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INTRODUCTORY STATEMENT

The Second International Conference on Microzonation for Safer
Construction—Research and Application has succeeded in bringing
together representatives from diverse fields of interest, such as
geology, seismology, eng:neering, sociology, economics, planning,
architecture, insurance, and government, to summarize the state of
knowledge in the zoning of areas for earthquake effects and to
identify future research needs in seismic microzonation. This broadly
based participation reflects the general notion that real and enduring
solutions to the social and economic problems resulting from
earthquakes can best be achieved through genuine interdisciplinary
cooperative effort among scientists who are involved in the discovery
and expansion of knowledge, engineers who are engaged in the
application of scientific principles to improve the performance of
manmade structures during earthquakes, and public officials who are
responsible forimplementing and enforcing land-use planning and
building code requirements.

These three volumes of Conference Proceedings include between
their covers an impressive number of high-quality technical papers
by authors from different countries. On behalf of the Organizing
Committee, | take this opportunity to express our most sincere
thanks and appreciation to these authors for devoting much time and
effort to the preparation cf these papers.

Mehmet A. Sherif
Conference Chairman

San Francisco U.S.A.
November 1978
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SEISMICITY AND GLOBAL TECTONICS AS A FRAMEWORK FOR MICROZONATION
by
. . I
Carl Kisslinger
ABSTRACT

Improved seismographs, widely deployed, combined with good computational
facilities and better methods for treating complex velocity structure,
have led to more nearly complete detection and more accurate location of
earthquakes. Seismic zones, especially at active oceanic plate margins are
clearly defined. Seismicity along plate boundaries within continents is
more diffuse and the boundaries are not clearly delineated. Tectogenesis
in plate interiors is a major, unresolved problem. Regional seismograph
networks are contributing important detailed information concerning con-
centrations of activity, including delineation of linear trends where faults
are not readily mappable.

Accurate hypocenter locations have led to the development of the
seismic gap concept. The identification of gaps with high potential for a
large earthquake is an important contribution to hazards assessment. The
determination of the stress levels along seismic belts, especially within
gaps, can help in the evaluation of the seismogenic potential of a particular
place. New techniques based on interpretation of the spectral properties of
the seismic signals offer a feasible approach to stress determination.
Changes in temporal and spatial patterns of seismic activity may be useful
as precursors of impending large earthquakes.

INTRODUCTION

The past decade has been remarkably productive in the increase of
knowledge of what an earthquake is, where earthquakes occur, why they occur
where they do, and, perhaps equally important, the definition of unresolved
problems of global seismicity and tectonics that will require our best
research efforts for their solution. However, the gap between improved know-
ledge of the general, world-wide distribution of earthquakes in time and
space and the estimation of the seismic hazard during some specified time
interval at a particular site remains great. This conference is devoted
to the latter subject. I shall try in this paper to evaluate some contributions
which progress in global scale research provide to an improved framework
within which microzonation can be accomplished.

I assume a general familiarity with the broad pattern of global
seismicity: the existence of well-defined belts of high seismic activity,
the existence of diffuse and poorly defined zones of intracontinental

I Professor of Geological Sciences and Director, Cooperative Institute
for Research in Environmental Sciences, University of Colorado,
Boulder, Colorado.



earthquakes, and the nature of long-time average earthquake recurrence as
a function of magnitude. I also assume basic familiarity with the tenets
of plate tectonics theory, on which current attempts to explain seismicity
are based.

IMPROVED ACCURACY OF HYPOCENTER LOCATIONS

Knowledge of where earthquakes occur is fundamental to the problem
of estimating seismic hazards. Significant improvement in definition of
the details of the geographic distribution of earthquakes has been achieved
during the past two decades as a result of the wide deployment of better
instruments, the availability of facilities for processing large amounts of
high quality data and research leading to practical techniques for handling
the effects of complicated earth structure on travel-times.

Much of the improvement in world-wide coverage resulted from the in-
stallation of the World-Wide Network of Standardized Seismographs (WWNSS)
by the United States in the early 1960's, and comparable standardized networks
within a few large countries, especially Canada and the Soviet Union. There
has been little support for major improvements in WWNSS until very recently. A
program of upgrading selected stations of WWNSS, by changing some sites,
borehole installation of some seismometers and the addition of digital recording,
is now being carried out with funding from the Defense Advanced Research
Projects Agency.

The most significant improvements in both detection capability and
location accuracy has come from the installation of relatively dense regional
networks in a few selected places of special interest for seismological
research. The support for these networks has come mostly from the Earthquake
Hazards Reduction Program of the U.S. Geological Survey. Portions of the
following important seismic areas in the United States are now covered by
such networks: Alaska and the Aleutian Islands, the State of Washington,
central and southern California, Utah, the New Madrid seismic zone, New York
State, and the Charleston, S.C. area. A network in the Caribbean is monitoring
parts of that seismic region under the U.S.G.S. program.

The claimed improvement in location accuracy refers principally to
relative locations of events with reference to other nearby events. Various
methods for correcting for the effects of complex structure in the source
region have been developed. Nevertheless, systematic biases in locations
of sets of events may still be present in the solution, so that the absolute
locations, referred to a geographical reference, may still be in error by
substantial amounts.

Detection thresholds and location accuracy depend strongly on the
position of the event relative to the distribution of seismograph statiomns.
At present, even in the worst case, it is likely that any event bigger than
m, 5 will be detected at enough stations to permit a location to be calculated
and the event will appear in some catalogue, even if not in the comprehensive
summaries of the National Earthquake Information Service and the International
Seismological Center. The threshold is much lower for routine monitoring



of events in places like Europe, Japan and North America, which are covered
much more adequately than, say, the Indian Ocean. Regional networks, which
are often installed for specific research purposes for a limited time, push
the limit for nearby earthquakes down to very small events, the cut-off
depending on local noise conditions. Typical uncertainties in good tele-
seismic locations are given as 10 km or less in geographical -position and
somewhat greater in dpeth. Systematic bias may cause errors in even these
good locations of 25 km or more. Events within good regional networks can
be located with uncertainties less than 2 km if good velocity information
is available.

Large numbers of reliably located events define the active seismic
zones of the world in considerable detail. 1In many places, especially at
active margins of oceanic plates, narrow bands of epicenters can be associated
with major geological or topographic features, marking the zones of divergent,
convergent or transcurrent plate motions. Convergent plate boundaries within
continents are often not well defined by either the distribution of epicenters,
which may be diffuse, or geologically. Tectonic relations that appear to
be simple under the oceans, or that can be unravelled as a combination of
simple elements, may be almost undecipherable within continets.

Tectogenesis, including earthquakes, within plate interiors is not
understood and remains one of the challenges to students of large scale
tectonic processes. Earthquake activity at passive continental margins,
such as the east coast of North America, and in continental interiors,
such as the seismic zones of the midcontinent of the United States, has not
been explained in terms of a unifying theory. Those who attempt rational,
quantitative hazard assessment know the difficulties that arise from our
inability to associate intraplate earthquakes with distinct structural
systems or individual structures. It appears likely that intraplate earth-
quakes are manifestations of a variety of processes, and even the definition
of "intraplate earthquake" is fuzzy. The earthquakes in the interior of
China, for example, seem to be related to continental-scale tectonics
in a different way than those near New Madrid, Missouri.

Regional networks contribute important information about the details
of the hypocentral distributions within broader seismic zones. The re-
sulting detailed patterns are useful both for associating the earthquakes
with regional geological structures and processes and for detecting changes
in patterns of occurrence that may be premonitory of future large events.
The data are especially valuable where the faults are not easily mapped.

An excellent example is the result for the New Madrid region obtained by
Stauder et al. (1976). Although some features of the distribution began

to emerge from observations with a small network in the 1960's, it was

not until the 16 station network was available that fine detail, Figure 1,
showing linear active zones presumably corresponding to faults, could be
seen. Results for the central Aleutian Islands (Engdahl, 1977; Engdahl and
Scholz, 1977), Figure 2, further illustrate the importance of carefully
controlled locations in clarifying the details of regional tectonics. A
double seismic zone within the descending lithospheric slab is interpreted
by Engdahl and Scholz as due to stresses caused by the unbending of the plate
at depth.



The redetermination of the locations of old earthquakes can be important
for hazard assessment. 0l1d instrumental data can be reworked using better
velocity information, but the fundamental limitations of sparse data of
questionable quality (especially timing) cannot be easily overcome. An
example is the work of Gawthrop (1978) on the M7.3 Lompoc, California earth-
quake of November 4, 1927, His conclusions, based on a recalculation of the
epicenter from P-wave arrivals at 80 stations and all of the macroseismic
and geological data he could find, is that the earthquake occurred much
closer to the coastline than Byerly's original solution and is probably
associated with an active fault just off-shore. Events for which only
macroseismic, descriptive information in historical docurents is available
are even more problematic, though workers in countries such as China and
Japan have extracted a great deal of information from such records and
have produced seismicity maps on this basis. A systematic program of
relocation of old U.S. earthquakes, incorporating research on the techniques
to derive the maximum amount of reliable information from whatever data are
available, is to be encouraged.

SEISMIC GAPS

As our ability to locate earthquakes with better accuracy has increased,
the details of the distribution of events have become more meaningful. Only
when we are confident that the epicenters on our maps are close to the correct
positions, can we proceed to assign significance to observations of currently
active and long-inactive segments of seismic belts. Thus, the notion of a
seismic gap has emerged as a useful indicator of the possible site on a
plate boundary of a great earthquake within the relatively near future.

We so far restrict the application of the gap concept to plate boundaries
because we think we are justified in expecting continuity of relative motion
of adjacent material along these features. When a portion of an othérwise
continuous belt of earthquakes has been quiet for a long time, we are led

to ask if strain is accumulating at that place, preparatory to a great
earthquake, or whether the relative motion of the adjoining plates is either
locally accommodated by aseismic movements or interferred with by some other
process.

The significance of the seismic gap as a means of predicting the location
and magnitude of future large events was first recognized and successfully
applied by Fedotov, for the Kuril Islands - Kamchatka seismic zone (Fedotov,
1965; Fedotov, et al., 1970). Mogi contributed important ideas concerning
the migration of large earthquakes along seismic belts (e.g., Mogi, 1968).
Kelleher and Sykes, in a series of papers (Kelleher, 1970; Kelleher et al.,
1973; Sykes, 1971) suggested criteria for identifying a gap and roughly
estimating its seismogenic potential and proceeded to map plate-boundary
segments that they thought met these criteria. An excellent review of the
history of the gap concept and a systematic description of some current
gaps is provided by McCann, et al. (1978).

The validity of the gap concept depends on the observation that sections
of plate boundaries break as units at the time of great earthquakes and the
sources of adjacent earthquakes abut each other without much overlap. The



evidence for this behavior is primarily the distribution of the aftershocks
of the big earthquakes. The data for Alaska and the Aleutian Islands,
Figure 3, (Engdahl, personal communication) illustrates the point. Because
we depend on the aftershock locations to define the source dimensions of the
strong earthquakes, the accuracy of these locations becomes important in
determining whether or not a gap exists. Especially for older earthquakes,
for which magnitude 4-5 aftershocks may be mislocated by 50 km or more,
caution in deciding whether a gap exists is required.

Because the identification of a gap depends on recognition of a prolonged
interval without a large earthquake, we are faced with the question of the
expected variability of activity within an active region. Departures from
average rates of occurrence, either intervals with few events or with many,
are expected in a randomly distributed time series. Only if the data base
is sufficiently long to permit the determination of the statistics of the
series with reasonable confidence can decisions be made as to whether
intervals with few or large numbers of events are significant departures
from expected behavior (cf, e.g., Garza and Lomnitz, 1978). For much of
the world, the length of the period of observation is very short for descrip-
tion of a geological process. Where historical records covering a number of
centuries are available, clustering of activity is seen, e.g., Figure 4
for north China (Qiu Qun, 1976). For this intracontinental setting, obser-
vations covering only 100 years or so could give a very misleading impression
of the long-time average rate of big earthquakes.

Gaps are defined in terms of large events, with source dimemsions that
fill the gap. The relation of smaller earthquakes that may occur frequently
even within a gap to the occasional big one is not understood. For example,
within the portion of the Aleutian arc covered by our regional network,
there is a place that was the site of a M7.1 event in 1971, with a few
moderate sized aftershocks (La Forge, 1977). This place has not been the
location of any event large enough to be located from teleseismic data
(greater than body-wave magnitude 4) since that time. Nevertheless, the
distribution of smaller events, located with the data from the regional
network, shows no break at this place. Is this a gap within which strain
is accumulating for another large event? The whole region lies within the
long segment broken by the great 1957, M8.2 earthquake (Figure 3) and it
seems early to expect another very strong event. But the data suggest
that there are shorter gaps related to fairly strong earthquakes within the
large gaps.

Plate tectonics provides a rationale for estimating the recurrence
time for great earthquakes on plate boundaries. Rikitake (1974, 1975, 1976)
has estimated recurrence times for selected subduction zones on the assumption
that great earthquakes occur when some critical strain value is exceeded,
that they relieve all of the accumulated strain and that strain accumulates
at a constant rate determined by the velocity of the relative motion of the
plates at the boundary. Of course, we do not know that plate motions are
continuous with a constant velocity, even though the velocities appear to be
quite constant when averaged over millions of years. Uncertainties in the
critical strain value and the rate of strain accumulation appear in the



result of Rikitake's analysis as uncertainties in the recurrence time.
These, in turn, can be restated as the probability at any time since the
last great earthquake that another one as large will occur. One then has

to make a judgment as to how large this probability must be before a
significant enhancement of the local seismic hazard is announced. As an
example, Rikitake (1975) concludes that the probability of recurrence in the
region of the 1923 Kanto earthquake will not reach 0.8 until about 2020 A.D.
For the most active subduction zones around the Pacific, Rikitake (1976)
derives a range of recurrence intervals from 27 + 9 years for the Aleutian-
Alaska zone to 170 + 69 years for the Nankai-Tokai region, off southern
Honshu.

Estimates of recurrence times based on relative plate motions assume
that all or most of the relative motion eventually appears as slip during
great earthquakes. Some appreciable part of this motion may take place as
aseismic creep in parts of the seismic zone. The evaluation of the earthquake
generating potential of a gap in which no great earthquake has occurred in
history depends critically on whether normal plate boundary motions are
interferred with (Kelleher and McCann, 1977) or creep is in progress. Although
creep is measured along major faults within continents, no good way of
estimating creep in ocean-covered subduction zones has been worked out.
The exception to this is the estimation of slow post-seismic displacements
on an active fault from time-dependent level changes on adjacent land areas,
but this is a separate problem. If creep can occur over very long times
along limited portions of a subduction zone, the mechanical properties of
the materials in this segment must be different from those in the adjacent,
seismic sectors. We are then led to ask if the mechanical properties them-
selves are time-dependent, so that a creeping segment may 'lock" eventually,
or a seismogenic part go into a creeping mode for a long time.

One direct approach to the evaluation of the earthquake potential or
state of readiness of a gap is available in principle through measurements
of local stress as a function of time. If stress is increasing, so is
strain, and a place at which the stress is high must be considered as a
possible earthquake site. Direct measurements of stress in the crust are
few and none have been made at the depths at which most hypocenters occur.
We do have indirect methods of estimating stress, from the properties of the
waves generated by the earthquakes. Conventional focal mechanism solutions
yield the orientation of the principal stress axes, subject to assumptions
about the relation between the orientation of the present stress field and
pre—-existing fault surfaces on which the earthquakes occur. Determination
of the magnitudes of the stress components is more difficult, but we can
get some estimates from the spectra of the earthquake signals. A typical
spectrum is shown schematically in Figure 5 (Brune, 1970). It is charac-
terized by a low-frequency level, a corner frequency, and a high-frequency
fall-off of £ 2 for f °. The corner frequency is inversely proportional
to the length of the slip zone and is roughly the frequency at which the
wavelength is the same as the fault dimensions. The low-frequency level
is proportional to the seismic moment and, thus, depends on the area over
which slip occurs and the average amount of slip that takes place. By
application of theoretical models of the source, these geometrical para-



meters can be interpreted in terms of the change in shear stress that

occurs across the fault during the earthquake. The change in shear stress

is not necessarily equal to the total shear stress acting before the event,
though it is probably close to it for very large earthquakes. An earth-
quake with a large magnitude can be generated by a low average stress drop
across a large area of slip or a high stress drop on a smaller area.
Observations of the spectral characteristics of moderate background earth-
quakes within a seismic zone can give an idea of the size of the shear stress
in the zone.

One practical approach to applying this principle is to compare the
surface-wave and body-wave magnitudes of an earthquake. The surface-wave
magnitude is measured by wave amplitudes at frequencies near 0.05 Hz; body-
wave magnitude at around 1 Hz. For many earthquakes (fault lengths between
roughly 5 to 50 km) the corner frequency falls between these two values.

As illustrated in Figure 5, if two earthquakes have the same surface wave
magnitude (same signal amplitude at 0.05 Hz), but the radius of the slip

area for one is half that for the other, the stress drop, from the source
theory of Brune (1970) for the geometrically smaller event is about 8 times
that of the other and the body wave magnitude about 0.6 greater. This
illustrates in a simplified way that the difference between M_ and is a
function of the stress drop during the earthquake and can be dsed to determine
the stress drop once a fault geometry, depth and theoretical source model

have been adopted.

C. Archambeau (1978) has used his relaxation source theory to calculate

theoretical curves of M_ vs. m_for a variety of kinds of faulting, over a
s . . .

range of crustal depths. An example of one set of his theoretical curves is
shown in Figure 6. He has used such curves to derive stress drops for a
large number of earthquakes and presents the results as contour maps of stress.
A closed contour of high stress marks a place with a high potential for a
strong earthquake. One such place is offshore of the Alaskan peninsula,
at about 160°W longitude, a location previously and independently identified
as a gap by Kelleher et al. (1973). Another high stress area is close to the
source of a M7.5 earthquake off the cost of northeast Honshu on June 12, 1978,
Figure 7. This map is for events 33-40 km deep. The earthquake was at about
40 km. The epicenter map, Figure 8, was compiled by the Japan Meteorological
Agency for the period 599-1975. The June 12 earthquake occurred close to
the mapped positions of events in 1936 and 1937, on the southern edge of an
area that has not experienced a large earthquake for over 60 years. A similar
impression is gained from the map of seismic energy release for 1926-1974,
Figure 9, also prepared by JMA. The numbers plotted are the log 0 of the
energy released at each point, calculated from a standard empirical equation
relating magnitude and energy. 23 corresponds to M7.5, 22 to M6.8, 20 to
M5.5, etc. The aftershock regions of the larger earthquakes are outlined.
The JMA and NEIS locations for the June 12 earthquake disagree somewhat, but
it occurred either at the mapped position of the 1933 M7.3 event or an event
in 1937 of about the same size. Of course, the locations of these old
earthquakes are even less certain than those of recent events.

Thus, the June 12 event occurred in a place that was a gap, with no
strong earthquake for at least 40 years, and a region of high shear stress.
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A considerable gap still exists to the north of this place and it will be
interesting to see if a sequence of M7.5 events, similar to the 1938 sequence
to the south, or a single larger event occurs in this gap.

SEISMICITY PATTERNS AS EARTHQUAKE PRECURSORS

Seismicity information is the foundation of conventional analysis of
expected locations and frequencies of occurrence of future earthquakes, in
some long-term average sense. Recent research shows, in addition, that
characteristic patterns of occurrence of small and moderate earthquakes
may be valid indicators of the approach of a large event. Of course, the
preceding discussion of gaps focussed on the idea that the prolonged absence
of a large event at a place known to be active in the past is an indication
that strain energy to be released in the next big earthquake is accumulating.
However, the determination that a large event is imminent, with an estimate
of the time of occurrence, is a problem in earthquake prediction. Although a
review of prediction is outside of the scope of this paper, some comments
on the ways in which seismicity patterns seem to foreshadow large earthquakes
in some cases are in order. Typical of the research on pre-shock seismicity
is that reported by Sekiya (1977), Ishida and Kanamori (1977), Wyss, EE.EL'-
(1978), Caputo, et al. (1978), and our group working on Aleutian Islands'
earthquakes (Price, et al., 1978).

All of these studies have revealed the occurrence of a surge, or swarm
of activity in the neighborhood (distances allowed by different investigators
are highly variable) of the epicenter of the future major event, at a
relatively long time, several months to years, beforehand. Foreshocks in
the conventional sense, i.e., events near the main event preceding it
by a few minutes to a few weeks, may also occur, but these precursory swarms
are a distinct phenomenon. 1In all cases the pre-shock surge is limited in
time duration and spatial extent. Some investigators have noted an alignment
or migration of preshocks. A period of very low activity follows the swarm
in some cases, but not all.

The problem of precursory swarms is made up of several parts: the
identification of a group of earthquakes as a swarm, the decision that
the swarm is precursor to a larger event, and the determination of the time
of occurrence of the main shock. The first part of the problem is the only
one for which useful approaches have been developed so far. A swarm can
be defined on the basis of a number of events in excess of some measure
of the normal rate of occurrence, during some limited interval of time,
confined within a small area. Keilis-Borok and Wyss have set up formal
rules for defining a group of earthquakes to be a swarm.

Figure 10 shows pre-shock data associated with a M6.5 event near Adak
Island, November 4, 1977. The number of events during each month since the
local network was placed in operation that occurred within 5 km and 10 km
of the main shock is plotted, along with the running mean values for these
same distances. Only once did the number of events within 5 km exceed the
24 month mean by more than two standard deviations, during mid-November
1976 to mid-January 1977. A period of quiescence occurred from November
1975 to May 1976. We consider this to be a precursory swarm associated with
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the November 4 event. In this case the activity remained at a fairly high
level after the swarm.

The same information is shown in another format in Figure 11, a time-
distance plot out to 10 km from the main shock epicenter. We see in this
figure that the activity began to build up some 5 to 6 km away from the
epicenter and then migrated toward it to form the November-to-January swarm.

We have not yet identified any properties of these swarm earthquakes
that distinguish them from all of the other small events in this seismic
zone. In general, no one has suggested a technique for identifying a swarm
as a precursor. Various characteristics of the individual events, such as
orientation of the focal mechanisms and spectral properties are being examined
in the search for some unique, discriminatory features. Without a reliable
means of separating precursory swarms from other swarms, false alarms will
occur.

Although retrospective studies suggest a regular relation between
the length of time between the swarm and the main shock and the magnitude
of the main shock (Sekiya, 1977), we have no approach to projecting the time
to the main shocks, or equivalently the expected magnitude, at the time the
swarm occurs. This is a critical question for prediction. It seems that
some kinds of independent information, for example, the size of the region
in which large strains have accumulated, will be required for a solution.

Foreshocks in the usual sense, i.e., events clustered close to the main
shock hypocenter and occurring shortly before, are an important aid to short-
term prediction where they occur. Jones and Molnar (1976) found by analysis
of the NOAA hypocenter file that 44 percent of large shallow earthquakes,
magnitude 7 or greater, between 1950 and 1973 had foreshocks strong enough
to be recorded teleseismically. They defined a foreshock as an event within
100 km and 40 days of the main event. We are again faced with identifying
foreshocks as such as they occur. In some cases (e.g., Engdahl and Kisslinger,
1977), the foreshocks have distinct focal mechanisms.

SUMMARY AND CONCLUSIONS

Modern observational facilities enable us to acquire very detailed
information about the distribution of earthquakes, as well as some of their
important physical properties. The delineation of active structures can be
done more accurately than in the past with the use of local networks, a
capability that is especially important in places where faults are not readily
recognized or easily accessible to direct observation. With epicentral dis-
tributions known well, we can investigate and assign significance to particular
patterns and features, especially seismic gaps. The gap concept is useful
in identifying possible sites for large earthquakes in the near fugure, but
each gap must be evaluated in terms of basic tectonics to determine whether
it is seismogenic. The distribution of stress in the crust is a key factor
in the assessment of the likelihood of occurrence of earthquakes, not only
in gaps, but in any seismic zone. We presently have poor knowledge of this
parameter. Finally, temporal and spatial patterns of background seismicity seem
to be useful as precursors of future large earthquakes.
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Figure 1. Epicenters of all earthquakes located in the St. Louis University

network in region around New Madrid, Mo., during 1 July 1974-
31 March 1976 (from Stauder, et al., 1976).
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Figure 2. Vertical section perpendicular to central Aleutian arc, showing
the double-layered Benioff zone. The arrows indicate down-dip
compression or tensions (from Engdahl and Scholz, 1977).
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ABSTRACT

The paper presents a summary of the status of strong-motion
instrumental networks and records in the United States followed by
a discussion of some recent results in strong-motion seismology that
are believed to be of interest to the conference. The results selected
for presentation are the seismological modeling of seismic sources using
strong-motion records, with application to the Borrego Mountain earth-
quake of 1968, the Brawley earthquake of 1976, and the San Fernando
earthquake of 1971; the relation between the spectral descriptions of
strong motion used in engineering and seismology; and the use of
strong-motion instruments to determine Local !lagnitude, ML.
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INTRODUCTION

In preparing this paper it was necessary to select a few topics for
emphasis rather than attempt to cover the entire field. The subject
has grown over the years until it would take a sizeable volume to
present accurately the state-of-the-art, even with a narrow definition
of strong-motion seismology that includes only the measurement and
interpretation of strong ground-motion during earthquakes, and excludes
the measured response of structures. Consequently, we have selected a
few topics with which we are familiar and which we believe to be
appropriate to the interests of this conference. The reader is referred
to the literature for subjects not addressed here, such as details of the
instrumentation (7, 18) and techniques for the processing of strong-
motion data (20, 32), as well as details of some of the observed and
calculated effects of local conditions upon the ground motion which are
the subject of other papers in these volumes.

INSTRUMENTS AND NETWORKS

Strong-Motion Instruments

The basic strong-motion instrument is the accelerograph which,
in its most common form, generates a film record of three mutually
perpendicular components of acceleration: vertical and two horizontal.
Samples of accelerograms are shown in Figures 1 and 2. The instruments
also record an internally generated time signal and reference traces.
The sensitivity is commonly *1lg, and the instrument is self-triggering.
The basic transducer typically has a natural frequency near 25 hz and
damping is of the order of 60 percent of critical. These are nominal
properties of common instruments such as shown in Figure 3, and the
reader is referred to the literature (e.g., 7) for properties of
specific accelerographs. Although the basic instrument is the three-
component accelerograph, there are a number of important variations that
are becoming increasingly important in strong-motion seismology. One
such instrument is the central recording accelerograph, which allows up
to 12 channels of data to be recorded on a single, 7-inch film strip.
This instrument is particularly useful for installation in structures
and in arrays, where the small size of the transducers, which are separate
from the recording mechanism, is an advantage. Another important
development is the digital~recording accelerograph which has obvious
advantages for data processing. Some instruments of this type have been
installed in the field, but not enough experience has been accumulated
so far to place them in a category of reliability comparable to the
film-recording systems. Another modification, of particular interest to
seismology, is the addition of a timing signal. The internal timing
mechanism in the instrument is supplemented by a WWVB receiver and
associated electronics which results in a digitally encoded time signal
on the edge of the accelerogram.

The power for the accelerometers is usually provided by batteries,
which are kept at peak charge by means of slow-acting chargers connected
to standard electrical outlets. Under favorable circumstances, the
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accelerograph will require maintenance at intervals of 6 months or
longer. Under less favorable conditions more frequent maintenance

is required. About 90 to 95 percent of the accelerographs in a network
can be expected to function properly with proper service. Discharged
batteries and problems with the film transport system are the most
common causes of difficulty.

Another important strong-motion recorder is the seismoscope
(19), illustrated in Figure 4. This instrument is basically a spherical
pendulum which scratches its displacement record on a smoked watch
glass, as seen in Figure 5. The natural period is commonly 0.75 second
and the damping is nominally 10 percent of critical. The instrument and
its properties are such that the maximum displacement can be converted
to a point on the displacement response spectrum of the ground motion.
Althoughk it provides less information than the accelerograph, the
seismoscope has proven to be extremely reliable and in the Guatemalan
earthquake of 1976, for example, provided the only significant strong-
motion record. In addition to direct reading of the instrument, there
have been instances when it has been possible to estimate the history
of ground acceleration from the seismoscope response, using a higher
mode response of the transducer as a timing signal {(30).

Other strong-motion instruments include such special purpose
devices as peak-recording accelerographs for nuclear powerplants,
Carder "displacement' meters, elevator shut-off mechanisms, and shut-
of f mechanisms (jiggle valves) for gas lines.

Status of Instrumental Networks

The principal agency involved in the deployment and maintenance of
strong-motion instruments, and in the processing of the records obtained,
is the Seismic Engineering Branch of the U. S. Geological Survey. This
agency installs and maintains its own instruments and performs similar
services for instruments owned by other organizations. The operating
funds for the Seismic Engineering Branch are provided by the National
Science Foundation under a 5-year agreement, scheduled to be renewed.
Other sizeable networks are operated by the California State Division of
Mines and Geology, and by the City of Los Angeles. There are additional,
smaller networks operated by university research groups, utilities and
other organizations. Foreign accelerograph networks exist in several
countries including Japan, Mexico, Yugoslavia, Iran, Italy, New Zealand,
Peoples Republic of China, and Soviet Russia among others.

At the present time (26), the Seismic Engineering Branch is
maintaining the following instruments under its basic program:

184 USGS accelerographs
59 accelerographs owned by other agencies
1 1l4-channel digital system
3 analog systems
20 accelerographs in foreign countries (chiefly
South and Central America), and
1 12-channel analog system, in a foreign country.



30

An even larger number of accelerometers are owned by other agencies,
(e.g., Corps of Engineers, U. S. Bureau of Reclamation) but are maintained
by the Seismic Engineering Branch on a contract basis. This instrumen-
tation includes:

301 accelerographs
7 installations, with a total of 72 channels
of digitally-recorded data
4 installations, with a total of 38 channels
of analog-recorded data.

These figures give a total of 580 installations, with approximately 1864
channels of data. The instruments are distributed throughout the United
States, with concentrations in more seismic regioms.

The Seismic Engineering Branch also owns and services approximately
150 seismoscopes and maintains 25 peak recording accelerographs owned
by other agencies. A few Carder displacement meters are also owned
and serviced by the Branch.

The program of the California Division of Mines and Geology was
established in 1972 and is operated by the Office of Strong-Motion
Studies. The status of their installations, as of June 30, 1978, is
summarized below (33):

Installation Type Number Data Channels
Surface free-field 247 741
Down-hole free-field 2 18
Buildings 35 374
Dams 16 176
Bridges _3 58
TOTALS 303 1,367

The free-field phase of the California program is approximately 50
percent completed now, and emphasis in this phase has been shifted from
general distribution throughout the state toward the installation of
special-purpose free-field instrumentation, including linear and down-
hole arrays.

The major emphasis of the installation effort has recently been
shifted to instrumentation of structures, including bridges, buildings,
dams and port facilities. The instrumentation of structures is about
10 percent complete.

The plans for the near future include instrumenting approximately
20 structures and 10 free-field sites per year, and the development of
a capability for record processing and dissemination.

The City of Los Angeles maintains a network of strong-motion
instruments that have been installed in tall buildings in accordance with
the City Building Code. At the end of August last year there were 158
buildings instrumented in this program, with a total of 486 three~channel
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accelerographs (29). The City of Los Angeles is maintaining 143 of these
buildings, while the others were maintained by other groups, including
10 serviced by the Seismic Engineering Branch.

The remaining networks of strong-motion instruments are smaller
and are generally devoted to special purposes of individual groups, such
as the measurement of the response of dams, the measurement of soil-
structure interaction, or as complementary instrumentation for seis-
mological research. An exception to this is the recently-funded array
being installed by the University of Southern California. When
completed this will comprise a grid of about 90 accelerographs in the
Los Angeles Basin.

The need for increased coverage by strong-motion instrumentation
is recognized by all seismically active countries, and there are plans
underway for an international project to install detailed arrays at
selected locations in the world (22).

STRONG-MOTION DATA

Status of Strong-Motion Records

The Seismic Engineering Branch has the primary responsibility for
processing, storing and disseminating strong-motion records. They do
this not only for the instruments they maintain, but also for the
California Division of Mines and Geology, the City of Los Angeles and
for nearly all of the smaller, special purpose networks. They also
try to obtain copiles of important records obtained in foreign countries.

As of June 1978, the Seismic Engineering Branch had in its archives
approximately 2800 records recorded from 750 separate events (4). With
a few exceptions, each record contains three components of ground
acceleration. Of these 2800 records about 800 are from upper stories
of buildings, crests of dams, etc., leaving about 2000 records of base-
ment or free-field motion. Approximately 100 of the 2800 records are
from foreign stations. As might be expected, most of these records are
of small motions and of the 2000 ground-level accelerograms only 250 are
classified as being significant on the basis of having a peak acceleration
of 10 percent g or more, or of being of special interest. On the same
basis, some 200 of the 800 records of structural response are classified
as significant.

This gives a total of about 450 significant records, with about
half coming from the San Fernando earthquake. Of these 450 records,
420 have been digitized and processed and are on computer tape at the
Seismic Engineering Branch in Menlo Park, the National Information
Service for Earthquake Engineering (NISEE) at Berkeley and at the
Environmental Data Service (EDS-NOAA) at Boulder. Copies of
accelerograms can be obtained from these agencies. There is also a
large file of accelerograms at the California Institute of Technology,
where many of the records were digitized and processed.
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In addition, there is a significant data base obtained from strong-
motion recordings of aftershocks of the Oroville earthquake (9). 1In a
period of 3 months, 313 records from 86 events were obtained from 15
stations. Of these 120 records from 14 events have been digitized.

The aftershocks include records with amplitudes up to 70 percent g,
although most are much smaller.

The Seismic Engineering Branch also analyzes significant seismo-
scope records and archives the originals. Over 140 useable seismoscope
records were obtained from the San Fernando earthquake, and a detailed
report of the results has been prepared (3).

Additions to the strong-motion data, and developments in the net-
works are published in the program reports of the Seismie Engineering
Branch (e.g., 28).

Assessment of Strong-Motion Data from the Engineering Viewpoint

The strong-motion data is fundamental to earthquake engineering.
Along with the experience obtained from structural performance during
earthquakes, it is the determining factor in setting the seismic design
provisions of building codes and the earthquake design criteria for
major engineering projects. The records of ground motion and response
are also primary factors in assessing the seismic hazard of cities, in
improving design practices through understanding of structural response,
and in virtually all phases of earthquake engineering research.

The strong-motion data collected since the first accelerogram was
obtained in the Long Beach earthquake of 1933 have greatly increased
our understanding of the potential effects of strong shaking, frequency
content and duration of strong ground motion. We also have some
appreciation of how these quantities are related to measures of the size
of the earthquake and to the geometrical relations between source and
site. There are experimental data indicating the way that strong ground
motion can be affected by soil-structure interaction, by very soft soil
deposits, by topography and by the presence of surface waves. We are
also in a position to make meaningful estimates of some of the inherent
variations that exist in strong ground shaking.

Although the general picture is encouraging, there are some very
important questions for which the data are insufficient. In addition,
almost none of the points described above are understood in sufficient
detail, even given that complete understanding should not be expected or
required for applications in earthquake engineering practice. There
are two very important gaps in the data from the engineering viewpoint.
First, there is a paucity of records in the near field (e.g., A < 20 km)
of major, potentially damaging earthquakes. This lack of information
introduces great difficulties, and occasionally controversy, into setting
the earthquake-resistant design criteria for major projects. The second
major gap is the lack of strong motion records from a great (e.g.,

Mg > 8) earthquake. These earthquakes have, of course, the largest
potential for disaster and knowledge of the amplitude, duration and
areal extent of strong shaking is required to deal with the hazard posed
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by these extreme events. It should be pointed out also that there are
parallel gaps in our knowledge of the response of structures to ground
motions in these two categories.

There are major deficiencies in the data needed to clarify our
understanding of the effects of source mechanisms, travel paths and
local conditions upon strong ground motion. This is perhaps most
apparent when relations between measures of the strength of ground
motion (e.g., peak acceleration, peak velocity, spectral intensity) and
measures of distance (e.g., epicentral distance, hypocentral distance,
distance to the center of the aftershock zone) and earthquake size
(e.g., local magnitude, M, surface-wave magnitude, Mg) are investigated.
Figures 6 and 7 are plots of peak acceleration and velocity, respectively,
for different magnitude classes. The figures illustrate the variability
in the data and suggest the difficulty in establishing simple relations
among these variables. The unsatisfactory state of present affairs is
indicated by the fact that in a recent report (21), 26 different studies
were identified in which relations between peak acceleration, magnitude
and distance have been advanced. Clearly there is not yet a consensus
on this subject. An additional feature requiring experimental
clarification and verification is the effects of different source
mechanisms on the strong motion. For example, theoretical studies
indicate, and some data support, the concept that thrust-type earthquakes
produce significantly stronger near field shaking than strike-slip
events.

Similarly, there is no clear professional consensus on the details
of how local site conditions can affect strong ground motion., Although
there is general agreement on the qualitative nature of such effects,
there is a divergence of judgements on the degree of the effects as
seen in the data, the role of surface waves, and the degree to which
engineering solutions can be reliably obtained from analyses of
simplified models of the phenomenon. More strong-motion data clearly
is required to further the understanding of the potential effect of local
conditions on the ground motions, and several of the strong-motion arrays
now being installed are designed to yield some of this data.

Additional strong-motion data are also needed to clarify the role
of soil-structure interaction in modifying the earthquake motion
transmitted to the structure. The interaction problems include the
effects of the compliance of the foundation, the effects of embedment,
and the effects of foundations with large areas in suppressing motions
of high frequency. Some instrumental arrays now installed will provide
records bearing on these problems, but improvement is needed. For
example, the effects of large foundations on high frequency motion appear
to be quantitatively similar to effects soft soils are thought to have
on these motions. In the very common case of a record obtained in the
base of a sizeable building founded on fairly soft alluvium, it may not
be possible to separate the two effects without additional instrumentation.

Finally, it should be stated that the strong-motion data base is
insufficient to determine the variability in strong ground motion under
specified circumstances. The problem arises, for example, when the level
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of the mean plus one standard deviation is sought for the expected response
spectra at a site of a nuclear power plant. Different investigations of
the existing data and different approaches to the assessment of the
variability can lead to significantly different results, with large
economic implications for the project.

MODELING EARTHQUAKES WITH DISLOCATION THEORY

One of the most interesting uses of strong-motion data has been
in seismology, where the records are used to help deduce properties of
the source mechanism. Some applications of this type are reviewed in
this section.

The basic problem we address is the inference of the spatial and
temporal distribution of faulting at depth based on a set of observed
motions at the surface, where the motions can be severely distorted by
the intervening earth structure. In other words, we wish to explain
observed motions in terms of the source excitation after separating out
those complexities associated with propagation through a heterogeneous
earth. To achieve this goal we characterize earthquakes in a way that
is closely related to the driving tectonic stresses by assuming a
distributed shear dislocation as the fault description, an approach
amenable to analysis. Then, we characterize the properties of the earth
that affect the propagation in a way that can be predicted by geophysical
means. The simplest model one can devise that still contains some
features of reality is that of a layered earth where the layering can
be assumed to be locally flat and parallel to the surface. In what
follows, we will apply recently developed synthetic modeling techniques
to the interpretation of the faulting characteristics for two relatively
simple events, the Borrego Mountain earthquake of 1968, and the
Brawley event of 1976, and a complex event, the San Fernando earth-
quake of 1971.

Earthquakes as Seismic Sources

The seismic radiation field produced by earthquakes can be repre-
sented by several means. Following the stress relaxation approach, one
assumes the initial stress and frictional conditions and performs the
proper dynamics using analytical or numerical techniques to obtain the
displacements. Another particularly useful approach is due to Haskell
(10), called the shear-dislocation model. Schematic diagrams of this
type of model are displayed in Figure 8, where one does not attempt
to understand the detailed mechanics involved in the actual fault zone
but simply states that slip occurs on a specified surface, referred to
as a dislocation. This information is all that is necessary to propagate
the field to a more distant point assuming elastic conditions. In many
situations the faulting reaches the earth surface yielding the average
slip (D,) and the fault dimension (r). The ratio (Dg/T) multiplied by the
rigidity (p) leads to an estimate of stress-drop or the amount of stress
released by the faulting process, (5), although the actual slip along the
fault is probably highly variable. Another more precise measure of some
of these fault parameters can be obtained by synthesizing the observations
obtained on a worldwide basis, for example see Figure 9. The coherency



between neighboring stations such as the three east coast stations

(WES, OGD, SCP) is remarkable and is a common feature of most earth-
quakes. Note that the faulting had a strike-slip orientation along a
line 69° west of north, similar to the strike slip of Figure 8a,

with the northeastern side moving south relative to the southwestern
side. This dislocation results in a positive first motion or compression
in the eastern and western quadrants and negative first motion or
dilatation in the northern and southern quadrants. (Engineers: Compare
with Mohr's circle for pure shear.) Seismologists have used such
polarization plots for many years to determine the orientation of
faulting to aid in the interpretation of tectonic processes and in the
understanding of surface breakage. Following the waveform analysis

(6) for this event indicates that the faulting started at a depth of
about 9 km and developed into an_average dislocation of 2.5 meters on a
faulting surface of about 150 km“. Modeling these long period waveforms
tells us about the strength, orientation, depth, and overall duration,
but does not tell us about the details of rupture, that is, its direction
and velocity. These quantities can only be determined by strong motion
seismology or by modeling the local field. However, to accomplish this
we must model or account for propagational distortions caused by local
crustal structure,

Point Dislocations in Layered Models

The basic technique used in constructing synthetic strong motion
displacement records is to assume that an arbitrary distribution of
dislocations representing a fault can be modeled by a summation of a large
number of point shear dislocations distributed properly in space and time.
The actual number of points required is related directly to the wavelength
of interest. Next, one computes the Green's function which represents the
response of the local structural model, usually assumed to be a layered
halfspace, to a point shear dislocation with a delta function slip. An
example calculation using the generalized ray method (14), is displayed
in Figure 10. In general, the delta function response is somewhat
difficult to handle numerically and we use the temporal integral of the
Green's function, called the step response. As seen in Figure 10, the
difference in response between the halfspace and the layer over the half-
space is especially noticeable for the shallow source. The classical type
of Love wave dispersion becomes well developed when the layer contains the
source and is well understood in terms of the interference of rays. Comparing
the responses with the source situated just above and below the layer
boundary, see d = 3.5 and d = 4.5, one finds similar long period behavior
as expected from physical considerations.

To produce a theoretical displacement for a given slip history, s(t),
requires a convolution integration of s(t) with the derivative of the
step response. Some example calculations for a layer over a halfspace
are given in Figure 11 where the difference in radiation pattern becomes
especially apparent. This is because of the quadrapole nature of the
earthquake source and because any site will, in general, receive phases
departing from several sectors of the focal sphere. In the dip-slip case,
the vertical radiation pattern is such that rays leaving the source
horizontally are weak compared to those leaving vertically and thus the
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multi reflected pulses are relatively strong. The reverse is true for

the strike-slip case. Finally, since the development of the surface wave-
train involves a critical reflection effect, it is not surprising that

its development depends on A as well as source depth. With this brief
introduction of how to handle point source excitations, it becomes possible
to model the ground motion resulting from realistic faulting motions, at
least the longer periods, by superposition of these simple point source
elements.

Modeling Strong Motions

We next show some example observations that can be largely explained
by applying the above technique. The three data sets chosen for
illustration are from the Borrego Mountain earthquake, Brawley earth-
quake, and the San Fernando earthquake.

Unfortunately, not many local recordings are available for the
Borrego event because of its remote location. El Centro was the nearest
site (A = 60 km) where the event was recorded by Carder displacement
meters and by a standard accelerograph. An example of the strongest
component of motion is displayed in Figure 12 which shows the acceleration
and processed velocity and displacement., Since the earthquake was
essentially a strike-slip event, see Figure 8a, and the station is only
8° from the strike of the fault, we expected predominantly SH motion with
small motions on the vertical and radial components, all of these features
are well documented (12). The observed SH displacement is displayed on
the top of Figure 13 with a highly idealized synthetic model on the
bottom. Several models have been constructed to fit the first 40 sec
of motion. A 2.9 km thick layer with shear velocity of 1.5 km/sec
overlaying a halfspace with shear velocity of 3.3 km/sec gives a good
overall fit to the Love wave portion of the record for a variety of
distributed sources at depths ranging from 4 to 10 km. The source
distribution in this example is particularly simple, that is, two point
sources with slip histories chosen to be compatible with the teleseismic
information. The interpretation is that massive faulting occurred at a
depth of 9 km producing the powerful direct arrival followed by rupturing
in the upward direction, thus producing the proper amount of Love waves.
The detailed or fine scale properties of the faulting are still not
resolved due to lack of near-field data. Some synthetic displacements
displaying various plausible assumptions about the rupture parameters are
given in Figure 14. In this exercise we assumed a rectangular fault
with different epicentral locations, Ap, and allowed the elements to
turn on in sequence, simulating a rupture velocity. The seismic
moment was adjusted to obtain record strengths comparable to the data.
Note that the horizontal rupture direction and slip history are
particularly important with respect to the short period or high frequency
information. Thus, the strong acceleration and velocity spike at the
beginning of the record in Figure 12 could be caused either by a point
source or by substantial faulting motion directed towards the station.

In the above efforts we adjusted the crustal model to fit the
observations in a rather idealistic fashion, since the crustal structure
is known to be complicated in this region. In our second example, the
Brawley earthquake, we chose an event where the crustal structure is well



37

represented by a layered model as determined by geophysical means (2),

and secondly, the event is small enough to be treated as a point source.
Since this event occurred in the well instrumented Imperial Valley region
we know its orientation and location accurately with the duration or slip
history being the only unknown parameter (13). A plot of the observed
tangential component obtained at the Imperial Valley College station is
displayed in Figure 15 along with synthetics for various assumptions about
duration. It appears that the 1.5 sec triangular slip history yields
excellent results and furthermore, we would have predicted about this
duration for a M = 5 event based on previous studies (15). However, we
still were not able to determine the detailed rupture properties, but only
an overall duration.

For our last example, we will consider the San Fernando earthquake,
which is well enough recorded to actually determine the rupture para-
meters independently. The data set obtained from this event is huge
(20) and has been discussed at length (8) showing the applicability of
seismological techniques to the interpretation of strong motion records.
He demonstrates the existence of surface waves and displays numerous
examples of the coherency of signals from neighboring stations. The near-
in stations show particularly large accelerations and have been discussed
at length (27, 8, 31). The latter author obtained relatively good fits
for the three components of motion obtained from the Pacoima Dam site.

In fact, it is the data from this station that allows relatively tight
bounds to be put on the rupture process.

We approached this data set following the same strategy used in
the Borrego Mountain study, namely we will initially constrain the fault
description to fit the teleseismic waveform data. Unfortumnately, the
waveforms produced by San Fernando, while being as coherent from station
to station as those displayed in Figure 9, are quite complicated with
rupturing occurring on two fault planes, starting at depth and propagating
towards the surface (25). A rectangular model similar to the one proposed
is displayed in Figure 16. We assumed a halfspace in modeling the nearest
stations and computed the Green's functions on a .5 km spacing. After
a diligent search (11), the slip distribution given by the contours
explains many of the observed properties including the static offsets.
Although it is necessary to present numerous observations and possible
slip distributions to support this proposed model, the comparison between
the synthetic displacements and data for PAC and LKH are the most
indicative; that is, to produce the required change in amplitude between
PAC and LKH requires very strong focusing to the south. This requires
a relatively narrow fault at depth, probably less than 6 km wide, with
about 2 meters of displacement. The rupture velocity is 2.8 km/sec for
the bottom segment and 1.8 km/sec for the top section. Note that this
model indicates rather small offsets beneath PAC and massive faulting
towards the south, probably within a km of the surface. Because of the
high apparent accelerations in the region just to north of the surface
break and because of the large stress drop implied (approaching the
breaking strength of rocks), this portion of the faulting surface is
of special seismological interest.

It is seen from these examples that relatively simple models of the
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source mechanism and of the travel path can be used to describe the
observed low-frequency ground motion. Thus, the frequencies of

ground motion that show most clearly in the displacement traces are
believed to be determined by source mechanics and by geological layering.
The frequency ranges that dominate the velocity and acceleration
records, however, are not as yet modeled by this approach. To

replicate motions at these frequencies would require more detailed
models of the source mechanism and more detailed knowledge of the inter-
vening geological structure. From a practical viewpoint this knowledge
will probably not be available for typical sites, and the statistical
models developed in earthquake engineering may be useful.

SPECTRAL DESCRIPTIONS OF STRONG GROUND MOTION

The concept of modeling strong-motion acceleration by a random
process was first advanced by Housner (16). A significant body of
work has been performed on the subject since that time and there are
now available a variety of statistical models of strong ground motion.
Some of these models are quite sophisticated and include consideration
of such effects as temporal variations in amplitude and frequency con-
tent. The results of this work also include the construction of
artificial accelerograms for use in design calculations, and computer
programs for generating artifical accelerograms for Monte-Carlo studies
of structural response. These stochastic approaches have been able to
model many of the observed characteristics of strong ground shaking in
the sense that sample accelerograms and derived velocities, displacements,
response spectra, etc. show many features exhibited by actual ground
motion. In addition to being directly useful, the statistical modeling
of ground motion has furnished additional insight into the degree of
complexity of strong ground motion, particularly at shorter periods.
The approach is, however, essentially mathematical and while modeling
what is observed, does not clarify the basic mechanics of the generation
or propagation of strong ground motion.

It is interesting for the purpose of this paper, to try to relate
the statistical concepts underlying the simpler models of strong ground
motion to the spectral characterization of source mechanisms, as recently
developed in seismology. Figure 17 shows schematically the average
undamped response spectra of strong ground shaking found from examination
of strong, potentially damaging accelerograms (17). The records
considered are obtained from major earthquakes and have durations of
strong-motion of about 20 seconds. 1If such accelerograms are modeled
by comparably long segments of a statistically stationary random process,
the following statement can be made: The average of the undamped velocity
spectra is proportional to the average of the Fourier Spectra of the
model accelerograms, and to the square root of the power spectral demsity
of the underlying random process from which the accelerograms are
generated. The curve in Figpure 17 can therefore be interpreted as the
observed, average Fourier spectra of accelerograms of major earthquakes.
It is seen that the spectrum starts at low amplitude at small frequencies,
rises fairly rapidly to a roughly level central portion and then falls
away. There 1s insufficient data to determine the details of the shape,
but it is consistent with the data to take the initial size as proportional
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to w?, the central portion as level and the decay for high frequencies

as proportional to w~l. It should be pointed out that the spectral shape
in the figure is for major earthquakes; if smaller earthquakes are
considered, the spectral shape would change. In this case, the

ascending part of the curve would be shifted to the right, decreasing

the width of the central portion.

The spectral curve for acceleration can be transformed to one for
displacement by using the relation that in the frequency domain, the
spectrum of acceleration is w? times that of displacement. The resulting
displacement spectra is shown also in Figure 17. It is seen to begin
horizontally, then decay as w=2. For still higher frequencies the decay
is as w™3. This interpretation of strong-motion spectra is consistent
with spectra of the source mechanism of major earthquakes, as
interpreted by seismologists (l1). For example, the amplitude of the
horizontal part of the displacement spectrum is proportional to the seismic
moment. Another important parameter is the corner frequency, the
transition between the horizontal and w™2 segments of the displacement
spectrum. The decay rates w™? and w3 are also consistent with
seismological interpretations of earthquake generation and propagation.

Figure 17 and the accompanying discussion are intended to show
that seismological and engineering description of strong ground motion,
although different in approach and detail, are consistent in their
descriptions of the energy content of strong ground motion. This
consistency, once appreclated, should aid the application of the results
of source mechanism studies into engineering practice and some of the
statistical models of strong ground motion developed by engineers may
be used to augment seismological source mechanism models at high
frequencies.

DETERMINATION OF LOCAL MAGNITUDE
FROM STRONG-MOTION INSTRUMENTS

A recent development in strong-motion seismology is the use of
strong-motion instruments to determine local magnitude, Mj, which is
determined by the peak response of a Wood-Anderson torsion seismograph.
The instrument is, in essence, a one-degree-of-freedom oscillator
with a gain of 2800, a period of 0.8 sec and 80 percent critical damping.
The magnitude of an earthquake has come to play a dominant role in
earthquake engineering, and of the several magnitude scales in use, the
local magnitude is the most directly related to most engineering
applications because it is determined within a frequency band, and at
distance most pertinent to the response of structures, The surface wave
magnitude, Mg, is usually determined by waves of near 20 sec period
recorded at distances of hundreds or thousands of kilometers, and is
a better indicator of the extent of faulting and the duration of shaking.
It is not, however, a good measure of the strength of the ground motion
at much shorter periods.

The response characteristics of the strong-motion accelerometers
and the Wood-Anderson seismograph are such that it is possible to
use the recorded acceleration as an input to the equation of motion
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of the seismograph. This process generates a synthetic seismogram which
can then be read in the usual manner. This calculation has been performed
for many of the more important accelercgrams and the results are

available in a recent paper (24). There are two major results of this
study. The first is that the local magnitude, ML’ can be determined from
very large earthquakes for which no standard measurement is possible,

An example is the Kern County earthquake of 1952 which was found to have

a local magnitude of My = 7.2, the largest reported so far. (The commonly
used value of M = 7.7 was determined on the basis of body and surface
waves recorded at large distances.) A second result of this research is
that a large number of accelerograms are available from many recent earth-
quakes, particularly in southern California, and these can be used to
determine reliable values of Mj, by averaging.

It is clearly advantageous in the construction of attenuation
relations and in other engineering applications to use a consistent
magnitude scale, which this study allows. Another potential application
occurs in the design of major projects in which the design earthquake is
often specified by geologists and seismologists in terms of a shock of
a given magnitude, occurring on a specified location on a fault. Under
these conditions, if accelerograms can be selected which are representative
of the design earthquake in terms of duration and frequency content,
they can be scaled to give the predetermined magnitude. This can be done
because the local magnitude indicated by an accelerogram depends only on the
acceleration history and the ascribed distance. Thus, in some cases,
it appears possible to avoid statistical relations between magnitude
and strength of ground motion, and also to verify the appropriateness
of design acceleration histories determined by other means. Additionally,
it is possible to investigate the inherent variation in response spectra
of ground motions giving the same magnitude at the same distance, and
studies along these lines are in progress.

In a related study (23) not yet completed, the method has been extended
to determine Mj from seismoscope records. The technique uses a basic
result from the theory of random vibrations to extrapolate from the response
of the seismoscope to that of the Wood-Anderson seismograph by making
corrections for the different gains, periods and dampings of the two
instruments. The accuracy of the extrapolation has been verified by
application to data from the San Fernando and Parkfield earthquakes
wherein both accelerograph and seismoscope records are available from
the same sites. The accelerograph data from these sites was used to
synthesize the Wood-Anderson response which was then compared to that
estimated from the seismoscope records. The average magnitude determined
by the approaches are very nearly equal, as are the dispersions about the
averages, The approach is being applied to important earthquakes in which
seismoscope data, or similar information, comprise the only strong-motion
data available. In particular, the Guatemalan earthquake of 1976 and
the 1906 San Francisco earthquake are being examined, Preliminary
determinations of M; for these earthquakes give values significantly
less than the magnitude determined on the basis of surface waves. This
is consistent with the saturation of the local magnitude with increasing
surface-wave magnitude noted (24).
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SUMMARY

We have tried in this brief presentation to highlight some of the
recent developments in strong-motion seismology. Also, the status of
the strong-motion networks in this country and the data so far obtained
were reviewed. 1In closing, we would like to make the point that the
recent increase in the quantity of strong-motion data, particularly
that from the San Fernando earthquake, has permitted advances in
strong-motion seismology to the point where some of the features of
ground motion of interest to engineers can be modeled by seismological
techniques previously applied only to more distantly obtained seismo-
grams. The mechanics used in these approaches are, however, familiar to
many engineers who deal in stress analysis and wave propagation and
we believe that earthquake professionals can look forward to a coming
together of the engineering and seismological viewpoints on the generation,
propagation and interpretation of strong ground motion.

Contribution Number 3138, Division of Geological and Planetary Sciences,
California Institute of Technology, Pasadena, California 91125.
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Figure 1. S74°W component of
acceleration recorded at Pacoima
Dam during the San Fernando
earthquake of February 9, 1971.

ACCELCRATION OF GRavITY

TIME 1M SECONDS

Figure 2. S69°E Component of
acceleration recorded at Taft
during the Kerm County
earthquake of July 21, 1952.

Figure 3. SMA-1 film-recording strong-
motion accelerograph.
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Figure 4. Strong-motion seismoscopes. Record is scribed on
smoked glass dish at top of instrument.

Figure 5. Seismoscope record obtained at
the University Administration building
during the Guatemalan earthquake of
February 4, 1976, North is to the
left.
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Figure 9. Observed (top) and synthetic (bottom) long period P wave
forms at 14 WWSS stations, MAT (Japan), SEO (Korea), COL (Alaska),
KEY (Finland), NUR (Finland), WES (Mass.), OGD (New Jersey), SCP
(Penn.), NAT (Brazil), BOG (Colombia), BHP (canal Zone), LPB
(Bolivia), ARE (Peru), NNA (peru). The P-first motion plot is
represented by the equal area stereographic projection of the
lower half of the focal sphere. Black dots indicate compression
(upward breaking P) and open circles indicate dilatation (down-
ward breaking P). The heavy solid lines denote the nodal planes
used in determining the fault orientation, 6 (strike), &8 (dip),
X (slip direction). Modified (6).
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Figure 11.

SH displacements and
velocity components for a strike-
slip and dip-slip dislocation in

a layer over a half-space model.
The elastic parameters are R=3.3
km/sec, p = 2.7 gm/cm3 for the
halfspace and 8 = 1.5 km/sec,

0 = 1.9 gm/cm3 for the layer.

The source is buried at a depth

of six km with a 2 km surface
layer. The far-field source time
function is assumed to be a
trapezoid of unit height described
by three time parameters, &t, = .1,
Gtz = .2, and S8t, = .5. The time
integral of this pulse is pro-
portional to My = 1.66 x 1023
dyne-cm, which fixes the magni-
tude of faulting displacements.
Signal amplitudes are plotted
relative to the top trace for each
type of fault.
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tangential ground motion with
synthetics which have different
duration triangular far-field
time functions. The far-field
time functions are displayed
directly under the first pulse
in the corresponding synthetic.
A strike-slip point source with
a depth of 6.9 km and a range of
33 km was used in all of these
syntheties. The crustal para-
meters are P-velocity a; = 2.0
km/sec, ay = 2.6, ag = 4.2,

a, = 6.4; and S-velocity By = .88
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SOIL & GEOLOGIC EFFECTIS ON SITE RESPOXNSZ

by
Neville C. Donovan

ABSTRACT

During the past decade the profession has gone from a feeling of
optimism to a growing degree of caution over the use of one-dimensional
site response analyses as a means of quantitatively developing site
specific design parameters. The success of demonstrating site effects
by analytic means was a significant advance, but also led to neglect of
other equally significant parameters. The ability to model a special
case and the weaknesses of the model are demonstrated in this paper by a
comparison of computer and recorded motions.

Much attention has been given in the literature to the extremes of
strong motion recording. A more rational approach is described in this
paper where the mean value of data sets are used in conjuction with the
distribution of data values about that mean. Procedures for developing
site specific design criteria are described based on mean values with
the use of a known measure of conservatism.

INTRODUCTION

A short historical review is useful for placing some perspective
on the state—-of-the—art. For the purpose of this paper considering the
effects of soils and local geology on site response in the United
States, it is sufficient to start from 1968. The pioneering efforts of
Kanai (21) in Japan and the work by Herrera and Rosenblueth (17, 18)
demonstrating the ability to analyse the effects of distant earthquakes
in Mexico City must not be overlooked. At a 1968 symposium organized by
the Earthquake Engineering Research Institute in San Francisco a paper
by Seed and Idriss (33) showed that local soil effects in San Francisco
could be effectively modelled by an equivalent lumped mass system. A
companion paper by Donovan and Matthiesen (8) showed that wave
propagation theory using vertically ascending shear waves could also be
used to explain the local effects in San Francisco.

ANALYTICAL PROCEDURES

Computational difficulties in the early use of the wave
propagation theory led to development and more extensive use of the
lumped mass system even though it was much more difficult to model soils
systems and especially hysteritic damping in this way. Whitman and his
coworkers (7) showed that the two methods could give similar results.
After the wave propagation method using the Fast Fourier Transform was
incorporated by Schnabel, Lysmer, and Seed into the program SHAKE (31),
wave propagation became the dominant method used throughout the
profession for the computation of ground profile effects on earthquakes.

*Principal Engineer - Partner, Dames & Moore, San Francisco, CA.
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The method is restricted to analysis of a linearly elastic model with
nonlinear effects represented only by a reduction of the shear modulus
to a value proportional to some assumed average strain.

Because analyses are usually performed by using a complete program
which takes as input a rock or deep soil acceleration record together
with the soil properties and then computes an acceleration or stress
record at the surface or some intermediate level, the power and sophis-
tication of the component parts are often not recognized. The method
consists first of transforming the record, such as an acceleration time
history, from the time domain to the frequency domain by the use of Fast
Fourier Transform techniques. This is combined with the transfer
function of the soil profile using complex arithmetic and then the
product is inverted, again using Fast Fourier techniques, to obtain the
output in the time domain. It is little recognized that, except for
relatively minor changes due to the iterative differences in computing
an equivalent linear modulus, the transfer function or soil effect which
can be represented by an amplification spectrum will be the same for
similar strength time records. 1In estimating effects of different
profiles, the use of an amplification spectrum which does not include
the effects due to source mechanism and other travel path properties can
show site effects much more efficiently than analyses based on time
history outputs from the profile model.

The Fourier Transform of the motion is a complex variable which
can be represented in real quantities by a phase and an amplitude.
Phase has often been neglected in favor of the absolute value of the
amplitude spectra which is usually referred to simply as the Fourier
spectra. Phase is important especially in near field studies where a
large displacement pulse may be present. Such a displacement pulse may
be retained following considerable tampering of the amplitude spectra
provided the phase spectra is not changed.

Let us examine the situation resulting from different approaches
to analysis of a well known site where motions have been recorded, the
Southern Pacific Building at the foot of Market Street in San Francisco.
This site has alternating sand and clay layers over rock at a depth of
220 feet. Figure 1 shows the amplification spectra for this site using
a linear model with the modulus and damping for each layer compatible
with an average strain equal to 65 percent of the maximum value. Figure
2 shows the input and output response spectra for a sample application
of a wave propagation analysis. 1In this case the input motion used was
one component of the 1952 Taft record used without any scaling of
amplitude.

The computed profile effects shown in these first figures are
based on the use of a linear model. Weaknesses of a linear model are
readily apparent. The motion at the fundamental period of the profile,
in this case 1.25 seconds, is very strongly amplified with a rapid fall
off away from this frequency. I1f we examine the actual response spectra
computed from the motion recorded during the 1957 San Francisco
earthquake shown on Fig. 3, we see a maximum response at the fundamental
period of the profile. However there is a much wider response
containing other frequencies so that the attenuation away from the
fundamental period is much less rapid than that computed using linear
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vertical wave propagation analyses. It was perhaps the ability to model
the peaks of response spectra that led to great optimism over one-
dimensional analyses. The Taft record which was also used in the Fig. 3
example was scaled down in amplitude so that the resultant response was
different from that shown in Fig. 2. The Taft record has much energy in
the range of periods between 0.4 and 1 second so the computed response
exceeds the recorded motion response in this area, but fails to transmit
the short period motion evident in the recorded motions. This differ-
ence between measured and computed response 1s pronounced even in the
case of the 1957 earthquake, a small amplitude event for which a linear
approximation would be expected to work well.

There have been many recent developments in the application of
non-linear approaches to the computation of site response. Such
analyses must be performed in the time domain. Computational procedures
may be based on, but are not restricted to the method of characteristics
(Streeter et al, 36) and finite difference techniques (Taylor and
Larkin, 37).

The preceding discussion, while raising the weaknesses of the
linear analysis of vertical wave propagation, has not questioned the
basic assumption of vertical propagation. This too should be
questioned. The arrival of motion at a site is not a simple process
involving only vertical wave propagation. If this assumption was
correct then there would be little difference between the response
spectra of individual components in the horizontal directions at the
same site. These often differ from each other by amounts equal to the
effects we seek to demonstrate. The ratio of spectral amplitudes for
the two horizontal components shown on Fig. 3 are plotted on Fig. 4.
The spectral amplitude ratio when the N45W component response is divided
by the N45E component has values between 0.6 and 2.3. This variation
between individual components at the same site during the same event
should be considered in the discussion of uncertainties later in the
paper.

Another example illustrating difficulties with the simple
assumption can be taken from records made at the Southern Pacific
Building during the 1969 Santa Rosa earthquakes. These records which
were obtained from a distant event with low levels of motion would be
expected to give excellent agreement with a linear response analysis.
The recorded motion lasting 24 seconds was digitized and response
spectra were computed. Two sets of spectra are shown on Fig. 5. The
spectra shown in Figure 5(a) were computed from the actual records. It
is readily apparent that the fundamental period of the Southern Pacific
site was not excited by the actual record while the site response study
suggests there should have been a significant response at that period.
Spectra shown in Fig. 5(a) were obtained from a site response study of
20 second duration. It was only when the duration was severely
repressed in the analytical study that response spectra similar to those
recorded were obtained.

An examination of the response time history of one component of
the 1968 recorded motion at two different periods is shown on Figure 6.
The dispersion of the wave motion cam be readily seen in the different
responses and is especially apparent after 3 seconds where the 0.29
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second motion reaches its peak value while the large period amplitude is
still very small. If the earthquake motion reached the site as surface
waves, the longer period motion would be expected to be within the first
arrivals. This is obviously not so and leads to the conclusion that the
short period motion is produced by body waves taking a deep travel path
and reaching the site first while the longer period motion is probably

produced by surface waves which reach the site at a slightly later time.

The suggestion is offered, therefore, that any means of site
modelling that represents site response as being based on a simple
response to a single type of motion, either as vertically propagating
shear waves, or other motions such as Rayleigh waves, should be
considered only as a guide to estimating the site effects on ground
motion and not for the development of acceleration time histories for
design.

GROUND MOTION PARAMETERS

It is perhaps in response to these difficulties in the analytical
methods that much more attention has recently been given to the empir-
ical evaluation of design spectra by using average response spectra.
There were insufficient records to perform such studies until recently.
Average spectra were first prepared on the basis of exclusion of site
and distance effects, [Newmark (26), Blume et al (3)]. Subsequent work
by Seed et al (34) and Mohraz (25) has included site effects. The
methods adopted by different investigators are not the same but
comparison of the end results are similar. This is not surprising as
the separate studies all use the same strong motion records as the
primary data base.

The starting point for developing both non site-specific and site
matched design spectra is the choice of an acceleration value to which
the spectra is scaled. The choice of peak acceleration as the basic
design parameter is a poor one. This has been discussed at length
within the profession and will not be continued here. Where
acceleration is used as a scaling parameter against which other ground
motion terms can be related it is a useful quantity. A term defining an
acceptable scaling parameter is believed to be "Effective Peak
Acceleration" (EPA) developed by the Applied Technology Council (1).

The definition of EPA which is summarized in Donovan et al (12) can be
defined in the following way. “For a specified actual ground motion of
normal duration, EPA and EPV (effective peak velocity) can be determined
as illustrated in Figure 7. The 5 percent damped spectrum for the
actual motion is drawn and fitted by straight lines between two sets of
periods (see figure). The ordinates of the smoothed spectrum are then
divided by 2.5 to obtain the EPA and EPV. The EPA and EPV thus obtained
are related to peak ground acceleration and peak ground velocity but are
not necessarily the same as or even proportional to peak acceleration
and velocity.”

The introduction of an EPV term as a second scaling parameter was
required because a single parameter related to acceleration cannot even
approximately describe response spectra which result from large distant
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earthquakes. The effective peak acceleration will be similar in magni-
tude to the average instrumental maximum value but should not be
expected to be equal to any individual value.

If effective peak acceleration defined on the basis of a
probabilistic assessment is taken as the starting point, it is then
possible to construct design reponse spectra using velocity and dis-
placement motion directly. Before doing so, it is important that the
level of uncertainty that is present in the development of each of the
necessary parameters including peak acceleration be considered.

Peak Acceleration Uncertainty

The extent and effect of the level of uncertainty are best
illustrated by considering some examples. Figure 8 shows data points
obtained from strong motion instrumentation during a magnitude 5.5
earthquake which occurred near Ferndale, California, on June 7, 1975.
These are compared with estimates of peak acceleration using different
relationships. Some of the values on Figure 8 lie more than 2 standard
deviations beyond the mean values upon which the curves are based. 1In
the near field, recent work by Hanks and Johnson [16] suggests, that for
magnitudes above 4.5, peak acceleration may have no relationship to
either the earthquake size or the true severity of ground shaking on
structures.

Attempts have been made to correlate Modified Mercalli Intensity
(MMI) values to acceleration. These can lead to several inconsistencies
which are best illustrated by considering data from a single event.
Figure 9 shows the 1soseismal map for the February 9, 1971 San Fernando
earthquake as prepared by the Unilted States Coast and Geodetic Survey
which is now the Seismic Engineering Branch within the United States
Geologic Survey. The most common procedure in estimating attenuation of
MMI with distance is to compute the radius of the equivalent circle
having the same area as the 1soseismal line and use this value as a
single data point. Bollinger (4) has shown that this can produce a
conservative bilas to the interpretation. This bias is demonstrated on
Figure 10 where the individual reporting stations from which Intensities
were derived are shown as solid circles. The values of the equivalent
radil are shown as triangles. The biasing effect of the equivalent
radii method 1is immediately evident. 1f least squares procedures are
used to produce a best fit curves such as a straight line or a parabola
it can then be seen that the extent of this blas is approximately one
unit of Intensity and 1s nearly constant. The constant bias shows that
the procedure by which isoselsmals are drawn 1s comsistent. Because
most acceleration to Intensity relationships show an approximate
doubling as MMI increases by one unit the bias effect is a very
slgnificant parameter. It may be claimed that as most of the data
values are based on small Intensity values with consequently small
acceleration levels the interpretations are not valid. While the claim
may be valid it should not be honored because all MMI attenuation
relationships, especially those from eastern U.S. earthquakes are based
on small Intensity values.
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If the intensity to distance curves on Figure 10 are used and
converted to acceleration and distance using an MMI to acceleration
relationship, the results illustrated on Figure 11 are obtained. The
actual MMI to acceleration relationship used is in unimportant as all
show the same general trend. The mean attenuation relationship for peak
acceleration obtained using the recorded strong motion instrument data
1s also shown on Fig. 1l. The disparency in the shapes of the two types
of curves on Fig. 1l confirms the known poor correlation between
acceleration and Intensity. MMI values are based wherever possible on
observed damage. As design criteria should be based on these
observations and used to prevent future damage the results shown on Fig.
1l can be interpreted as an alternate means of justifying design
acceleration or EPA values that are less than peak acceleration values
in the near field region of large earthquakes and larger than peak
instrumental values in areas where distant earthquakes are more
important (12).

Values of the uncertainty associated with the computation of
acceleration for derived attenuation relationships are shown in Table 1.
As the relationships are expressed in exponential terms and the varia-
bility is known to be lognormally distributed, the factor listed is more
significant than the standard deviation. This factor is the quantity by
which the mean value must be multiplied to find the value one standard
deviation higher than the mean value.

TABLE 1
Estimates of Uncertainty

Standard Deviation

Author Lognormal Factor
a) acceleration
Esteva 1970 1.02 2.8
Esteva & Villaverde 1973 0.64 1.9
Donovan* 1973 0.48 1.6
Donovan 1973 0.71 2.0
Donovan & Bornstein**1975 0.3 >0.5 1.3>1.6
Seed et al*#*=x 1976 0.34>0.51 1.4>1.7
McGuire 1974 0.51 1.7
b) velocity
Esteva 1970 0.84 2.3
Esteva & Villaverde 1975 0.74 2.1
McGuire 1974 0.63 1.9
¢) displacement
McGuire 1974 0.76 2.1
* San Fernando data only

**  Site specific relationship
*** GSeed et al data are sorted by site characteristics
and consider only one magnitude level
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The values show that when a complete data set is considered
without the classification of site conditions, the standard deviation
factor may be as large as 2. There is little data published regarding
the standard deviation for site specific acceleration data but Donovan
and Bornstein have estimated that for accelerations on rock and stiff
soil sites the standard deviation factor may be reduced to approximately
1.5, What this implies is that even when the site conditions and the
location of the probable source are known there 1s only a 70 percent
chance of measuring a value within plus or minus 50 percent of the
computed quantity.

The attenuation equations referenced above are only a selection of
those available. A comprehensive list of those presently available was
compiled by Idriss (19). Together with the compilation Idriss presented
somewhat detalled comparisons of the results obtained by using the
equations in a deterministic way. Direct use of any attenuation
equation should not be undertaken without consideration of the
uncertalnty associated with that relationship when uncertalnties as
large as those shown in Table 1 exist. An example of correct usage of
an equation is demonstrated in a seismic risk anaysis where the mean
attenuation relationship is used throughout the analysis but is always
taken in combination with the probability distribution of the data about
that mean.

Velocity and Displacement Uncertainty

Velocity and displacment have been examined in two different ways.
The more common method in use at the present time is a comparison of the
peak velocity and displacement with the peak acceleration. Some efforts
have been made by Esteva (13) and McGuire (22) to develop direct atten—
uation equations for peak velocities and displacements. Velocity and
displacement data exhibit much more scatter than acceleration and are
greatly affected by site conditions but in a different way. Whereas
high rock accelerations may be attenuated by a soil profile and small
accelerations may be amplified, velocity and displacement values tend to
be amplified at most motion levels. The standard deviation factors for
some velocity and displacement equations are also included in Table 1.

The direct comparison of peak velocity and peak acceleration was
first undertaken by Newmark and Hall (27) and has been repeated by
others. Site conditons have not been considered by Newmark and Hall but
Mohraz (25) has extended work initially performed with Hall and Newmark
to include these effects. Some of the basic relationships are given in
Table 2, While Table 2 shows the similarity of results by different
investigators, Mohraz is the only one to show the standard deviation
multiplier. These values in Table 2 show that the uncertainties in the
quantity ratios from specific events is approximately equal to the
uncertainty between the individual quantities themselves. The attenua-
tion relationships proposed by Esteva and McGuire are magnitude
dependent and will give different v/a ratlos for different magnitude and
distance values. The values in Table 2 do not include magnitude and
distance so a comparison of the range of values predicted by use of the
mean attenuation equations of Esteva and McGuire can provide additiomal
insight. If the range of magnitudes is varied between 4.5 and 7.0 and
epicentral distances are varied between 1 and 65 kilometers (0.6 to 40
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miles), then the variation of the v/a ratio for Esteva (1973) 1s between
81 and 119 cm/sec/g (32 to 47 inches/sec/g) with a mean value of

102 cm/sec/g (40 inches/sec/g). Similar values for McGuire vary between
60 and 133 cm/sec/g (23 to 52 inches/sec/g) with a mean value of 89
cm/sec/g (35 inches/sec/g). The variation in the ratios computed
directly from the equations are in accord with seismological observation
that the velocity to acceleration ratio should increase with both
increasing magnitude and increasing distance from the source. Some of
the difficulties in working with statistics using limited data sets are
shown in Seed et al (35) where the conclusions reached are not in
agreement with observation and imply that velocity attentuates more
rapidly than acceleration for deep cohesionless soill sites.,

TABLE 2

Ground Motion Parameter Ratios

Standard
v/a v/a via v/a Deviation

Newmark-Hall Seed et al Mohraz Factor

Profile Type cm/sec/g cm/sec/g cm/sec/g Mohraz

L* S* L S
Rock 61(24)*%* 66(26) 61(24) 69(27) 1.58 1.63
Stiff Soil -— 144(45) - -— - -
Deep Sand - - 76(30) 91(36) 1.53 1.61
Alluvium 122(48) 142(55) 122(48) 145(57) l.44 1.49

* Mohraz considered horizontal data in two sets. L comprises the set
containing the largest horizontal component from each site and the
S set contains the lower value.

** Numbers in parentheses are in units of inches/sec/g.

Response Spectra

The procedure for construction of a design response spectra should
be reviewed briefly. The most common procedure follows the method
developed by Newmark and Hall where the basic ground motion parameters
based on particle acceleration, velocity and displacement are used as
the starting points. The velocity and displacement values are usually
obtained by scaling from the statistical v/a ratios and the dimension-
less term ad/v“, These ground parameters, the starting point for
spectral construction, are shown on Figure 12 for a site on a deep soil
profile with an effective peak acceleration of 0.lg. Using the v/a
ratio of Newmark and Hall the_equivalent particle velocity would be 4.8
inches per sec. With an ad/v” ratio of 5 the equivalent particle dis-
placement would then be 3 inches. From these ground parameter values,
spectral amplification values are used to draw the design spectra for
the appropriate damping levels. Two spectra are shown for a damping
level of 5 percent on Figure 12. The lower spectra is based on mean
amplification values and the upper curve represents the 84 percentile or
one standard deviation beyond the mean.
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The uncertainty in the spectral amplification must also be
considered. Estimates of the uncertainty appear to vary slightly across
the spectrum at different periods but are not great enough to warrant
special attention. In Table 3 the average ratio between the mean
response spectra coefficients and the mean plus one standard deviation
coefficients are shown for three different damping levels. As these
spectra are computed from selected data sets and are not based on the
total data, the standard deviation should be expected to be slightly
reduced.

TABLE 3
Spectral Uncertainty

Averaged Across Spectra

Damping Level Blume-Newmark Mohraz Seed et al
.02 1.42 1.41 -
.05 1,32 1.36 1.4
.10 1.30 1.31 -

It can be seen that no matter how ground motion input for design
is defined a large amount of uncertainty exists. This uncertainty must
be recognized. It is imperative that the uncertainty be included as a
part of the design study for the whole project rather than by separately
compounding the uncertainty of each individual part. Unbridled conser-
vatism could quickly lead to ridiculous criteria. If a conservative
acceleration 1is chosen and spectra are then constructed using
conservative ground motion ratios and spectral amplification factors, it
is an easy step to end up with criteria that are up to 4 or 5 times the
most probable or mean value. This conservative factor only relates to
the ground motion portion of the design criteria. When each step is
considered in this way the use of maximum conservatism 1s
unconscionable.

To some extent the problem in making a reasonable design choice
has been compounded by the separation of parts of the problem between
disciplines. The seismologist and geophysicist may recognize the
uncertainty of the representative peak parameters, but consider they
have failed if an event should occur with peak parameters larger than
their recommendations. The earthquake engineer in turn may not know the
amount of conservatism in these parameters and include the uncertainty
in the spectral parameters on the basis that the prior numbers are mean
values.

RECOMMENDED USAGE OF PARAMETERS

Although the difficulties in the compounding of uncertainties
should be avolded it is important that the uncertainty be considered in
the selection of design values. This inclusion of uncertainty should be
only to the extent that the total degree of conservatism is not much
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greater than that existing in the selection of individual parts. For
example, the choice of mean acceleration and ground motion ratios with
84 percentile spectral amplification ratios is one useful concept.

It was the stated intent of Hall, Mohraz and Newmark (15) in
recommending the use of mean plus one standard deviation (or 84
percentile) response spectral amplification values that mean values
would be used for the basic ground parameters including acceleration.
Unfortunately this intent is often ignored. Page (30) has made the
spurious assertion that the measures of peak acceleration is primarily a
function of the number of instruments deployed. It is reasonable to
expect that a rare but ever larger maximum will be recorded as the data
set increases in size., At the same time as the maximum of the maximum
values increases, the mean value will become more firmly established.
Statistical evaluations and studies must be based on mean values even if
they are from a set of maximum values.

The difficulties 1n the choice of parameters for design have been
pointed out in the previous sections of this paper with almost complete
abandon. It becomes necessary, therefore, to describe in a step by step
fashion how some of these difficulties can be avoided in a logical
manner. The first step in current design procedures is the selection of
an acceleration value to be used as a scaling parameter for development
of the design spectra. This acceleration value may be developed from a
seismic risk analysis (6, 24, 11) or obtained by other means such as
assuming a known source and using an attenuation relationship. What
attenuation relationship should be used? While the writer has a
preference to those he has developed, (9, 1l1) this is a reaction based
on familiarity. Others can also be recommended for use in developing
design acceleration values if they are based on a large data base (22).
The need for a wide range of data rather than selected data is to ensure
that the mean peak acceleration will closely approximate the design
acceleration or EPA value. The attenuation relationship by Schnabel and
Seed (32) and those by Page et al (29) do not satisfy these criteria.
Many factors are known to affect acceleration levels but few are yet
sufficiently understood. There is sometimes a strong directional effect
for example, (2) and at present little 1s known about the difference in
ground motion on strike slip faults in contrast to the ubiquitous data
from San Fernando. The writer usually uses several attenuation
relationships and attempts whenever possible to logically reconcile the
differences between them before making a choice of the design
acceleration level.

Where the site under study is different from those upon which the
attenuation data was obtained, selection of a value for a stiff soil or
rock site is recommended as a first step. This value can then be
converted to a design acceleration for the appropriate soll profile by
use of Fig. 13 which was developed by Seed et al (35).

Once the acceleration has been chosen a v/a ratio appropriate for
the site conditions and the magnitude and distance of the event should
be selected. At the present time this is preferable to direct use of
any velocity attenuation relationship. For moderate distances (20 to 40
km) the values of v/a listed in Table 2 would be appropriate. For other
distances some adjustment should be made recognizing that the ratio
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increases with increasing distance and with increasing magnitude (23).

There has been apparent disagreement in the literature because
Newmark and Hall (27) have apparently not considered the effects of
different soil profiles. This difference however, is more apparent than
real and can be shown as follows. The effect of a soft soil site is to
reduce the acceleration level and increase the v/a ratio. For example
using Fig. 13, a rock acceleration of 0.2g would be reduced to 0.16g for
a deep soil or alluvium site. At the same time the v/a ratio would be
increased beyond the 122 cm/sec recommended by Newmark and Hall (which
is not a mean value) to 142 cm/sec. The actual ground motion velocity
values to which the spectral amplification values are applied would be
24.4 cm/sec and 22.7 cm/sec respectively and show that except for the
short period portion of the response spectra there is very little real
difference in the two seemingly disparate approaches.

Displacement can be computed using a value of ad/v2 of 5 or 6 and
the previously developed acceleration and velocity values. Nuttli (28)
has noted that displacements on soft sites are approximately 4 times
those on rock. This is in agreement with the factor of 2 noted in the
v/a ratio for the same conditions.

With the ground motion parameters established and constructed as
shown on Fig. 12 the spectral amplification values for acceleration,
velocity, and displacement can be obtained from tables prepared by Hall
et al (l4) or Mohraz (25) for the desired damping levels. Although
there are differences in the amplification values for the different soil
profile types these values are comparatively small so that the major
effects or spectral shape are directly controlled by the ground motion
parameters.

Where the design event magnitude is close to 6.5 an alternate
procedure would be to use the average spectra of Seed et al (34)
directly. The average spectra recommended by Seed et al, and Mohraz for
different soil types normalized to O.lg are shown on Fig. 14(a) and
14(b). Also shown on Fig 14(c) is the recommendation of Hall et al.

The difference in spectral amplitude in the Hall spectra comes about
because the v/a ratio is not based on a mean quantity.

The spectra shown in Fig. 14 are mean spectra based on mean ground
motion parameters. If the design acceleration to which the spectra will
be proportioned has been chosen using a mean value these should not be
recommended as design spectra. No conservatism has been included.
Instead the recommended procedure would be to take the 84 percentile
values from the spectral amplitude tables of either Hall et al, or
Mohraz and prepare design spectra in this fashion. Fig. 15 shows the
recommended design spectra with a damping of 5 percent for the design
acceleration of 0.2 g on rock and the comparable value of 0.16 g on a
deep soil profile using the suggested procedures of Mohraz and Seed et
al which are site specific and the method of Hall et al which is not.

Where it 1is intended that design be based on use of an accelera-
tion time history the choice of the ground motion record should be
undertaken with great care. While it is not a difficult problem to
develop a time history that can match a specified average response
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spectrum as demonstrated by Tsai (38) it is neither unique nor truly
representative of the average when used in a multi degree of freedom
analysis (10)., It is beyond the scope of this paper to discuss this
problem in detail, but it is believed that methods that seek to closely
model the actual propagation of fault rupture such as suggested by
Guzman and Jennings (14, 20) offer the most promise at this time.
Strong motion seismology is also achieving success in modelling the
displacement records in strong motion (5). As the acceleration values
are largely controlled by irregularities in geology and fault rupture
the theoretical modelling of acceleration records other than in a
probabilistic sense is not yet possible.

CONCLUSIONS AND RECOMMENDATIONS

There has been considerable progress made in the study of the
effects of soil and geology on site response. This progress became very
rapid during the early part of this decade. At that time the flush of
success in explaining some of the observed effects during earthquakes by
using simple site models led to overuse and some misuse of the models.
The large amount of data obtained from the San Fernando earthquake
showed that simple models were not adequate to explain observed
phenomenon. At the same time the large amount of data has enabled
direct empirical evidence of site effects to be compiled. These
empirical procedures carefully applied with the use of mean values and a
reasonable degree of conservatism offer a much more attractive means of
evaluating site effects on ground motion than is possible with any
presently available one or two dimensional linear or non linear site
model. Analytical procedures still have a wide role. Analytical
techniques involving soil and structure models are required for soil and
structure interaction studies. The loss of strength of cohesive soils
during cyclic loading and the generation of pore pressures in sands and
silts need the understanding that comes from detailed studies to provide
the ability to make a rational extrapolation of field observation from
past earthquakes to problems of present design.
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SOIL DYNAMICS CONSIDERATIONS FOR MICROZONATION
by
M. A. Sherif! and I. Ishibashill
ABSTRACT

Microzonation for earthquake effects involves the determination of
relevant site characteristics and their incorporation into land-use
planning and the design of earthquake-resistant structures to reduce
damage to human 1ife and property in the event of seismicity. The engin-
eering behavior of soils plays an important role in the microzonation of
regions for earthquake effects. In considering soil effects that enter
into seismic microzonation, engineering interest focuses on assessing
(1) soil Tiquefaction potential, (2) soil densification characteristics,
(3) loss of soil strength due to dynamic loading and (4) shear moduli and
damping properties of soils. The first three soil factors provide informa-
tion on the strength and stability of the soil deposits in the area, while
the fourth (shear meduli and damping) is used in analytical estimation of
ground response, from which the magnitudes of accelerations,and hence the
forces to which the structures in the area will be subjected during earth-
quakes,are determined.

I. SOIL LIQUEFACTION

Liquefaction is recognized as a phenomenon whereby certain sands and
sandy soils totally lose their supportive capacity and behave almost 1like
Tiquids under dynamic or earthquake-type loading. Liquefaction in sands
is brought about to a great extent as a consequence of pore-pressure
buildup and to a lesser extent due to favorable reorientation of soil part-
icles in such a way that the soil-water system enters a stage at which it
exhibits least resistance to applied forces. In engineering practice the
soil is considered to have liquefied when the pore-pressure rise reaches
the value of the total overburden stresses on the soil. When this hap-
pens, the strength of the soil reduces to zero, as indicated in Eq. 1.

T = (OT - u)tan¢ (1)

where t = shear strength; 97 = total overburden pressure; u = pore pres-
sure; and ¢ = angle of internal friction.

I.1. Preliminary Evaluation of Site Liquefaction Potential

In order to make a preliminary assessment of the liquefaction poten-
tial of soil deposits over a large area in a seismically active region, it
is suggested that the following preliminary liquefaction-potential evalua-
tion procedure, outlined in Fig. 1, be followed. First, field investiga-
tions are conducted to determine whether any liquefiable soils exist
within 50 feet below the ground surface (sand, silty sand and clayey sand

I Professor of Civil Engineering and Adjunct Professor of Quaternary
Research, University of Washington, Seattle, Washington

II Research Assistant Professor of Civil Engineering, University of
Washington, Seattle, Washington.
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are liquefiable; clay, silt, loam, organic s0il, gravel and others are less
susceptible to liquefaction). The second step is to see whether the above-
determined liquefiable soils lie below or above the water table. Liquefac-
tion is considered less of a problem if the liquefiable soils 1ie above the
water table. There is evidence to suggest that if a non-liquefiable soil
layer extends to a depth of 10 feet or more immediately below the ground
surface, structures founded on it do not suffer appreciable damage, even if
Tiquefiable soils exist below the non-liquefiable surface soil layer (Ishi-
hara, 1973). Next, if the grain-size distribution curves are available,
screening is performed to determine whether the gradation of the ligque-
fiable soil falls within the 1iquefaction-susceptible range, as shown in
Fig. 2. The last step in preliminary ligquefaction evaluation involves
checking the standard penetration blow count N at the site. Several
critical curves regarding Ny have been proposed. Fig. 3 shows envelopes
of those curves, which could be used for liquefaction evaluation. By using
the above process of evaluation and coupling it with the geological map and
seismological data on the area, the sites could be zoned on a preliminary
basis into liquefiable, questionable, and non-liquefiable categories.

I1.2. Detailed Evaluation of Site Liquefaction Potential

~ When engineers require more accurate information regarding soil lique-
liquefaction potential under an important structure, detailed liquefaction
gva]uation could be carried out by (1) using an analytical prediction
involving the time history of pore-pressure buildup in saturated sands,
or (2) comparing the induced shear stresses (calculated through response
analysis) with the shear stresses causing soil liquefaction during labor-
atory testing under uniform cyclic shear loading. Each of the above
procedures is discussed in the following paragraphs.

Prediction of Time History of Pore-Pressure Buildup

Several analytical methods of predicting the time history of pore-
pressure generation leading to assessment of liquefaction potential of
saturated sands have been proposed, by Martin et al. (1975), Seed et al.
(1975), Ishihara et al. (1976), Liou et al. (1976), Ishibashi et al.
(1977), and Ghaboussi and Dikmen (1978). Most recently, Sherif et al.
(;978) proposed a detailed analytical procedure for predicting the time
history of pore-pressure buildup in dense, medium dense and loose satura-
ted sands as expressed by Eq. 2. It is significant to note that Eq. 2 is
a general equation which applies to all kinds of loadings, including the
random earthquake type.

* * Ci(N,.) T ]a
(aUS) = (1 - Uy ) - €q'p NP 2-
T S %) )
N . 1%
N = -—1-2- -
(Negdp = .2, [TNJ (2-b)
* * Ci(N_ ) T o
(aUy). = (1 -U . egn__, [ Nn ] 2.
N)n ( N'l) ( )C2 - C3 a N-1 ( C)
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N . )%
(Neq)n = 3 n (2-d)
i=1 | "Nn
Ua = U;_l + %-[(AU;)p + (AU;)nJ (2-e)

where (AUN)p or (AUp)n are normalized pore-pressure increments per cycle
(pore-pressure rise divided by the initial confining pressure) in positive
or negative shear stress reg1ons under cyclic shear stresses Typ Or Typ
during the Nth cycle; and Uy-7.and UR are norma11zed pore pressures at the
end of the (N-1)th and Nth cyCles. The terms (N p and (Neg)p are equi-
valent numbers of cycles in positive and negat1ve reg1ons ?he term Op. 1
is the effective confining pressure at the end of the (N-1)th cycle; and
as Cy, C, and C3 are material constants which are functions of void ratio
or density, as shown in Fig. 4.

To apply Eqs. 2-a through 2-e in practice, an illustrative problem
is shown in Fig. 5, in which the top graph shows the time history of an
earthquake-induced shear stress at a given depth in a soil mass with a
void ratio e = 0.70. Corresponding to e = 0.70 in Fig. 4, the material
constants Cy, C,, C3 and a are determined to be 6.13, 1.77, 0.46 and 2.40
respectively. If the stress time history and material constants are known,
the values of the pore pressures at the end of each cyclic stress can be
calculated by following the procedure outlined in Fig. 6. Fig. 5(b) shows
a plot of the normalized pore- pressure rise as a function of time under
the above stress history. It is seen from this figure that at the end of
the third cycle the value of the normalized pore pressure UN is 0.465.

Fig. 7 shows a comparison between the actual pore-pressure buildup in
saturated Ottawa sand under random loading in the laboratory and that pre-
dicted by Eq. 2.

o If at any time during the time history of an earthquake the value of
Uy in Eq. 2-e approaches unity, the soil will liquefy under that given
earthquake loading. For examp]e, under the earthquake stress history
shown in Fig. 7, the 5011 in that area will not totally liquefy, since
the maximum value of UN during the time history of the earthquake is
0.55.

Liquefaction Assessment by Stress-Comparison Method

This method involves comparing the stresses causing liquefaction
during laboratory testing with the expected earthquake-induced shear
stresses (calculated by response analysis). The detailed analysis could
be carried out according to the procedure outlined in Fig. 8.

Step I

This step involves field investigation; soil sampling and determina-
tion of soil depth and stratification; and laboratory testing for the
determination of shear modulus G, damping ratio A, soil density y and
other relevant soil properties for use in site-response calculations in
Step III.



84

Step 11

This step is normally carried out in conjunction with Step I, and it
involves the study of seismic history and the location of active fault
lines with respect to the site, for the purpose of establishing a design
bedrock acceleration history.

Step III

This step involves conducting laboratory liquefaction tests to deter-
mine the magnitudes of the shear stresses that cause Tiquefaction of the
soil in the laboratory as a function of the number of uniform shear stress
cycles.

Based on the liquefaction test results obtained, a liquefaction-
potential curve is established as a function of soil type and relative
density. One such series of curves is shown in Fig. 9. Engineers should
be cautioned as to the unreliability of the present relative-density
determination procedures, as cited by Finn (1972). In view of the fact
that 1iquefaction potential is highly sensitive to variations in relative
density, it is apparent that a serious need exists for the development of
a viable standard test procedure for relative-density determination that
would yield more consistent results than those now being used.

In presenting liquefaction-potential curves, such as those in Fig. 9,
Ishibashi and Sherif ?1974) recommend the use of Atmax/ooct on the vertical
axis because when the data are presented as such, the resulting liquefac-
tion-potential curves become independent of the coefficient of earth
pressures at rest, as shown in Fig. 10.

The uniqueness of the Atmay/0gct Parameter for determining liquefac-
tion potential of sand under isotropically and anisotropically consolidated
conditions can be used to establish a correlation between the simple or
torsional shear test data and the triaxial test data, as shown below.

Tvh T I (3-a)
%o 3 ZGVO
in simple shear in triaxial
1+ 2K g
-0 =c .9 -
C, 3 or Tvh = Cp > (3-b)

where tyh = cyclic shear stress on horizontal plane in simple shear or tor-
sional shear; oyo = initial effective vertical confining stress in triaxial,
simple and torsional shear tests; o4, = dynamic deviatoric stress in tri-
axial testing; Ky = coefficient of ?gteral earth pressure at rest; and Cp =
correlation factor.

In Fig. 11 the reporters have plotted the correlation factor in Eq. 3-b
against the coefficient of earth pressure at rest K, and obtained the solid
line. Fig. 11 also includes the correlation factors suggested by other
researchers. It is evident from this figure that the correlation factor
Chr=(1+ 2K0)/3 provides reasonable representation of the cumulative
research data to date; therefore, it is proposed that the above correlation
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factor be utilized for all practical purposes to translate simple-shear
data to triaxial and vice versa.

Step 1V

Complete site-response analysis could be performed by the lumped-mass
technique (Seed and Idriss, 1969), the wave-propagation method (Schnabel et
al., 1972), or the finite-element method (Idriss et al., 1973). Finn et
al. (1976) performed effective stress-response analysis utilizing the
Tumped-mass method and introducing the pore-pressure generation equation
developed by Martin et al. (1975). Using any of these response analyses,
the time history of shear stress can be calculated at any depth of soil
deposit. In all of these analyses, the equivalent dynamic shear modulus
Geq and soil damping ratio » had to be used in the calculations.

To translate the earthquake stresses determined by any of the above
methods into laboratory experiments, Seed and Idriss (1971) have proposed
that an equivalent uniform shear stress equaling 0.65 x tpmax be applied on
the soil during laboratory liquefaction study, where tpay 1S the maximum
shear stress induced in the soil during an earthquake. The above investi-
gators also proposed the following relationship between the magnitudes of
earthquakes and the corresponding numbers of significant cycles:

Earthquake Magnitude 7.0 7.5 8.0

Number of Significant
Stress Cycles 10.0 20.0 30.0

Based on analyses of many earthquakes, Lee and Chan (1972) suggested
the use of 0.75 x Tpmax and the following corresponding numbers of signifi-
cant stress cycles:

Earthquake Magnitude 5.0 5.5 6.0 6.5 7.0 7.5 8.0

Number of Significant
Stress Cycles 5.0 6.0 7.5 9.5 12.0 15.5 20.0

A comparison between these two sets of data (Fig. 12) implies that
lTiquefaction will occur under slightly smaller earthquakes than suggested
by Seed and Idriss.

Even though the Lee and Chan proposal represents an advancement over
the procedure previously suggested by Seed and Idriss, further research in
this area is in order, especially in view of the fact that the pore pres-
sures generated in the soil deposit are very much influenced whether the
peak stresses are introduced into the ground at the beginning or at later
stages of an earthquake. Ishibashi et al. (1977) have shown that the pore
pressures generated in the soil deposit are higher if the peak stresses
are introduced near the beginning of an earthquake.

Step V

This step involves a comparison between the induced equivalent uni-
form earthquake shear stresses throughout the soil profile, as determined
in Step IV, and the uniform shear stresses causing liquefaction during
laboratory tests, established in Step III.



86

By comparing shear stresses causing liquefaction in the laboratory
with the induced shear stresses in the soil deposit, a determination is
made regarding the Tiquefiability of a soil deposit in a particular site.

IT. SOIL BENSIFICATION

During seismic vibration, cohesionless soils densify and produce
settlement of the ground surface. Excessive settlement can cause severe
damage to structures of all kinds.

II.1. Settlement of Dry Sands

There is conflicting research information on the densification of dry
sands. Seed and Silver (1972) have assumed that the effects of vertical
vibration on densification are almost negligible until it exceeds 1.0g and
that the overburden pressure does not significantly affect soil settlement.
Later, in 1975, Pyke et al. conducted shaking-table experiments and found
that (1) the settlement caused by combined horizontal motions is almost the
same as the sum of the settlements caused by each component acting separ-
ately; and (2) while vertical acceleration of less than 1.0g induces no
appreciable settlement by itself, it causes marked increase in settlement
(about 50%) when superimposed on horizontal acceleration. This finding
suggests that actual field settlement could be three times as great as
would be predicted by the earlier Seed and Silver method.

Finn and Byrne (1976) studied the effects of relative density, sur-
charge loads, and maximum base acceleration on densification of dry sands
under earthquake-type random loading by using the equation of volumetric
strain increment for liquefaction study that was originally developed by
Martin et al. (1975). Their results showed that even very dense, dry sands
(D, = 80%) settle under cyclic loading and that the structures on top of
the sand increase the total ground settlement, thus implying that free
field settlement of sands provides a lTower bound to the settlement to be
expected under a structure during an earthquake.

In view of the practical importance of the subject matter, and because
of the conflicting points of view at the present time, there is a definite
need for research in this area.

11.2. Settlement of Saturated Sands

When saturated sands are subjected to cyclic shear loading in drained
conditions, they undergo densification. Youd (1972) showed from simple-
shear tests that the effect of initial moisture content on the final void
ratio reached is negligible during drained tests, and that the effects of
vertical stress and frequency on densification are almost insignificant.
In contrast, Krizek and Fernandez (1971) showed that the initial moisture
content significantly influences the maximum vibratory density attained.

Lee and Albaisa (1974) investigated settlement due to pore-pressure
dissipation following partial and complete liquefaction. In these studies,
pore pressures were generated in saturated undrained cyclic triaxial tests.
The tests were stopped after a certain number of cycles and the pore
pressures were allowed to dissipate. The investigators found that the
amount of volume change was dependent only on the magnitude of excess pore
pressure, irrespective of the type of cyclic loading. They also concluded
that the effects of confining pressure and relative density on volume
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change are small and that the effect of grain size is quite important. The
above investigators also found that the cyclic volumetric strains the soil
undergoes after it has been dynamically excited can be determined by static
tests, provided that the magnitude of the maximum pore pressure generated
during dynamic loading is known. The static tests involve applying on the
soil samples back-pressure equal in magnitude to those that may have been
induced by dynamic loading, and measuring the volume changes in the sample
after the drainage lines are opened.

Settlement of a model building on saturated sands during vibration was
investigated by Yoshimi and Tokimatsu (1977) on a shaking table. Yoshimi
et al. concluded that (1) the amount of settlement under a heavy structure
is more dependent on soil density than under a light structure; and (2)
artificial lateral confinement (by sheet piles, for example) of the soil
immediately beneath the building reduces building settlement due to
liquefaction.

Based on the above information, it appears that certain procedures and
methodologies are now available to assist engineers to a limited extent in
assessing densification characteristics of soil for microzonation purposes.
Further research in soil-structure interaction effects, the effect of
multi-directional shaking, and the influences of initial moisture content
on final settlement could provide highly useful information for practical
design and land-use planning purposes.

IIT. LOSS OF SOIL STRENGTH

Certain soils lose strength when subjected to repeated dynamic load-
ing. In some cases, the loss of strendgth is partial, and in others it is
total, such as during liquefaction of saturated sands. The quantitative
measure of partial Toss of strength is expressed by the cyclic strength
ratio, which is defined as the ratio of the undrained static shear
strength (after dynamic excitation) to the undrained static strength of
the soil (prior to dynamic loading).

Lee and Focht (1976) collected previously published data and presented
it as the cyclic stress ratio (applied cyclic stress Sp to undrained static
shear strength Sy) versus the number of cycles to failure ncf, as shown in
Fig. 13. This figure includes data from cyclic simple shear and cyclic
triaxial tests for both consolidated undrained (CU) and unconsolidated un-
drained (UU) tests obtained at frequencies ranging from 0.1 to 2Hz. It is
apparent from F1g 13 that the number of cycles necessary to fail these
soils under a given Sp/S, ratio is a function of soil type and that in all
cases it is possible to fail these soils under re]at1ve1y Tow dynamic
stresses if a sufficiently large number of cycles is applied. The fact
that each of the curves in Fig. 13 appears to flatten out and assume
nearly a constant ratio at higher n.f implies that for each soil there
exists a threshold dynamic stress level that does not cause failure,
regardless of the number of times the loads are applied on the sample.

In most practical cases the applied stress ratio Sp/Sy is not large
enough to cause total loss of strength within a short time span; and yet
the soil does undergo partial strength reduction as a consequence of
dynamic excitation. When this happens, natural and man-made clayey slopes
fail, with resulting adverse social and economic consequences. For this
reason, it is important that the amount of strength loss cohesive soils
exhibit as a result of dynamic loading be known.
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Based on the static and cyclic strain-controlled triaxial compression
test results on San Francisco Bay mud and Anchorage silty clay, Thiers and
Seed (1969) concluded that the application on any soil of a peak cyclic
strain of less than one-half of the static failure strain would result in
retention of 80% of the soil's original static shear strength, as shown in
Fig. 14. 1In the above study, the researchers applied cyclic strains for
200 cycles at lHz for each of the soils tested.

Castro and Christian (1976) interpreted Thiers and Seed's curve to
mean that 90% of the original shear strength would be recovered, so Tong
as the applied cyclic strain was less than one-half the static failure
strain. In fact, Castro et al. concluded from their study that the cyclic
strength is equal or very close to the static undrained strength for satur-
ated soils subjected to stress-controlled triaxial tests.

Lee and Focht (1976), based on limited studies on North Sea soils,
concluded that essentially no, or minimal, reduction in strength would oc-
cur if the applied dynamic strains were less than 50% of the static failure
strain. Two of the data points obtained by Lee and Focht are shown in
Fig. 14.

Koutsoftas (1978) studied the strength loss of two marine clays, one
normally consolidated and the other overconsolidated, in a stress-
controlled triaxial device. He concluded that as the imposed strain ratio
increases, the reduction in undrained shear strength also increases; and
yet, even at large strain ratios, the reduction in undrained shear strength
is relatively small (between 10% and 20%), as shown in Fig. 14, and not as
large as previously reported by Thiers and Seed.

The results obtained by Sherif et al. (1976B and 1977B) from tests
conducted on Northwest Pacific pelagic marine clays which came from an
area where the depth of water was about 22,000 feet, showed that these
soils lose strength even if the applied dynamic strain is as low as 10% of
the static failure strains (see Fig. 14). Furthermore, Sherif et al. have
found that the amount of strength loss was very much dependent on the num-
ber of strain cycles applied, as well as on the magnitudes of effective
confining pressures, as shown in Fig. 15.

It should be apparent from the above discussion that there is a con-
siderable amount of diversity in laboratory test data on the subject of
loss of soil strength due to dynamic loading. In view of the importance
of the subject for the design of safe structures in terrestrial and marine
environments, further research in this area is extremely desirable.

IV. DYNAMIC SHEAR MODULI AND DAMPING

The analytical procedures, such as the Tumped-mass, wave-propagation
and finite-element methods, used in the determination of ground response
during earthquakes, require a knowledge of dynamic shear moduli and damp-
ing. In this section the current knowledge on these two important soil
parameters is discussed.

When soil is subjected to high earthquake strain levels, it behaves
in a non-linear fashion. Fig. 16 shows a non-linear shear stress-strain
relationship for a soil under dynamic loading. To take this non-linear
behavior into consideration in practice, the soil behavior can be repre-
sented by an equivalent linear model, where the slope of the line AO in
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Fig. 16 represents the equivalent shear modulus Geq’ and the equivalent
damping ratio eq is defined as:

)‘eq " TR (4)

where A equals the shaded area within the closed loop, and AT is the area
of triangle O0AB in Fig. 16.

For brevity, Geq and Xaq Will be referred to hereafter as shear modu-
Tus G and damping ratio i. 8urrent1y, several procedures exist for the
determination of shear moduli and damping.

Fig. 17 shows the approximate strain ranges associated with each
method of determination. Since field procedures are described elsewhere
in the proceedings of this conference {(Murphy, 1978), the reporters will
focus their attention on laboratory determination of G and Ax. In general,
G and x» for sands and clays are determined by resonant-column tests for
low strain levels and by simple shear or torsional simple shear devices
for higher strains, such as those experienced during strong earthquakes.

IV.1. Dynamic Properties of Sands

Dynamic Shear Moduli for Sands

It is generally agreed by researchers that the dynamic shear moduli
of sands are most affected by (1) the shear strain amplitude; (2) confin-
ing pressure; and (3) soil density or void ratio. Based on other research-
ers' test cata, Seed and Idriss (1970) proposed an average shear modulus
curve as a function of the above three variables.

Hardin and Drnevich (1972A and B) proposed the following equations for
clean, dry sands:

G
D oomax |} g5 . o016 2Ky
Tmax exp max
where
_ (2.973 - )2 . =0.5
Gmax = 1230 T+ e g9 (6)
1
1+ K, _ 12 1ok )2

Trax 5 - T sinF 4 Ccosw} - |——7, (7)

where = coefficient of earth pressure at rest; ¥, C = effective angle of

internal friction and true cohesion; e = void ratio; 5, and 5, = effective
confining pressure and effective vertical pressure; Gmax = shear modulus at
strain levels nearly approaching zero strain; and tpax = Strength obtained
from static shear tests.
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Sherif and Ishibashi (1976) have found that the rate of decrease in
shear modulus becomes much Targer with increasing shear strains when the
imposed shear strains exceed 0.03%. Accordingly, they proposed the follow-
ing equations for shear modulus G in psi.

2.8$.(6_0)(11.67'Y + 0.5) . 40(0.205)(Y/0.03) 0 <y < 0.03% (8)

[y
1]

0.85 -0.6
) <y

6 = 2.8%(g, 0.03 < y < 1.0% (9)

where oo = effective confining pressure in psi; ¢ = angle of internal fric-
tion in degrees; and y = cyclic shear strain amplitude in percentage.

To simplify the determination of G, the above authors presented Egs.
8 and 9 in nomograph form, as shown in Fig. 18. Most recently, Iwasaki et
al. (1978) proposed the relationship shown in Eq. 10.

S aky) - ) (10)

Y=10-6

where G,=10-6 is the shear modulus at y = 10-8, p is the mean principal
stress, and K(y) and m(y)are functions of strain and are presented by
Iwasaki et al. by experimental curves. Iwasaki et al. also plotted other
researchers' data in the form of G/G =10-6 versus shear strain y, as shown
in Fig. 19. It is seen from this figure that, except for the Shibata and
Soelarno (1975) data, the differences among the rest are small.

To determine the value of G from Fig. 19 at a specific strain level,
the shear modulus at y = 10-% (which nearly equals Gmax) should first be
known. The Gpax values are given by Hardin in Eq. 6, by Sherif and
Ishibashi in Eq. 11, and by Iwasaki et al. in Eq. 12.

Gray = 1127 v 3. (Sherif and Ishibashi) (11)*
- e)2 ,— .
Gmax = 4385 13*%Z:-ggl (gc)o'40 (Iwasaki et al.) (12)

where Gmax and EE are in psi and ¢ is in degrees.

In Fig. 20, the reporters have plotted the Gmax values calculated by
Egs. 6, 11 and 12 for four types of sands (Ottawa, Del Monte, Golden
Gardens and Seward Park sands) in loose and dense states under effective
confining pressures of 10 and 40 psi. The material properties e and ¥ of
%hese)four sands were known from previous studies by Sherif and Ishibashi
1976).

It is seen from Fig. 20 that Gmax Varies randomly and is dependent on
soil type and density. Therefore, agéitiona1 research in this area is
suggested.

* This equation is obtained from Eq. 8 at y = O.
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Damping Ratic for Sands

Damping is a measure of energy dissipation in a system and is quanti-
tatively defined by Eq. 4 and Fig. 16. The factors that have the greatest
influence on damping ratio of sands are (1) cyclic strain amplitudes, (2)
confining pressures, (3) soil type (gradation and angularity), and (4) num-
ber of stress cycles. The effect of soil density or void ratio is so small
as to be almost neglibible (Silver and Seed, 1971; Sherif et al., 1977A).

Seed and Idriss (1970) reviewed the available data on damping ratios
of sands and presented an average curve with about +4 to 6% variations in
A, as a function of shear strain amplitude.

Hardin and Drnevich (1972A and B) proposed the following equations,
based on torsional shear and resonant-column test results on a dry uniform
quartz sand.

s
\ = Amax Y/ Ty
L+ /v,
Anax - 33 - 1.5 log NC r (13)
. = "max
" Shax )

where N. is the number of stress cycles and tpayx and Gpay are as defined
earlier,in Eqs. 6 and 7.

Sherif et al. (1977A) investigated the effects of soil type (grada-
tion and angularity) on damping ratio for four different types of sands
and proposed the following equation for damping A(%) as a function of
effective confining pressure g (psi), shear strain amplitude y(%) and
soil gradation and sphericity factor F:

50 - 0. 6_
38

0.3

€ (73.3F - 53.3)y (14)

The above researchers defined the new soil gradation and sphericity
factor F as:

1
F = —— (15)
2

where ¥ = S'/S represents soil sphericity, and Cq = D30/ Dyg X Dgg) is the
coefficient of gradation. The terms S' and S reger respectively, to the
surface area of a sphere of the same volume as the soil particle and the
actual surface area of the soil. Fig. 21 shows a plot of all the experi-
mental data points for the four sands tested by Sherif et al. during the
above investigation at dense and loose states, together with the curve,
based on Eqs. 14 and 15. It is apparent from this figure that a good
correlation exists between the experimental data and the relationship ex-
pressed by Egs. 14 and 15. The above investigators have also proposed a
nomograph, based on Eqs. 14 and 15, for easy determination of damping
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ratios, as shown in Fig. 22. Fig. 23 shows a comparison among experimental
data obtained by Sherif et al. and others. This figure suggests that soil
gradation and angularity strongly affect the damping values for sands.

IV.2. Dynamic So0il Properties of Cohesive Soils

Dynamic Shear Moduli for Clays

Because cohesive soils are more complex than sands, there is little
information covering these soils in general. Important factors affecting
dynamic shear moduli of clays are (1) shear strain amplitudes; (2} confin-
ing pressures; (3) void ratio; (4) degree of saturation; (5) number of
stress cycles; and (6) time effects. Factors 2, 3 and 4 may be combined
into one parameter, that being the strength of clay.

Seed and Idriss (1970) gathered available data and presented an aver-
age shear modulus curve for clays. They presented the curve as G/Sy versus
shear strain, where S, is the undrained shear strength of the clay. Kovacs
et al. (1971) presented a curve similar to the one proposed by Seed and
Idriss for a soft clay tested in a simple-shear device and shaking table,
and obtained lower values than Seed and Idriss.

Hardin and Drnevich (1972A and B) claim that their Eqs. 5, 6 and 7 ap-
ply for normally consolidated clays as well as sands. Anderson and Richart
(1976) presented G values for five different cohesive soils tested in a
high-amplitude resonant-column device and found data that could have been
predicted by Hardin and Drnevich's empirical equation, if tpyy were taken
equal to S.

Damping Ratio for Clays

Test data for damping ratios for saturated cohesive soils are Timited.
An average curve compiled by Seed and Idriss (1970) shows more scatter than
the one for sands.

Hardin and Drnevich (1972A and B) believe that their Eq. 13 also
applies for clays, provided that ip,, is defined in the following form:

0.5

Ay = 31 - (3+0.037)5 7 + 1.5¢2°% = 1.5 (10gN) (16)

ma
where f is frequency in cycles per second, gg is effective mean principal
stress in kg/cm? and N is the number of stress cycles.

[t is apparent from the foregoing that no general relationship for
the determination of shear moduli and damping for clays has yet been
found, principally because the effects of several complex factors, includ-
ing shear strength, plasticity index, water content, overconsolidation
ratio and secondary consolidation, are not fully understood. There is a
definite need for future research in this important area.

IV.3. Dynamic Properties of Other Types of Soils

There are very limited data available on dynamic shear moduli and
damping ratios of gravelly soils, peat, deep-ocean sediments, frozen soils
and others. Seed and Idriss (1970) reported some data for gravelly soil
and peats. Sherif et al. (1976A and B, 1977B) conducted dynamic tests on
very soft ocean-bottom clays and presented the data shown in Fig. 24.
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Fig. 1 Preliminary Evaluation of Soil-Liquefaction Potential
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For soils of uniform grading
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Fig. 2. Ranges of Particle Size Distribution Curves of Sands
Which Have Possibility of Liquefaction (Japan Society
of Civil Engineers, 1973)
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Fig. 3. Critical N-values vs. Depth (Nishiyama et al., 1977)
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