appears the effect of soil condition of each site - the softer soil
condition is, the greater coefficient grows. Furtheremore, it seems to be
possible the classification of the relation between earthquake intensity and
the ground behavior. And for instance, if the soil behavior can be classi
fied from the dynamic laboratory soil tests into three different ranges, such
as elastic, medium and plastic states, around the boundaries of the maximum
shear strains 3xlO-2 (%) and lxlO- 1 (%), the values 10 and 30 kines in
average will be corresponding to the boundaries of the ground shaking,
respectively.

CONCLUSIONS

The conclusions achieved in this paper can be divided into the following
two categories.

(1) The maximum value of the ground motion at a site changes corre
sponding to the difference of direction under consideration. There exists a
set of directions, the predominant and the lowest components perpendicular to
each other, which form the principal axes when considered as the coordinate
system for the strong motion data. The parallel and normal directions to the
causative fault line correspond to such a coordinate system.

(2) There exists some correlation between the maximum velocity amplitude
at the ground surface and the maximum shear strain in the soil deposits. The
coefficients of linear equation approximated by the least square method are
0.00378 and 0.00320 for the cases of El Centro site and Taft site, respec
tively. And for the case of all stations, that becomes 0.00262. Though the
coefficient changes slightly by the effect of soil condition at sites, the
classification is possible, on the whole, for the relation between soil
behavior and intensity of ground shaking. And for instance, if the soil
behavior is classified into three different ranges, i.e. ~ elastic, medium
and plastic states, around the boundaries of the maximum shear strains such
as the values of 3xlO- 2 (%) and lxlO- 1 (%), the values about 10 and 30 kines
will be corresponding to the boundaries of the ground shaking, respectively.
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Fig. 2 Particle Orbits of Velocity Response at El Centro Site
(Imperial Valley Earthquake 1940)
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Fig. 3 Velocity Wave in Each Direction at El Centro Site
(Imperial Valley Earthquake 1940)
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POST CYCLIC LOADING BEHAVIOR OF SOFT CLAYS
by

R S· hI S d II d D bIll.D. lng ,W. • Gar ner an R. 0 ry

ABSTRACT

The load-deformation behavior of soft silty clay has been inves
tigated with specific reference to the change in undrained static shear
strength and stress-strain behavior induced by prior undrained cyclic
loading. Both controlled-strain triaxial compression and direct simple
shear tests were employed in the laboratory testing program as well as
procedures to mitigate the effects of sample disturbance. Static load
ing to failure was conducted after cyclic loading subsequent to a pore
water pressure equalization period. Experimental results suggest that
the effect of cyclic loading is to induce a partial remolding of soil
structure which is represented by the amount of excess pore pressure
existing after cyclic loading. Both stress-strain and shear strength
characteristics were found to be affected by cyclic loading, the
effect on the stress-strain relationship being the more significant.

In general, the observed post-cyclic loading behavior was found
to be consistent with the findings of Castro and Christian (1976),
Gardner (1977) and Koutsoftas (1978). The concept of describing the
behavior of cyclically loaded overconsolidated clays suggested by
Gardner and Koutsoftas is developed into a formal model and its val
idity is assessed. The model is an extension of the Normalized Soil
Parameter (NSP) characteriazation method proposed by Ladd and Foott
(1974). It is proposed that the model be used to predict post-cyclic
stress-strain behavior as well as undrained strength after either
steady state or transient cyclic loading.

INTRODUCTION

As an outgrowth of worldwide economic development, an increasing
number of major structures are being constructed in both marine and ter
restrial environments which are subject to significant seismic disturb
ances and/or storm waves. The stability of soft clay deposits often
found in the marine environment is an important consideration in the
design of these structures. Of particular interest to the designer is
the change in soil properties such as strength and stiffness. It has
been demonstrated that the effect of undrained cyclic loading on soft
clays is to cause a stiffness degradation (Idriss, et ale 1978), excess

I Senior Project Engineer, Woodward-Clyde Consultants, Plymouth Meeting,
Pennsylvania

II Principal Engineer, Woodward-Clyde Consultants, Plymouth Meeting,
Pennsylvania

III Associate Professor of Civil Engineering, Rensselaer Polytechnic
Institute, Troy, New York.
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pore pressure and a decrease in the pre-cyclic undrained shear strength
(Thiers and Seed, 1969).

The excessive deformation and loss of strength which may be rea
lized after cyclic loading of soft clays can significantly increase the
risk of failure of slopes and structures upon subsequent environmental
loading. The potential for such failures was recognized by Seed and
Chan (1966). A survey of research work in this area has been presented
by Lee and Focht (1976). The strength reduction due to cyclic loading
has been studied by Thiers and Seed (1969); and more recently by Castro
and Christian (1976), Gardner (1977) and Koutsoftas (1978).

Specific objectives of this study are to further explore the
utility of applying the NSP technique of soil property characteriza
tion to post-cyclic soil behavior; to investigate the effects of stress
history on residual pore water pressure; and to assess the effect of
the cyclic loading technique on the post-cyclic load-deformation be
havior of soft silty clays. A post-cyclic loading soil behavior model
is described which incorporates stress history, residual pore water
pressure and pre-cyclic undrained strength parameters. These para
meters are normalized with respect to both the pre-cyclic and post
cyclic effective consolidation pressures.

EXPERIMENTAL PROGRAM AND RESULTS

The soft clay tested is a geologically recent (Holocene) cohe
sive marine sediment. The dominant clay mineral of the clay is illite
(about 50 percent); salinity is 29 to 31 ppm and the sensitivity usually
ranges between 4 and 8. The overconsolidation ratio (OCR) of the clays
was assessed to be 1.5 with remarkably little variations. Representa
tive physical and index properties of the clay tested are:

Natural water content (%) = 37 to 48
Total unit weight (t/m3 ) = 1.78 to 1.90
Specific Gravity = 2.76 to 2.79
Liquid Limit (%) 33 to 40
Plastic Limit (%) 18 to 20

Three inch O.D. samples recovered by gravity sampling in water depths
of about 300 feet were consolidated prior to testing under pressure at
least 1.5 times greater than the estimated maximum past consolidation
pressure to mitigate the effects of sampling disturbance. Subsequently,
the test samples were unloaded to produce specimens of known OCR. Sel-
ected samples were then subjected to 10 or 100 load cycles at various
constant strain amplitude. Both triaxial compression and constant
volume direct simple shear cyclic loading modes were utilized. After
cyclic loading the cell pressure was maintained without drainage to
allow an over-night equalization of pore pressure. Failure was induced
by monotonic (static) loading without drainage at a rate of 3 percent
per hour (triaxial) or 6 percent per hour (simple shear). For compara
tive purposes, companion specimens were tested to failure without imposi
tion of cyclic loading.

PRE-CYCLIC BEHAVIOR

Three typical normalized stress paths representing pre-cyclic



947

consolidated-undrained triaxial tests are presented in Figure 1. In
each of these tests, the sample was first isotropica11y consolidated
to the maximum consolidation pressure (a ) and then was unloaded to
the consolidation pressure (a). The th~~e stress paths, normalized
with respect to a are for OCR's of 1, 2 and 4, corresponding to the
curve abscissa po~~ts 1.0, 0.50 and 0.25. After unloading, each sample
was monotonically loaded in undrained condition to failure. Figure 2(a)
presents the three corresponding normalized stress strain curves tpr
these tests. The shapes of the normalized stress paths and stress
strain curves are shown to be consistent with the reported normalized
stress-strain behavior of clays not subject to significant structural
alterations under elevated consolidated stress (Ladd, 1964).

POST CYCLIC BEHAVIOR

Subsequent to cyclic loading and after stabilization of excess
pore pressures, static triaxial tests were performed on three companion
samples. For each of these tests, the pore pressure was measured at
the beginning and during the tests. All cyclically loaded samples had
initial OCR's of 1 or 4 prior to cyclic loading.

The stress paths of the post-cyclic samples have been super
imposed on Figure 1 for comparison with the stress paths of the pre
cyclic tests. For the post-cyclic tests, the starting point of the
stress path corresponds to effective post-cyclic· consolidation pressure
normalized with respect to the maximum past consolidation pressure
expressed as the quantity (a -~u/a ). From Figure 1 it is evident that
the post-cyclic paths are sh~fted 5~ the amount of the excess pore
pressure but that the shape of the curves is very similar. This obser
vation clearly suggests that the shape of the stress path is a function
of the initial pre-shear stress state.

Figure 3, demonstrates that the influence of residual excess pore
pressure on the shape of the stress-strain curves is to cause an S shape
effect at small axial strains as well as a reduction in the maximum
deviator stress. However, the shape effect induced by cyclic triaxial
tests appears to be significant only when a I(a -~u) (defined as OCR )

cm c max
becomes more than 10.
THE OCR PARAMETER

max

Recognizing that the residual pore pressures induced by cyclic
loading change the effective stress state which controls undrained
load-deformation behavior, a new parameter termed OCR is defined to
describe the normalized stress state at the end of cy~!rc loading and
prior to monotonic static loading. The parameter is defined by Equation
[1].

OCR
max

(J
cm

(J -~u
c

[1]

OCR represents the maximum overconsolidation ratio where (J ,(J and
~u ~~ as defined previously. It is proposed that the OCR c~arageter
for post-cyclic loading behavior is analogous to the conveWtrona1 OCR
term as applied to pre-cyclic static load behavior. It follows that
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the NSP technique described by Ladd and Foott (1974) is applicable to
the post-cyclic soil behavior of soft clays as suggested by Gardner
(1977) •

MODEL FOR POST CYCLIC-LOADING BEHAVIOR

A proposed NSP model for post-cycfic loading behavior incor
porates the following soil behavior characteristics.

1. Clays which are not highly structured are assumed to have a
unique normalized stress-strain behavior under pre-cyclic
static loading which is dependent only on stress history.

2. The pore pressure increase and stiffness degradation imposed
by cyclic loading is reflected as a decrease in the effective
confining pressure, expressed as (0 -~u) and an associated
increase of the OCR parameter, affdmax

3. OCR controls th~ normalized undrained stress-strain, strength
and~6re pressure behaVior, under post-cyclic monotonic (static)
loading.

Consistent with these characteristics it is hypothesized that stress paths
and stress-strain relationships can be predicted from pre-cyclic tests on
soft clays where OCR is equated to (OCR) . Similarly, the model is
applicable to the prediction of the lossmtfi undrained shear strength sub
sequent to cyclic loading.

CONSEQUENCES AND VALIDITY OF PROPOSED MODEL

Some consequences and the validity of the proposed model as well
as its conformance with relevant published data are considered as
follows.

STRESS-STRAIN CHARACTERISTICS

As demonstrated by Figures 2(b) the post-cyclic normalized CIU
stress-strain curves of the marine clays tested are a unique function
of OCR • It is also evident that Figure 2(b) can be almost precisely
simula~~a from Figure 2(a) by equating OCR to OCR as predicted by
the post-cyclic soil behavior model. The ~ffie conclusions can be
reached from the results of additional investigations of the relation-
ship between OCR and stress-strain behavior as are summarized in
Figures 4 througwa1.

Figure 4 presents a variation of the pre-cyclic secant modulus
(Es ) for a range of deviator stress levels (q) where both Es and q have
been normalized by the undrained shear strength (s). Figure 6 presents
similar curves for UU tests performed after cyclicUloading and demon-
strates a consistent pattern of E /s variation as OCR increases.
The E /s values defined by stati~ t~sts for OCR's of ~~x2 and 4 have
been ~up~rimposed on Figure 5 and represent predictions of post-cyclic
E /s at OCR values of 1, 2 and 4. The excellent correlation of the
p~ed~ctions ~~fh the trend of the post-cyclic test measurements is
evident.

In Figure 6, a residual modulus ratio (E ) is defined as the
r
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ratio of E /s at a given OCR to E /s at an OCR of 1.0 and is
plotted ve~suM OCR for a s~~ss-st~en~th ratio (~1~ ) of one half.
This figure clearl~aaemonstrates the degradation of thg secant modulus
as OCR increases. For comparison, data from undrained pre-cyclic
(stati~rXCIU tests conducted by the Norwegian Geotechnical Institute
on Drammen Clay (Andersen, 1975) are also included. Again, the post
cyclic soil behavior model is shown to produce a remarkably good pre
diction of undrained post-cyclic deformability from the static test
results.

PORE vlATER PRESSURE

Another post-cyclic soil parameter of interest is the pore pres
sure parameter at failure (Af ). For pre-cyclic loading, the A

f
factor

has been uniquely expressed for a given clay as a function of OCR
(Bishop & Henkel, 1962). A similar relationship is shown for the
post-cyclic triaxial compression tests if A

f
is expressed as function

of OCR • Typical pre-cyclic test results for Weald clay (PI = 20%)
togeth~Xwith the post-cyclic tests are shown on Figure 7. The agreement
is again remarkable. It demonstrates that OCR is the governing para-
meter for the pore pressure development after ~~~lic loading in that Afcan be predicted for post-cyclic loading from pre-cyclic test results
by equating OCR to OCR •max

SHEAR STRENGTH

As described by Ladd (1977), the pre-cyclic undrained normalized
strength (s /0 ) of a given clay has a unique relationship with OCR
expressed aM E&uation [2].

s
u
-=

cr
c

K(OCR)n [2]

In Equation [2], K is the normalized undrained strength of the clay for
its normally consolidated state and has been shown to vary with the
plasticity index of the soil. The parameter n is a function of the
failure mode induced by the type of shear test. Following the post
cyclic soil behavior model, it should be possible to predict the post-
cyclic s /a by replacing OCR in Equation [2] by OCR and cr by cr -~u.
Figure SUdeffionstrates the locus of Equation [2] for W~£h pre-cand p5st
cyclic direct simple shear tests using data from this study and for
Drammen clay as reported by Andersen (1975). The post-cyclic shear
strength predicted by Equation [2] is almost exact even considering the
expected variation in soil properties from sample to sample. It is
significant to note that the parameters K and n are identical for both
the pre-cyclic and post-cyclic tests. A similar plot using triaxial
compression test data from the same sources is shown in Figure 9. For
these tests, the conformance is not as exact; the post-cyclic slope
parameter (n) being steeper than derived from the static test results.

Applying the post-cyclic soil behavior model to Equation [2], it
is also possible to predict the loss of strength induced by post-cyclic
excess pore water pressures. The strength reduction (R) can be readily
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shown to be given by the following expression:

OCR
R = 1-( max) l-n

OCR·
[3 ]

In Equation [3], R represents the ratio of the difference of the undrained
shear strength after cyclic loading to the initial undrained shear strength.
This relationship suggests that the post-cyclic reduction in strength is
independent of K and is dependent only on n and the OCR IOCR ratio.max

The locus of Equ~tion [3] is shown in Figure 10 for both the tri
axial and simple shear tests. The strength reduction curves for the
marine clays tested indicate that the cyclic simple shear test causes
a significantly greater strength loss than is imposed by the cyclic tri
axial compression test mode used by most previous investigators. It is
also relevant to note that the direct simple shear test more correctly
simulates shear stresses induced by horizontally prop?gating seismic
shear waves.

CONCLUSIONS

The data evaluated as part of this study indicates that the pro
posed post-cyclic soil behavior model generally predicts with a good
degree of confidence the stress-strain characteristics and undrained
strength of soft clays which have been subjected to cyclic loading.
Additional investigations, not reported herein, also suggest (Gardner,
1977) that the model is applicable to overconsolidated clays and provides
a comprehensive characterization of the post-cyclic behavior of clays.

Limitations of the model currently identified include the inability
to predict the stress-strain curve at low strain levels for specimens
with large OCR values, i.e., where the single amplitude cyclic strain
for the applie~a~ycles exceeds about 1 percent in the triaxial testing
mode- a condition representative of the most extreme environmental loading
conditions. Further it remains to be confirmed that the initial S shape
configuration of these curves represents fundamental soil behavior and
not test induced behavior. Another significant limitation is inherent
in the NSP characterization employed in the model. By this inclusion,
the model is not applicable to highly sensitive cemented or other highly
structured soils subject to significant structure changes under elevated
consolidation pressures.
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A NEW APPROACH FOR THE ANALYSIS OF
LIQUEFACTION OF SAND IN CYCLIC SHEARING

by

I II
S. Nemat-Nasser and A. Shokooh

ABSTRACT

When a sample of sand under fixed confining pressure is subjected to
cyclic shearing, its grains are rearranged, and as a consequence the satu
rated undrained sample may liquefy. This work gives a fundamental system
atic approach for the prediction of stress-strain relations in terms of the
number of cycles and other relevant parameters: for stress-controlled test,
the strain amplitude is expressed as a function of the number of cycles,
the prescribed stress amplitude, and other parameters. The results are ap
plied to predict some of the existing experimental results, obtaining good
correlations.

1. INTRODUCTION

During an earthquake, saturated loose sand may liquefy, resulting in
a temporary loss of its bearing capacity. Phenomena of this kind have been
observed in the Alaskan earthquake of 1964, in the Niigata earthquake of
1964, and recently in the 1977 earthquake of San Juan, Argentina; see,
Coulter and Migliaccio (1), and Lambe and Whitman (2). Because of this,
considerable effort has been devoted to understanding and quantifying the
mechanics of liquefaction in the recent past. Most of the work has been
experimental, and except for recent studies by the authors (3,4), there
exists no fundamental theoretical quantification of this important problem;
for references, see Refs. (5)-(11).

In this paper we shall consider liquefaction of the saturated cohesion
less loose sand in cyclic shearing, and within the framework of the thermo
dynamics of irreversible processes,see, for example, Nemat-Nasser (12,13),
we shall develop a mathematical foundation for the prediction of the shear
strain amplitude in terms of the prescribed shear stress amplitude and the
number of cycles. We shall then apply our results to predict some of the
existing experimental results. It is our hope that the basic approach
presented here will provide a framework for future experimental and theo
retical investigations.

2. STATEMENT OF PROBLEM

We consider a sample of cohesionless saturated sand of (arbitrary)
unit volume under a prescribed confining pressure (J. We assume that the
sample is subjected to cyclic shearing with shearCstress amplitude TO'

we denote the excess pore water pressure by p, and introduce the follow
ing dimensionless quantities:

I Professor of Civil Engineering and Applied Mathematics, Northwestern
University, Evanston, Illinois 60201.

II Postdoctoral Research Fellow.. Department of Civil Engineering, North
western University; Evanston, Illinois 60201.
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Let the prescribed shear stress be given by

T = TO</> (t) , -1 ~ </> (t) < 1

(2.1)

(2.2)

where </>(t) is a periodic function of time, and denote the corresponding
shear strain by y.

We shall assume that the sample is macroscopically homogeneous, and
consider the isothermal case only; hence, in all our subsequent equations
we shall suppress explicit reference to the temperature. Furthermore, we
shall assume that the thermodynamic state of the sample is defined by only
two state variables the shear stress T which is controlled externally, and
the excess pore water pressure p which, in this case, serves as the only
internal variable that represents in a global average way the extent of
irreversible microstructural rearrangements that take place during the
course of cyclic shearing. (This is the simplest theory that one can con
sider. )

Let the Gibbs function be given by

X = X(T ,p)

d b h b d f · .. III h h ..an 0 serve tat, y e ~n~t~on, t e s ear stra~n ~s

y = dX/dT = Y(T,p).

(2.3)

(2.4)

To complete the formulation, one must obtain the excess pore water
pressure p as a function of the prescribed stress history. The general
treatment of this problem will not be considered here. Instead, we shall
focus attention on obtaining for a stress-controlled cyclic shearing the
build-up of the excess pore water pressure, and hence the corresponding
shear strain amplitude in terms of the shear stress amplitude, the number
of cycles, and the other relevant initial conditions for the sample. To
this end we shall first briefly review the results obtained by the authors
in (3,4).

The basic idea in (3) is that a change in the void ratio of the drain
ed sample from e to e + de by cyclic shearing requires an expenditure of
the energy dW which increases as the void ratio approaches its absolute
minimum e. If the sample is undrained, then the tendency toward the re-

m
duction of the void ratio causes an increase in the excess pore water
pressure, which in turn decreases the effective forces between adjacent
grains, and therefore decreases the required energy dW. These physical
observations can be expressed by

III We also note that the thermodynamic variable conjugate to p is de
fined by

A = dX/dp "= A(T,p)

and that the second law of thermodynamics requires

pA :: 0

which is the dissipation inequality; here superposed dot denotes
time derivative.
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'" de
dW = -v f(l + p)g(e - e )

m

where the material functions f and g must be such that

f(l) = 1, f' ~ 0, g(O) = 0, g' ~ 0,

(2.5)

(2.6)

here, prime denotes differentiation with respect to the corresponding argu
ment. Since

eo c
de = - -- dp

K
W

where K is the bulk modulus of water, Eq. (2.5) becomesw
edp

dW = v -
f(l + p)g(e - e )m

(2.7)

(2,8)

It is now observed that liquefaction initiation occurs when the excess
pore water pressure equals the confining pressure, i.e. when p = 1.
Usually the confining pressure 0 is (for experimental data) of the order

c
of 10 psi, and since the bUtk modulus of water is about 300,000 psi, the
volumetric strain and the corresponding work per unit volume per unit con-

fining pressure (dimensionless work) are of the order of 10-
5 to 10-4 , and

hence can be ignored without introducing any measureable error, There
fore, the void ratio e in (2.7) can be replaced by its initial value eO'

With this substitution and upon integration, we obtain, from (2,7),

ve
O

pdp'
&W = Jg(e

O
- em) 0 f(l + pi)

In references (3,4) for the functions g and f the following approximations
were used:

and

n
g (e - e ) = (e - e) , n > 1m m

f(p) = (1 + p)r, r > 1

(2.9)

(2.10)

(2,11)

and good correlation with experimental results for both densification of
dry sand and liquefaction of saturated undrained sand was obtained.

In Eq. (2.8) we must obtain an explicit expression for &W which is
the work consumed in rearranging the particles, This work is a fraction
of the total hysteretic loss for the sample, a typical hysteretic loop is
shown by the dashed curves in Fig. 1. It has been shown in (3) that the
corresponding energy &W. in the i th cycle of cyclic shearing for cohesion-

. ~

less sand may be approximated by (this is for a cyclic shearing with the
hysteretic loop shown by the dashed curves in Fig. 1), ,

" a.+l
~

&Wi = hi '0

where h. depends on the number of preceding cycles as well as other
~
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relevant parameters, and a. (on the basis of experimentally observed sym-
1.

metry in the hysteretic loop, see Fig. 1) must be assigned an even value.
Furthermore, it has been argued that when the dimensionless stress ampli
tUde '0 is suitably large, then one may assume that h., as well as a., is

1. 1.

essentially independent of the number of preceding cycles, and hence, as
a first order approximation, use the average quantities h and a for these
parameters. In this manner, after N cycles of cyclic shearing (stress
controlled), one may write,

!J.W = hN, a+l
o (2.12)

where a is an even constant, and h is a parameter which, in general, in
creases witp increasing relative density D , and with increasing confin

r
ingpressure a. In (3) a = 4 has been used to fit all the considered

c
experimental results. In the present work we shall use the same value
for a.

3. STRAIN-, STRESS-AMPLITUDE RELATION

We now consider the Gibbs function (2.3) and the corresponding ex
pression for the shear strain y defined in (2.4). We first observe that
if the shear stress, is changed to -" the shear strain y in expression
(2.4) must change to -y, and therefore the function y("p) must be odd in
the variable " i.e.

(3.1)

(3.2)"X(, ,p)

To proceed further, we shall introduce the following approximation of the
Gibbs function (2.3),

Xl (,)
= x

2
(p)

and hence, obtain

y(, ,p) = .".,,-:;:.1(__) dX
l

(,) Id,
X2 P

Y1 (,)

= )(2 (p)
(3.3)

Let us now consider cyclic shearing at a prescribed (dimensionless)
stress-amplitude '0' To be definite, we define the beginning of the i th

cycle as the state at which the shear stress , has just attained the value
'0 in the preceding cycle, and is being decreased. When the shear stress

is decreased to the value -'0' we consider that half of the i
th

cycle is

completed, and hence the other half is completed as soon as the shear
stress, again attains the value '0: see Fig. 1. We denote the value of

the shear strain at the completion of ~he i
th

cycle by YM' and the corre

sponding value of the excess pore water pressure, by PM' and we seek to

obtain an explicit relation for Y
M

in terms of the number of cycles N, the
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shear stress amplitude TO' and other parameters; for a fixed number of cycles,

a typical y , T -relation is shown by the solid curve POQ in Fig. 1. It
... M 0

should be noted however, that in the stress-controlled cyclic shearing of
undrained saturated sand, the shear strain, in general, attains its maxi
mum value somewhat after the shear stress has attained the value TO' and

has actually decreased slightly below this value. However, the difference
between YM and the maximum strain attained immediately after the completion

of theith cycle is probably very small; moreover, from the application
point of view, YM' as defined above, provides an adequate measure of the

shear strain build-up.

From Eq. (3.3) we therefore obtain,
"
Y 1 (T 0)

y M = X
2

(PM)

where we must have (see Fig. 1)

Y1 (-T 0) = -y 1 (T 0) , Y1 (0) = 0

(3.4)

(3.5)

and since the strain amplitude must increase with increasing excess pore
water pressure, we require that X

2
be a decreasing function of PM' i.e.

x ' < 02
(3.6)

In particular, as PM approaches 1, i.e. as the excess pore water pressure

approaches the confining pressure cr , we expect that the positive function
c

X2(PM) takes on small values.

Let us now consider power series expansions for the functions X
2

(PM)

and Yl (TO)' and write

(3.7)

where the material parameters c l ,c2 , ••• , and a l ,a
3

, ••• , are possibly func

tions of eO - em' Further, based on our previous re~uirements we take aI'

a
3

, ••• , positive and c
l
,c

2
, ••• , negative such that - 2 C i < 1. We point

i=l
out that the formulation (3.7) is valid only for N ~ N~, i.e., for P < 1

and for initial liquefaction, i.e., when P = 1 for the first time. This
limitation on relation (3.7) is a result of the fact that we have separa
ted the function Xinto two parts, one only a function of T and the other
only a function of p, as in (3.2). In order to estimate the response for
N > N~, in particular, to obtain the limiting value of YM, we have to work

directly with X.
As a special case of (3.7) consider



alTO + a 3T0
3

+ •••

1 - cPM
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o < c < 1 (3.8)

Note that as the excess pore water pressure p approaches 1, YM becomes

very large, especially if c is assigned a value close to unity. The para
meter c as well as the constan.ts a

l
,a

3
, •• :., must be fixed by comparison

with the experimental results. Note that for the general application the
approximation (3.8) may not be adequate, in which case one must consider
the more general representation (3.7). In the next section however, we
shall use (3.8) and retaining only two terms in the series, compare our
results with the experimental data reported in (14).

To apply (3.7) or (3.8) to a given experimental result for stress
controlled cyclic shearing of a sample of saturated undrained cohesionless
sand, we first obtain from Eq. (2.8) in conjunction with, say, (2.9),
(2.10) and (2.12), an explicit expression for the excess pore water pres
sure in terms of the prescribed shear stress amplitude TO' the initial and

the minimum void ratios eO and ern' the number of cycles N, and other rele

vant parameters. With the excess pore water pressure PM calculated in this

manner, we now use (3.7) or (3.8) and employing only a finite number of
terms for the series, we fix the corresponding constants by comparison
with the required number of test points. To establish the validity of the
basic approach, we then compare the results predicted by the final equation
with other experimental results obtained for the same sand, but under dif
ferent test conditions. In the sequel, the basic procedure will be illus
trated in its simplest form.

4. COMPARISON WITH EXPERIMENTAL RESULTS

Substituting the approximate expressions (2.9), (2.10), and (2.12)
into (2.8) and carrying out the indicated integration, we obtain

hN 0:+1 =TO
1 - r

[1 - (1 + PM) J, n, r > 1, (4.1)

where v = vi (r - 1) • This equation now yields,

1

~+l
l-r

{I -
n "-

p = NT O (eO - e ) Iveo} - 1M m
R "-

where v = v/h.

(4.2)

Equation (4.2) gives the excess pore water pressure in terms of the
number of cycles N, the dimensionless shear stress amplitude TO' and the

initial and the minimum values of the void ratio. In (3) the results of
this equation have been compared with several sets of experimental data
reported by DeAlba et al. (14). These experimental results have been ob
tained at the University of California at Berkeley with the aid of a large
shaking table, and using rather large samples of saturated cohesionless
Monterey number 0 sand with minimum void ratio e = 0.564, and maximum

m
void ratio eM = 0.852. The experiments were performed on samples with 54,
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68, 82, and 90% relative densities, for confining pressure of about 8 psi,
and for various fixed shear stress amplitudes. The excess pore water pres
sure and the shear strain amplitude have been reported in terms of the
number of cycles for the above stated values of the initial relative den
sity.

In (3) first theoretical results based on basic Eq. (2.5) for the
densification of dry sand (p = 0) have been obtained and compared with the
extensive experimental data reported by Youd (15, 16). In this manner it
was found that for a first-order approximation, n = 3.5 fits nicely all the
experimental results reported by Youd. Then liquefaction data of DeAlba
et al. (14) and others (17, 18) were considered in connection with (4.2),
and it was found that r = 2.5 with a = 4 fits all reported experimental
results. In the present work, therefore we shall use the same values for
these parameters, i.e" we shall set a = 4, n = 3.5, and r = 2.5.

R
The parameter v in (4.2) is inversely proportional to parameter h

which occurs in the expression for the work in Eq. (2.12). It is reason
able to expect that h should increase with increasing confining pressure
cr and with increasing relative density D (or with decreasing eO - e )ic r m
this is because under a larger confining pressure or when one starts with
a denser sand, more work will be required to rearrange the sand grains in
the course of cyclic shearing. Therefore, the parameter ~ in (4.2) is
expected to decrease with increasing confining pressure or with increasing
relative density.

If we set in (4.2) PM = 1, and denote by N~ the corresponding number

of cycles to liquefaction initiation, we obtain

n
(eO - e)" 1m" -r
---""--- = v (1 - 2 ) == n

eO

In (3), experimental results reported by DeAlba et al. (14) for less than
-6

70% relative densities, corresponded to n = 0.87 X 10 ,and those for 82%

relative density corresponded to n = 0.40 X 10-6 • Figures 2, 3, and 4,
taken from Nemat-Nasser and Shokooh (3), show experimental results in re
lation to the theoretical predictions based on Eq. (4.2) and the values of
the parameters stated above. We shall use these results in connection
with the following approximate version of Eq. (3.8), in order to predict
the strain amplitude build-up in terms of the number of cycles and other
relevant parameters:

(4.4)

(4.5)

A ~ystematic approach to this problem would require the following
steps and corresponding experimental data:

1. For the drained sample, PM = 0, one would first consider

3
YM = alL O + a 3LO ' PM = 0

and seek to obtain the parameters a
l

and a 3 as functions of the confining

pressure 0c and the relative density Dr (or, more appropriately, eO - em)'
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Le. one writes

a. = a. (0- , eO - e ), i
1 1 C m

1,3 (4.6)

Intuitively it is clear that for a given sand, both a l and a
3

must be posi
tive and must decrease with increasing Uc and with decreasing eO - em' be-

cause, for the same stress amplitude and the same number of cycles, the
shear strain amplitude should be smaller under a larger confining pres
sure, or under the same confining pressure, but for an initially denser
sand. Unfortunately, however, we do not have any systematic experimental
data to establish the functional form of these parameters. In the sequel,
therefore, we assume as a first order approximation that these parameters
are constant.

2. Then one considers test results for liquefaction and with PM given by

Eq. (4.2), establishes the value of the parameter c, in Eq. (4.3), using
a set of data points.

Finally, the results must be compared with other-experimental points,
in order to verify the validity of the basic approach.

We have used the experimental results for 54% relative density, in
order to establish the following form for Eq. (4.3):

-4 -1 3
Y

M
= (3/2 x 10 TO + 10 T

C
)/(1 - 4/5 PM) , (4.7)

which is intended for small strain amplitudes. The corresponding results
are compared with experimental points in Fig. 5, for 54 and 68, and in
Fig. 6 for 82% relative densities, respectively. As is seen, the compari
son for 54% and 82% relative densities is quite good, especially since
primitive forms for the material functions have been used. For 68% rela
tive density, however, the comparison is not good for small number of
cycles. We feel, however, that in this range the experimental results are
not compatible with those reported for 54 and 82% relative densities. As
was pointed out above, for the same confining pressure and the same shear
stress amplitude, one expects that, initially, say, after one or two
cycles, the strain amplitude should be smaller for the denser sand than
for the looser one. Some of the experimental points for 68% relative den
sity violate this expectation. For example, experimental points for
TO = 0.135 and Dr = 54%, are reported to fall below the corresponding

points for TO = 0.134 and Dr = 68%, for the number of cycles from one to

twelve. Notwithstanding this, the experimental results reported by DeAlba
et ale (14) seem to be the most extensive ones that the present authors
have been able to obtain so far. These results certainly confirm the val
idity of our basic theoretical approach. However, a systematic coordinated
theoretical and experimental work is still required, in order to establish
a reliable stress-strain relation for cyclic shearing of saturated drained
or undrained sand.
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A STUDY OF SHEAR DEFORMATION PROCESS OF SANDY SOILS
BY THE OBSERVATION OF ACOUSTIC EMISSION RESPONSE

by

K. Tanimoto,I M. Nishi II and T. NodaIII

ABSTRACT

Acoustic emission in triaxial soil samples is observed to make clear
their shear processes to failure on the basis of the characteristics of
acoustic emission. Acoustic emission is supposed to be generated from
inter-particle friction during shear, and the patterns of acoustic emis
sion or emission count may have some connections with the growth of shear
strain or time to failure. Also, acoustic emission may be related with
work dissipated in friction during shear. This paper is to seek these re
lationships from two series of tests, strain controlled and stress control
led, under various confined stresses and soil conditions. The followings
are obtained from the study. The correlation between time to failure and
emission rate, defined by the patterns of emission count, is linear on log
log scale as seen in a previous paper (1). The recent data on some diffe
rent soils substantiate this linear correlation. Also, accumulated emission
count monitored during a specified period of time is proportional to accumu
lated work done by external stresses during the same period, taken instead
of work dissipated in friction.

INTRODUCTION

Most materials when subjected to certain stresses emit acoustic energy.
This phenomenon is called acoustic emission or microseismic activity. The
techniques of monitoring acoustic emission have been widely used in the
studies of various materials, such as rocks (2, 3, 4), metals (5, 6), woods,
plastics, etc., in connection with instability within such materials under
certain stresses. However, only a limited number of research work in soil
engineering (7, 8, 9) has so far been reported.

This paper succeeds the previous one on the characteristics of acous
tic emission from soils during triaxial shear, and discusses shear defor
mation process in more detail on the basis of the pattern of acoustic emis
sion monitored in triaxial tests conducted under various confined stresses
and soil conditions.

TEST PROCEDURES

The acoustic emission monitoring system used in this research is as
seen in Fig. 1. The triaxial compression test apparatus shown is for strain
control tests, and is mor'~' to allow stress control tests when necessary.
A piezoelectric trans? ~~ J fixed in the base plate of the triaxial appa
ratus. Emissions mor~~~ uy the transducer is amplified and kept in a

I Professo' ~~~'ll Engineering, Kobe University, Kobe, Japan
II Assoc; a\~~ Lessor of Civil Engineering, Kobe University, Kobe, Japan
III DirecL' Joil Consultants Co. Ltd., Osaka, Japan
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data recorder which can replay at a suitable speed for the analyses of
the data.

Test soils are sands and mixed soils, and their grain-size distribu
tion curves are given by Fig. 2. Two series of tests, strain controlled
and stress controlled, are carried out under drained condition for unsatu
rated samples of 5 cm in diameter and 12 cm in height. Volume change of
samples during shear is measured, in recent tests, by strain gages put on
steel tapes in contact with the samples. Test conditions are summarized in
Table 1.

Table 1. Test conditions

IType of
..

test Strain control Stress control

!Loading speed 0.02~1.22 kg/cur/min

I Strain rate 0.016-3.36 %/min ---- I
I

I Confined stress (kg/cm~ 0.5, 1. 0, 1.5 0.5, 1. 0, 1.5 I

ITest soils K-l through K-5 K-l
'----

! Water content (%) 0~14 0-14

! Dry density .3
(g/cm) 1. 51-1. 83 1. 53-1. 75

ITransducer DC", 40 kHz

! Pre-main amplifier 60 dB, 100 kHz - 3dB
I 2 .
! Data recorder Max. 15 ips, 10 ~ 6", 1040 Hz .1: 3dB

I Digi tal rate meter Discri. 0~5 v, Sample rate 1-60 sec.

TYPE OF LOADING AND EMISSION COUNT DURING SHEAR

Acoustic emission observed during tests is a group of transient vibra
tions of various amplitudes and frequencies. Fig. 3 is an example of the
power spectra of emissions monitored in the midst stage of shear process.
From this and other similar data, it is noted that the dominant range of
frequency is 0 to 13 kHz, though it may change with confined stress and the
loading stage of axial stress.

Fig. 4 shows the variation of emission count per minute with strain
growth obtained in a stress control test. As seen in this figure, emission
count depends on the level of discrimination or the gain of amplification
to be employed, However, it is also recognized that the pattern of varia
tion is similar to one another. In the following, almost all of the data of
emission count are given at the discrimination level of 1.0 volt at the
input to the digital rate meter.

It is also noted in Fig. 4 that emission count per minute nt increase
slowly with increase in axial strain until the strain attains a certain
magnitude, and promptly increase after exceeding that value, indicating
that the overall process is made of two distinct processes. The rapid in
crease in emission count in the latter process may be related to the quick
rate of strain immediately before failure.
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A typical example of the plots of emission count on a stress-strain
diagram in strain control test is given by Fig. 5. It is seen that the
emission count increases with the strain growth during the first process
and becomes nearly constant during the second process. It seems that steady
state interparticle friction occurs during the latter process

Fig. 6 is a result obtained in a special test under repetitive loading
with gradually increasing peak loads. Of interest is that the emissions
can be monitored only in the virgin state of loading and few emissions are
observed in the range of pre-loading. Such phenomenon is called the Kaiser
effect in the study of acoustic emission of metals, rocks, etc.

RELATIONSHIP BETWEEN ACOUSTIC EMISSION AND TIME TO FAILURE

In granular soils under shear, acoustic emission is supposed to be ge
nerated from interparticle friction at relatively low energy level in the
beginning of shearing, and at relatively high energy level when failure is
imminent. Therefore, it may be possible to predict time to failure by the
characteristics of acoustic emission monitored halfway in the test.

The correlation of time to failure with an index, emission rate, was
explored in the previous paper (1). Fig. 7 is the results supplemented by
many tests recently done on various soils, where time to failure tf is mea
sured from the start of tests and emission rate, R, is defined by

(1)

where DN emission count observed in a small period of time (30 sec
in the present) directly after the end of the first pro
cess, and

N, : total emission count observed during the first process.

Fig. 7 shows that the correlation between t+and R is linear, re
gardless of the confined stress, the rate of strain, water content and dry
density of samples as far as the present tests are concerned. Of more impor
tance is that this correlation is hardly affected by the sensitivity of
monitoring apparatus and a discrimination level employed. The regression
line for the correlation is approximately expressed by

log i () tf = - 0 . 98 log ,oR + 2. 36 ,

where tf is measured in minute.

(2)

In the previous paper, similar correlation is given for stress control
tests, as seen in Fig. 8. Emission rate in this case is defined in the cor
ner of the figure. This correlation is also linear, regardless of the rate
of loading and soil conditions. The regression line is given by

log,otf = -0.88 logloR + 2.30, (3)

and both the equations (2) and (3) are not much different from each other.

RELATIONSHIP BETWEEN ACOUSTIC EMISSION AND WORK DISSIPATED IN FRICTION

When a triaxial sample is placed under increments in axial and radial
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strains Sf, and JC3, respectively, the work per unit volume, e5E ,
done on the sample by axial and radial stresses, ~I and 6'; , respective
ly, can be expressed by

(4)

If volumetric strain .6. V / Vo is expressed by V-, the increment in
volumetric strain 6U- is equal to JCit2J'E3. Then eq. (4) is rewritten

as Sf = c>; I t E, to ()-/ ( (; If ' J t i )

-= (0; '- ~3/) J E; t 63' J if (5)

The telOm J E is the sum of the increment in internal energy, J' U ,
and the work dissipated in friction, JW. Therefore,

JW = (6;- 0/) J Ej + OJ' J V- - SU. (6)

However, the internal energy is difficult to estimate during shear
process and also may be negligibly small as compared with the work dissi
pated in friction. Therefore, total energy transmitted across the boundary
of samples, eSE , is employed in this stage to correlate with acoustic
emission.

Fig. 9 illustrates some notations to be used for the correlation be
tween acoustic emission and work done in the following. Accumulated acous
tic emissions during the first and the second process in strain control
tests are denoted by N; and N~, respectively, and the sum of N 1 and N2 by
Nj • Similarly, E 1 , E~ and ET are used as the notations of work done.

The relationship between Eland N,and that between Ejand Nrare shown
in Fig. 10. It is noted from the figure that the accumulated emission count
is roughly proportional to the accumulated work done during the same period.
The data presented here may not be enough to discuss closely the relation
ship, and also there may be some errors in the measurement of volume change.
Accordingly, the results should be supplemented by further tests under vari
ous soil and stress conditions.

CONCLUSIONS

A study of acoustic emission with concentration on sandy soils is done
with triaxial compression test apparatus to make clear shear deformation
process of such soils on the basis of the characteristics of acoustic emis
sion.

From the test results described in the above, it may be temporarily
concluded that:

Acoustic emission monitored in this research is internally generated
sound during triaxial shear of soils. Emissions are a group of transient
vibrations of various amplitudes and frequencies, and emission count depends
on a discrimination level to be set up.

The growth of shear strain to failure is composed of two distinctly
different processes, though of different forms for each of strain control
tests and stress control tests, in view of the characteristics of acoustic
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emission. The correlation between time to failure and emission rate is
obtained in the previous paper, and the results of tests recently perform
ed in a manner of strain control method on various soils substantiate the
previous results.

Acoustic emission is supposed to be generated from interparticle fric
tion and may be related to energy dissipated in friction during shear.
Accumulated emission count monitored during a specified period of time is
roughly proportional to accumulated work, during the same period, done by
external stresses taken in this stage instead of work dissipated in fric
tion.

From the tests of soils under repetitive loading with gradually in
creasing peak loads, it is confirmed that emissions can be observed only in
the virgin state of loading and few emissions are observed in the range of
pre-loading. Accordingly, it may be concluded that the phenomenon called
the Kaiser effect can be seen in soils, too.
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GEOTECHNICAL DATA AT SELECTED STRONG

MOTION ACCELEROGRAPH STATION SITES
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ABSTRACT

In the period from 1975 to 1978 the subsurface conditions at over
70 accelerograph stations in the united States were investigated. The
results of these studies are contained in a series of reports to the
U.S. Regulatory Commission. The format of these data reports is summa
rized in this paper. Since many of the accelerograph stations that were
studied are located in southern California the subsurface conditions at
selected sites in the Los Angeles basin is discussed. For study pur
poses, all of the sites that were investigated were organized into three
groups depending upon the depth to bedrock or "rock-like" material:
a) rock at or within 30 feet of the ground surface, b) rock within 50
to 200 feet of the surface, c) rock at a depth greater than 300 feet.
The significance of this grouping scheme is discussed and use of this
system is illustrated in plots of peak ground motion for the two extreme
data groups. The basic trends of the data plotted in this manner are
briefly discussed.

INTRODUCTION

The influence of local soil conditions upon ground response recorded
at accelerograph stations during earthquakes has been widely recognized
and studied by various investigators (1-6). Unfortunately, there is
little detailed information available on the subsurface conditions of
many of these accelerograph stations, and previous investigators have had
to base their studies on sketchy subsurface data or on general geologic
maps. without detailed site information, an accurate evaluation of the
influence of local soil conditions upon ground response to earthquakes
may not be possible.

To provide an increased understanding of the effect of local soil
conditions on earthquake response, the joint venture of Shannon & Wilson,
Inc. and Agbabian Associates (SW-AA) has undertaken a study of the sub
surface soil conditions at over 70 accelerograph stations. This partic
ular study is part of an overall research program into the evaluation of
soil behavior under earthquake loading conditions. This research program
is funded by the U.S. Nuclear Regulatory Commission in their desire to
improve the earthquake design criteria for nuclear power plants.

IAssociate Engineer, Shannon & Wilson, Inc., Seattle, WA.
IIsenior project Engineer, Woodward-Clyde Consultants, San Francisco, CA.

IIISenior Geologist, Shannon & Wilson, Inc., Seattle, WA.
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SITE INVESTIGATIONS

The general locations of the stations which were investigated are
shown in Fig. 1. The criteria for selecting the stations for study in
cluded the number of significant accelerograms recorded at the station,
the use of the accelerogram by others in design, and the estimated poten
tial of the station for recording future earthquakes. Of the stations
that were studied, 67 sites (88%) are located in California. Approxi
mately 80% of the California sites are located in the southern portion
of the state and have recorded the San Fernando earthquake. Thus sites
in southern California account for most of the stations that were in
vestigated and have the heaviest contribution to the earthquake data set.

The site investigations fall under two main categories as listed in
Table I: soil sites and rock sites. The soil site investigations are
studies in which borings were advanced at the individual accelerograph
stations or within the vicinity of several sites. The rock site investi
gations are studies of the subsurface conditions at accelerograph stations
which are regarded by others (1,3,5 & 6) as being founded on rock. Dif
fering from the soil site studies, borings were generally not advanced at
the rock site stations. Instead, the subsurface conditions at these lo
cations were evaluated from foundation reports and logs of borings made
by others in the area and from a surface geological reconnaissance per
formed at each site. Generalized data on the site conditions at all of
the stations investigated to date has been compiled and presented in a
Summary Report (15).

The reports listed in Table I generally follow the same format of data
presentation. The main text of the report presents information on the
station housing structure, Geology of the arearand local site conditions.
Following the main text are three appendicies which contain information
on the earthquakes which have been recorded at the site, details on the
field explorations and the results of the laboratory testing program.

Data on the subsurface conditions disclosed in the soil site investi
gations is generalized into the format illustrated in Fig. 2. The extreme
left portion of the figure contains the field log of the boring advanced
at the site. Immediately to the right are summary tables and plots of
the static engineering properties of the soil. The dynamic properties
of the soil, as determined by field geophysical tests and laboratory
resonant column and cyclic triaxial tests, are presented in the right
hand portion of the figure.

At eight of the soil sites, in situ impulse geophysical testing
was conducted in addition to a conventional downhole geophysical survey.
Whereas downhole geophysical testing is commonly used_40 measure shear
wave velocities at low amplitudes of shear strain (10 %}, the in situ
impulse technique allows velocity measurements at both low and high
levels of shear strain. This testing technique is basically a modified
cross-hole method of geophysical exploration utilizing equipment and test
procedures developed by the SW-AA joint venture for the U.S. Nuclear
Regulatory Commission with details discussed elsewhere (16). Typical
results from the testing technique are summarized in Fig. 2.
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FINDINGS

Site Conditions in the Los Angeles Basin

Since the majority of sites
southern California, an overview
Angeles basin sites is in order.
of site conditions in this area.

which were investigated are located in
of the subsurface conditions of the Los

The following summarizes our findings

The locations of the sites investigated within the Los Angeles area
are indicated in Fig. 3. The majority of sites are located on or near
Wilshire Blvd. which runs in a westerly direction from the downtown area.
Of the remaining sites, most are located north of the downtown area.

As indicated in Fig. 3, seven borings were advanced in our investi
gation of the Los Angeles sites. Accelerograph station locations which
are not in the vicinity of one of our borings were investigated through
means of a geologic reconnaissance and available soils and foundation
reports for the building and surrounding area.

A generalized geologic cross-section of the Los Angeles basin, re
presented as line A-A' in Fig. 3, is presented in Fig. 4. This section
indicates that the downtown area is situated in a region of uplifted
sedimentary rocks of Miocene and Pliocene age. These beds dip to the
southwest where a veneer of unconsolidated Quaternary sediments generally
mantles the Pliocene and Miocene strata.

Based upon the results of the geophysical and laboratory testing
programs conducted for the Los Angeles sites, it is concluded that the
Miocene and Pliocene strata in the downtown area behave more like stiff
clay than rock. That is, the shear wave velocities and shear strength
values of these deposits are closer to those of a stiff soil rather than
a competent sandstone or shale.

Summarized in Fig. 5 are the shear wave velocities which were mea
sured in the Los Angeles area. All measurements were performed using
downhole geophysical testing techniques. Based on this limited data the
following may be concluded. First, there is a minor but consistent
difference in the strength and consequently shear wave velocity of the
Miocene and Pliocene strata, in that the sedimentary deposits of Miocene
age are slightly stronger than those of Pliocene age. Secondly, the down
hole shear wave velocities obtained within both strata are generally low
for "rock" above a depth of about 200 feet. Below this, the measut'€d values
from both strata approach 2000 to 2500 fps. These higher values at depth
are considered to be more typical of soft rocks. Consequently, the
dynamic behavior of these materials may be more similar to that of stiff
or hard clay and silts than to that of rock.

Site Classifications

The Summary Report (15) includes information on the subsurface con
ditions of all the stations that were investigated between 1975 and 1978.
As an illustration of how this data may be used to study the effects of
local soil conditions upon earthquake response, the Summary Report
contains a classification system which allows interpretation of the data
into three categories based on subsurface conditions at the sites. The
common denominator in the classification system is the depth to rock or
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"rock-like" material beneath the site. This system is similar to that used
by Seed et a1. (1) in which "rock-like" material is consiered to have a
shear wave velocity greater than about 2500 fps. The three groups of the
classification system are as follows:

1. Rock sites

2. Stiff soil sites

3. Deep soil sites

Where rock was encountered within about
30 feet of the ground surface.

Where rock was overlain by less than about
200 feet of stiff clay, sand or gravel.

Where rock was overlain by at least 300
feet of soils.

Each o~ the 76 sites discussed in the data reports was reviewed in
an attempt to place it within the classification system and the results
are presented in Table II. This review was conducted jointly by Professor
H. Bolton Seed of the University of California, Berkeley, and the first
two authors. In instances where the site conditions were not clearly
within one grouping, the site was assigned a dual classification such as
stiff soil/rock, where the first classification would indicate the con
sensus of our opinion. In other cases where the data was insufficient to
make a meaningful classification, the site classification was omitted.

Data Trends

Using the site classification system described above, plots of atten
uation of peak ground acceleration, velocity and displacement were pre
pared and are presented in Figs. 6, 7 and 8, respectively. Most of the
rock site data in these plots correspond to recordings of the San Fernando
earthquake. All of the peak ground motions are plotted according to
epicentral distance without consideration to the azimuth of the station
location.

These figures indicate that the peak velocities and displacements at
deep soil sites are greater than those of rock sites. Acceleration peaks
of the deep soil sites may be greater or less than those of rock sites
depending upon the epicentral distance of the recording station.

SUMMARY

The subsurface conditions at over 70 accelerograph stations have been
investigated and presented in a series of data reports (7-14) and a
summary report (15) to the U.S. Nuclear Regulatory Commission. The
purpose of the study was to provide data on the stations which would
serve as a basis for interpreting the effects of local soil conditions
upon ground response to earthquakes. To facilitate interpretation of
the data, a classification scheme was devised which would separate the
sites into three categories based upon subsurface conditions. An example
of the use of this system is demonstrated in the data plots of peak ground
motions (Figs. 6, 7 & 8) for the two extreme site categories. Further
research into earthquake ground motions utilizing this classification
system may provide refinement to seismac design regarding the effects
of local site conditions.
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U.S.G.S.
No.

2702

108
110
111
112
1013
1438
114
1027 (991)
117
1022
121
1023
1096 (998)
1250
122
282
125 (828)

126
127
128
184
187
425
440
145
148
157
172
154
141
220
431
199
226
253
466
461
137
449
196

990

TABLE II

SITE CLASSIFICATION

Station Name

ALASKA

Anchorage, AMU Gould Hall

CALIFORNIA

Carbon Canyon Dam (Crest)
Castaic, Old Ridge Route
Cedar Springs, Allen Ranch
Cedar Springs, Pumphouse
Cholame-Shandon Sta. 2
Cholame-Shandon, Temblor
Costa Mesa, 666 W. 19th
Edmonston pumping Plant.
El Centro, Terminal Substa.
Eureka, Federal Bldg.
Fairmont Reservoir
Ferndale, City Hall
Fort Tejon
Gilroy, Gavilan Col. Geol. Bldg.
Glendale, 633 E. Broadway
Goleta, UCSB Fluid Mech. Lab.
Lake Hughes Sta. 1

Lake Hughes Sta. 4
Lake Hughes Sta. 9
Lake Hughes Sta. 12
Los Angeles, 1900 Ave. of Stars
Los Angeles, 1901 Ave. of Stars
Los Angeles, 1800 Century Park E.
Los Angeles, 1880 Century Park E.
Los Angeles, 222 Figueroa
Los Angeles, 234 Figueroa
Los Angeles, 445 Figueroa
Los Angeles, 800 W. First
Los Angeles, 420 S. Grand
Los Angeles, Griffith Obs.
Los Angeles, 3838 Lankershim
Los Angeles, 616 S. Normandie
Los Angeles, 3407 W. Sixth
Los Angeles, 4867 Sunset
Los Angeles, 14724 Ventura
Los Angeles, 15250 Ventura
Los Angeles, 15910 Ventura
Los Angeles, III N. Hope
Los Angeles, 2500 Wilshire
Los Angeles, 3345 Wilshire

Category

SS

SS
R

S$/DS
DS/SS

R

SS
R

DS
DS

R

DS
55
S8
SS
SS

R

R
R

58
SS
58
SS
5S
S8
S8
5S
S5

R

SS/R
SS
SS
SS

SS/DS
8S/DS
55/D5

55
55
58

Remarks

Omit - dam crest

Insufficient
data



U.S.G.S.
No.

202
208
211
217
223
428
443
190
1211
1049

1052 (993)
279
411
264
266
267
278
1083
1065
1117
1080
280

104
283
284
1094
290

2205
2202
2229

2110
2172

2203

991

TABLE II (Cont'd)

SITE CLASSIFICATION

Station Name

CALIFORNIA (cont'd)

Los Angeles, 3411 Wilshire
Los Angeles, 3470 Wilshire
Los Angeles, 3550 Wilshire
Los Angeles, 3710 Wilshire
Los Angeles, 4680 Wilshire
Los Angeles, 5900 Wilshire
Los Angeles, 6200 Wilshire
Los Angeles, 2011 Zonal
Melendy, Ranch Barn (Hollister)
Oakland, City Hall

Oso Pumping Plant, (Gorman)
Pacoima Dam
Palos Verdes, 2516 Via Tejon
Pasadena, CIT Millikan Library
Pasadena, CIT Old Seismic Lab.
Pasadena, 4800 Oak Grove (JPL)
Puddingstone Reservoir
San Luis Obispo, City Rec. Bldg.
San Francisco, Alexander Bldg.
San Francisco, Golden Gate Park
San Francisco, State Bldg.
San Onofre, Nuclear Gen. Sta.

Santa Anita Dam
Santa Barbara, Courthouse
Santa Felica Dam, Outlet Works
Taft, Lincoln School Tunnel
Wrightwood, 6074 Park Drive

MONTANA

Bozeman, MSU Engr. Bldg.
Helena, Carroll College
Helena, Federal Bldg.

OREGON

Portland, State Office Bldg.
Portland, Cramer Hall

UTAH

Logan, USU Old Main Bldg.

Category

SS
SS
SS
SS
SS
SS
SS
SS
SS

SS
R

55
55/D5

R
55
55

R
SS

R

5S

R
D5

R
55

55
R

R

55
5S

5S

Remarks

Insufficient
data

Insufficient
Data

Insufficient
Data



U.S.G.S.
No.

2101
2102
2104

992

TABLE II (Cont'd

SITE CLASSIFICATION

Station Name

WASHINGTON

Olympia, Hwy. Test Lab.
Seattle, Federal Office Bldg.
Tacoma, County-City Bldg.

Category

DS
SS

Remarks

Too difficult
to classify

1. categories

R Rock sites

SS Stiff soil sites

DS Deep soil sites

SS/DS

DS/SS

SS/R
}Dual classification where first designation

indicates preference
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FIG. 3 - ACCELEROGRAPH STATIONS INVESTIGATED IN THE LOS ANGELES AREA
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SEDIMENTARY*ROCK

5000

-.u
W
tI2......
E-<
l:z"-
••
~
I-<
U
0
~
w
:>

w 1000
:>
<
31=

cr:
<
W
::t:
tI2

500
10

o MIOCENE AGE

.. PLIOCENE AGE

50 100 500

DEPTH IN FEET

SITE· STATION LOCATION USGS PREDOMINANT
NO. STATION GEOLOGIC FM.

1 15250 Ventura Blvd .• L.A. 466 0 Modelo
2 1880 Century Park East. L.A. 440 A Pico
3 4867 Sunset Blvd •• L.A. 226 0 Puente
4 3345 Wilshire Blvd., L.A. 196 0 Puente

5 234 Figueroa, L.A. 148 A Fernando

• Site numbers correspond to the locations shown on Fig. 3. Sites 6
and 7 shown on Fig. 3 are on alluvium.

*. Shear wave velocities from downhole geophysical measurements at each site.

FIG.5-PLOT OF SHEAR WAVE VELOCITY VERSUS DEPTH FOR SEDIMENTARY ROCK
IN THE LOS ANGELES BASIN
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RECENT EARTHQUAKE RESISTANT DESIGN METHODS FOR

DIFFERENT TYPES OF FOUNDATIONS IN JAPAN

by

Yk " k Sh·· I T h' F IT M" h" Okh ITu 1ta e 101, OS 10 uruya , 1C 10 a ara ,

d Y M" "ITan asuo 1tsu1e

ABSTRACT

The current earthquake resistant designs of bridge foundations are main
ly based on the so called seismic coefficient method and the modefied seismic
coefficient method. The larger the bridge foundations become in scale and
the greater its importance, characteristics of seismic force such as frequen
cy, time duration etc. as well as acceleration should better be considered in
designing.

In order to get the present situation of earthquake resistant design
methods taken in Japan for bridge foundations 31 examples of long span bridges
are collected. The foundations are classified into four types. That is, a
spread foundation, apile foundation, a caisson foundation, and a multi-column
foundation. For each type we surveyed on the design. methods taken and methods
of setting up models with respect to the interaction of the foundation and the
surrounding soils.

1. RESULTS OF SURVEYS

We show the result of survey for each type of foundation as follows.

1.1 Type of foundation:

Spread foundation (large-scale)

Setting up of earthquake resistant design objectives:

Selection of earthquake calculation method:

Even in the case of a large-scale structure, modal analysis by a
simple aystem with two degrees of freedom is possible because the
earthquake behavior of the entire foundation can be examined by
assuming it as a rigid foundation.

Calculations are made by response spectra, treating the maximum
response alone.

Modeling for earthquake resistant design:

• For the purpose of maintaining the continuity between super
structure and substructure, a part of the weight of superstructure

I) Head of Foundation Engineering Section, Structure and Bridge Division
Public Works Research Institute, Ministry of Construction

IT) Research Engineer of Foundation Engineering Section, Structure and
Bridge Division, Public Works Research Institute, Ministry of Construction
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is treated as a weight added to substructure and superstructure
and substructure are separated.

a

P
A

h
w

(In the direction
of length b)

:JH HhG

ks
-"--------4---4J+----J.

hs

hw

dynamic water pressure during
terrus of virtual mass.

• When substructure is under water,
earthquake is to be calculated in

_ O.6pAhw
Mw - (a/hw)2f3

bulk density of water
sictional area
width in the direction
of vibration
depth of water
(O.8.:s;a/h -<4.0)

w

• The soil surrounding substructure
is to be calculated in terms of
virtual mass, assuming it to
vibrate together with the struc
ture during earthquake.

Ms =J/iYs/fJ)a'2 d

Ys weight of soil
g acceleration of gravity
d thickness of soil layer

• Earthquake force is to be calculated by the use of response
acceleration spectrum (statistical valre obtained from
observations made in the vicinity).

Related constants:

As for the dynamic spring constant of the subgrade, the lowest
value of the modulus of deformation of the original position
measured by the pressionmeter is to be used. The spring constants
in the horizontal, vertical, rotational and shearing directions
are to be determined as instructed in the "Specification for
Highway Bridge Substructure Design (Caisson)".

-~ 1.2
K H = kll(b/D) , k H = DEp, b width (b =~)

Kv = kv.(a/D)~ kv = 1~°Ep , a length (a =.fA';,)
KR = Kv ' I,

Ks = AKv ' A = 1/3

I : moment of inertia of the bottom

ER ER
Or Blot's equation KR = (1-v 2 )k a~ b, Ks = 2(1+v)bk

ER : Voigt's elastic module, \) : Poisson's ratio

Evaluation of earthquake resistant design calculation and precautions

required:

• The values to be obtained by calculations are natural period,
center of rotation, displacement of gravity center and angle of
rotation of the model.

• The above values are used to evaluate the subgrade reaction,
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distance of eccentricity, bearing power, sliding and tipping.

Flowchart of earthquake resistant design calculation:

Subgrade
measurement

\
I
~I

Determination
of subgrade
spring constant

Design
calculation

:
J

· Weight of substructure
· Part of superstructure

weight calculated in
terms of weight added
to substructure

• Added weight of earth
and water

I
Arrangement of
earthquake record

:
1

Earthquake
response
spectrum
(acceleration)

'--- ~ Building up of lfo<'- -\-+ .......
vibration modelj ~

Maximum value of response
obtained from response

Response value spectrum
obtained by the ~
seismic coeffi-
cient method NO'-----r=====-- .....,..< Evaluation >----..........

~
Completion1

1.2 Type of foundation:

Pile foundation (Multiple -layer shearing model)

Setting up of earthquake resistant design objectives:

• When the soft soil stratum extends deep beneath the surface, the
ground movement is estimated to be large.

• Since the structural type and dimensions are fixed, it is neces
sary for the bearings to be of flexible structures to reduce the
section force, and therefore.

Selection of earthquake calculations method:

• When the piles are likely to vibrate, coupled with the surround
ing soil, the ground is to be replaced by a multiple-layer
shearing model.
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• When there are no seismic wave records available for the same
stratum of soil, the incident wave to the pile bearing stratum is
to be estimated from the estimated acceleration of the seismic
foundation, using the shearing wave theory.

Since the coefficient of subgrade reaction cannot be obtained,
the dynamic reaction coefficient is to be obtained by modeling
the subgrade by the finite element method.

Modeling for earthquake resistant design:

• The ground is replaced by shearing models, stratum by stratum.

• I~ the case of superstructure, only damping is to be considered,
neglecting the reaction characteristic.

• In the footings, the righting moment of rotation and rotational
inertia are to be considered.

She.ri".
lIIOdel

'----=:,---....J ----~-t':i.r----......4
~--8kR1

/"'''''
B.drock
CBeArinB .tTAtYm)

m~

t----ci
~

c.
"'.

Ie,

• The incident wave to the bearing stratum is to be calculated by
means of the following equation, using the laws of reflection and
refraction.

The stratum where the response Uk(t,z) little changes is to be
regarded as input bedrock (bearing stratum).

Related constants:

The spring constant of subgrade is to be estimated, using FEM in
plane strain.

K= 1. = k-STK- t S
x

• As for the added mass, it is assumed that footing or piles have
kinetic energy equal to that of the subgrade.

m = 1:. XTMX
a xt

Evaluation of earthquake resistant design. calculation and precautions
required:
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• In the case of soft ground, there is so great a difference in the
acceleration of seismic waves between the bedrock and ground
surface that it is necessauy to make investigations on the guound
responses.

• The bending moment in a pile is greater in its lower part because
the seismic waves are rapidly amplified.

Problems

If there is a limit to the application of the theory of shearing
wave (multiple-stratum ground, great earthquake).

· Consideration to the effects of the group of piles on the shearing
model.

• Consideration to the damping mechanism and nonlinearity.
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Flowchart of earthquake resistant design calculation:

Subgrade
measurement

Estimation of sub
grade reaction by
FEM and calculation
of added mass of
earth ..

Design
calculation

Weight and rigidity
of superstructure,
footing and pile

Seismic wave
records

:
J,

Selection and
determination of
representative
incident wave

Building of mUltiP1e-j
~---------r-'----~'Ilayershearing model

Setting up of
bedrock from the
theory of wave
motion and deter
mination of input
acceleration

!
Seismic response calcula- I~ ~
tion by modal analysis I~

NO
Evaluation

OK

ICompletion r

1.3 Type of foundation:

Caisson foundation

Setting up of earthquake resistant design objectives:

In the case of soft ground, there are problems with the caisson
behavior during earthquake.

• Effects of the type of superstructure.

Selection of earthquake calculation method:

As for ground modeling, the model of spring-dashpot system is to
be used from a practical viewpoint although there are the wave
motion theory and finiti element method.

• Response spectrum analysis by a model with two degrees of freedom,
horizontal translation and rocking motion.

Modeling for earthquake resistant design:

• Effects of superstructure and water are to be treated as added
mass.
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1 z
Ms = 21sgb d

When the side ground is very soft, it is to be treated as a
plastic state if the horizontal reaction exceeds the allowable
bearing capacity.

In the case of a large caisson, the response spectrum of earth
quake records in the vicinity is to be used.

The maximum design acceleration shall be 180 to 250 gal •

I
!

",0
",'"

CO.. K'I.1
.s::

\r~R
a

'"~hG=~
1:'111

'y,'

,~
',:.

i~i~; Jol"",·1t~....~ _~--L
d

.\cl4acl IIlallS IlYllalllic
Sqp.rstr~ture-od91

.--__~__-.-_ ___r--"""'~"'J.,""-::""'idiV:~r

addition

Related constants:

• It is necessary to examine the subgrade spring constant by a
variety of Boussinesq's equation as given below and other methods.
(Pauw, Tajimi, Richart)

E
Kv = -r-

p
""7"(1-:------'=-V'l':"2)-B-

v
=%

Ground deformation modulus = 6Eo rv SEQ
Pressiometer deformation modulus
Foundation conversion width =~
PoissQn~ sratio
Shape factor

Evaluation of earthquake resistant design calculation and precautions

required:

• There are some problems about the conversion of superstructure
by added mass but in general there is not much difference from
the results of analysis by the whole system model.

The response is governed by the evaluation of the subgrade spring
constant. Particularly, the evaluation of the effects of caisson
shape.

• The values to be calculated are the natural period, the horizon
tal and rotational displacement of gravity center, and maximum
acceleration response.

• Since the substructure response is influenced by the structural
type of superstructure, it is necessary to make response analysis
at the basic design stage.
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Flowchart of earthquake resistant design calculation:

Subgrade
measurement

:
l

I
Design I
calculat~~

Arrangenment of I
seismic records

:
1,

Determination of
sub grade spring
constant

. Added mass of
superstructure

. Added mass of earth
and water

Preparation of
vibration model

Preparation of
response spectrum

L- ~----~ Determination of
~ sub grade constant

II

Maximum response value
by response spectrum

NO
Evaluation

OK

l'-c-o-m-p-'l"'-e-t-io-ri]

1.4 Type of foundation:

Multi-column foundation

Setting up of earthquake resistant design objectives:

Since this is a flexible structure. the eleastic behaviors of
the foundation and footings are to be investigated •

• The coupled vibration with the superstructure must be considered.

Selection of earthquake calculation method:

It is necessary to investigate the three-dimensional behavior for
reasons of topographic inclination. arbitrarity of earthquake
input direction. eccentricity of superstructure reaction and
asymetry of the foundation structure. Since it is impossible to
estimate the condition in which the foundation and ground are
bound together (the spring constant is not uniform). added mass
of ground and damping constant. there is the necessity for analysis
of three-dimensional vibration.



Considering
to be taken
Pier:
Footing:
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• In order to make calculation in terms of a multiple system of
material points, modal analysis is to be used.

Modeling for earthquake resistant design:

the three-dimensional vibration, the deformations are
as unknown quantitites.

Horizontal x and y displacements (2)
Horizontal x and y displacements, torsional angle
and rotational angle (10)

Superstructure: Horizontal x and y displacements and torsion (4)

000
000
000

~ltiple material
point moa.l

Grounti support
mollel

H~ltlcClll.lmn
section

Related constants:

Evaluation of earthquake resistant design calculation and precautions
required:

Comparison of static calculation and dynamic calculation results.

Comparison of calculated values with vibration experimental
results.

• It is necessary to check the responses by varying the subgrade
reaction coefficient.

Since the foundation has so great influence on the superstructure,
its coupling to the superstructure is also investigated.
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Flowchart of earthquake resistant design calculation:

Subgrade
measurement

Determination
of ground
spring constant

Design
calculation

Calculation of natural
period as a continuous
elastic body

It

Calculation of natural
period of the various
parts by the system of
material points

Coincidence 0

natural period

Added mass I

Arrangement of
seismic records

Change of
material point
conversion factor

J
Determination
of typical
seismic wave

~o

BUildi~g up of 11E- --'1
vibration model r

'------'(','-------7! Assumption of subgrade
spring constant and

r----...",~ damping constant

Maximum response
analysis by modal
analysis

~OK
L..---'----<:," Evaluation >---~~ Completion
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2. CONCLUSION

Earthquake resistant design methods, mainly the modeling techniques for
the earthquake resistant design of bridge foundations, have been summarized.
As seen from the examples, the objectives of earthquake resistant design
mainly concerns the following two cases.

i) The bridge is very long.
ii) The ground is poor.

The details of these two items are

i) a. The effects of the seismic responses of substructure on the super
structure due to the long span of the bridge.

b. Dynamic characteristics of the substructure.

ii) a. The ground behavior during earthquake is not well known.
b. The behavior of the foundation structure itself during earthquake.

The current trend is obviously to evaluating the behaviors during earthquake
whic are difficult to grasp by the seismic coefficent method due to the
maximum acceleration, frequency and time of duration, which are the seismic
force characteristics, and the response characteristics (natural period) of
ground and structures, in order to design structures with a higher degree of
safety. However, the behaviors during earthquake have not yet been fully
clarified in the analysis of seismic respones.

Many studies involving actual observations and analysis of experimental
results have been made about the way the subgrade spring constant, damping
constant and added mass are to be treared and increased knowledge will be
obtained in the near future. From a methodological standpoint, the earth
quake resistant design calculation has now reached a state capable of making
sufficient evaluations required in designing earthquake resistant structures.
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COMPARISON OF PENETRATION RESISTANCE VALUES
TO IN SITU SHEAR WAVE VELOCITIES

by

W F M 111 .1 R F B 11 d J II d S S C III. . arcuson ~ , . . a ar ~ r. ~ an . . ooper

ABSTRACT

Standard Penetration Tests (SPT)~ Dutch cone penetration tests~ and
rotary cone penetration tests were conducted in adjacent borings in hydrau
lic fill material at Fort Peck Dam. Fort Peck Dam~ located on the
Missouri River in Montana~ is the Corps of Engineers largest hydraulic fill
earth dam. The dam was constructed during the late 1930's and is approxi
mately 250 ft high (76 m) at its maximum section and 20~000 ft long
(6100 m).

A geophysical investigation including crosshole~ downhole~ surface
vibratory, and refraction seismic techniques was conducted to determine
the in situ shear wave velocity profile with depth at the penetration test
locations. Relationships between the various penetration resistances were
developed and correlations between the penetration resistance and the in
situ shear wave velocities are presented.

It was concluded that comparisons such as these can assist the
engineer in estimating the shear modulus of the in situ material by
indirect means. This, of course, is an extension of the present study
which is limited to Fort Peck Dam. Future investigations will include the
gathering and analysis of data at other test sites.

INTRODUCTION

In order to evaluate the liquefaction potential of a given site or
deposit, the in situ shear modulus of each soil layer of interest must be
determined. Current analytical procedures require that the shear modulus
be specified as a function of shear strain. Modulus versus strain data are
routinely evaluated in the laboratory; however, in situ shear moduli at

very small strains (i.e. strains less than 10-7 percent) are best deter
mined using field geophysical methods. Comparisons have been made of in
situ shear moduli determined by geophysical methods and shear moduli deter
mined in the laboratory for small strain amplitudes by resonant column
test techniques (1). These comparisons indicate that the in situ modulus
may be as much as twice the laboratory determined value (1). Generalized
modulus versus strain curves for sands and clays at various densities,
relative densities, and void ratios, have also been developed and 'are
presented in the literature (2,3,4). For preliminary liquefaction

I Research Civil Engineer, Earthquake Engineering and Vibrations Divi
sion, Geotechnical Laboratory, U. S. Army Engineer Waterways Experi
ment Station, CE, Vicksburg, MS.

II Supv Research Geophysicist, Chief, Geodynamics Branch, Earthquake
Engineering and Vibrations Division, Geotechnical Laboratory, U. S.
Army Engineer Waterways Experiment Station, CE, Vicksburg, MS.

III Geophysicist, Geodynamics Branch~ Earthquake Engineering and Vibra
tions Division, Geotechnical Laboratory, U. S. Army Engineer Water-

PreCet/iog-';;;"b;a:;ation, CE, Vicksburg, MS.
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evaluations, it would be helpful if the in situ shear modulus at small
strain levels could be estimated from data obtained by routine field
testing.

The purpose of this paper is to present an observation that the shear
wave velocity (shear modulus) of the materials at Fort Peck Dam can be
estimated from SPT N values, or Dutch cone penetration resistance. A
secondary purpose is to suggest that additional data be collected and that
further evaluation of these correlations be conducted.

BACKGROUND AND SCOPE

In the mid 1970's, the Waterways Experiment Station (WES) conducted
a dynamic analysis of Fort Peck Dam to evaluate the liquefaction potential
of the embankment and alluvial foundation (5). Fort Peck Dam, located on
the Missouri River in northeast Montana, was constructed during the period
1934-1940 using the hydraulic fill method. Figure 1 shows a typical
cross section of the dam which is founded on 120-ft-thick (37 m) alluvial
valley settlements underlain by shale. Maximum height of the dam is about

NOTE, AVERAGE SLOPE ON UPSTREAM
SIDE IS IV ON 4H.

AVERAGE SLOPE ON DOWNSTREAM
SIDE IS IV ON 8.5H.

ALL ELEVATIONS (ELI ARE IN FEET
REFERENCED TO MEAN SEA LEVEL.

TO CONVERT FE ET MEASUREMENTS
TO METRES MUL TIPLY BY 0.3048

DiSTANCE FROM AXIS OF DAM, FT
600 400 200 0 200 400 600 800 1000 1200 1400 16001000 800

I
, (tUPsiREA~ =+= D6wNS~RElM ( ( t t • ; ,

BORING 6 EL 2280.5 BO~ING 2300 £

~
~'3~ ~2200~t

--,=="",-~.~ -j2100~==== ~VEL ~7c,~~ ~~~VEL
DRIVEN
TO FIRM
SHALE

AVERAGE AVERAGE
EFFECTIVE SIZE CLAY CONTENT

ZONE ELEVATION' IN MILLIMETRES PERCENT

1 AND 6 BELOW 2100 >0.1 <3.0

1 AND6 2100 -2180 >0.1 <5.0

I AND 6 ABOVE 2180 >0.05 <80

2 AND 5 BELOW 2155 >0.005 <10.0

3 BELOW 2200 <0.005 >10.0 & <30.0

3 ABOVE 2200 <0.01 <30.0

4 BELOW 2255 SAME AS ZONE 3 OR ZONE 5

SAND PLUGS BELOW 2180 <0.10 <20.0

ABOVE
2180 -2255 <0.01 <30.0SAND PLUGS

Figure 1. Typical cross section of Fort Peck Dam

250 ft (76 m). Also shown on Figure 1 is a table listing the average
effective particle size and average clay content of the soil in the various
zones of the dam. The data presented and discussed in this paper were
obtained from locations at sta 42+00 and ranges 0+35 and 4+75 downstream
(zones 3 and 6; see Figure 1). Zone 3 is the impervious core of the dam.
Typically, this material is classified an SM and has an in situ dry

density of approximately 103 pcf (1.65 g/cm3). Zone 6 is the downstream
shell of the dam, typically classified an SP with a maximum density of

108.5 pcf (1.74 g/cm3 ), a minimum density of 90.3 pcf (1.45 gfcm3 ), and

an in situ dry density of 95 to 98 pcf (1.52 to 1.57 g/cm3 ).

The field investigation and sampling program conducted at Fort Peck
Dam included (a) nine Standard Penetration Test borings, (b) six borings
in which continuous 3-in.-diam (7.6 cm) samples were obtained using a
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Hvorslev fixed piston sampler, (c) four borings in which the SPT and
3-in.-diam (7.6 cm) samples obtained with the Hvorslev fixed piston
sampler were alternately taken at 5-ft (1.5 m) intervals, (d) four
rotary cone penetration borings, and (e) four Dutch cone penetration
borings (5,6). As part of the field investigation, an in situ seismic
investigation was also conducted (7). Because the use of the rotary cone
is largely restricted to WES, the data obtained by this apparatus will not
be discussed further. In summary, the following data were collected and
used in this study:

a. In situ shear wave velocity data,

b. Standard Penetration Test N values, and

c. Dutch cone penetration resistance values.

TEST PROCEDURES

Details of the test procedures are presented elsewhere (5, 6, 7);
therefore, only summaries are presented herein. The Standard Penetra
tion Tests were conducted in accordance with ASTM Standard D 158b-67 (8),
and the U. S. Army Corps of Engineers Manual EM 1110-2-1907 (9).

Dutch cone penetrometer data are usually presented as cone and cone

plus skin friction readings (kg/cm2 ) versus depth in approximately half
foot (0.3 m) increments. In this study, values of point resistance, P ,
have been corrected by the formula (10,11,12)

2 2P (kg/cm) = 2P (kg/cm ) +corr
rod wt (kg)

210 cm

The corrected Dutch cone data have been plotted two ways, i.e. versus
depth and SPT N values.

Crosshole shear wave velocity tests were conducted using a set of
three boreholes (one seismic source hole and two geophone holes) drilled
and cased with plastic pipe to bedrock. The holes were located on a
line parallel to the axis of the dam. A 20-ft (6 m) depth interval
between tests was adopted, based on evaluations of the boring logs. The
test locations were positioned so that at least one test would be conducted
in each material type. Downhole tests were also conducted at 20-ft
(6 m) intervals so that a corresponding vertical velocity assessment
could be made.

PRESENTATION OF TEST RESULTS

In situ geophysical tests, SPT's, and Dutch cone penetration tests
were conducted at four locations at Fort Peck Dam (5,6,7). The data
presented herein will be limited to investigations cond~cted at sta 42+00
and ranges 0+35 and 4+75, downstream. Figure 2 presents boring log
and SPT N values as a function of depth for boring No.6, located at
sta 42+00 and range 0+35 downstream (5). Results of Dutch cone point
resistance measurements (6) performed in boring No.6 DC, located at sta
41+80 and 0+41.5, downstream, are also shown on Figure 2. It should be
noted that boring 6, located on the crest of the dam, encountered a
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15-ft-thick (4.5 m) rolled fill cap followed by hydraulic fill core material
to a depth of 240 ft (73 m).

Figure 3 presents the boring log for boring No.3, located at
sta 42+00 and range 4+75 downstream (5). The SPT N values for boring
No.3 are plotted as a function of depth. Also shown on Figure 3, is
a plot of Dutch cone point resistance versus depth for boring No.3 DC,
located at sta 42+00 and range 4+57.7 downstream (6). Boring 3 penetrated
the hydraulic fill shell material from surface to a depth of 165 ft (50 m).
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Figure 3. Boring log, Standard Penetration Test, and Dutch cone
data for sta 42+00 and range 4+75 downstream

Below a depth of 165 ft (50 m), Boring 3 penetrated the alluvial founda
tion material. Note that at the time the field investigation was conducted,
the groundwater table was at a depth of 150 ft (45 m).

Figure 4 presents the shear wave velocity, V as a function of
s

depth for sta 42+00 and ranges 0+35 and 4+75 downstream (7). The data
presented are for crosshole testing; however, the data identified by
an asterick (*) are values obtained using the downhole testing technique.

DISCUSSION

Comparison of Standard Penetration (SPT) and Dutch Cone Resistance

to an n
is in agree
Data obtained

Figure 5 presents plots of Dutch cone penetration resistance versus
SPT resistance N for sta 42+00 and ranges 0+35 downstream (Figure 5a)
and 4+75 downstream (Figure 5b). If n is defined as q divided by

c
as suggested by Schmertmann (10), then a line which corresponds
of 3 or 4, fits the data reasonably well (See Figure 5b). This
ment with Schmertmann for fine to medium sands and silty sands.

N
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at range 0+35 downstream are essentially representative of the hydraulic
fill core material. The core material is considerably finer than the
material at range 4+75 downstream, and n = 2 appears to be a better
data fit for the finer material.

Figures 2 and 3 illustrate that the SPT and Dutch cone data obtained
at this site exhibit similar trends with depth. However, in this case
Dutch cone does appear to be more sensitive to soil stratigraphy.

Correlation between Shear Wave Velocity
and Penetration Resistance

Shear wave velocity, V ,SPT values, N, and Dutch cone point
s

resistance, qc ' have been presented for a rolled filled, a hydraulic

fill core material, and a hydraUlic fill sand shell material. Shear wave
velocity, V ,and SPT N values have also been presented for the same

s
materials. Penetration resistance may be related to shear wave velocity
through an equation of the form

V = aX
s

where a = empirically derived coefficient, and

X = SPT N value or the Dutch cone penetration resistance value,
q ,TSF.

c

The following tabulation presents the various values of a which have been
developed from the Fort Peck Dam data.

a if X is equal a if X is equal

Material to N to qc' TSF

Rolled fill 28 4

Hydraulic fill core 46 33

Hydraulic fill sand 20 6

Alluvial foundation 7 No data

No Dutch cone penetration test data were obtained in the alluvial
foundation underlying Fort Peck Dam.

8PT N Value

From the tabulation, it is seen that the coefficient, a varies from
15 to 46, depending on the material type, if the 8PT N value is the known
variable used to predict V In the rolled fill material, a is equal

s
to about 28. In the case of the hydraulic fill core ~aterial, the value
a is equal to 46. This coefficient predicts the shear wave velocity
within + 20 percent most of the time. The exception is the layer at a
depth of 211 ft (64 m) at range 0+35. At this depth, the shear wave
velocity is approximately 925 fps (282 m/sec), and the average 8PT N value
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is about 35. Using a coefficient of 46 would predict a shear wave velocity
of 1650 fps (503 m/sec) which is about 80 percent too high. Outside of
this isolated value, coefficient 46 appears to be satisfac~ry for hydraulic
fill core material.

The single exception occurred at a depth of 311 ft
In this case, V was predicted to be 720 fps

s
of 1075 fps (328 mps).

Finally, using an a of 18 for the hydraulic fill sand, it was determined
that all V values, save one, could be predicted for the borings and data

s
shown on Figures 2-4.
(95 m) at range 0+35.

(220 mps) compared to a measured value

Dutch Cone Penetration Resistance

The tabulation also shows that the coefficient a varies from 4 to 33,
depending on the type of soil, if cone penetration resistance, qc is

used to predict the shear wave velocity. The coefficient 4 predicts the
shear wave velocity in the rolled fill material with ~ 20 percent. The
a value of 33 predicts the shear wave velocity in the hydraulic fill core
material within + 20 percent for the majority of cases. At a depth of
20 ft (6 m), at ~ange 0+35 downstream, the core material has a shear wave
velocity of about 600 fps (183 mps). The cone penetration resistance
averages about 9 at this depth. Thus, an a of 33 would predict a shear
wave velocity of about one-half the measured value. This is the only case
where the coefficient 33 does not predict the shear wave velocity within
+ 20 percent for the hydraulic fill core material.

An a value of 6 predicts the shear wave velocity in the hydraulic
fill sand material reasonably well. These predicted values are within
~ 25 percent of the measured value most of the time. Exceptions to this
are: (a) the near surface material at range 4+75 exhibited a shear wave
velocity of about 555 fps (170 mps) and an average penetration resistance
value of 57, an a coefficient of 6 would predict a shear wave velocity
of about 350 fps (107 mps) or approximately 60 percent of the measured
value; and (b) observing Figure 4, the measured shear wave velocity is about
840 fps (256 mps) at a depth of 91 ft (28 m) and cone penetration resistance
averages about 182 tons per sq ft. If the coefficient of 6 is used to
predict shear wave velocity, a 1090 fps (332 mps) value will be predicted.
This value is approximately 33 percent too high. Except for these two
locations, the predicted shear wave velocities are within ~ 25 percent
of the measured values.

Theoretical Considerations

Assuming that the penetration resistance is a measure of shear strength
and that the shear wave velocity is a function of shear modulus, there
appears to be no theoretical reason why the penetration resistance should
correlate with the shear wave velocity. The shear strength, T ,is a
function of normal stress to the first power.

T = C + cr tan $
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where c = cohesion

o = effective normal stress, and

¢ = angle of internal friction.

The shear modulus, G, is a function of the shear wave velocity, V , and
mass density, p , i.e. s

Shear modulus has also been empirically (2,3,4) proportioned to the square

root of the mean effective principle stress, 0 , or empirically
m

equated to 1000 K2~ , where K2 is an empirically developed coefficient

which is a function of soil type, void ratio, etc. Therefore, V can
s

be written as:

As a consequence, one would not expect the shear modulus or shear wave
velocity to correlate with penetration resistance since they appear to be
functions of effective normal stress raised to different powers. However,
the data presented in this paper indicate that site specific correlations
can be developed which will allow the prediction of the shear wave velocity
within ~ 25 percent most of the time. This is probably adequate for
preliminary feasibility studies and the like.

CONCLUSIONS

From the data presented herein, it is concluded that site specific
correlations exist among the shear wave velocity of the materials if the
SPT N values or the Dutch cone penetration resistance values are known.
This has been done at Fort Peck Dam using the equation V = aX where

s
penetration resistance is
from 15 to 46 depending
is the Dutch cone
a ranges from 4 to 33,

X is equal to a penetration resistance. If the
the SPT N value, then the coefficient a ranges
on material type. If the penetration resistance
resistance, q , in TSF, then the coefficient

c
again, depending on the material type. This equation generally predicts
the shear wave velocity within ~ 20 to 30 percent most of the time. While
this accuracy is less than desired, it is probably adequate for initial
investigations and feasibility studies.

RECOMMENDATIONS

It is recommended that additional data of the type presented herein
be obtained and analyzed. Such action will lead to further evaluation and
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refinement of the correlations which were developed at Fort Peck Dam using
very limited data. The fruits of this undertaking will be a means of
predicting shear wave velocity knowing penetration resistance values which
are routinely obtained.
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SITE EFFECTS FROM FOURIER TRANSFORMS

by

C. Martin Duke
I

and George C. Liang
II

ABSTRACT

The San Fernando, Kern County and Managua earthquakes yielded a
substantial number of strong motion accelerograms. These records have
been found to express the effects of local site conditions when the latter
are available in terms of shear wave velocities and depths. Given these
subsurface properties with sufficient detail and precision, the respective
subsurface characteristics may be expressed in the frequency domain using
Fourier transforms.

Multiple records are available from all three of the earthquakes
cited. This makes possible the optimization of the subsurface mathemati
cal models between bedrock and the ground surface. The product of the
optimization is an instrumental subsurface model whose precision exceeds
that of the initial models that were based only on exploration data.

INTRODUCTION

The characteristics of an earthquake accelerogram are influenced
primarily by three factors: the source characteristics, the effect of
the transmission path and the effect of local site geology. The earth
quake motion that a structure may experience can be predicted by the
appropriate incorporation of these three factors. Such a prediction pro
vides a design base for the seismic safety of structures. However, at the
present state of the art, this may only be done in principle, but not in
practice. The lack of reliable understanding on the characteristic of the
three effects limited such a task.

In order to be able to predict ground motion, it is of interest to
examine the contributions of the source characteristics, the path effect
and the site effect in the recorded strong motion accelerograms. The
amount of recorded accelerograms from past earthquakes makes such a study
plausible. These accelerograms contain the clue to the characteristics of
source, path and site effects. It is conceivable that a combined analysis
incorporating theory and experiment will provide the information sought.

The analysis may be done either in the time domain or the frequency
domain. The latter was preferred for this study. This was because the
spectral analysis could be directly related to wave propagation theory,
and the frequency spectrum was more descriptive of the behavior of the
accelerogram than the time history itself.

The use of Fourier transforms to convert accelerograms into the
frequency domain provides a convenient use of linear system theory. The
conversion of convolution integration in the time domain to a simple
multiplication in the frequency domain makes linear system modeling an

I Professor, Schoel of Engineering and Applied Science, University of
California, Los Angeles, California.

II Post Graduate Research Engineer, School of Engineering and Applied
TT,,:,,-h7<:'1".c:itv of California, Los Angeles, California.
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attractive method for analysis. A linear system model (1) was developed
by Lastrico, Duke and Ohta (1972),

G = EWX = IX (1)

where all factors are complex Fourier spectrum in the frequency domain,
and

G is the free field ground motion

E is the source function

W is the crustal transfer function for the transmission path

X is the subsurface transfer function for the local site effect

I is the motion near the recording site, but before it is influenced
by the local site geology.

Two linear system equations of identical form may be. written in parallel,
one for the propagation of body waves, and one for the propagation of sur
face waves. In this study, the surface wave effects will be assumed
negligible.

BODY WAVE TRANSFER FUNCTIONS

Of primary concern in this report are the effects of site conditions
on earthquake ground motion. Linear system theory will be applied to this
section to establish methods for use in determining subsurface transfer
functions, X, by means of the simplified model using body waves only,
Fig. 1. Also of interest here will be the body wave crustal transfer
functions, W, ratios of body wave subsurface transfer functions, and esti
mations of ground motions at a site in the absence of strong motion instru
mental data.

The description for the body wave crustal and subsurface transfer
functions are described in Lastrico, Duke and Ohta (1972) as the following.
The crustal transfer function accounts for the geometrical attenuation and
damping of the crustal transmission path by the following equation

1 - ex.r
W = -- e

r

with
w

ex.
2Qv

where

r is the hypocentral distance along the crustal path

ex. is the damping factor

v is the mean shear wave velocity along the path

Q is the specific damping of shear waves

(2)
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w is the circular frequency.

The subsurface transfer function is modeled as vertically propagating
shear waves. It is based on Haskell's formulation (1960), modified to
include damping.

METHOD 1

A computational method will be introduced for use in determining the
transfer functions and ground motions of concern.

Transfer functions computed using an appropriate theory, with field
or structural measurements of essential material properties and geometrical
quantities, are called "exploration transfer functions." They are based
on mathematical models formed from exploration data measured in the field
or on the structure. "Instrumental transfer functions,"* on the other
hand, are computed using data from strong motion acce1erograms.

In general, the method, which will be identified as Method 1 from
here on, applies to a procedure in which one first constructs exploration
transfer functions, subsequently incorporating instrumental data to obtain
the instrumental transfer functions o Several illustrations of Method 1
will be presented.

The first illustration involves the 1952 Kern County earthquake
(Lastrico, Duke and Ohta, 1972) in which strong motion acce1erograms were
recorded in the Los Angeles area at UCLA, Hollywood, Subway Terminal and
Vernon due to a source near Wheeler Ridge. Fig. 2 shows these locations
and the causative fault.

Fig. 1 shows the system model which was used in this case. The
purpose is to improve the exploration transfer functions and the corres
ponding subsurface exploration models for the four Los Angeles sites, by
adjusting them using some of the instrumental data.

We begin with the four subsurface models shown in Figs. 3 and 4.
Computation using these models provides the dotted curves in Fig. 5.
Bedrock is defined as the top of crystalline rock, which was found at from
8,000 to 20,000 feet of depth at different sites. See Fig. 3.

The basic equation is (1), which may be written four times, once for
each of the recording sites, or

(3)

in which G. is obtained from acce1erograms and X. is obtained from exp1ora-
. d 1- 1-tl.on ata.

It is reasonable to assume that the incident motion from bedrock was
the same beneath each site, because of the order of magnitude difference
between the epicentra1 distance and the intersite distances, which
justifies

* Sometimes called final transfer functions.
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(4)

in which I is the mean bedrock Fourier spectrum under Los Angeles in the
1952 earthquake, and its standard deviation is 01' The subscript desig
nates the several recording sites. The standard deviation of the bedrock
motion computed using the exploration transfer functions appears in
Fig. 6.

It is to be noticed that G is a known quantity at each site. Now
these quantities can be used in the form

X.
1

G.
1=- (5)

to compute the approximate instrumental subsurface transfer functions at
the four sites.

The graph obtained for 01 in Fig. 6 shows that the standard deviation
in I is approximately 32 percent averaged over all frequencies. This is a
large figure, so it was determined to try adjusting the exploration subsur
face models, within the uncertainties of their properties, to minimize the
standard deviations in I. The adjustment was done at the lower frequen
cies by adjusting shear velocities, at the higher frequencies by adjusting
damping, and in general over the upper 600 feet. The effect was substan
tial, amounting to a reduction of the average 01 to 23 percent, as shown
in Fig. 7. See Fig. 5 for the model changes involved.

The "final" results were obtained by dividing the measured surface
spectra by the bedrock Fourier moduli after minimization of 01' The term
"final" is used to signify what is considered the all around best X.
Fig. 4 shows in the solid lines the resulting subsurface transfer func
tions. Except at Subway Terminal the spread between exploration X and
final X is rather large.

It is of interest and perhaps of practical value to observe that the
final transfer functions showed, generally, highest amplifications at
Hollywood and UCLA, with a 100 percent spectral amplitude range at the
latter.

A second illustration of Method 1 is that of the 1971 San Fernando
earthquake (Duke and Hradilek, 1973). In this case there were available
eleven sites at which detailed subsurface and crustal exploration models
had been developed and at which strong motion accelerograms had been
recorded during the main shock. Four of the 11 were in the Century City
area and another four in the southern San Fernando Valley. Fig. 8 shows
the locations of the recording sites, the main shock energy center, four
aftershocks and the causative fault. It is seen that the estimated center
of energy release is somewhat removed from the main shock epicenter; the
former will be used for analysis.

The purpose of this study was to establish both the exploration and
the instrumental transfer functions of the subsurface models at Century
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City, and to compare them.

The system model used is essentially that of Fig. 1. The technique
used is first to compute the eleven source functions by tracing the
recorded accelerograms from the respective sites back to the source,

(6)

which utilizes the recorded ground motion and the exploration transfer
functions for Wand X. Then a mean equivalent source function may be
computed as

E = 1
11

11
1:

1

11
1: E.

l.
1

The use of Method 1 can be explained in terms of the following proce
dure. The exploration X functions were provided through application of
the Haskell-Thomson formulation. This made use of exploration subsurface
models consisting of viscoelastic horizontal layers extending down to the
top of basement complex. The exploration W functions were computed using
the common expression for damped spherical spreading (2). The resulting
main shock equivalent source function appears in Fig. 9, with both the
radial and the tangential components shown. Having established the eleven
exploration models, the corresponding subsurface exploration transfer
functions were computed.

Next the instrumental X spectra were computed for each recording site
using

G.
1.

Xi = -E-W-
i

Note that the sgme W is used in both (6) and (7).

(7)

Figure 10 presents the average of the four Century City instrumental
X spectra. Only the average of the instrumental spectra is shown because
the four subsurface models were quite similar, and it seemed natural to
represent the Century City subsurface amplification as a single spectrum.
However, the corresponding four exploration models are somewhat different
from one another in the top layers, which is evident in comparing the four
pairs of transfer functions in the figure.

An optimization procedure was used to cause the exploration spectra
to coincide as closely as feasible with the instrumental spectra. Nature
set limits of adjustment in the optimization procedure, these being the
limits of uncertainty of the properties and geometry of the exploration
models. These limits resembled those used above with the 1952 earthquake
data.

The solid lines are the instrumental X spectra, all four having been
shown the same, as explained. The dotted lines on the figure are the ex
ploration values, which in the form shown have previously gone through the
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optimization process.

Another use of Method 1 is provided by

(8)

This permits a synthesis of the ground motion at a place where it was not
measured. Illustration of (8) is made for the 1972 Managua Earthquake
(Johnson, 1976). In this illustration, subscripts 1 and 2 refer to
Banco Central and ESSO, respectively. Fig. 11 shows the location of the
recording stations and the mainshock energy center. For the mainshock of
December 23, 1972, the only set of accelerograms recorded was at ESSO. By
applying Method 1 as given in (8), the accelerograms for the two horizon
tal components at Banco Central were computed, Fig. 12.

DISCUSSION AND CONCLUSIONS

Prediction of ground motion time histories requires detailed analysis
of past recorded strong motion accelerograms. Contributions of the earth
quake source, the transmission path and the local site geology must all be
examined in order that the safety of structures from future earthquakes
may be provided. Linear system modeling is a method to achieve this
objective. Its convenience in mathematical manipulations allows the
source, the path and the site effects to be examined separately.

The studies presented here made use of a simplified linear system
model in which only body wave effects were considered. Emphasis was
placed on the effect of local site geology on the accelerograms. The sim
plicity of mathematical manipulations such as multiplication and devision
of Fourier spectra showed the attractiveness of such analysis.

In summary of the numerical studies presented, the subsurface
transfer functions from both the Kern County and the San Fernando earth
quakes are suitable for application in creating design earthquakes at and
near the sites investigated. Also, a degree of confidence can be placed
on the computed Managua ground motion.
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DYNAMIC CHARACTERISTICS OF AN EARTH DAM FROM TWO
RECORDED EARTHQUAKE MOTIONS

by

A. M. Abdel-GhaffarI and R. F. ScottII

ABSTRACT

An investigation has been made of the effect of two earthquakes
(with M L = 6.3 and 4. 7) on a modern rolled-fill earth dam. The
purposes of the investigation are: (a) to study the nonlinear behavior
of the dam, (b) to provide data on the in-plane dynamic shear moduli
and damping factors for the materials of the dam during real earth
quake conditions, and (c) to compare these properties with those
indicated by laboratory investigations, and commonly used in dynamic
analyses.

INTRODUCTION

Measurement of the soil properties which control the dynamic
behavior of an earth dam is extremely difficult because samples taken
for laboratory tests have necessarily been disturbed and may not re
flect actual behavior of the soil in place. In addition, laboratory
measurements on a small soil sample may not be representative of
soil properties in the mass. In this study on an earth dam, a
rational procedure is developed to estimate its dynamic soil proper
ties, such as shear moduli and damping factors, from its measured
response to real earthquakes; the procedure uses strong-motion records
from the crest and the dam base. This perrnits study of nonlinear be
havior by the variation of stiffness and damping properties with strain
levels. The Santa Felicia earth dam, located in Southern California,
was chosen for the analysis because it had been subjected to strong
shaking during two earthquakes: the strong, 6.3 magnitude San
Fernando earthquake of 1971 and a 1976 earthquake of magnitude 4.7,
and was equipped with motion sensors that yielded data on how it
responded to the shaking. In the past, either earth dams that ex
perienced strong shaking were not instrumented, or else instrumented
dams were not stronly shaken. Few earth dams,including Santa
Felicia, are adequately instrumented for earthquake studies. Santa
Felicia has the minimum equipment which still permits some useful
analysis. The investigation is limited to the upstream-downstream
response since existing analytical techniques for earth dams are re
stricted to horizontal shear deformation in that direction (2,4). The
data obtained on the shear moduli and damping factor s for the material
of the dam are compared with those indicated previously by laboratory
investigations.

I Research Fellow in Civil Engineering, California Institute of
Technology, Pasadena, California.

II Professor of Civil Engineering, California Institute of Technology,
Pasadena, California.
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DESCRIPTION OF THE DAM

Santa Felicia Dam (Fig. 1) is a modern rolled-fill embankment.
It is 273 ft high above its lowest founqation and 200 ft above the
original stream bed; it is 450 ft long across the valley of the base and
1,275 ft long at the crest. The dam has a central impervious core
and pervious shells upstream and downstream. The core and shell
materials are basically alluvial, consisting of clay, sands, gravel and
boulders. It was built in 1955. The dam was equipped in 1967 with
two accelerographs which recorded the earthquakes of 1971 and 1976;
one instrument was located at the central section of the crest and the
other was pLaced at the right abutment on the downstream side.

PERFORMANCE OF THE DAM DURING THE TWO EARTHQUAKES

The dam was about 33.4 km west of the epicenter of the 1971
San Fernando earthquake (ML = 6.3). Figures 2-a and b show the
crest and base accelerograph records obtained along with the calcula
ted velocities and displacements in the upstream-downstream direc
tion. The first 3 to 3.5 seconds of the abutment record have been
lost due to double exposure. The crest displacement (Fig. 2 -a) is a
combination of the structural motion of the crest with respect to the
base superimposed upon the ground motion, representing the transient
displacement of the bedrock at the site. The maximum long-period
amplitude of the bedrock displacement appear s to be about 8 cm.
Superimposed on this, the amplitude of the dam's fundamental mode of
displacement (with a period of about 0.7 seconds) seems to be on the
order of 1.3cm. It is apparent, therefore, that relatively small de
formations and strains must have been generated in the structure
during the earthquake. During the 1976 earthquake (ML = 4. 7), the dam
was 14 km northeast of the epicenter. The observed responses of
crest and abutment are shown in Figs. 2-c and d. The fundamental
mode with an apparent period again of about 0.7 seconds is indicated
best by the computed velocity plot of Fig. 2-c.

ANALYSES OF THE RECORDED MOTIONS

1 - Amplification Spectra

The amplification spectra were computed by dividing Fourier ampli
tudes of acceleration of the crest records (Figs. 3 -a, c) by those of the
base records (Figs. 3-b, d) for the two earthquakes. The spectra show
the natural frequencies of the dam and enable an estimate of the re
1ative contribution of different modes to be made. Figure 5 shows a
predonimant frequency of 1. 45 Hz in the upstream-downstream direc
tion.

2 - Relative Motion

Relative motions of the crest with respect to the base are shown
in Fig. 4 for the two earthquakes. For the 1971 event, the time dif
ference of the crest and base records was taken into consideration.
Subtraction of the long-period ground motion did not result in even
comparatively smooth curves for relative structural displacement, as
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anticipated: instead, the relative displacement still included large
fluctuations with longer period. .This could be due to techniques of
digitization. The relative velocity and displacement of Fig. 4 show
a dominant period of O. 7 seconds superimposed on long -period
motion.

BASIS OF THE ANA LYSIS

Examination of the two observed earthquake records indicate
that the dam responded primarily in its fundamental mode (f = 1.45 Hz)
of vibration in the upstream-downstream direction, although there is
some contribution of the higher modes apparent in the response. In
this analysis, the fundamental mode response is treated as that of a
single -degree-of-freedom (S. D. O. F.) hysteretic structure, as sug
gested for building structures by Iemura and Jennings (3). The
equation of motion of a S. D. O. F. system excited by an earthquake
can be written as

Mx + F(x, x) = - Mz or F(x, x) = - M(x + z) (1)

in which F(x, x) represents the nonlinear restoring force due to rela
tive velocity x and displacement x; M is the mass and z is the ground
acceleration (Fig. 6). The hysteretic response of the system can be
obtained by p~?tti~~ the relative displacement x against the absolute
acceleration (x + z). Thus, a preliminary version of the hysteretic
response of the dam can be obtained by plotting the relative dis
placement of the crest with respect to the base versus the absolute
acceleration of the dam. Equivalent shear moduli and damping fac
tors can be estimated from the slope and the area, respectively, of
the hysteretic response.

DYNAMIC SHEAR MODULI AND DAMPING FACTORS OF THE DAM
MATERIAL

Three types of digital band-pass filtering (designated by A, Band
C in Fig. 6 -b) of the crest and base records were used to eliminate
contributions from higher modes to the response so that the hysteresis
loops of only the fundamental mode response could be isolated. The
response resulting from both filtering type A (Caltech standard strong
motion processing) and type B (4 seconds filtering, Fig. 7-a) showed
marked fluctuations along the badly tangled trajectory of the supposedly
first-mode hysteresis loops as shown in Fig. 8 for the first four
seconds of the records. A narrow band-pass filtering (type C of
F~g. 6) around the natural frequency (1.45 Hz) of the dam was applied
in: order to produce reasonable loops as shown in Fig. 9. A method,
using some of the existing elastic shear-beam theories (Refs. 2 and 4),
was developed to enable the shear stress and strain and consequently
the shear modulus to be evaluated from each hysteresis loop [Abdel
Ghaffar and Scott (1)]' The shear strain and stres s for the central
region of the dam can be written as

xmax (2)
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(3)

where <Ell (y) is the modal participation factor for the first mode at
depth y (from the crest), h is the dam depth, (Vll is the fundamental
frequency ( = 2'TT X 1.45 rad/ sec), v s is the shear wave velocity of
the dam material [850 ft/sec at 0.7 to 0.75h below the crest from
field-measurements (l)J, and P is the mass density of the dam
materials (= 4.02 Ib sec2 /ft4 (slugs) based on average unit weight;
Xmax and (x + z)max are the maximum relative displacement and ab
solute acceleration in each hysteresis loop, respectively. Thus, the
equivalent -ehear or secant modulus G for each loop can be expressed
by the slope of the line joining the extreme points of the loop as
follows:

G =
(x + z)max

(4)

The maximum shear strain occurs at an e1avation of about O. 7 to O. 75
of the dam height where <Ell = 0.47. Since the various loops have dif
ferent sizes, it is possible to obtain both modulus and damping as
functions of strain in the dam. The relationship between the estimated
shear modulus and the dynamic shear strain is illustrated by the re
sults shown on the semi-log plots of Fig. 10-a for the first 20 seconds
of the 1971 earthquake and the first 6 seconds of the 1976 earthquake.
It is apparent that the modulus depends on the magnitude of the strain
in the hysteresis loop. The relationship between the estimated equiv
alent viscous damping factor from the area of each hysteresis loop,
and the corresponding shear strain amplitude is also shown in Fig. ll-a.
While there is a considerable scatter in the data, most of the results
fall within the dashed lines in Figs. 10-a and ll-a. These provide
reasonable estimates of dynamic properties for the soil of the dam.

COMPARISON

To compare the results obtained in this investigation from the
two earthquake observations, one has to know the confining pressure
of the dam material at a depth of 0.75h (178 ft below the crest). The
results obtained here for shear moduli are shown on Fig. 10-b along
with the curves suggested by Seed and Idriss (5) for Southern Califor
nia soils (dense sand and sandy gravel) at pressures equivalent to a
depth of 175 ft. The sandy gravel curve in Fig. lO(b) comes from an
in situ wave velocity measurement (square solid point in the figure)
at a low strain, and the assumption (5) that the, material would fol
low the behavior of the dense sand (lower curve) at intermediate and
higher strains. At lower and medium strains, it seems that the re
sults of the present investigation lie in a region halfway between the
curves suggested for the gravelly soil and for sand. At higher
strains the shear moduli obtained in this investigation for the dam
material appear to decrease in a manner dissimilar to that suggested
by Seed and Idriss.

Results of previous investigations (5) leading to suggested ranges
of damping ratios for saturated clays and sands are presented along
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with the results of this study in Fig. II-b. It is apparent that damp
ing ratios for the gravelly soils of the dam are somewhat different
from those suggested for sands and clays.

Clearly, more data on these dynamic characteristics is required
particularly for very low and very high strain levels in full-scale
structure s.
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A PRELIMINARY REPORT ON A STUDY OF THE SEISMIC RESPONSE OF

THREE SEDIMENT-FILLED VALLEYS IN THE GARM REGION OF THE USSR

by

B k 1 K" 2 AkJ."1, 2 3. Tuc er ,J. J.ng, K. J. Brune, I. Nersesov ,

W. Prothero4, G. Shpilker3, G. Self 5

ABSTRACT

In 1976 and 1977 experiments were conducted to determine the response to
earthquake motion of three sediment-filled valleys in the Garm region of
the USSR. Twelve intermediate-period seismometers were deployed in various
profiles across the valleys, with another three-component set of seismometers
on the country rock bordering and underlying each valley. Recording was
direct-digital using four four-channel portable digital recorder~. The
experimental setting and equipment are briefly described, and some preliminary
results on the valleys' responses to steeply incident: P waves are presen~ed.

INTRODUCTION

This preliminary report concerns a particular aspect of the problem
of the effect of local geology upon seismic waves, namely the response
to earthquake motion of sediments in valleys. This is of interest because
of the concentration of populations in sediment-filled valleys, and
because sediment response has been determined to have been a significant
factor in the damage resulting from several destructive earthquakes, e.g.
at Mexico City in May 1962 (1) and at Caracas in July, 1967 (2).

SETTING OF EXPERIMENT

During 1976 and 1977 we investigated the response of three sediment
filled valleys in the Garm region of the USSR (see Figure 1). The
Institute of Physics of the Earth, Moscow, maintains a seismological
expedition at Garm and operates a network of fourteen permanent stations,
whose locations are indicated in Figure 1. The'area is characterized by
high and diffuse seismicity with mostly shallow events having variable
focal mechanisms and frequency content. In addition, the Hindu Kush
range, 200 km to the south, is a continual source of deep (100-250 km)
earthquakes. Hypocentra1 locations for local earthquakes within and
near the net a~e routinely catalogued by expedition scientists.

I Department of Earth and Planetary Sciences, Massachusetts Institute of
Technology, Cambridge, MA 02139

II University of California, San Diego, Scripps Institution of Oceanography,
La Jolla, CA 92093

III Institute of Physics of the Earth, Academy of Sciences of the USSR,
Moscow, USSR.

IV Department of Geological Sciences, University of California, Santa Barbara,
Santa Barbara, CA 93106

V IBM Corporation, Menlo Park, CA
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The locations of Chusal, Yasman and Runo valleys, chosen here for
study, are also indicated in Figure 1. Chusal and Yasman Valleys lie
in the granitic rock of the Alayskiy Range, while Runo Valley lies
in the deformed metamorphic rock of the Peter-the-First Range. The
valley geometry and velocity structure of Chusal are well-known from a
seismic reflection study by Sedova (3); $ee Figure 2. Yasman and Runo
are long, linear valleys trending east-west and northwest-southeast,
respectively, and are 1.2 km and 0.7 km wide, respectively, where our
profiles were located. There is a large difference between the seismic
velocities of the country rock to the north of the Surkhob River and the
rock to the south of the Surkhob River, resulting in a high sediment
basement seismic impedence contrast for Chusal and Yasman valleys and a
low contrast for Runo Valley .

•
DESIGN OF EXPERIMENT

For the most intensive study we chose an area of Chusal Valley for which
there is good control on subsurface velocity-depth structure from Sedova's
(3) study. In 1976 we occupied twenty-one different sites (indicated by
numbered circles in Figure 2) at different times with twelve matched,
intermediate-period seismometers, in seven different profiles. The sites
occupied and the configuration of the seismometers are indicated in Table I
for the seven profiles, Cl through C7. At all times during the Chusal
experiments a three-component station was operated in a tunnel into the
crystalline rock on the east side of the valley. In 1977 we deployed single
profiles of four three-component sites across the half-widths of Yasman and
Runo Valleys (see Table II), reserving a fifth three-component site for
the country rock bordering each valley. Finally, in 1977 we returned to
Chusal and installed three-component stations in the tunnel site and across
a narrower part of the valley (experiment C8 in Table I ). At all sediment
sites the seismometers were placed in holes approximately one-half meter
deep, which were then covered with thermally insulating roofing material.

EQUIPMENT

Technical details of the recording system may be found in an earlier
paper by Prothero (4). Briefly, the output of each seismometer is amplified
by a remote preamplifier and transmitted via a shielded cable to one of
four channels of the recorder. The recorder amplies, filters, digitizes
and multiplexes the input signals, mixes them with an internally generated
time code, and writes them onto a Sony reel-to-reel tape recorder. The Sony
tape data is then read and copied onto computer-compatible tape using a
mini-computer system at the Garro base.

The Soviet model S-S-S seismometers were operated with a natural period
of 4.0 seconds and damping of .46 of critical. They can be deployed either
horizontally or vertically. The recorders sample at 128 samples/sec/channel
with l2-bit resolution; they are triggered units, with about one second
of pre-trigger memory. The system response, including the anti-aliasing
filters in the recorders,peaks at 18 Hz and provides a usable bandpass
of 0.1 to 64 Hz.

Relative calibration of the entire system was performed before and after
the experiments described herein by recording earthquakes with the seismometers
placed on the same pier. We conclude that the maximum deviation in response
level between any two channels is less than 20% and that differences greater
than this in the relative amplitudes of the seismograms and spectra presented
below may be remarked with confidence.
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SOME RESULTS

For this preliminary study we chose to look at the valleys' response
to P waves from deep Hindu Kush events. The angle of incidence of these
phases in a tunnel of crystalline rock at the Garm station (No. 3 in
Figure 1) ranges between 60 and 70 degrees from the horizontal (5) and
may be supposed to be not much different at Chusal and Yasman. The angle
of incidence at the base of the sediments in Runo is probably even steeper
due to the lower velocity in the Peter-the-First range. On the basis of
seismograms alone, the valleys' response to these P waves appears to be
more simple than for, say, local S waves, in that the changes in the
character of the record as a function of position in the valley are more
gradual and orderly. Vertical-component seismograms of four different
Hindu Kush events recorded during the C5, C8, Yasman and Runo experiments
are presented in Figures 3, 4, 5 and 6.

The profiles all show that there are very significant differences
in the character of the ground motion between different sites within a
given valley, and quite strong amplification at certain frequencies with
respect to the rock sites. Note the short distances over which these
changes occur; the spacing between the C8 valley sites is less than 60
meters. Note especially the highly amplified energy near 12 Hz in the
Yasman hole No.1 record (Figure 5), resulting in a monochromatic-looking
seismogram. The horizontal-component seismograms (not shown here)
exhibit similar frequency content and relative amplitudes, lending
confidence to the observations.

Relative Fourier spectral amplitudes for the C5 event. tunnel and
hole No. 11 records, are plotted at the top as in Fig. 7.The spectra are
calculated for the first 8 seconds of the P wave. From such pairs of
spectra we obtained spectral ratios by differencing the logarithms of
the spectral ordinates. This gives a measure of the valley's response,
at this point, with respect to the location of the hard-rock station.
In this mahner we calculated spectral ratios for sites at the edge and
middle of each valley, with respect to the bordering rock-sites, for each
of the four profiles. Smoothed versions of these spectral ratios are
plotted in Figure 8. The letters "E" and "WI indicate edge and middle,
respec tively.

We regard several features of these spectral ratios as noteworthy:
(1) the exj~tence of peaks indicating relative amplification factors of
more than 25; (2) the amplification of frequencies between 3 and 10 Hz
at the middle sites of C5, C8 and Yasman; (3) the peak around 15 Hz at
the Yasman edge site, corresponding to the amplification evident from the
seismogram in Figure 5; (4) the deamplification of frequencies greater than
30 Hz at Yasman; and (5) the uniformity of response of the two Runo sites.

FINAL REMARKS

One cannot generalize on the basis of the analysis of one earthquake for
each valley. There are many questions regarding the stability of the spectral
ratios in Figure 8 with respect to earthquake parameters and analytical
techniques that must be answered before the peaks and valleys of the plots
can be interpreted in terms of local geologic structure. The valleys'
response to local S waves is, of course, of paramount importance for
engineering considerations, as is the problem of scaling these weak-motion
responses to large amplitudes. To help solve the latter problem we are
installing a network of strong-motion instruments, and reoccupying some of the
same valley sites; future direct comparisons between weak and strong ground
motion responses will hopefully be possible.
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Table I

Chusa1 Valley Experiments

2 EW and Z
3 EW, NS and Z

3 EW. NS and Z
3 EW, NS and Z
3 EW. NS and Z

Holes Occupied
Name (see Figure 2)

C1 2. 13. 7, 14, II, 15
C2 2, 13. 7, 14, II, 15
C3 1. 2, 3, 4, 5, 6. 7,

8. 9, 10. II, 12
C4 2. 4. 7. 8, la, 12
C5 2. 5, 8, 11
C6 16, 2, 17, 18
C7 19. 11. 20, 21
C8 22. 23. 24, 25

Number of Seismometers
in Each Hole

2
2
1

Orientation of
Seismometers in Each Hole

EW
NS
NS

Table 2

Distance fnom (South) Side of Valley

a meters
122 meters
363 meters
616

~

meters

1
2
3
4

Yasman: Valley width = 1.2 km; East-West Profile

Hole No.

Master unit on hard rock spproximately 500 m to the east.

Runo: Valley width = 0.7 km; Northwest-Southeast Profile

Hole No.

1
2
3
4

Distance from (Northeast) Side of Valley

a meters
123 meters
244 meters
366 meters

Master unit on country rock approximately 100 m to the northeast.
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Figure 1. Map of the Garm region showing the locations of the permanent
Soviet stations (triangles) and the valley profiles (crosses). The
dashed lines of the crosses indicate the approximate axes of the valleys~

and the orthogonal solid lines indicate the directions of the profiles.
The 1800 meter contour outlines the valleys of the Surkhob River (trending
~E) and the Obikingou River (trending SE). The Surkhob River marks
the boundary, in this region, of the granitic rocks of the Southern
Tien Shan compl~x to the north and the deformed metamorphosis of the
Northern Pamir complex to the south. The Alayskiy and Peter-the-First
ranges are part of the Tien Shan and Pamir complexes, respectively.
The Garro Seismological Expedition is located next to Station No.3.
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Figure 2. Depth to basement contour map of Chusal Valley, modified
from Sedova (3).
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recorded at Chusal site No. 11 (top) and Chusal tunnel (bottom);
vertical component.



1062

w
0 CHUSAL -S
=::> E
I-

-! M

0....

2 0
-«
.-l

CHUSAL-8
<;(

cL
l-
u

M

W 0 E

0-
V')

E

E
W

>-
I-
«
-.J

W

0::::

(..b

0
-.J

RUNo

~-~---~~~---,-----,-------,------.------'

fO 20 30 '10 50 60

FREQUENCY - HZ

Figure 8. Smoothed spectral ratios between valley sites and rock sites.
See text for details.



JObJ

EMPIRICAL SYNTHESIS OF SEISMIC VELOCITY PROFILES

FROM GEOTECHNICAL DATA

by

Kenneth W. Campbell I

ABSTRACT

A method has been developed by which a shear-wave velocity profile
beneath a site may be synthesized from such readily available geotechnical
information as geology maps, water well logs, soil boring logs, and water
table depths. The method is based on empirical correlations among shear
wave velocity, depth and a Geotechnical Classification system developed
from 109 in-situ measurements conducted throughout the Southern California
area since 1971. Synthetic velocity profiles developed in this way may
be used for microzonation purposes and for other applications where seismic
velocity measurements are unfeasible.

INTRODUCTION

Microzoning for such site-related ground motion parameters as inten
sity, maximum acceleration, duration or site period requires a widespread
knowledge of regional site characteristics if site effects are to be
reliably and consistently included in the microzonation process. One of
the more important dynamic properties of the site required in site
response analyses or site period determinations is the shear-wave (S-wave)
velocity profile beneath the site. Yet in-situ measurements are realtive
ly expensive and time consuming to conduct and analyze. Thus, actual
measurements are not feasible as the sole means of determining shear-wave
velocities for most microzoning applications.

For such applications it is more convenient to estimate velocities
from the more readily available geotechnical data as provided by geology
maps, soil boring logs, and water well logs. This may be done statisti
cally by correlating shear-wave velocity with the type of ground. In
this way synthetic velocity profiles may be established from a geotechnical
profile for the site. The correlations presented here are based on 109
seismic velocity measurements conducted throughout the Southern California
area since the San Fernando earthquake of 1971.

VELOCITY AND GEOTECHNICAL DATA

Standard engineering-geophysical techniques (15) were used to measure
seismic velocities at 109 sites in Southern California (2,3,4). Approxi
mately two-thirds of these were investigated using the seismic refraction
method. Spread lengths ranged from about 150 to 360 ft. The more accu
rate Down-Hole survey was used to investigate the majority of the remaining
sites to depths generally between 50 and 135 ft. Cross-Hole surveys were
used at a few sites.

Computed S-wave velocities represent the average velocities within

1. Engi neer, J. H. Wiggi ns Company, Redondo Beach, Cal Horni a
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layers of approximately constant velocity. At least two points within the
layer were used to establish these velocities. Therefore, velocities were
not generally computed for layers of less than about five feet in thickness.
Exceptions to this were thin surface layers and anomolous velocity layers
at depth where the geophone spacing was reduced.

Soil data and water table depths were taken from exploration borings
at the site of the survey. In most cases this information was available
for the boring in which the survey was conducted for Down-Hole measurements
or very near the geophone spread in the case of Refraction surveys. If
borings were not available, water well logs were used. The geology of the
site was obtained from detailed geologic investigations when available,
otherwise, published geology maps were used.

VELOCITY CORRELATIONS

It has been found that S-wave velocities may be grouped into relative
ly well defined geotechnical classification as given in Figure 1. The
four major catagories are Soil, Sand and Gravel, Fill, and Rock. Subcata
gories are based on such geotechnical data as soil type, gravel content,
dry density, saturation, geologic age, rock type and hardness, degree of
weathering, and depth. A complete description of each catagory is given
in Table 1.

Correlations among shear-wave velocity, geotechnical data and depth
have been developed by several investigators from both laboratory (6,10,13)
and in-situ data (5,8). A preliminary attempt at correlating seismic
velocity with geology for Southern California was made by the author (3)
in conjunction with an investigation of site effects in the San Fernando
earthquake of 1971. These correlations were subsequently updated (1) with
additional data to include both soil type and depth. The correlations
presented here have been further updated (2) with very accurate velocity
and geotechnical data to bring the total data base to 109 sites.

Near-Surface Velocities. Geotechnical correlations of S-wave velocity
for surface layers and near-surface deposits of Soft Clays, Sands and
Gravels, and Soft Sedimentary Rock are presented in Tables 2-4. Results
are given in terms of the number of samples used, the range of the velo
cities, the mean velocity (V), the standard deviation (a), and the coeffi
~ient of variation (VAR) .. The dimensionless coefficient of variation,
defined as the ratio a/V, is a convenient means of expressing the statisti
cal uncertainty in the data. These coefficients are relatively constant
for all classifications, ranging from 0.06 to 0.16.

Shear-wave velocities for Soils and Fills generally increase with
increasing firmness and age from about 455 ft/sec for Unconsolidated
Soils to 935 ft/sec for Old Alluvium. Velocities for Sands and Gravels
increase with increasing overburden and gravel content and range form 975
ft/sec for surface deposits of moderate gravel content to 1780 ft/sec for
deposits at depth containing gravel and cobbles. Velocities for Rock are
seen to increase with increasing age and hardness, varying from 1160 ft/sec
for Soft Sedimentary Rock outcrops to 4040 ft/sec for Fractured Basement
Complex.

Velocity Versus Depth. In a previous study (1), it was found that the
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correlation of shear-wave velocity with depth for each of four classifica
tions could be adequately described by the following:

( 1)

where V is S-wave velocity, d is depth, and K and n are constants dependent
upon the geotechnical classification.

For the current study the above expression has been slightly modified
to account for the asymptoti c behavi or of shear-wave velocity at shall ow
depths. This new expression given by

V = K(d + c)n (2)

introduces a term Ie· to represent the asymptotic behavior of V. Thu~, as
d approaches zero, shear-wave velocity approaches the finite value Kc .

To simplify the computation of the constants K, d and n for each of
six geotechnical classifications for which sufficient data were available,
Equation (2) was linearized by taking the natural logarithm of both sides,
resulting in the expression

Ln V = Ln K + n Ln (d + c) ( 3)

A summary of this regression analysis is given in Table 5, where shear-wave
velocity has units of ft/sec and depth has units of feet. For this pur~

pose, the depth was taken as the vertical distance from the ground surface
to the top of the layer, not the middle of the layer as some investigators
have used. For the surface layer, the depth was taken as one-third the
thickness of the layer. From the statistical summary presented ;n Table 5,
the average correlation coeffi~ient is found to be 0.93 and the average
standard deviation of Ln V to be 0.14 (representing an uncertainty of 1.15
in V). These values suggest that Equation (3) may be used to adequately
represent the relationship of V and depth.

The data for Unconsolidated Soils include Down-Hole seismic velocities
determined for the acce1erograph sites at E1 Centro in the Imperial Valley
and at Cho1ame near Parkfield given in Reference 14. These velocities are
observed to be somewhat lower than those generally obtained in the greater
Los Angeles area for similar so;ls. Figure 2 displays the mean value
curves for all six classifications. This plot emphasizes the significant
differences among the shear-wave velocities obtained in these various types
of ground.

SYNTHETIC VELOCITY PROFILES

The correlations among shear-wave velocity, depth and the type of
ground developed in the previous sections can be used to estimate the 10w
strain shear-wave velocity profiles at a site of interest in the Southern
California area from only a modest amount of soil and geological data.
Such estimates are useful when in-situ velocity data are not available or
would be uneconomical to measure. The technique for estimating such velo
city profiles from geotechnic1a data is demonstrated for two sites for
which velocity measurements are available for comparison.
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The two sites, one located in the city of Los Angeles, and the other
in the Long Beach Harbor, represent contrasting geotechnical characteris
tics; the former consisting of shallow alluvium over rock, and the latter
consisting of deep hydraulic fill. Brief descriptions of the soil and
geologic characteristics together with the measured velocity data for the
two sites can be found in Table 6. The data were provided by LeRoy
Crandall and Associates, consulting geotechnical engineers in Los Angeles,
California.

The velocity boundaries determined from the seismic surveys, Table 6,
represent clearly-identifiable physical changes in the geotechnical pro
files of the two sites. A possible exception is the increase in shear
wave velocity at 10 feet in the Long Beach profile. No obvious indication
for such a change could be observed in the boring logs or dry densities of
the fill. However, since the fill below 10 feet is below sea level, there
is a notable increase in total unit weight below this depth. The Japanese
(9) have found from in-situ measurements that moist loose sand will have
a higher shear-wave velocity than dry sand of the same dry density. This
may be due to an increase in the shear strength of moist sand. For the
purposes of developing the synthetic velocity profiles, the layer boundar
ies are taken to coincide with the velocity boundaries presented in Table
6.

The shear-wave velocities for the geotechnical profiles in Table 6
can be estimated from the correlations presented in the previous sections.
A generalized procedure used to estimate the velocites for the two Los
Angeles area sites is summarized as follows:

I The surface-layer velocity for the Long Beach site was taken
from curve 1 of Figure 2 and Table 5 using a depth of 3.3 ft
(one-third the thickness of the layer). The velocity for the
compacted Fill at the Los Angeles site Was taken from Table 2.

I The velocity for the Sand and Gravel occurring at depth at the
Los Angeles site was taken from Table 3.

I The velocity for the Unconsolidated Soil layers at the Long
Beach site occurring at depths of 10 and 60 ft. were taken from
curve 1 of Figure 2 and Table 5.

I The velocity for the massive, dark grey Pliocene Siltstone at
the Los Angeles site occurring at a depth of 35 ft. was taken
from curve 4 of Figure 2 and Table 5.

The estimated and measured shear-wave velocity profiles determined by the
above procedure are compared in Table 6 and in Figure 3. The mean esti
mated velocities are observed to deviate from the measured velocities by
less than about 15%. This agreement is considered quite good.

The selection of potential velocity boundaries may, in general, be
more difficult for profiles other than the two presented here. When
obvious changes in geology or soil conditions are absent in the field data,
other changes may have to be identified. For instance, abrupt changes in
dry densities, blow counts, gravel content, soil type, or relative firmness
may indicate changes in velocity. When more detailed data such as water
content, void ratios, shear strengths, and consolidation data are avail
able, they may also be used to identify velocity boundaries. If detailed
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data are not available, arbitrary layer boundaries must be selected. For
fairly uniform deposits, layer thicknesses increasing from about 5 ft. at
the surface to 50-200 ft. below a 100 ft. depth may be used (11).

Laboratory data (6,13) have demonstrated the significant effect that
shear-strain amplitude may have on the dynamic shear modulus and shear
wave velocity of soils. The shear-strain amplitudes expected to occur in
soil deposits during strong earthquake shaking may extend into the non
linear range of dynamic stress-strain curves determined in the laboratory.
Low-strain velocity profiles determined by the procedures described above
should be modified for the effects of shear-strain amplitude in order to
represent earthquake conditions. One method for doing this is simply to
reduce the shear-wave velocities by a constant factor dependent upon the
expected intensity of seismic shaking. A factor of 0.67 has been adopted
in the building codes (7,12) for correcting low-strain characteristic site
periods in seismic zones 3 and 4 for strong shaking effects. A more
sophisticated technique which incororates the effects of depth and
ground acceleration is described in Reference 1.

CONCLUSIONS

Correlations among shear-wave velocity, depth, and the type of ground
have been developed, using in-situ velocity and geotechnical data in the
Southern California area. These correlations are considered good enough
to justify their use in estimating shear-wave velocities to depths of about
100-150 ft. at a site where a generalized geotechnical classification can
be assigned under one or more of the groups of a Geotechnical Classifica
tion system. Extrapolations to greater depths should be used with
judgement, since only a limited amount of data are available.

A procedure for constructing synthetic velocity profiles for low
strain conditions was outlined and demonstrated for two sites in the
greater Los Angeles area. The good agreement between the estimated and
measured velocities was encouraging. The procedure requires only a moder
ate amount of geotechnical data in order that the layers can be identified
and classified with respect to the various geotechnical groups. However,
any additional laboratory or field data, such as moisture content, density,
shear strength, blow counts, etc., can help considerably in identifying
velocity boundaries and should be used when available.

It should be emphasized that the statistical correlations developed
herein are based on a limited amount of data, thus, careful judgement
should be exercised in the application of the results. It is hoped that
the correlations can be strengthened in the future with the accumulation of
more data.
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Table 2. Statistical Summary of Shear-Wave Velocity for Surface Soil
and Fill Deposits (Excluding Sand and Gravel)

GEOTECHNICAL NO. OF
S-WAVE VELOCITY (FT/SEC)

RANGEDESCRIPTION DATA If a VAR

UNCONSOLIDATED SOIL 12 360-560 455 60 0.13

UNCONTROLLED FILL 12 400-550 485 50 0.10

SOFT CLAY 3 460-690 550 -- --

RECENT ALLUVIUM 23 520-790 615 80 0.13

COMPACTED FI LL 18 560-940 705 110 0.16

OLD ALLUVIUM 31 735-1180 935 100 0.11

Table 3. Statistical Summary of Shear-Wave Velocity for Near Surface
Sand and Gravel

DEPTH NO. OF
S-WAVE VELOCITY (FT/SEC)

GRAVEL CONTENT RANGE(FT) DATA If a VAR

10 - 50% GRAVEL 0 7 805-1150 975 130 0.13

:> 50% GRAVEL 0 6 1220-1425 1320 80 0.06

10 - 50% GRAVEL 5 TO 10-30 3 1180-1430 1310 -- --

10 - 50% GRAVEL 5 TO 20-50 8 1670-1980 1780 115 0.06
AND COBBLES

Table 4. Statistical Summary of Shear-Wave Velocity for Near
Surface Rock

DEPTH NO. S-WAVE VELOCITY (FT/SEC)
ROCK TYPE (FT) OF RANGE

DATA If a VAR

SOFT AND INTERMEDIATE 0 5 1040-1260 1160 90 0.08
SEDIMENTARY ROCK

HARD SEDIMENTARY ROCK 0 6 1230-1480 1360 110 0.08

SOFT SEDIMENTARY ROCK 15-50 8 1220-1500 1380 110 0.08

FRACTURED BASEMENT 0-100 6 3300-4610 4040 430 0.11
COMPLEX
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Table 5. Summary of Regression Analysis for VsLn Vs = Ln K+ n Ln (d+c)

REGRESSION COEFFICIENTS CORREL- STANDARDGEOTECHNICAL LATlON ERROR OF NO. OF
DESCRIPTION Ln K n c COEFFI- ESTIMATE DATA

CIENT

UNCONSOLIDATED 5.665 0.296 0.30 0.93 0.16 41
SOILS

RECENT ALLUV ruM 5.628 0.413 2.4 0.95 0.13 76
AND SATURATED
OLD ALLUV ruM

OLD ALLUV ruM 6.251 0.349 2.0 0.93 0.13 50
(UNSATURATED)

INTERMEDIATE 5.862 0.472 0.0 0.95 0.13 9
SEDIMENTARY ROCK

HARD SEDIMENTARY 6.607 0.405 0.0 0.87 0.15 13
ROCK

1000

~ G)
AVERAGE STANDARD
ERROR OF ESTIMATE

100

I-
l.U
l.U
u..

::;
:J:
I-
el.-
l.U
0

10

1000
SHEAR-WAVE VELOCITY IN FT/SEC

10,000

Figure 2. Comparison of Mean Regression Lines for:
(1) Unconsolidated Soil, (2) Recent Alluvium and
Saturated Old Alluvrim, (3) Old Alluvium, (4)
Intermediate Sedimentary Rock, and (5) Hard
Sedimentary Rock
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Table 6. Geotechnical and Velocity Data for Two Sites in
Southern California

DEPTH (FT) SOIL TYPE GEOLOGY MEASURED Vs ESTIMATED Vs
(FT /SEC) (FT/SEC)

LOS ANGELES SITE

o - 13 SILTY SAND COMPACTED FILL 630 705

13 - 35 WELL GRADED SAND RECENT ALLUVIUM 1770 1780
W/40% GRAVEL AND (BELOW WATER AT 25 FT.)
COBBLES

35 - 80 MASSIVE, DARK GREY FERNANDO FM. 2180 1880
SILTSTONE (PLIOCENE)

LONG BEACH SITE

o - 10 FINE SAND HYDRAULIC FILL 380 420

10 - 60 FINE SAND HYDRAULI C FILL 550 580
(BELOW fJATER)

60+ FINE SAND RECENT ESTURINE 1160 970
DEPOSITS

0
I I I [ I I
I
! 7

I
20 - I - - -
~ WATER TABLE I

I
l- I
UJ

TUJ
u..

::; 40 - - - -
:I: r
l- I
0-

IUJ
Cl

I
I

60 - I - "----,I - -
--MEASURED I I
---- ESTIMATED I I

I I
I I

I,
I

80 I I 1

0 1000 2000 0 1000 2000
S-WAVE VELOCITY IN FT/SEC S-WAVE VELOCITY IN FT/SEC

(a) (b)

Figure 3. Estimated and Measured S-Wave Velocity Profiles for Two Southern
California Sites: (a) Los Angeles Site; (b) Long Beach Site
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EFFECT OF LOCAL SITE CONDITIONS ON
SPECTRAL AMPLIFICATION FACTORS

I II
by S. D. Werner and H. S. Ts tao

ABSTRACT

The effects of local site conditions on spectral amplification factors
(SAFs) are studied to determine the sensitivity of these effects to the method
of normalizing the spectral amplitudes and to provide comparisons with the
Regulatory Guide (RG) 1. 60 SAFs, which are widely used in current design
practice. The study is carried out by first grouping a large ensemble of
horizontal and vertical free-field records into one of three site classifications-
deep soil, intermediate soil, and rock--using results from recent geotechnical
investigations at accelerograph sites throughout the western United States.
Then, for each site classification, statistical analyses of normalized spectral
amplitudes at 91 discrete frequencies are used to develop mean and 84th per
centile SAF vs. frequency curves for horizontal and vertical motions. The
results show that the effects of local site conditions on the SAFs differ for
high-, intermediate-, and low-frequency spectral amplitudes normalized
according to peak acceleration, peak velocity, and peak displacement, respec
tively. Also, the RG 1.60 horizontal SAFs are seen to be most applicable to
horizontal motions on the deep-soil and intermediate-soil sites, and the verti
cal SAFs provide extremely conservative representations of vertical motions,
regardless of site conditions.

INTRODUCTION

Current seismic design practice for major structures is typically based
on ground-motion criteria spectra derived from spectral amplification factors
(SAFs) scaled to a suitable level of ground shaking for the site. Either site
independent or site-dependent SAFs can be used. Both are derived through
statistical analyses of normalized spectral amplitudes from an ensemble of
strong-motion records; however, they differ in how the ensembles of records
are selected. Site-independent SAFs are derived from an ensemble selected
to represent a wide range of source, regional, and local geologic parameters
that could influence the ground shaking at a site (7). Site-dependent SAFs are
defined in an attempt to isolate the effects of one of these sets of parame
ters--those related to local soil conditions. Such SAFs are developed by
grouping strong-motion records into different classifications of site conditions
and then statistically analyzing the SAFs from the records in each group (5, 9).

Iprincipal Engineer, Agbabian Associates, EI Segundo, California

IIMember of the Technical Staff, Agbabian Associates, EI Segundo, California

Preceding pageb\an\(
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This paper examines the applicability of site-dependent SAFs by summa
rizing results from a recent study of the effects of local site conditions on
horizontal and vertical SAFs (12). The study has two important features.
First, the grouping of the strong-motion records into various site-condition
classifications is based on geotechnical investigations at accelerograph sites
throughout the western United States. Prior studies of local site effects have
not had the benefit of the results from these investigations, which have only
recently been carried out as part of this research program (11, 13, 14, 15).
Second, the study derives three different sets of SAFs for each site classifi
cation, using three different procedures for normalizing the spectral ampli
tudes: according to peak acceleration at high frequencies, to peak velocity in
the intermediate frequency range, and to peak displacement at low frequencies.
This differs from most prior studies of SAFs, which have usually been based
on spectral amplitudes normalized only according to peak acceleration over
the entire frequency range.

The paper describes how the strong-motion data were selected and
classified according to local site conditions, and how the statistical analyses
of the SAFs were carried out. The influence of local site conditions on each
set of SAFs is described, and the SAFs derived from data normalized accord
ing to peak acceleration are compared to those of Regulatory Guide 1. 60 (17),

/ which are widely used in current design practice.

SITE CLASSIFICATIONS AND DATA ENSEMBLES

When strong-motion data are classified according to local site conditions)
three factors should be recognized. First, the actual definition of the site
classifications into which the data will be grouped is dependent to a large
extent on the judgment and technical approach of the engineer performing the
study. This is reflected by the large number of different site classification
definitions currently in existence. Second, for anyone set of site classifica
tion definitions, differences of opinion can exist among experienced engineers
as to the particular classification in which to place the records from a given
accelerograph station (16). These differences result not only from different
interpretations of existing subsurface data at an accelerograph site, but also
from the uncertainties that often exist in soil property measurements, particu
larly at substantial depths. Finally, grouping the data into rather broad site
classifications does not represent certain details of the local site conditions
which may be important, nor does it represent other factors related to the
source mechanism and source-to-site transmission path which may also influ
ence the ground shaking (4). Such factors are left as uncontrolled variables
in classifications of this type (10).

The strong-motion records used in this study were measured at the
accelerograph sites where the previously noted geotechnical investigations were
conducted. A total ensemble of 106 record sets was thereby developed, in
which each set comprises two horizontal components and one vertical compo
nent of motion. The characteristics of the ensembles for each record set are
given in Table 1, where it is seen that (a) the largest ensemble of records
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falls in the deep soil site classification (63 record sets) and the smallest
ensemble corresponds to the rock site classification (17 record sets); (b) a
large number of these records was measured during a single earthquake--the
1971 San Fernando event; and (c) the ensemble of record sets for each site
classification represents a wide range of earthquake magnitudes, epicentral
distances, and peak acceleration levels. These characteristics are also typi
cal of prior examples of ensembles of records grouped only according to
local site conditions (e.g., 5, 9).

TABLE 1. SITE CLASSIFICATIONS

Total Number of Range of Range of
Number Record Sets Range of Peak Peak

of from 1971 Epicentral Horizontal Vertical
Site Record sets San Fernando Range of Distances, Accelerations, Accelerations,

Conditions Definition in Ensemble(I) Earthquake(I) MagnitUdes km g g

Rock 20 ft or less of 17 11 5.3 6.6 0.021 0.007
overburden that to to to to
overlies rock- 6.4 70.7 1.171 0.710
like materials (II)

Intermediate Firm soil deposits 26 17 5.3 14.9 0.008 0.006
Soil whose depth to to to to to

rock-like materials 7.7 130.5 0.316 0.156
ranges from 20 ft
to 150 ft(II)

Deep Soil Firm soil deposits 63 25 4.0 9.3 0.002 0.002
whose depth to to to to to
rock-like materials 7.1 220.3 0.379 0.210
exceeds 150 ft(II)

I Each record set comprises two horizontal components and one
vertical component of motion. Record sets contained in each
ensemble are identified in (12).

II Rock-like material is usually defined as firm materials whose
shear wave velocity exceeds 2500 fps.

ANALYSlli PROCEDURE

The basic data used to represent each record in the ensemble for each
site classification were response spectrum amplitudes digitized at 91 discrete
frequencies between 0.06 Hz and 25 Hz (2). The resulting SAFs developed at
each frequency were based on the premise that higher-frequency motions are
most directly related to the peak acceleration, while intermediate-frequency
and low-frequency motions are most directly related to the peak velocity and
peak displacement, respectively. Accordingly, three different types of SAFs
were defined to reflect different procedures for normalizing the spectral ampli
tudes over high, intermediate, and low frequencies. These are as follows.



Normalizing Method

According to peak
acceleration

According to peak
velocity

According to peak
displacement

1080

Definition of SAF

Ratio of spectral
acceleration to
peak ground
acceleration

Ratio of spectral
velocity to peak
ground velocity

Ratio of spectral
displacement to
peak ground
displacement

Assumed Applicable
Frequency Range,

Hz

1 to 25

0.25 to 5

0.04 to 1

Once the SAFs at each frequency were defined for each record as indi
cated above, they were analyzed statistically to develop composite results for
each site classification. The statistical analyses were carried out by assum
ing the ensemble of SAFs at each frequency to be lognormally distributed.
The ensemble mean and standard deviation SAF values were then computed at
each frequency and used to develop SAF vs. frequency curves that represent
a mean and 84th percentile probability level for each site classification. Only
results for 5% of critical damping were developed in this way.

COMPARISONS OF SITE-DEPENDENT SAF'S

The first set of results from this study corresponds to comparisons of
horizontal and vertical SAFs for each of the three set classifications.
Comparisons of the mean and 84th percentile horizontal SAFs are shown in
Figures 1 and 2, and comparisons of the corresponding vertical SAFs are
given in Figures 3 and 4. These comparisons are discussed separately for
data normalized according to peak acceleration, peak velocity, and peak
displacement.

Data Normalized According to Peak Acceleration. For this
case, the horizontal and vertical SAFs for the rock sites are dis
tinctly different from those corresponding to the two soil site
classifications (Figs. lc through 4c). At frequencies below about
4 to 5 Hz for horizontal motions and 6 Hz for vertical motions, the
rock-site SAFs fall well below the SAFs for the two classes of soil
sites; whereas at higher frequencies, the opposite trend occurs.
There is no distinct difference between the SAFs for the two soil
site classifications.

Data Normalized According to Peak Velocity. For this second
case, there are some differences between the SAFs for the various
site classifications; however, these differences are less distinct
than those exhibited by the acceleration-normalized SAFs in that
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(a) site-dependent effects are less prominent in the frequency range
common to both sets of results (1 to 5 Hz), and (b) there are no
strong site-dependent effects over those frequencies ranging from
about 0.8 Hz to 3 Hz. Furthermore, comparisons between the
SAFs for intermediate soil sites and the other two site classifica
tions are not the same for vertical motions as they are for hori
zontal motions (Figs. Ib through 4b).

Data Normalized According- to Peak Displacement. The SAFs
that result from this final case do not exhibit clear or consistent
differences among the various site classifications (Figs. la
through 4a).

The most important feature of these trends is that the manner in which
the data are normalized has a strong influence on the type and extent of local
site effects on the resulting SAFso As noted, most previous SAF definitions
have been developed from data normalized only according to peak acceleration
over the entire frequency range; such SAFs have been shown to exhibit promi
nent local site effects (9, 18), a trend supported by the present investigation
for frequencies above 1 Hz. However, this normalizing approach has certain
shortcomings when used to define SAFs in the low-to-intermediate frequency
range. For example, peak ground accelerations can be closely related to the
dynamic forces applied to high-frequency systems, but not to systems with
low-to-intermediate natural frequencies. Along these lines, statistical analyses
of SAFs from data normalized according to peak acceleration have shown the
SAFs to have very low standard deviations at high frequencies, but markedly
increasing standard deviations with decreasing frequency (3, 18, 20).

In view of this, several investigators have advocated alternative proce
dures that circumvent the above difficulties when developing SAFs for design
purposes. For example, some studies have suggested the use of peak velocity
as a normalizing parameter over the entire frequency range (3), while others
have developed ground-response spectra from SAFs determined in a manner
similar to that used in the present investigation; that is, spectral amplitudes
in high- intermediate- and low-frequency ranges are normalized according to
peak acceleration, velocity,and displacement, respectively (1, 6, 20). For
such normalizing procedures, the present investigation shows that the influence
of local site conditions on the resulting SAFs will be less prominent than that
observed from data normalized according to peak acceleration only.

COMPARISONS WITH REGULATORY GUIDE 1.60

The SAFs defined in the Regulatory Guide (RG) 1. 60 (17) are widely used
in current seismic design practice for nuclear plants and other major struc
tures as well. In view of this, RG 1. 60 SAFs have been compared to the
SAFs that were developed from the present investigation.
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Before comparing the SAFs~ it is appropriate to first consider how each
set was developed. The RG 1. 60 SAFs were defined from statistical analyses
of spectra from 28 horizontal records and 14 vertical records (7). They are
site independent in that the ensembles of records represent a wide range of
geologic and local site parameters. For both horizontal and vertical motions ~

the RG 1. 60 SAFs are defined as 84th percentile multiples of the peak
horizontal acceleration. On the other hand~ the SAFs from the present
investigation differ from those of BG 1. 60 in that (a) they have been developed
from a larger ensemble of records; (b) they are site dependent rather than
site independent; and (c) for horizontal and vertical motion~ they are defined
as mean and 84th percentile multiples of the pe ak horizontal and vertical
acceleration~ velocity ~ or displacement~ depending on the frequency range.

For consistency with the RG 1. 60 SAFs~ only those SAFs from the
present investigation that are 84th percentile multiples of the peak accelera
tion have been included in this comparison. Furthermore~ the comparison is
made only at frequencies greater than 1 Hz ~ which is the frequency range
over which peak acceleration normalization was carried out in this study.
Finally ~ the BG 1. 60 vertical motion SAFs have been expressed as multiples
of the peak vertical acceleration rather than peak horizontal acceleration~ to
be consistent with the vertical motion SAFs from the present investigation. *

The two sets of SAFs are compared in Figure 5. The comparisons for
horizontal motions show that the BG 1.60 SAFs are reasonably similar to the
SAFs from the two classifications of soil sites but differ from the SAFs from
the rock sites at frequencies below about 10 Hz (Fig. 5a). This trend may be
attributed in part to the fact that most of the records used to develop the
RG 1. 60 SAFs were measured on soil sites; in fact~ only 4 of the 28 horizon
tal motion records that lead to RG 1. 60 were measured on rock (10). The
trend may also be influenced by the size of the ensemble of the horizontal
rock motion records (34 records) which~ as noted previously ~ is the smallest
of any of the site classifications considered in this investigation (Table 1).
This ensemble is ~ however ~ larger than the total number of records used in
the development of the RG 1. 60 horizontal SAFs (28 records).

For vertical motions, Figure 5b shows that the RG 1. 60 SAFs substan
tially exceed the 84th percentile SAFs from each of the three site classifica
tions. This trend is consistent with observations from several prior studies
of vertical response spectra and spectrum shapes (e.g., 8~ 19~ 20) and indi
cates that the RG 1.60 vertical motion SAFs may be overly conservative for
design applications.

*The RG 1.60 provlslOns for vertical motions specify that the peak vertical
acceleration (which in this case corresponds to the spectral acceleration at
frequencies greater than 50 Hz) is two-thirds of the peak horizontal accelera
tion. Therefore~ the RG 1. 60 vertical motion SAFs can be expressed in terms
of the peak vertical acceleration by multiplying them by a factor of 1. 5.
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CONCLUSIONS

This investigation leads to two important sets of conclusions. First,
the effects of local site conditions on the SAFs within a given frequency range
are dependent on how the SAFs are normalized. Such effects are most promi
nent when peak acceleration is used as a normalizing parameter (applicable
to higher-frequency motions) and are less prominent or nonexistent when peak
velocity or displacement is used (for intermediate-frequency or low-frequency
motions, respectively). Second, the applicability of the RG 1. 60 SAFs at
frequencies greater than 1 Hz varies according to the site conditions and the
direction of motion (horizontal or vertical) being considered. The RG 1. 60
SAFs are most applicable for representing horizontal motions at deep-soil or
intermediate-soil sites, and are extremely conservative in their representation
of vertical motions, regardless of site conditions.

ACKNOWLEDGMENTS

This study was carried out as part of a joint venture research program
involving Shannon & Wilson, Inc. and Agbabian Associates and sponsored by
the United States Nuclear Regulatory Commission (USNRC). The program is
directed toward expanding the current understanding of the behavior of soil
materials during earthquakes and the potential influence of these materials on
earthquake ground motions. The authors acknowledge the contributions of
M. S. Agbabian and G. A. Young of Agbabian Associates for their critical
review of this paper, J. D. Radler of Agbabian Associates for her editorial
assistance, and D. Clayton of Shannon & Wilson for his aid in classifying the
accelerograph sites. Also, the assistance and direction of J. Harbour of
USNRC, technical monitor for the joint venture, is gratefully acknowledged.

REFERENCES

1. Brady, A. G. "Estimating Response Spectra from Peak Values of Ground
Motion," paper presented at the 70th Annual Meeting of the Seismological
Society of America, Calif. State Univ. Los Angeles, Mar 25-27, 1975.

2. Calif. Inst. of Tech. (CIT). Strong Motion Earthquake Accelerograms,
Volumes I-IV, Parts A-Y. Pasadena: CIT Earthquake Eng. Res. Lab.,
1969-1975.

3. Hall, W.J.; Mohraz, B.; and Newmark, N.M. Statistical Studies of
Vertical and Horizontal Earthquake Spectra, NUREG-0003. Urbana, IL:
Nathan M. Newmark Consulting Eng. Services, Jan 1976. (PB 248 232)

4. Hudson, D. E. "Strong Motion Seismology," in Proc. Int. Com. on
Microzonation for Safer Construction Res. and Appl. Seattle, Nov 1972,
Vol. 1, PP 29-60.



1084

5. Mohraz, B. "A Study of Earthquake Response Spectra for Different Geo
logical Conditions," Bull. Seismol. Soc. Amer. 66 :3, Jun 1976.

6. Newmark, N. M. and Hall, W. J. "Seismic Design Criteria for Nuclear
Reactor Facilities," Proc. 4th World Com. on Earthquake Eng. Santiago,
Chile, Feb 1969.

7. Newmark, N. M.; Blume, J. A. and Kapur, K. K. "Seismic Design Spectra
for Nuclear Power Plants, If Proc. ASCE Power Div. 99 :P02, Nov 1973,
pp. 287-303.

8. Rizzo, P. C.; Shaw, D. E.; and Snyder, M. D. "Vertical Seismic Response
Spectra," Proc. ASCE Power Div. 102:POl, Jan 1976.

9. Seed, H. B.; Ugas, C.; and Lysmer, J. "Site Dependent Spectra for
Earthquake Resistant Design," Bull. Seismol. Soc. Amer. 66:1, Feb 1976.

10. Shannon & Wilson (SW) & Agbabian Assoc. (AA). Procedures for Evaluation
of Vibratory Ground Motions of Soil Deposits at Nuclear Power Plant Sites.
Seattle, WA: SW & EI Segundo, CA: AA, Jun 1975. (NLREG-75/072)

11. Shannon & Wilson (SW) & Agbabian Assoc. (AA). Geotechnical and Strong
Motion Earthquake Data from US Accelerograph Stations: Gavilan College,
Gilroy, California; Utah State University, Logan, Utah; Montana State
University, Bozeman, Montana; County-City Building, Tacoma, Washington;
Federal Building, Helena, Montana; Carroll College, Helena, Montana,
Vol. 3. Seattle, WA: SW & EI Segundo, CA: AA, Mar 1977.

12. Shannon & Wilson (SW) & Agbabian Assoc. (AA). Effects of Local Site
Conditions on Earthquake Ground-Motion Parameters (draft), R-7339-4597.
Seattle, WA: SW & EI Segundo, CA: AA, May 1978.

13. Shannon & Wilson (SW) & Agbabian Assoc. (AA). Verification of Subsurface
Conditions at Selected "Rock" Accelerograph Stations in California,
NUREG/CR-0055, Vol. 1., Vol. 2 (forthcoming). Seattle, WA: SW &
EI Segundo, CA: AA, May 1978.

14. Shannon & Wilson (SW) & Agbabian Assoc. (AA). Data from Selected
Accelerograph Stations at Wilshire Boulevard, Century City, and Ventura
Boulevard, Los Angeles, California, NUREG/CR-0074. Seattle, WA: SW &
EI Segundo, CA: AA, Jun 1978.

15. Shannon & Wilson (SW) & Agbabian Assoc. (AA). Geotechnical and Strong
Motion Data from U. S. Accelerograph Stations, NUREG-0029, 2v. Seattle
WA: SW & EI Segundo, CA: AA, Sep 1976 & Jun 1978.

16. Trifunac, M.D. and Brady, A. G. "On the Correlation of Seismic Intensity
Scales with the Peaks of Recorded Strong Ground Motion," Bull. Seismol.
Soc. Amer. 65:1, Feb 1975, pp 139-162.



1085

17. U. S. Atomic Energy Comm. (USAEC). "Design Response Spectra for
Seismic Design of Nuclear Power Plants," Regulatory Guide 1. 60, Rev. 1.
Washington, DC: USAEC, Dec 1973.

18. Werner, S. D. and Ts'ao, H. S. Investigation of Vertical Ground Motion
Characteristics for Nuclear Plant Design, SAN/lOU-lOS. El Segundo, CA:
Agbabian Assoc., Dec 1975.

19. Werner, S. D. and Ts'ao, H. S. Correlation of Ground Response Spectra
with Modified Mercalli Site Intensity, SAN/lOll-U3. El Segundo, CA:
Agbabian Assoc., Jun 1977.

20. Werner, S. D. and Ts'ao, H. S.• Study of Vertical Ground Response
Spectrum Shapes, SAN/lOll-1l4. El Segundo, CA: Agbabian Assoc.,
Aug 1977.



1086

I SAF • RATIO OF SPECTRAL
DISPLACEMENT TO PEAK
DIS PLACEMENT)

(SAF • RATIO OF SPECTRAL
VELOC ITY TO PEAK
VELOCITY)

(SAF • RATIO OF SPECTRAL
ACCElERATION TO PEAK
ACCELERATION)

ROCK SITES

oL..:'--+-,-..LL'-:--~--'---:'-::-'-:!~-';-'
0.04 I 0.1 0.2 0.4 0.6 1.0

0.06 FREQUENCY, Hz
0.25 0.4 0.6 1.0 2.0

FREQUENCY, Hz

5.0 4 6 10
FREQUENCY, Hz

20

lal Data normalized according
to peak displacement

fbI Data normalized according
to peak velocity

fe) Data normalized according
to peak acceleration

FIGURE 1. MEAN SAF'S FOR HORIZONTAL GROUND MOTIONS
(DAMPING RATIO =0.051

ISAF • RATIO OF SPECTRAL
DISPLACEMENT TO PEAK
DISPLACEMENT)

(SAF • RATIO OF SPECTRAL
VELOC ITY TO PEAK
VELOCITY)

ISAF • RATIO OF SPECTRAL
ACCELERATION TO PEAK
ACCELERATION)

5

INTERMEDIATE SOIL SITES

/INTERMEDIATE
"<'"' SO IL SITES

/ \
,.I

ROCK SITES

FREQUENCY, Hz

0';;T-+"-'-';;:'7---;;'-;;----L-7;-'-;;-'-;-U~
0.04 I 0.1 0.2 0.4 0.6

0.06
0.25 0.4 0.6 1 2

FREQUENCY, Hz

4 6 10

FREQUENCY, .Hz
20

la) Data normalized according
to peak displacement

Ibl Data normalized according
to peak velocity

Ie) Data normalized accordi ng
to peak acceleration

FIGURE 2. MrH PERCENTILE SAF'S FOR HORIZONTAL GROUND MOTIONS
<DAMPING RATIO· 0.051



1087

(SAF • RATIO SPECTRAL
DISPLACEMEf'.lT TO PEAK
DISPLACEMEf'.lTl

(SAF • RATIO OF SPECTRAL
VELOC ITY TO PEAK
VELOCITYl

(SAF • RATIO OF SPECTRAL
ACCELERATION TO PEAK
ACCELERATION)

....
~ 4
0<'

~
Zo
~ 3

'".........

~
.....
<;
V'>

/DEEP SOIL SITES

r·· /ROCK SITES

/
1f'.lTERMEDIATE

" SOIL SITES.....

ROCK SITES

0 .......+Ju.J...L---'-----'----'L..-l.-'-:"-'-U
0.04 I 0.1 0.2 0.4 0.6 1,0

0.06 FREQUENCY, Hz
0.25 0.4 0.6 1,0 2.0

FREQUENCY, Hz
5.0 4 6 10

FREQUENCY, Hz
20

(al Data normalized acmrding
to peak displacement

(bl Data normalized accordl ng
to peak velocity

lc) Data normalized according
to peak acceleration

FIGURE 3. MEAN SAF'S FOR VERTICAL GROUND MOTIONS
(DAMP ING RATIO = 0.05)

(SAF • RATIO OF SPECTRAL
oISPLACEMEf'.lT TO PEAK
01 SPLACEMEf'.lT)

(SAF • RATIO OF SPECTRAL
VELOC ITY TO PEAK VELOC ITYl

(SAF • RATIO OF SPECTRAL
ACCELERATION TO PEAK
ACCELERAT IONI

•••••••• / •••• /DEEP SOIL SITES. .
...... ". ROCK SITES

-.,' ....
°
0

••••

ROCK SITES

\ \
If'.lTERMEDIATE~ .......
SOIL SITES ••••

'.

../DEEP SOIL SITES

! ~

o'=+-+-'...l..-'::-'-:--....,-L::--'--::-'-:--'-~'-'-'---!.
0.04 I 0.1 0.2 0.4 0.6

0.06 FREQUENCY, Hz

0.25 0.4 0.6 1 2
FREQUENCY, Hz

4 6 10
FREQUENCY, Hz

20

(a) Data normalized acmrding
to peak displacement

(b) Data normalized according
to peak velocity

(cl Data normalized according
to peak acceleration

FIGURE 4. 84TH PERCENTIlI SAP'S FOR VERTICAL GROUND MOTIONS
(DAMPING RATIO = 0.05)



4

1088

(SAF, RATIO OF SPECTRAL ACCELERATION TO PEAK ACCELERATION)

REGULATORY
GUIDE 1.60

ROCK SITES

o!-l-----;!;-....L~4,.-L~6---LLilf;:0----;2!::-0--l

FREQUENCY, Hz

(a) Horizontal ground motions

4 6 10
FREQUENCY, .Hz

(bl Vertical ground motions

20

FIGURE 5. COMPARISONS OF 84TH PERCENTILE SAF'S WITH
REGULATORY GUIDE 1.60 (DAMPING RATIO = 0.05)



DETERMINATION OF SITE DEPENDENT SPECTRA
USING NON LINEAR ANALYSIS

by
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I
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ABSTRACT

The significance of local site response of soft soils in modifying
earthquake ground motion characteristics is examined using a non-linear
one dimensional dynamic response analysis. The non-linear explicit finite
difference program (DETRAN) used for these analyses, is based on a physic
ally motivated viscous elasto-plastic soil model incorporating a failure
criterion, degradation characteristics and an energy transmitting boundary.
The energy transmitting boundary provides a method of ground response
analysis without the need to define bedrock at a finite depth.

The analysis procedure is illustrated with reference to idealized
soft soil sites underlain by more competent firm ground. Two representa
tive firm ground earthquake acceleration time histories.were defined by an
outcrop surface motion, and the response of the site examined to ground
motions scaled to give peak outcrop accelerations of O.05g and o.4Sg.
Comparisons are made with equivalent linear SHAKE analyses, and the sig
nificance of incorporating soil yield on acceleration levels and spectral
shapes is demonstrated. Spectral shapes are compared with an average
smoothed, spectrum available in the literature, and significant changes in
shape with acceleration level are noted.

INTRODUCTION

The concept of earthquake zonation for design purposes invariably
involves consideration of site soil conditions as one of the zonation
parameters. With an increasing number of ground motion records available
for study, several correlations between recorded surface ground motion
characteristics expressed as response spectra, and site soil conditions
have been made (1, 2, 3). Results from these studies are generally
expressed as smoothed 'or mean spectra for generalized site soil conditions
such as rock, deep cohesionless soils, stiff soils and soft or medium
clays. As simplifications of such spectra are often adopted for zonation
purposes, it is important that the potential significance of other factors
influencing variations in spectral shape for a given site condition, such
as site source distance and level of ground shaking be assessed. For soft
sites in particular, most available records used for spectral studies have
acceleration levels of the order of O.OSg. Hence the question remains as
to the potential influence of stronger earthquake shaking on spectral
characteristics for soft sites. For higher acceleration levels, say of
the order of O.3g or greater, it is clear that yield or failure of soft
clay due to the high induced shearing stresses, could have a significant
influence on recorded ground motion characteristics and indeed on the
capability of such deposits in transmitting accelerations at such levels.

I Staff Engineer, Fugro, Inc., Long Beach, California
II Project Engineer, Fugro, Inc., Lone: Beach, California
III Senior Engineer, Fugro, Inc., Long Beach, California
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In the case of site specific studies, the ;preferable method to
develop design spectra is to utilize existing earthquake accelerograms
recorded on similar sites and where magnitude, distance and regional geol
ogy are also similar. However, as noted above, few records are available
for soft sites subjected to strong ground shaking. Because of the uncer
tainties in scaling small records to considerably higher values, it hence
becomes necessary to use simplified site response analyses to examine the
potential influence of local site effects on ground motion characteristics.

Perhaps the most widely recognized site response analysis method is
that used by the program SHAKE (4). This program assumes site response
is dominated by vertically propagating shear waves, and represents the non
linear hysteretic soil deformation properties by equivalent linear shear
modulii (where shear modulii are expressed as a function of shear strain)
and equivalent viscous damping coefficients. The program can input motion
at bedrock level or can allow motion to be placed at a given interface
at depth, provided the surface motion on the outcropping base stratum
is known. Hence it becomes unnecessary to establish a bedrock level,
and the response of a deep soft soil site may be studied by defining
an outcropping surface input motion for a stiffer soil at a selected
depth.

Whereas the equivalent linear approximation used in SHAKE provides a
good approximation in most cases, the program cannot simulate the highly
non-linear effects of soft sites where large deformations may occur during
strong shaking. For the latter case, it is preferable to use a non-linear
dynamic response procedure which incorporates a yield or failure criterion.

In this paper, a newly developed non-linear method for site response
analysis is described, and is used to examine the potential influence of
strong shaking on soft sites in modifying ground surface acceleration
characteristics as expressed by response spectra. Although only a limited
number of analyses were performed to illustrate the application of the
program, the results indicate that there could be significant differences
in soft site spectral shapes for low and strong shaking levels. The sig
nificant attenuation of acceleration levels by soft sites is also demon
strated.

NON LINEAR RESPONSE ANALYSES

A number of methods currently exist for estimating the earthquake
response of level soil sites, where it is assumed that earthquake motion
can be represented by vertically propagated horizontal shear waves. This
assumption seems to provide a reasonable approximation for many sites, as
demonstrated by comparisons with case histories (5, 6). Most of the
different methods available were developed in the last 10 years. It is of
interest to briefly summarize some of the available procedures and note
some of the features of the various methods.

The program SHAKE (4), as reviewed in the introduction, is the earli
est and probably the most widely used method available. It operates in
the frequency domain and utilizes the equivalent linear approach (5) to
take into account the strain dependent soil properties. Because of the
linear nature of the solution, for a given surface control motion on a
specific site, this method is the only approach which can perform a decon
volution study to derive the seismic response within a soil column beneath
the surface.
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The program CHARSOIL (1), uses the Ramberg-Osgood model to describe
hysteretic non linear soil behavior and uses a solution in the time domain
based on the method of characteristics. The main advantage of this
approach is the direct use of the actual non-linear and hysteretic dynamic
properties of the soils during an earthquake instead of equivalent moduli
and damping. Damping is implicitly included in the hysteretic model. How
ever, the program requires a bedrock base boundary where the input seismic
motion is defined. The program DCHARM (8) was developed from CHARSOIL, and
takes into account the degradation in soil stiffness arising from cyclic
loading. This phenomenon may be observed in soft soils subjected to
large cyclic strains, and for a soft clay site under strong seismic shaking,
the effects of modulus degradation on site response can be significant.

The program NONLI3 (9) is similar to CHARSOIL in many respects, except
that it is capable of solving the seismic response of a level soil site
underlain by a semi-infinite elastic medium. A transmitting boundary is
used to take into account the finite rigidity in the elastic substratum,
and hence the need to define bedrock level is avoided. The non linear
hysteretic behavior of the soil is represented by a composite of elasto
plastic subelements proposed by Iwan (10) and the time domain solution uses an
explicit finite difference method. The feature of the Iwan element formula
tion, is that it enables any non-linear backbone curve to be simulated,
such as that of the Ramberg-Osgood and hyperbolic analytical models, or
actual laboratory test results. In this respect the program is very
flexible. A similar non-linear formulation using elasto-plastic subelements
has been described by Taylor and Larkin (11).

The program DEBRA (12) is a non-linear hysteretic program similar in
principle to those previously described. However, the program may also be
used in an effective stress mode for analysis of pore-water pressure
increases in saturated sands during earthquakes. The numerical procedure
uses a hyperbolic backbone curve and the non-linear equations of motion
are solved using an implicit integration scheme.

As stated in several comparative studies (8, 13, 14, 15), currently
existing methods all give reasonable answers provided they are used with
due regard to the assumptions and limitations inherent in each of the
approaches. Naturally, there are cases where one particular approach
works better than others regarding a particular aspect of the problem.
Therefore, the selection of an appropriate method for a given problem
should be based on an understanding of the requirements of the problem
itself as well as the basics of the methods available.

Ideally, a good analytical procedure for seismic response determina
tion of a deep soft soil site should include a realistic and flexible
model which takes into account the non-linear, failure and degradation
characteristics of the soils, the effects of soil stiffness below as well
as above the point of control motion application, and boundary condition
differences between the free surface where the control motion was re
corded and the interface where the motion will be assigned in the analysis.
An analytical procedure incorporating the above considerations is pre
sented in this study. This procedure is based on the program NONLI3 with
modifications to incorporate (1) modulus degradation of soft clay under
cyclic loading. (2) a viscous damping option to allow refinement of
implicit hysteretic damping to more closely match laboratory damping
curves and to provide the means of suppression of artificial high fre-
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quency oscillations induced by the numerical solution. (3) simple data
input formats based on measured laboratory modulus and damping curves.

The computer program DETRAN was recently developed by Fugro as part
of an "in-house" research and development program. A more detailed de
scription of the computer program is given below.

COMPUTER PROGRAM DETRAN

As noted above, this program is based on NONLI3 with modifications to
include modulus degradation, viscous damping, and simple input formats
based on curve fitting to measured laboratory data. A general sketch
illustrating the features of the model is shown in Fig. 1. The concept is
similar to that used in SHAKE, except that a non-linear hysteretic soil
model is used. Aspects of the program are noted below.

Non-linear Hysteretic Soil Model

The physically motivated Iwan model (10), is utilized in the program. The
model incorporates an array of elasto-plastic elements to simulate a given
non-linear backbone curve and provide hysteretic damping, while the dash
pot elements provide the means for introducing viscous damping. The main
advantages of using a physical or mecha~istic model are (1) the model pro
vides the means for a non-iterative time domain solution which can be used
for complicated arbitrary cyclic loading conditions such as those of earth
quakes, (2) the model allows a yielding or failure criterion to be incorpor
ated, so the seismic response of soft clay sites can be realistically
studied without the need of a stress cut off to achieve yielding character
istics, and (3) any laboratory observed properties and other mathmatically
motivated soil models can be duplicated without difficulty. This ability
not only improves the non-linear behavior modelling, but also provides a
means for comparison studies which can lead to a better understanding of
soil modelling. Typical hysteresis loops where a hyperbolic backbone
(initial loading) curve has been modelled, are shown in Fig. 2.

Degradation Model

The degradation model proposed by Idriss, et al (8) is incorporated in the
procedure. This model assumes that (a) the degradation process occurs only
at the time when the stress changes sign and (b) the amount of additional
degradation depends only on the amount of accumulated degradation and the
maximum strain developed for the previous half cycle.

Transmitting Boundary

A boundary which can take into account the existence of soils with finite
stiffness located at the base of the soil column is included in the pro
gram. In this procedure, outcrop control motion is defined at a firm
ground outcrop point and the transmitting boundary combined with the soil
column under consideration provides a more realistic model of a deep soil
site. The boundary formulation as developed by Joyner and Chen (15),
satisfies the boundary conditions on the interface for a wave vertically
incident from below. Under the assumption of vertically propagating shear
waves in the underlying elastic medium, the shear stress developed in the
interface can be determined knowing the particle velocities of the inci
dent wave ~nd those on the boundary. This approach is similar to that
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developed by Lysmer and Kuhlemeyer (16). Parameter studies (17), indicate
that the influence of finite stiffness of soil half space on site response
is quite significant in some cases. The transmitting boundary formulation
has been checked against available closed form solutions as well as solu
tions obtained using SHJLXE for 1 and 2 layer elastic systems. Identical
solutions were obtained.

Formulation of Iwan Model Parameters from Laboratory Data

As mentioned earlier, any given non-linear soil properties can be simulated
by the use of adequate number of elasto-plastic subelements. Laboratory
determined GIG versus strain amplitude plots can be modelled by 50 or
less sUbelemen~~~ After matching laboratory modulus curves, damping ratio
versus shearing strain amplitude curves may be computed for the implicit
hysteresis damping, and compared with measured laboratory damping curves.
Additional viscous damping elements may then be added to the model if
necessary to more closely match the laboratory curve.

APPLICATION OF DETRAN TO SOFT SOIL PROFILES

To illustrate the application of DETRAN, an idealized soft soil site
having maximum shear modulus (G ) profiles as shown in Fig. 3 was studied.
Corresponding assumed maximum y~~fd stresses (T ) under cyclic loading are
also shown on Fig. 3. In practice, these stresW~g could be defined by the
cyclic shear stress causing a large deformation in a single cycle. The
strain dependent soil properties used for the study are summarized in
Fig. 4. The GIG versus shearing strain amplitude relationship was
obtained from th~agecant modulii of hysteretic loops with corresponding
shearing strain amplitudes defined. In order to model the yielding strength
of the soils, a hyperbolic type backbone curve was utilized. The implicit
hysteresis damping based on Masing effects were computed as shown in Fig. 4.
A very small amount of viscous damping (less than 1%) was introduced in the
analyses to suppress the artificial high frequency oscillations discussed
earlier.

Based on the shear strength and dynamic modulii assumed, soils at a
depth of 100 feet may be considered equivalent to competent firm ground.
For the study, two records obtained on deep alluvium sites were used for
control outcrop motions at the 100 foot depth. These records were (1) the
Orion Blvd. record of the 1971 San Fernando Valley earthquake (N-S compon
ent with recorded maximum acceleration of 0.25g), and (2) the El Centro
record of the 1940 Imperial Valley earthquake (N-S component with recorded
maximum acceleration of 0.35g). These two records were scaled to 0.05g
and 0.45g for the representation of low and high levels of shaking, respect
ively.

In this study, results from DETRAN are compared with those of SHAKE,
the influence of the soft site on the magnitude and shape of acceleration
spectra is examined, and the effects of changes in modulus characteristics
are investigated. Results of these studies are presented below.

SlffiKE Comparative Study

To illustrate the relative differences between SHAKE and DETRAN, sur
face spectra for the two programs were compared for outcrop input motions
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given by the El Centro record scaled to maximum accelerations of O.05g and
o.45g. For the former acceleration, the two programs would be operating
at low strains well below the yield criteria for the clay, while for the
higher maximum acceleration, yield and degradation of the soft clay could
be expected to influence the surface accelerations determined by DETRAN.
The modulus and damping ratios defined by Fig. 4 for DETRAN, were also
used as input for the SHAKE analysis. The "site 1" G profile shown on
Fig. 3 was used for the comparative study. max

Surface acceleration spectra are shown plotted in Fig. 5 for both
the outcrop motion and the soft clay motion. As shown in Fig. 5, for a
comparatively low maximum outcrop acceleration of O.05g, the surface
response spectra obtained from the use of SHAKE and DETRAN are almost
identical. The maximum surface accelerations obtained from SHAKE and
DETRAN are O.077g and O.071g respectively. The increased surface accelera
tions reflect the influence of the soft site in modifying the input out
crop accelerations, are in general agreement with expected changes noted
by Seed, et al (18). For a higher level of shaking (o.45g), the computed
surface response spectra were significantly different both in maximum
acceleration levels and frequency content. The flatter spectrum for the
DETRAN analyses may be attributed to the effects of soil yield and degrada
tion at higher strains. Similar effects have been reported in other com
parative studies (13). However, comparative analyses at higher strain
levels where failure does not occur, have shown greater agreement between
SHAKE and non-linear programs provided site resonant effects arising from
coincidence of site and earthquake frequencies do not occur (17).

Characteristics of Soft Site Spectra

For the site under consideration, the surface response spectra derived
from DETRAN analyses for the two different outcrop (firm ground) control
motions (Orion Blvd. and El Centro) were determined. Spectra for the EI
Centro record are presented in Fig. 5 and those for the Orion Blvd. record
in Fig. 6 for low (O.05g ) and high (o.45g) levels of outcrop shaking.
Comparing Fig. 6 with Fig. 5, it may be seen that the influence of the soft
site on the Orion Blvd. record is similar to that of the El Centro record.
For the O.05g outcrop accelerations, the soft site has the effect of
increasing ground accelerations and spectral accelerations. For the o.45g
outcrop accelerations, surface accelerations are reduced, and the accelera
tion spectra are flattened. Spectral accelerations for shorter periods
are considerably reduced compared to the outcrop spectra, while for longer
periods spectral ordinates for the soft soil site are increased. The in
fluence of the soft site in modifying the input motion characteristics may
also be seen by comparing the time histories for the o.45g El Centro motion
input shown in Fig. 7. Acceleration levels for the interface "within"
motion are seen to be reduced compared to the outcrop motion, due to the
transmitting boundary effects, while the frequency content seems much the
same. Acceleration levels for the surface motion are considerably reduced,
but are more uniform and have longer periods compared to the input motion.

In order to compare spectral shapes for the soft site surface motions,
response spectra were normalized by dividing all ordinates of a given
acceleration spectrum by the maximum surface acceleration. After normali
zation, the ordinates of all spectra at zero period will be one. The
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normalized spectra for O.05g and o.45g acceleration inputs are shown on
Figs. 8 and 9, respectively.

Available surface recordings (for acceleration levels O.05g) from
deep deposits of soft soils indicate that the peak ordinates of the re
sponse spectra tend to occur at relatively high period values (2, 5).
An average acceleration response spectrum for the latter records reported
by Seed, et al (2) is plotted on Figs. 8 and 9 for reference and compari
son purposes. For the O.05g shaking level, the average spectrum shape for
shorter periods is lower than spectra corresponding to the two records
used for the study, but corresponds reasonably well at larger periods.
The latter spectral shapes lie generally within the mean + one standard
deviation bounds of spectra reported by Seed, et al (2). -For the 0.45g
shaking level, considerable differences are noted between the average
spectrum for most periods. This would suggest that considerable caution
should be exercised in using an average spectral shape obtained from low
levels of shaking for design at higher levels of shaking.

Influence of Site Modulus Variations

(i) Effect of Modulus Increase in Surface Layer

To illustrate the potential influence of a stiffer surface layer (arising
from say overconsolidation) on response spectra, the site 2 profile shown
on Fig. 3 was studied. The only difference between the site 1 and site 2
is the strength and stiffness of the top 15 feet of soils. Surface spectra
were computed for the El Centro outcrop record, and compared to site 1
spectra. As shown on Fig. 10, the differences in the surface response
spectra caused by the property differences are Quite noticeable. If the
structure under consider<J.tion has a relatively short fundamental period,
the change in spectral accelerations arising from a stiff surface layer
could be significant.

(ii) In-Situ Versus Laboratory Measured Modulus

Differences in stiffness of soft cohesive soils as measured by in-situ
methods and by laboratory tests, have been reported in the literature
(19, 20). To illustrate the potential significance of these differences,
a response analysis using the Orion Blvd. outcrop motion in conjunction
with site 1, but with reduced shear modulii to simulate the use of labora
tory modulus data, was performed. The modulus reduction (and associated
strength reduction) was achieved by adjusting G values to the level
shown on Fig. 3. The spectrum for computed surT~2e motion is plotted on
Fig. 11 for the 0.45g shaking level, and compared to the spectrum computed
using the original hIgher modulus profile which could be assumed to be
associated with in-situ conditions. The effects of reduced stiffness and
strength on response may be seen to be the significant reduction of over
all surface response and the slight shift of peaks due to the change of
fundamental period of the site. Hence, unlike many other soil mechanics
problems, the assumption of the lower strength and stiffness for a site
may not necessarily lead to a conservative answer.
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CONCLUSIONS

The development and use of a non-linear hysteretic one dimensional
site response program (DETRAN) for evaluating earthquake response charac
teristics of soft soil sites has been described. The program incorporates
a transmitting boundary and modulus degradation capabilities.

Using an idealized example, where two representative earthquake
acceleration time histories were defined by firm alluvial outcrop motions,
it has been shown that:

(1) For low levels of ground shaking (max. outcrop accelerations about
O.05g) where soil failure does not occur, the soft site produced
increased ground and spectral accelerations. Surface response
spectra obtained from DETRAN and SHAKE analyses were noted to be
almost identical.

(2) For high levels of ground shaking (max. outcrop accelerations about
o.45g), the effects of soil failure and degradation resulted in re
ductions in ground acceleration levels. Surface acceleration spectra
were "flattened" compared to outcrop spectra. Significant differences
were noted between spectra computed using DETRAN and SHAKE, which
could be attributed primarily to the effects of the incorporation of
soil failure and degradation criterion in DETRAN.

(3) Significant differences in the shape of surface acceleration spectra
were noted for the low and high levels of outcrop ground shaking,
suggesting caution in the use of average smoothed spectra obtained
from soft ground earthquake records generated from low shaking levels.

(4) The sensitivity of surface spectra to a stiffer surface layer and
the magnitude of site shear modulii were noted.
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EFFECTS OF SOIL INERTIA FORCES
ON DESIGN OF BURIED PIPELINES

CROSSING FAULTS

Michael L. Traubenik I , Julio E. Valera II , Wolfgang H. Roth III

ABSTRACT

Current methods for seismic design of buried pipelines
traversing major seismogenic strike-slip fault zones generally
only consider the ultimate fault displacements postulated
during fault rupture. The pipe is designed to accommodate
fault displacements through axial straining of the pipe.
Analyses commonly used assume that the rupture process
occurs slowly enough such that the soil forces acting on the
pipe can be considered to be static in nature thus neglecting
any dynamic effects.

This paper suggests that design of a buried pipe for
fault rupture may be unconservative if dynamic forces
resulting from the acceleration produced within the fault
rupture zone are ignored since they may significantly
increase the normally applied static forces.

Soil inertia forces are examined for a simple hypothe
sized test case and are found to increase the normally
predicted ultimate lateral forces, and thus, the longitudinal
frictional forces acting on the pipe by approximately 30
percent.

INTRODUCTION

Large differential displacements that may result during
an earthquake represent a severe hazard to a buried pipeline.
Differential displacements may be the result of ground
failure, such as landsliding, liquefaction or lateral
spreading, or of ground rupture due to surface faulting.
while in many cases it is feasible to bypass areas suscepti
ble to landslides, liquefaction, and lateral spreading,
the crossing of seismogenic fault zones usually cannot be
avoided. Severe damage of a pipeline crossing an area
subject to ground rupture or surface faulting can be reduced
or prevented by placing the pipeline above ground or by
using appropriate analyses procedures in the design of a
buried pipeline.

I Project Engineer, Dames & Moore, Los Angeles, California
II Principal Geotechnical Engineer, Earth Sciences Associates,

Palo Alto, California
IIISenior Engineer, Dames & Moore, Los Angeles, California
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Buried pipelines traversing major seismogenic strike
slip fault zones must be designed to accommodate very large
fault displacements. A pipeline crossing the San Andreas
fault zone, for example, must be designed to withstand
ultimate fault displacements of approximately 20 feet of
horizontal and 5 feet of vertical (9). In current design
methods, the pipe is assumed to accommodate the postulated
fault displacement through axial elongation and investigators
(8, 10, 12) have derived the axial strains in the pipe
developed during fault rupture assuming the following
conditions:

1. The pipeline undergoes only tensile strains during
fault rupture.

2. Flexural strains are kept to a minimum.

3. The elongation of the pipe required to accommodate
the fault displacement takes place over a signifi
cant length of pipe defined by two so-called
"anchor" points and significant strain concentra
tions do not occur.

4. The velocity at which the fault movement takes place
is such that the forces exerted on the pipe during
fault rupture are essentially the same as those
that would be obtained by a static displacement.

Provided the direction of the postulated fault movement
can be anticipated, the criteria stated in 1 and 2 above can
be met by crossing the fault zone at an appropriate angle,
(Figure la), such that the pipe only elongates during fault
displacement. The "anchor" points (Figure la) as assumed in
conditon 3 are defined as points at which the fault induced
strains in the pipe are zero. The greater the distance
between "anchor" points, Ll + L2, the greater the fault
movement capacity of the pipeline since the elongation of
the pipe is distributed over a longer pipe length. The
"anchor" distance is governed by the frictional forces that
exist between the pipe and the soil. Friction may be kept
to a minimum by using controlled trenching and backfilling
procedures.

In order to insure adequate pipeline design, it is
important that the soil/pipe frictional forces be accurately
determined. If the actual soil/pipe friction due to fault
movement is greater than estimated, then the elongation of
the pipe will take place over a smaller zone, thus increasing
axial strains which could render the pipeline design inade
quate. As previously stated, in current design practice
frictional forces are estimated assuming static conditions
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(condition 4). This may be unconservative since dynamic
forces resulting from the ground acceleration within the
fault rupture zone could be significant and result in an
increase in the soil/pipe forces. The dynamic forces which
could develop in the immediate vicinity of the rupturing
fault may also cause loc~l pinching or shearing of the
pipe.

FAULTING ACCELERATION

Since a reasonable estimate of faulting acceleration is
essential to evaluate the magnitude of dynamic forces
suggested above, a literature review of this subject has
been conaucted.

The mechanism of fault rupture has been the subject of
extensive investigation. Brune (3) developed a rupture
model considering the effective stress available to acceler
ate the mass on either side of a fault. Results of Brune's
study indicate that the upper limit of near-fault particle
velocity is approximately 3 feet per second and the estimated
upper limit for acceleration is approximately 2g at 10 Hz
and is proportionally lower at lower frequencies.

Ambraseys (1) and Kanamori (7) have both suggested an
upper bound particle velocity of faulting of about 3 feet
per second. Ambraseys states that it is not possible to
predict an upper limit of ground acceleration but considers
fault rupture accelerations greater than Ig as possible.
Likewise, Kanamori in a review of Japanese earthquakes
states that strain release can be considered "more or less
instantaneous".

Trifunac and Brady (15) suggest that for a Magnitude
7.5 earthquake, average peak particle accelerations at the
fault could be on the order of 1.75g ranging from 1.2g to
2.5g. However, they warn that these values are conservative
estimates and must be taken with reservation.

Hanks (4) in a study of the faulting mechanism of the
San Fernando earthquake, suggested that the long period
acceleration and displacement pulse occurring in the Pacoima
Dam S16°E accelerogram can be interpreted as the shear
radiation resulting from rupture at the focus. With this in
mind, a peak acceleration of approximately 0.6g with a
period of approximately 1.5 seconds could be attributed to
the faulting process. However, rupture propagation character
istics may have also played a significant role in shaping
the long period portion of the Pacoima Dam record.
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A study by Housner and Trifunac (5) of ground motion
generated by the Magnitude 5.6 Parkfield earthquake of June
27, 1966, shows that the maximum recorded ground acceleration
near the fault was about 0.5g. Motion recorded transverse
to the fault trace shows a maximum ground velocity of 27
inches per second and a single displacement pulse of approxi
mately 10 inches with 1.5 seconds duration. Although the
component of motion longitudinal to the fault trace was not
recorded, the characteristics of the motion have been deduced.
Analyses indicate that an acceleration pulse with a directon
parallel to the fault of approximately 0.5g lagged behind
the transverse 0.5g pulse by about one-quarter of a wave
length.

Finally, personal accounts concerning the effects of
the Magnitude 8+ San Andreas Fault event of 1857 indicate
ground motions so severe that tree trunks located near the
fault trace were actually sheared off (6).

Although the above values of faulting accelerations are
mainly applicable to competent materials at depth where
levels of faulting is initiated, somewhat lower but still
appreciable a~celerations may develop in competent materials
which rupture near the ground surface.

Peak accelerations of magnitudes as described above,
can be of considerable importance in the design of a buried
pipe crossing a fault, if they occur simultaneously with the
onset of passive lateral forces. Pipe stresses resulting
from an increase in longitudinal frictional forces or
concentrated shearing forces may be significant depending on
the volume of soil that the pipe must displace during the
rupture process.

RELATIVE MOVEMENT BETWEEN PIFE AND SOIL
AT FAULT CROSSING

For the purpose of this study, it has been conserva
tively assumed that the fault displacement occuring during
an earthquake is concentrated along a single rupture plane,
rather than being distributed over a somewhat larger fault
zone. Figure Ib shows a type of pipe displacement which
could result from a fault rupture.

As shown in Figure Ib, a horizontal fault displacement,
Bh, causes the two hypothesized pipeline anchor points to
displace a distance Dx and Dy from their initial posi
tions. If both sides of the fault move an equal distance in
opposite dir~ctions, the section of pipe located at the
rupture plane can be considered "fixed". Therefore, the
relative acceleration of the pipe with respect to the
surrounding soil is equal to the fault acceleration.
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If in addition to the horizontal fault displacement a
vertical fault displacement is introduced at the same time,
the pipe would tend to be effectively "locked" on the upward
side of the fault due to the relatively high bearing capacity
of the in situ soils. On the downward side, the pipe would
tend to pull up and out of the trench and would move in the
opposite direction relative to the moving ground. This type
of motion would also tend to increase the forces acting on
the pipe.

LONGITUDINAL SOIL/PIPE FRICTION

As a result of fault displacement the pipe must move
longitudinally and laterally relative to the surroundin,
soil over a length defined by the "anchor" points. The,--"
lateral movement is resisted by passive earth pressure which
in turn increases the soil/pipe friction resisting the
longitudinal movement. Figure 2 demonstrates the development
of passive earth pressure during lateral movement of the
pipe. Figure 2a shows the pipe placed in a shallow trench
excavated in a competent material at a fault crossing
location. The trench is backfilled with a loosely placed
cohesionless material to insure minimum soil resistance and
soil/pipe friction. Figure 2b shows the pipe and an assumed
passive failure wedge at a short time, tl, after the
initiation of fault rupture. Time tl, is assumed to be
the time at which full lateral passive earth pressure and
therefore peak longitudinal friction is developed. The
final position of the pipe and the ground surface configura
tion after fault rupture are shown in Figure 2c.

The longitudinal friction of the pipe has been estimated
(8, 10, 12) as:

Ff = 11 D Pr II. ( 1 )

Where Pr is the average radial pressure on the pipe around
its circumference, D is the pipe diameter, and II. is the
coefficient of friction between the pipe and the surrounding
soil.

The average radial pressure Pr is usually calculated
applying conservative estimates of the peak lateral passive
earth pressure. Empirical relationships have been derived
from model test results to estimate the lateral earth
pressure on pipes resulting from static lateral pipe dis
placement. Tests have shown that the ultimate lateral soil
pressure develops after a very small lateral displacement
has taken place which may be conservatively estimated as:

where

a= 0.02 He

He = soil depth to the
bottom of pipe.

( 2 )
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As the lateral displacement increases, the lateral pressure
decreases to approximately one-half of its peak value.
However, it has been conservatively assumed by the authors
and other investigators (8) that the peak lateral earth
pressure is essentially constant throughout the entire fault
rupture process.

INCREASE IN LATERAL FORCES DUE TO SOIL INERTIA

Across section through a buried pipe at a fault
crossing and a simplified formulation for the increase in
lateral force due to soil inertia is presented in Figure 3.
A trench geometry and cohesionless backfill material have
been chosen for demonstration. The natural soils are
assumed to be quite competent and capable of transmitting
moderate to high accelerations. Furthermore, it has been
assumed that the pipe displaces equally on both sides of the
fault as shown in Figure lb. With the latter assumption, a
passive soil wedge is held horizontally in place by the
pipe. The underlying soil moves with a horizontal accelera
tion ax' causing the soil wedge to accelerate vertically
upwards with an acceleration aye The vertical acceleration
a y creates a downward inertial force increasing the
passive earth pressure Pr and thus increasing the fric
tional forces Ff acting on the pipe (Equation 1).

The horizontal inertial force that the pipe must exert
on the soil wedge to move it out of the trench is given by:

( 3 )

where Ws = weight of soil wedge
a~ = horizontal ground acceleration

at the fault rupture plane (g)

For a 30-inch-diameter pipeline buried with a soil cover of
3 feet as shown in Figure 3, the increase in passive earth
pressure due to an assumed fault acceleration of 0.5g would
amount to approximately 30 percent.

One could also consider the inertia force MayaS an
apparent weight of the soil wedge. Doing so, the inertial
increase in passive earth pressure can be calculated in
exactly the same manner as for static conditions using a
soil density multiplied by a factor; f = ax/TAN 9.
Considering that the passive earth pressure is directly
proportional to the soil density, the factor f x 100 ex
presses the percentual increase in lateral earth pressure
due to inertia. For the example case above, the increase
would be calculated as:

f = ax;TAN 9 = 0.5 TAN 30° = 0.29

or 29% of the passive pressure.
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According to Equation (2), the full static passive
earth pressure for the example case considered is in effect
after only 1.3 inches of lateral movement has taken place.
Therefore, prudent design dictates that one assumes that
both the static passive resistance plus the contribution of
the inertial forces are acting concurrently over a certain
duration of the fault rupture process. This additional
dynamic pressure not only increases the longitudinal pipe/
soil frictional forces but also increases the shearing
forces the pipe must withstand at the fault crossing.

The true effects of soil inertial forces on the pipe
during fault rupture obviously cannot be accurately deter
mined by simple calculations. It is apparent, however, that
the dynamics of the pipe/soil system cannot be ignored.

CONCLUSIONS

For purposes of this study, the effect of soil inertia
forces were estimated for an example case in which several
simplifying assumptions were made. The test case illustrates
the importance of incorporating soil inertia in a dynamic
analysis of a buried pipeline crossing a strike-slip fault.
Inertial forces were shown to impart an additional pressure
on the pipe equal to approximately 30 percent of the ultimate
passive lateral earth pressure assuming a fault rupture
acceleration of 0.5g. Although soil inertial forces may be
cyclic in nature, they are believed to act concurrently with
the passive lateral soil forces during some duration of the
fault rupture process. Additional considerations indicate
that soil inertia forces could be even greater if the pipe on
one side of the fault "locks" due to a vertical fault
movement.

This study indicates that soil inertia forces should
not be ignored in pipe design. High peak accelerations that
may be associated with fault movement suggest that the pipe
analysis should include dynamic effects.
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ASSUMPTIONS:

(1) SOIL WEDGE (ABCD) WITH MASS Mw
MOVES AS A RIGID BODY.

(2) NO HORIZONTAL MOTION OF PIPE
AND SOIL WEDGE.

(3) PIPE AND SOIL WEDGE MOVE VERTI
CALLY WITH ACCELERATION

ay = ax tan() (ft/sec 2 )

WHERE ax IS THE HORIZONTAL
ACCELERATION OF UNDERLYING COM
PETENT MATERIAL ASSOCIATED WITH
FAULT RUPTURE.

(4) GRAVITY AND STATIC FORCES
IGNORED. FORCES DERIVED ARE FOR
DYNAMIC INCREMENT ONLY.

(5) WEIGHT OF PIPE IGNORED.

(6) FRICTION BETWEEN PIPE AND SOIL
IGNORED.

EQUATIONS OF MOTION

IFx = 0 (FROM ASSUMPTION 1 & 2)

F - N sin () - N tan rp' cos () = 0 (1)

IFy = Mway = MWax tan () (ASSUMPTION 3)

N cos e - N tan q,' sin (J = Mwax tan (J (2)

EXAMPLE CASE

SOIL PROPERTIES ASSUMED:

f= 30°, C = 0, Y= 115 pcf

Solving Equation 2 for N

N = Mwax

Solving Equation 1

F = Mwa x = wsa~

Ws = WEIGHT OF SOIL WEDGE (ABCD)
WITH a'x • FAULT RUPTURE ACCELERATION, IN g's

Figure 3 . Development of soil inertia
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ANALYSIS O~ GROUND MOTION SPECTRA

by

C. B. CrouseI and B. E. TurnerII

ABSTRACT

The purpose of this investigation was to study the character of the re
sponse spectra of earthquake ground motions recorded in the western United
States. Linear regression analyses of spectral ordinates with source-site
distance as the independent variable were performed on data sets limited to
small magnitude ranges, specific local soil conditions and component direc
tion. The results of the study indicate that higher frequency spectral dif
ferences for records having different local soil conditions may be partially
due to soil-structure interaction. The possibility of this coupling was sug
gested by Crouse (2), and studies of additional data lend support to this
hypothesis. Attenuation rates were also noted to generally decrease with
increased period for most data sets, and were generally greater for rock than
soil sites. The standard errors from these regression analyses were less
than those obtained by Trifunac and Anderson (14). The attenuation study
also indicated that the ratio of the vertical to horizontal spectra may be
independent of distance.

INTRODUCTION

The development of earthquake parameters or relationships for zonation
or design purposes is often based on simplifications of more detailed
studies of the characteristics of earthquake ground motion as represented by
response spectra. In making such simplifications, it is important that the
reasons for the differences in the computed spectra with variables such as
site conditions, earthquake magnitude and site-source distance are fully
understood.

The purpose of this investigation was to study the character of the
response spectra of earthquake ground motions recorded in the western United
States. In general the potential influence of earthquake magnitude, local
soil conditions, soil-structure interaction, source-site distance, and com
ponent direction on the response spectra were examined to various degrees.

The role of local soil conditions and the possible coupling of this
parameter with soil-structure interaction effects at higher frequencies were
further studied in detail. This topic was discussed in a previous paper
(2) and analysis of more data pertaining to the subject is presented herein.
The investigation of the other variables affecting the response spectra
examines to a large extent the attenuation of spectral ordinates, the scatter
of these ordinates and the limitations in the basic data.

The principle method of analyzing the data was by a linear regression
analysis of 2 percent damped spectral ordinates at selected periods in

I Project Engineer, Fugro, Inc., Long Beach, California
II Engineering Assistant, Fugro, Inc., Long Beach, California
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the range from 0.04 sec to 4.0 sec. The equation was of the form:

log YeT) = A(T) + B(T)logR(T) (1)

where T is the period, yeT) is the response spectral ordinate, R(T) is the
source-site distance, and A(T) and B(T) are coefficients determined from
the regression analysis.

The regression analyses were performed on data sets representative of
specific recording conditions. For purposes of this study this approach
was considered preferable to previously published methods of analysis
(e.g. 9, 14) which lump all the data together and perform the regression
analysis of all variables simultaneously. Regression analysis of this
latter type cannot distinguish, for example, possible differences in rates
of attenuation of ground motion for different local soil conditions, com
ponents or earthquake magnitude.

ANALYSIS OF RESPONSE SPECTRA

A total of 187 earthquake ground motion accelerograms recorded from
1933 through 1971 in the western U.S. have been systematically processed
(15) and the response spectra of these records are pUblished in Volume III
of the Caltech data reports (6). Of this total 150 records plus two addi
tional ones were selected for this study. The basic criteria for the selec
tion of records were: (1) the location of the fault rupture of the earth
quake was fairly wellknown so that a reasonable estimate of the source-site
distance could be made, (2) the magnitude of the earthquake was 5 or greater,
and (3) the source-site distance was greater than about 5 km. The distance
from the recording station to the inferred center of energy release was used
as the source-site distance. The center of energy release was generally
established by examining each earthquake and selecting the location of the
fault rupture that was believed to contribute significantly to the levels of
shaking at the recording station. For some of the smaller earthquakes whose
fault rupture dimensions are not known in detail but are presumably small,
the source-site distance was measured to the epicenter provided the location
of the epicenter was reasonably accurate. The recording stations were clas
sified into categories of rock, shallow soil and deep alluvium. More de
tailed descriptions of these categories as well as the references used to
classify the sites are found in reference (8).

The distribution of these 152 records according to a number of classi
fications are shown in Table 1. About three-fourths of the data are in the
magnitude 6-6.9 range and most of these records are from the 1971 San Fernando
earthquake. What little data exists for earthquakes in the magnitUde 7-7.9
range is mostly from the 1952 Kern County earthquake and at distances greater
than 40 km. With regard to local soil classification most of the data were
recorded on shallow soil or deep alluvium deposits. A relatively small
number of records were from rock sites. It is interesting to note that all
of the rock data were recorded in small structures whereas a large portion
of the alluvial records were from large structures. The posible consequences
of this distribution is further examined in the first subsection below.
Another significant point in Table 1 is that there were data from 23 earth
quakes in the magnitude 5-5.9 range whereas there were only 9 earthquakes in
the magnitude of 6-6.9 range. This large difference coupled with the fact
that most of the magnitude 6-6.9 data is from the San Fernando earthquake
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was thought to have a bearing on the scatter in the spectra for these two
magnitude ranges. More detail on this is presented in the second subsection.

(1) Local Soil Conditions and Soil-Structure Interaction

Recent statistical analyses of response spectra by a number of authors
(e.g. 8, 10, 13, 14) have shown differences in the level and shape of spectra
between rock and alluvial sites. In general differences are characterized by
higher spectral ordinates for rock sites at frequencies greater than about
5 cps, and higher ordinates for alluvial sites at lower frequencies. The
latter differences may be attributed to local site soil conditions, regional
geology or surface waves at the longer periods, and are not discussed further
in this paper. Rather, attention is focused on the high frequency differ
ences, which may be significant for the design of more rigid structures such
as nuclear power plants.

The effect of local soil conditions on response spectra and the possi
bility that soil-structure interaction may be contributing to the differences
in site-dependent spectra at high frequencies was discussed in a recent paper
by Crouse (2). Briefly, the argument postulated for the possible coupling
between the local soil conditions and soil-structure interaction was as
follows. For data sets in previous studies (e.g. 8, 10, 13, 14) it was
noted that most of the rock-site records were from small buildings or sheds;
Whereas, a significant amount of the alluvial records were from large multi
story buildings. Evidence from ground motions recorded at the Hollywood
Storage site in Los Angeles and at a site in Japan (16) suggests that large
buildings tend to filter higher frequency motions. Regression analyses of
spectral ordinates (8, 9, 14) have shown that the rock spectra are greater
than the alluvial spectra at high frequencies. A linear regression analysis
of rock and alluvial data sets in the magnitude 6-6.9 range was recently per
formed and site-dependent spectra were computed at a distance of 18 km (8).
Differences in the rock and alluvial spectra were approximately the same as
the spectral differences between the motions recorded in the free field and
the basement of a large building at the Hollywood Storage site during the
San Fernando earthquake at about the same distance. Therefore, the tentative
conclusion was that differences in site-dependent spectra at high frequen
cies previously attributed local soil conditions may be due in part to soil
structure interaction (2). This possibility is further explored below.

A linear regression analysis of spectral ordinates (Equation (1» was
performed on rock and deep alluvium data sets in the magnitude 6-6.9 range
(Table 1). From this analysis mean spectra were computed at a distance of
100 km (Fig. 1). As shown in this figure the rock spectra are about 50 per
cent greater than the deep alluvial spectra for periods between about 0.08
sec and 0.2 sec. Similar differences are seen in approximately this period
range for the response spectra of accelerograms recorded in the free field
and basement of the Hollywood Storage site during the 1952 Kern County
earthquake (Fig. 2). The distance from the earthquake source to this site
was on the order of 100 km. This similarity in the differences in the
spectra shown in Figures 1 and 2 supports the hypothesis advanced above that
soil-structure interaction may be causing part of the differences between
rock and alluvial spectra in this high frequency range.

Additional comparisons of site-dependent spectra were made by regres
sion analysis of deep alluvium records in the magnitUde 5-5.9 range using
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Equation (1). The mean and mean + one standard deviation levels were com
puted at the distances of the rock records in this magnitude range and
compared to those rock spectra (Fig. 4). The basic trends seen in this
figure were also noted by LADWP (8) for site-dependent spectra in the magni
tude 6-6.9 range at a distance of 18 km, i.e. the rock spectra are greater
than the alluvial spectra at high frequencies and the opposite trend is ob
served at long periods. Table 1 reveals that all of the rock records were
from small structures and over one-half of the deep alluvium records were
from large structures in the magnitude 5-5.9 range. Therefore, part of the
differences in the deep alluvial and rock spectra at high frequencies in
Figure 4 could be due to soil-structure interaction.

Further analyses were performed to obtain an indication of how much in
fluence the soil-structure interaction phenomena might have on the results
of regression analyses discussed above. The deep alluvium data (Table 1)
in the magnitude 6-6.9 range were separated into two data sets, one for small
structures (17 records) and another for large structures (40 records). Re
gression analyses were run on these two data sets and mean spectra were com
puted at a distance of 25 km. The results, shown in Figure 3, indicate that
the response spectra for the small structures are up to 50 percent greater
than the spectra for the large structures at high frequencies. These differ
ences are not as great as the differences of 100 percent and greater between
the basement and free-field response spectra from the Hollywood Storage site
for the San Fernando earthquake at about the same distance. This may be due
to the fact that the differences in the sizes of the structures in the two
categories are not as great as the size differential between the Hollywood
Storage building and the small shed nearby which housed the "free-field"
instrument. Most of the accelerograms from the rock sites were recorded in
structures that were generally of the size of the shed at the Hollywood
Storage site.

Exactly how much soil-structure interaction has biased site-dependent
spectral estimates at high frequencies probably cannot be quantified with
the available data. However, there is reasonable evidence to suggest that
this coupling is present.

(2) Attenuation of Response Spectra

This subsection examines the distribution of response spectral ordinates
(pseudovelocities at 2 percent damping) with respect to distance for differ
ent soil conditions, magnitude ranges and component direction. Quantitative
estimates of attenuation rates and scatter in the data were derived from
simple regression analyses (equation (1» applied to data sets with a suf
ficient amount of data that were fairly uniformly distributed over large dis
tance ranges. These analyses were performed for the shallow soil and deep
alluvium data in the magnitude 5-5.9 and 6-6.9 ranges and rock data in the
magnitude 6-6.9 range. The data in other categories in Table 1 were thought
to be too limited for meaningful regression analysis.

The data in Table 1 can be visually examined in Figures 5 and 6, which
show the effects of local soil conditions and magnitude, respectively, for
three periods. Each period (T) intends to represent the low, intermediate,
and high periods. Basic trends in the data at these periods are generally
similar to trends at other periods close to these three. Figure 5 shows that
the rock data are generally greater than the alluvial data at T:0.08 sec and
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that this trend reverses for T:3.0 sec. The differences between the shallow
soil and the deep alluvium data do not appear to be as great for all three
periods. Some of the differences between the rock and alluvial data at
T:0.08 sec may be due to soil-structure interaction as discussed in the last
subsection.

The data in Figure 5 along with the additional data in the magnitude
7-7.9 range were plotted in Figure 6 to show the effects of earthquake mag
nitude. In general the differences in the data with respect to magnitude
become greater as the period increases. This phenomenon has been observed
by McGuire (9) and Trifunac and Anderson (14) as a result of their simultan
eous regression analyses mentioned earlier. It is probably due to the general
increase in duration of ground motion with magnitude as a result of the
general increase in the source dimensions (e.g. 14) and the ability of bigger
magnitude events to generate large surface waves. The extent of the magni
tude differences at T:0.8 sec are reasonable and reflect the definition of
the local Richter magnitude, which is basically a number linearly related to
the logarithm of a relative displacement spectral ordinate at the same period
and damping of about 80 percent (7, 12).

Differences in the deep alluvium data between the magnitude 6-6.9 and
7-7.9 ranges are more obvious (Fig. 6) at a period of T:0.8 sec than at
T:3.0 sec. This observation may be partly due to limitations of the data
base since most of the data in the magnitude 6-6.9 range are from the San
Fernando earthquake. The deep alluvium spectra from this earthquake were
amplified in the period range from about 3 to 5 sec and this was believed
to be caused by surface waves propagating through the Los Angeles basin (5).

There do not appear to be any obvious differences in the effects of
magnitude as a function of soil conditions from a visual examination of
Figure 6. Comparable differences between the levels of the spectra exist
for the magnitude 5-5.9 and 6-6.9 ranges independent of the soil classifica
tion. The lack of rock data precludes a generalization of this observation.

A quantitative measure of the attenuation rates and scatter in the data
was obtained by the regression analyses discussed in the introduction of
this subsection. Equation (1) was considered appropriate for the regression
analyses based on the linear trends of the data with distance as indicated
in Figures 5 and 6. The coefficients B(T) and the standard errors, which
indicate the attenuation and scatter, respectively, are shown in Figure 7.
With the two exceptions of the magnitude 5-5.9 deep alluvium and magnitude
6-6.9 rock data sets, the rates of attenuation generally decrease with in
creasing period. This type of frequency-dependent attenuation has been
observed by Berrill (1) and McGuire (9) for Fourier Amplitude Spectra but
not by Trifunac and Anderson (14) to any significant extent for response
spectra. The two exceptions to this trend noted in Figure 7 may be the re
sult of a small amount data confined to relatively narrow distance ranges
rather than representing a real phenomenon.

The rates of attenuation generally decrease in going from rock to
shallow soil to deep alluvium for all periods. For the low periods in the
magnitude 6-6.9 range some of the differences between the rock and alluvium
attenuation may be due to the effects of soil-structure interaction discussed
earlier. It was noted that high frequency filtering due to soil-structure
interaction appeared to be more pronounced at the shorter distances. This



1122

would tend to lower the rate of attenuation for the alluvial data at the low
periods since most of the alluvial sites were from large bUildings that could
permit filtering at these periods.

The attenuation is less for the alluvial data in the magnitude 5-5.9
range than for the corresponding soil data in the magnitude 6-6.9 range
(Fig. 7). There is no known physical reason for this phenomena although it
may be related to possible increases in the strain-dependent material damping
of the soil with increasing amplitudes of ground motion from larger magnitude
events. The possible significance of this trend is certainly obscured by the
limitations of the data bases.

The standard errors from the regression analysis (Fig. 7) show no major
differences with respect to soil classification, but they are higher for the
magnitude 5-5.9 data than the magnitude 6-6.9 data. This latter point is
likely the result of two characteristics of the data in these magnitude
ranges: (1) the magnitude 6-6.9 data is predominately from the San Fernando
earthquake whereas the magnitude 5-5.9 data comes from many earthquakes, and
(2) the magnitude of earthquakes in the 5-5.9 range cover a wider range of
values. Therefore, the scatter in the magnitude 6-6.9 data is essentially
due to the San Fernando earthquake and part of the scatter in the magnitude
5-5.9 data may be due to magnitude. The standard error of' about 0.2 for the
magnitude 6-6.9 data is virtually the same as the standard deviations re
ported by Donovan (4) for peak acceleration data from the San Fernando earth
quake.

In the magnitude 6-6.9 range the attenuation and scatter of the data
of the vertical and horizontal components (Fig. 7) are generally similar.
A comparison of the attenuation rates of the vertical and horizontal data in
this magnitude range is shown in Figure 8 for the three soil classifications.
The attenuation rates for these components are quite similar for the alluvial
data but differ by up to about 40 percent for the rock data. These differ
ences for the rock data probably are due to the limited number (15 records)
of vertical spectral ordinates in this data set. The fact that the vertical
and horizontal attenuation rates are similar for the alluvial data suggests
that the ratio of vertical and horizontal spectra on the average are in
dependent of distance. The value of this ratio and its possible variation
with period has not been investigated in this study, but results have been
reported by others (e.g. 11, 14) using broader, less restrictive data sets.

SUMMARY AND CONCLUSIONS

Further evidence is presented in this paper to substantiate the coupl
ing between the soil-structure interaction and local soil conditions at high
frequencies suggested previously. High frequency filtering of seismic waves
by the foundations of large bUildings seems responsible for some of the dif
ferences in site-dependent spectra previously attributed to local soil
conditions. This conclusion is supported in this paper and in a previous
study (2) by comparisons of the Hollywood Storage free-field and basement
spectra from the 1952 Kern County and 1971 San Fernando earthquakes with
rock and deep alluvium spectra derived from regression analyses at similar
source-site distances. The differences in the two groups of spectra were
similar at high frequencies; i.e., the rock spectra were greater than the
alluvial spectra by about the same amount that the free-field spectra were
greater than the basement spectra. Since, in the regression analysis, most
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of the alluvial data were from large buildings and the rock data were from
small buildings or sheds, the differences in tnese site-dependent spectra
may be partly due to soil-structure interaction. A similar conclusion was
reached when comparisons were made between rock spectra and deep alluvial
spectra from regression analyses of data in the magnitude 5-5.9 range.
Another indication of how much influence large buildings have in affecting
response spectra levels at high frequencies was seen in Figure 3. Spectra
from two sets of magnitude 6-6.9 records, those obtained in small and large
structures, were predicted by regression analyses. The small-structure
spectra were greater than the large-structure spectra by up to 50 percent for
high frequencies. It was noted, however, that many of structures classified
as small were larger than most of the instrumented structures at the rock
sites which could be considered more representative of free-field conditions.
Had the small structures been the size of the structures on rock, the
spectral differences in Figure 3 at high frequencies might have been greater.

The study suggests that any empirical method to determine free-field,
site-dependent spectra using western U.S. strong motion data should consider
the possible effects of soil-structure interaction at high frequencies.
Selection of records from large buildings should be kept to a minimum or at
least recognized in setting the level of the spectra for design or analysis
purposes. The elimination of these data altogether is not recommended as
it would severely limit the amount of available data.

Table 1 revealed other limitations in the western U.S. data besides the
problems with the majority of the data coming from large buildings, and some
of these were mentioned in the introduction. Because of these limitations
the attenuation studies by the method of regression analyses were conducted
only for a few of the data sets in Table 1, and as a result many generalized
conclusions could not be made.

The decrease in rates of attenuation with increasing period was not
observed for all data sets. However, the exceptions had the least amount
of data and, therefore, the results for them may not be particularly signif
icant. Part of the differences in attenuation rates for high frequencies
between the rock and alluvial data in the magnitude 6-6.9 range again may be
due to soil-structure interaction.

The attenuation rates for the vertical and horizontal components of
the magnitude 6-6.9 alluvial data were similar indicating that on the aver
age the ratio of vertical to horizontal spectra are independent of distance.
There is some reservation in generalizing this conclusion since most of
these alluvial data were from the San Fernando earthquake.

The standard errors from the regression analyses of the data were
generally less than those from mUltiple regression analyses performed simul
taneously on a number of independent variables such as magnitude, distance,
and soil-conditions (e.g. 14). This difference could have significant im
pact on the determination of site-dependent spectra if confidence levels
other than the mean are chosen for the design spectral level.

Finally, it is recommended that the data base for regression analyses
and other empirical procedures used to determine design spectra for impor
tant structures should be examined closely for any possible biases or limi
tations such as those discussed in this paper.
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