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Objective

The objective of this investigation is to develop and evaluate
a new analytical approach for estimating site-dependent earthquake
ground motion for engineering design purposes. The analytical
approach is based on assuming physical models for the earthquake
source, path wave-propagation effects, and nonlinear soil response
at the site, then calculating ground motion using a combination of
seismic (layer matrix) and finite element methods. The approach is
structured to potentially provide a three-dimensional ground motion
capability, although the nonlinear soil response calculations are
here limited to one dimension. The predictive capabilities of this
approach were examined by comparing ground motion calculations to
empirically derived ground motion trends and to ground motion
simulations performed using the equivalent Tinear method.

Principal Results

The most significant results of this work are the following:
(1) A superior soil model, the -endochronic model, has been
introduced to site evaluation studies. (2) Comparison of the
endochronic model with the conventional equivalent linear model has
shown the latter to yield excessively conservative ground motion
predictions for loose soil deposits in the near field.

Summary

For distances less than about 20 kilometers, there is minimal
earthquake ground motion data available, and substantial disagree-
ment exists among empirical relations for predicting design motion
characteristics in this distance range. This disagreement reflects
the uncertainties associated with extrapolation of the empirical
relations to short distances, where data is sparse. To the extent
one can construct adequate analytical models for the seismic source,
path wave-propagation effects, and site nonlinear response, it
becomes possible to simulate ground motion for geologic environ-
ments, distance ranges, and earthquake magnitudes for which data is
scarce or nonexistent.



The SH component of rock-site ground motion at distances 5,
10, and 30 kilometers was synthesized for an earthquake model which
consisted of an assemblage of discrete, circular cracks, repre-
senting a composite, extended source. It was found that strong
motion observations are, in general, inconsistent with a rupture
mechanism in which crack growth stops instantaneously. Once more
realistic rupture deceleration was incorporated into the model, the
SH component of motion alone was apparently adequate for simulating
ground motion consistent with observed peak acceleration, peak
velocity, and strong motion duration.

A new nonlinear constitutive model for soils, the endochronic
model, was fit to cyclic shear data for dry sand, and an equivalent
linear constitutive model was fit to the same sand data. Using the
endochronic model, close agreement was achieved between calculated
(solid curves) and observed (dashed curves) stress-strain behavior
of dry sand over 300 cycles of deformation, as illustrated below.
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Only-five parameters were required to accomplish the fit to the sand
data.

The nonlinear endochronic constitutive model and the base-rock
synthetic seismograms were employed to calculate ground motion at
sites on dry sand deposits, using a transient finite element method,
and these calculations were repeated with the equivalent linear
constitutive model, using the SHAKE code. The endochronic consti-
tutive model performed effectively in the finite element code under
the complex loading histories provided by the synthetic seismograms,
and it was verified that (i) loading and unloading always initiate
along the elastic slope, (ii) all hysteresis loops close, (iii) the
mode1 does not display the unrealistic "corners" displayed by
Iwan-type constitutive models when a loading or unloading curve
intersects a previous loading or unloading curve, (iv) appreciable
strain hardening is predicted for some loading histories, and (v)
cyclic creep, or ratcheting, develops under asymmetric loading.

The predicted ground motion obtained from the nonlinear calcu-

lations is consistent with empirical trends governing peak motion
where the trends are well-established by earthquake data. 1In the
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near-field, where bedrock acceleration peaks characteristically
exceed 0.1 to 0.2 g, nonlinear behavior sharply reduces the value of
peak soil acceleration, and the equivalent linear method did not re-
produce this effect. Earthquake data are consistent with this sharp
reduction in the near-field, as summarized in the following figure
comparing calculated peak accelerations for a dry sand deposit with
empirical peak acceleration relations deduced by Seed et al.
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The performance of the equivalent linear approximation for the
response of cohesionless soil depends on both the nature of the soil
deposit and the amplitude level of the base-rock acceleration. Peak
motion estimates by the equivalent linear method are adequate for
peak input accelerations less than 0.1 to 0.2 g, but are excessively
conservative for stronger input accelerations.
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The overestimate of peak motion by the equivalent linear method is
apparently due to an inability of the method to adequately model
energy loss in the uppermost several meters of the soil column.
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1. INTRODUCTION

1.1  BACKGROUND

For distances in the range 20 through 200 kilometers, where
the majority of the earthquake ground motion records have been
obtained, the empirical relations used to predict 1ikely char-
acteristics of ground motion important for earthquake-resistant
design agree to within a factor of two with the mean trends of the
available data. For distances less than 20 kilometers, which are of
the greatest interest to the seismic community, there are minimal
ground motion data, and substantial disagreement exists between the
empirical relations, reflecting the uncertainties associated with
extrapolation of these empirical relations to shorter distances.
There is some evidence also that the empirical relations, as a
group, may be quantitatively inaccurate for short distances. In a
recent study, Trifunac and Brady (1976) concluded that most previous
investigators have underestimated peak acceleration for distances
less than about 40 kilometers. The implications of such uncer-
tainties on structural safety and human life are enormous. In view
of the absence of significant ground motion data in the range of
greatest structural concern, and the divergence among the extrap-
olated empirical relations in this range, there is clearly a
critical need to develop reliable analytical methods that can be
used in seismic design to predict the 1likely features of strong
motion at distances relatively close to the earthquake focus.

The damage potential of an earthquake appears to be most
likely determined by several characteristics of the ground motion,
including the maximum velocity, maximum acceleration and the
response spectrum. Observations made after destructive earthquakes
have revealed a strong relationship between structural damage and
Tocal geology (see e.g., Seed and Schnabel, 1972; Schnabel, Seed and
Lysmer, 1972); in general, destruction is larger on soft soils than
on hard soils or rocks. Furthermore, observed damage patterns and



statistical analyses of recorded ground motion suggest that both the
stiffness and the depth of the soil deposit are important con-
siderations in the design of earthquake-resistant structures.
Response spectra also appear to be significantly dependent on Tlocal
geology (Newmark, et. al., 1972; Seed, et. al., 1976b; Mohraz, 1976).

The analytical tool predominantly used at the present time to
analyze seismic ground motion is the one-dimensional equivalent
linear method, originally proposed by Idriss and Seed (1968). In
this method, the soil medium is idealized as a series of thin hori-
zontal soil layers capable of transmitting only shear stresses. An
approximate one-dimensional constitutive model (termed an “equiv-
alent linear" model) is employed to describe the mechanical response
of the thin soil layers to vertically traveling shear waves driven
by bedrock undergoing horizontal motion.

The appropriate bedrock motion 1is usually inferred from the
recorded motion of nearby rock outcrops, if available, or simply
assumed. Recordings made on nearby rock outcroppings may, or may
not, be representative of the motions in the bedrock underlying the
soil deposit (Lysmer, Seed and Schnabel, 1971); the motion at depth
can only be inferred using some computational model. Furthermore,
such recordings provide suitable input for two- or three-dimensional
site analysis only if we prescribe a priori the spatial character of
the emergent wave field (e.g., vertically incident shear waves).

1.2 OBJECTIVE

The objective of this research program is to develop and
evaluate a new analytical approach for estimating 1local site
response to earthquake ground motion. The approach is based on (1)
an assumed, yet realistic, physical model of the earthquake source
and wave propagation path to the site, using theoretical seismo-
gram methods to compute base-rock seismic motion at the site, (2)
applying an advanced nonlinear constitutive model, the endochronic
model, to describe the hysteretic response of local soil deposits,
and (3) computing surface motion at the site using a transient,
dynamic finite element method. To the extent one can construct



adequate models for the seismic source, path wave propagation
effects, and site nonlinear response, it becomes possible to
simulate ground motion in geological environments for which no data
exist. Furthermore, the analytical approach 1is structured to
potentially provide a three-dimensional ground motion capability,
i.e., the theoretical seismic method, the endochronic constitutive
theory, and the transient finite element method each have been
developed within a fully three-dimensional framework.

The current study is limited, by the scope of the effort, to
two site geologies -- rock and cohesionless soil. The predictive
capabilities of the approach are examined by comparing ground motion
calculations for these two site geologies with (1) empirically
derived ground motion trends and (2) ground motion simulations by
the equivalent linear method. The main computational tools employed
in the study are: (1) a wavenumber-integration method for computing
synthetic near-field accelerograms, (2) a transient, dynamic finite
element method for computing the nonlinear response of soils, and
(3) the SHAKE seismic analysis code for computing soil response by
the equivalent linear method.

1.3  ORGANIZATION

Section 2 describes the construction of base-rock seismic
motion for a simplified model of the earthquake source, using a
theoretical seismogram method. The source model, assembled from
several superposed, discrete events, is motivated by some simple
observational and theoretical considerations about earthquakes.
Propagation of the earthquake disturbance through a stratified,
anelastic earth model 1is accomplished by a direct wavenumber
integration technique which is outlined in Appendix A; only the SH
contribution is included in the study, and some consequences of this
limitation are discussed. We also outline a procedure for
approximating a two-dimensional representation of the base-rock
ground motion; this procedure would provide convenient input for
two-dimensional numerical simulations of Tlocal site response.



Finally, we describe the synthetic ground motion which results from
the earthquake model, at three rock sites at 5, 10, and 30
kilometers from the source.

Section 3 describes a new endochronic constitutive model for
rate-independent, history-dependent response of soils. This new
model can describe the important features of the response of soils
to seismic-type loading, including hysteresis, hardening/softening,
densification and cyclic creep (ratcheting). A numerical method is
developed for the model to treat the case of simple shear. The
model 1is fit to cyclic shear data for dry sand. Finally, a
corresponding equivalent linear representation is derived from the
same data used in fitting the endochronic model. Appendix B
discusses the dependence adopted in the present study of the soil
model parameters on depth within the soil column.

Section 4 applies the constitutive models of Section 3 and the
base-rock ground motions of Section 2 to compute soil site ground
motion. Particular attention is accorded to the numerics associated
with the simple shear (one-dimensional) endochronic model under
complex loading histories; the resulting FORTRAN subroutine is
listed in Appendix C. The performance of the endochronic model in
the numerical wave propagation code is examined, as is the sen-
sitivity of computed ground motion to details of the soil profile.
Finally, results from the nonlinear ground motion calculations are
compared with trends in ground motion data and to ground motion
computed by the equivalent linear method.

The nonlinear soil site computations reported in Section 4 are
one-dimensional. We had hoped to exercise the multidimensional
capability of the analytical method by performing in addition a
small number of nonlinear, two-dimensional simulations. However, in
the course of the study, a numerical problem related to the computa-
tional difficulties posed by the new endochronic model in two- and
three-dimensional deformations was identified. Numerous attempts to



resolve this difficulty during the course of the work were unsuc-
cessful. Most recently, however, a promising approach has been un-
covered (see Appendix D for further details) and efforts are pre-
sently underway to fully explore this.

1.4 CONTRIBUTORS

3 scientists contributed to the work described

A number of S
in this report. Section 2 describing the synthesis of rock site
ground motion, was written by H. Swanger. Section 3, which de-
scribes the nonlinear and equivalent linear soil models, was written
by H. E. Read and K. J. Cheverton. Section 4, describing the soil
site calculations, was written by S. M. Day, with important contri-

butions from K. J. Cheverton.
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2. ROCK SITE GROUND MOTION SIMULATION

2.1  INTRODUCTION

Traditionally, observed ground motion has been the major
source of input for studies of site and engineering structure-
specific effects, such as nonlinear soil response or soil-structure
interaction problems. Use of actual recorded ground motion as input
for site specific modeling assures realistic freauency content and
duration for the particular circumstances under which the ground
motion was recorded, and results from empirical studies are often
used to modify the amplitudes of recorded motion for applications to
distances and magnitudes for which no strong ground motion
recordings are available.

There are some applications, however, where observed ground
motion and empirically motivated extrapolations of amplitudes may
not be sufficient for describing input ground motion with proper
charcteristics. Examples of circumstances are:

(1) Very short distances, where data are sparse and
empirical extrapolation is uncertain.

(2) Very large earthquakes where motion may have
larger amplitudes and TJlonger durations than
previously recorded ground motion.

(3) Response at the frequencies of interest may
depend strongly on the rock structure with
depth (i.e., long periods).

(4) Response is sensitive to two- or three-di-

mensional propagation effects, which cannot be
extracted from ground motion recordings alone.

In such circumstances an alternative to ohserved ground motion
is synthetic ground motion. Synthetic ground motions most often
applied in engineering applications involve generation of a random
signal which possesses a prescribed duration and spectral shape
(Housner and Jennings, 1964, for example). Such procedures have
evolved considerably to include more of the physical phenomena



associated with time histories of strong motion accelerograms (Wong
and Trifunac, 1979, for example). This "engineering" approach to
construction of synthetic ground motion still depends strongly on
empirical results, namely observed peak values and durations, which
may not be adequate in all circumstances.

An alternative approach is to assume physical models for the
earthquake source and propagation of seismic waves through the earth
and compute the corresponding ground motion which is a consequence
of the physical model assumed. This "seismological" approach to the
problem, in theory at least, has several benefits over the engi-
neering approach. If one can construct reasonable models for the
seismic source and propagation effects, one can justifiably simulate
ground motion 1in geological environments for which no data exist,
and perhaps compute motion for close distances and large magnitudes
which is more reliable than extrapolation of observed motion. In
addition, effects due to directionalized rupture and source radia-
tion pattern, which are not included in empirical relationships, can
be dealt with rigorously.

In practice, the seismological approach to synthesis of design
motion has many problems. Our knowledge of the earthquake source is
rather limited as to details important to the high frequency (1
through 10 Hz) radiation. It has been suggested that Tlocalized
features, such as stress concentrations (Hanks, 1974; McGarr, et
al., 1979) or fracture barriers (Aki, 1979), may control the high
frequency radiation in the near field. Such processes may be
difficult to duplicate in any deterministic source model. The
response of the earth is often difficult to model. Complete
layered-medium response is wusually costly to compute for high
frequencies, and there are circumstances where plane layered earth
models are not adequate, such as when topographic effects are
important (Boore, 1972; Wong and Jennings, 1975). The uncertainties
about the exact nature of the physical processes in earthquakes
which make deterministic synthesis difficult are, of course, not



accounted for in any empirical extrapolation procedure. What has
yet to be determined is whether the uncertainties 1in the final
results of the complicated process of deterministic modeling are
comparable to or less than the uncertainties in using the simple
process of empirical scaling.

There have been very few attempts to synthesize the
characteristics of strong ground accelerations using conventional
earthquake source models, and most previous studies employed a
certain degree of artificial randomness in the source description to
obtain time histories with observed characteristics (Del Mar
Technical Associates, (1978 and 1979), for example). It has not
been determined what particular elements of the earthquake source
model are necessary for obtaining the frequency content and
amplitude decay with distance commonly observed in near-field
recordings of acceleration.

In this study we use synthetic rock site ground motions
generated by a very simple source model. It has been found that the
durations and decay of peak amplitudes with distance observed from
moderate earthquakes can be modeled adequately. The source model
used is a sum of discrete crack approximations lagged appropriately
to simulate slightly incoherent rupture. An essential feature of
the model is the suppression of the strong stopping phases usually
predicted from conventional source models. The response of the
earth was modeled using complete SH-wave layered-medium Green's
functions. The 1966 Parkfield, California, earthquake was used as a
qualitative guide in specifying the source model parameters and the
layered earth structure.

2.2 SOURCE MODEL

There are a wide variety of source models available in the
seismic literature which have been wused 1in the synthesis of
earthquake ground motions. Unfortunately, nearly all models
available have demonstrated their usefulness only at relatively low
frequencies (< 1 Hz). A recurring theme in the seismic literature



is that because of the complicated nature of observed strong motion
accelerations, the earthquake source must be rather complicated on a
small spatial scale. It has been argued that earthquakes must be
inherently complicated to be consistent with observed trends in
seismicity (Hanks, 1979; Andrews, 1979). These inferred complica-
tions have led several authors to construct stochastic models of the
source details (Boore and Joyner, 1978; Del Mar Technical
Associates, 1979; Kanamori, 1979).

Close examination of strong ground motion recordings and
short-period teleseismic recordings suggests that the high frequency
radiation in many earthquakes is controlled by a few discrete
sources of energy associated with stress concentrations or fracture
barriers, and that the dimensions of these sources are often
considerably smaller than the overall source dimensions inferred
from surface ground breakage, aftershock distributions, or
teleseismic modeling. Some examples are the 1971 San Fernando,
California, earthquake (Hanks, 1974; Bache and Barker, 1978;
Bouchon, 1978), the 1975 Pocatello, Idaho, earthquake (Bache, et
al., 1980), and the 1975 Horse Canyon, California, earthquake
(Hartzell and Brune, 1979).

Motivated by such observations, we constructed a model of a
moderate earthquake consisting of a few small, discrete events.
Each discrete event was assumed to be an independent release of
prescribed stress. The dynamics of rupture do not physically permit
truly independent stress-drop sources, since the release of stress
of one source will change the stress field of the others. However,
the results of numerical studies by Day (1979) employing a fracture
criterion and spontaneous rupture suggest that superposition of such
sources may be a reasonable approximation in many cases.

The radiation from each discrete event in the model is
represented by a geometrical far-field approximation (Fraunhofer
approximation) of the radiation due to a simple dynamic shear crack
embedded in a wholespace, convolved with the point-source response
(Green's function) of the layered medium. The crack approximation
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to the fault slip history is described below. The wholespace
radiation from a shear crack is, or course, takeoff-angle (or
wavenumber) dependent, and for simplicity we assume that the
appropriate far-field source-time function is that corresponding to
the direct S-wave arrival. For all cases in this study, the source
is located in the uniform half-space underlying the layered model,
and most of the high freguency energy arrives at times very near the
direct wave arrival.

2.3  CIRCULAR SHEAR CRACK REPRESENTATION

Several closed-form analytic approximations to the slip
history of a circular shear crack with uniform stress-drop are
available. These are generally motivated by the early analytical
solution of Kostrov (1964) and numerical simulations, like Madariaga
(1976), which include the stopping of rupture. Boatwright (1980)
provides a summary of available analytic expressions. Even though
simple expressions for the slip history on the fault exist, simple
representations of the geometrical far-field radiation, in general,
do not. The exception is the model of Sato and Hirasawa (1973).

The Sato and Hirasawa model (which we will call the S & H
model) is simply an expanding, constant rupture velocity, circular
crack for which slip everywhere on the crack terminates instantane-
ously when the rupture reaches a prescribed radius. Their model is
not a rigorous dynamic solution, as shown by the numerical solution
of Madariaga (1976). His calculations revealed that termination of
slip actually occurs only when healing phases propagate inward from
the fault edge at the P and S velocities of the medium. The
advantage of the S & H model 1is that its geometrical far-field
radiation can be obtained analytically in closed form. Given the
geometry shown in Figure 2.1, the geometrical far-field acceleration
can be written

11
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Figure 2.1, Coordinate system conventions used. Shaded area represents
the fault surface.
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as8 = compressional and shear velocities, respectively in
the source region,

c =a Or B

H(t) = Heaviside step function

§(t) = delta function

The time domain behavior is shown in Figure 2.2. Acceleration
initiates as a step which continues until the arrival of the
stopping phase from the edge of the fault nearest the observer.
From that time until the time of arrival of the stopping phase from
the farthest edge of the fault, the acceleration is constant.

There are several noteworthy characteristics of the
accelerations. The high frequency content is clearly dominated by
the stopping phases, which are (mathematically) delta functions.
These cause the far-field displacement spectrum to decay as m'z at
high frequencies. The amplitudes of the first stopping phase and
the step initiating the motion contain terms of K(1 - K)'1 and
(1 - k%)™
early parts of the motion rather strong functions of the rupture

respectively. These terms make the amplitudes of the

velocity and the azimuth of the observer from the fault normal. For
example, with a rupture velocity of 0.98, where 8 is the shear speed
of the medium, the amplitudes of the initiation phase in the plane
of the fault and at the fault normal differ by more than a factor of
27. For a given slip velocity, changing the rupture velocity from
0.88 to 0.98 causes the initiation phase to increase by a factor 4.5
in the plane of the fault, but only by 1.1 at the fault normal.

Sato and Hirasawa motivated their model with a static
interpretation of the source displacement field shape and
amplitude. Consequently, the relationship between stress drop and
slip velocity at the crack center is given as

b =2 ye L 1ave
0 " H u
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Typical shape of the Sato and Hirasawa model geometrical far-
field acceleration. Arrows represent delta functions.
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where ¢ is the stress drop and u the medium shear modulus.

A rigorous expression using dynamic considerations was derived
by Kostrov (1964) and computed by Dahlen (1974). For rupture
velocities near B8, the dynamic results suggest a better approxi-
mation to be

)~ g
D, = 0.8 V " (2-3)

and this relationship is used here.

The delta-function dependence in the stopping phase will, of
course, be smoothed by an attenuating medium, but even with reason-
able values for the intrinsic attenuation Q'l, it appears that the
predicted stopping phases are much too strong to be consistent with
near-field observations. The amplitude of the phase can be roughly
estimated, given linear attenuation, using the asymptotic formulas
of Kjartansson (1979). He suggests the peak time domain amplitude
of a causal, attenuated pulse to be roughly CQ/R times the strength
of the input delta function, where C is the signal velocity and R is
the distance traveled. For example, Hanks (1974) suggested that the
initiation event for the 1971 San Fernando, California, earthquake
had a stress drop of 350 to 1400 bars over a fault radius of 3 to 6
km. We can estimate the relative peak amplitudes of the initiation
and stopping phases observed at Pacoima Dam, R = 15 kilometer and
very near the plane of the fault. Figure 2.3 shows the values
predicted by the S & H model for a 400 bar stress drop and 5
kilometer fault radius, for a 0 of 100. Except when the rupture
velocity is near the shear velocity, the stopping phase is estimated
to be considerably larger than the initiation phase. Only
relatively slow rupture velocities can predict reasonable values.
Since the absolute values depend on many poorly constrained
parameters, the relative values are the most meaningful. If actual
recordings are examined (Figure 2.4), the step-like feature is
evident on all three components of motion about 2.5 sec into the
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5 km fault radius, assuming a Q of 100.
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record. After approximately 0.6 sec, there is a sudden downward
phase indicating some kind of stopping, but the peak amplitudes are
at best comparable to the initiation phase, on the order of 0.5 g.
A better evaluation of the model is achieved by using the stopping
time (t = 0.6 sec) to constrain the fault radius L = Vt/(1 - K).
When this is done, the predicted stopping phase is 7 to 8 times
larger than the predicted initiation phase for all rupture
velocities between 0.58 and 0.99s.

Clearly, the stopping phases of the S & H model are much too
strong, in a Tlinearly attenuating medium, to be reasonable. There
are numerous explanations for this inadequacy of the model, and a
detailed discussion will not be undertaken. There are two items
worth discussing -~ the mode of healing and the abruptness with
which rupture growth terminates. The S & H solution does not treat
healing rigorously. Numerical solutions suggest that the healing of
the fault when rupture propagation terminates is not instantaneous,
as assumed by the S & H model, but propagates inward at the seismic
signal velocities. The approximate treatment of healing is probably
not as influential in controlling peak acceleration as it may at
first seem; Madariaga's (1976) numerical solution, which treats
healing more rigorously, has an w_z far-field displacement
spectrum indicating that it, too, gives singular acceleration.

Of greater importance is the manner in which rupture growth
stops. In the S & H model, rupture stopping is very idealized. The
propagating rupture decelerates instantaneously along a smooth,
prescribed boundary (a circle). The values of observed peak
accelerations suggest that this approximation is unacceptable for
predicting the characteristics of high freguency radiation.

Clearly, a decelerating model of rupture is needed. The
D-model of Boatwright (1980) would be an appropriate choice, hut at
present no simple far-field representation of the motion from this
model is available. Although an analytic far-field solution is not
essential, it does add considerable flexibility to the calculations
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and facilitates interpretation of computed waveforms. As an alter-
native to employing a rigorous numerical solution for a decelerating
rupture model, we choose, for simplicity, to alter the form of the
far-field radiation from the S & H model to have a deemphasized
stopping phase. The most convenient way to do this is to assume
that the rupture decelerates over an annular region of width S. The
stopping phase will then be smoothed out over a time proportional to
S. For simplicity we use a smoothing function F, where

D L G- BT R 2o | NE

where ¥ refers to the first and second stopping phases
respectively. The delta functions become boxes whose height and
duration depend on the source-receiver direction relative to the
fault normal. This modification provides the desired effects at the
cost of introducing a new parameter, S. The modified time domain
far-field acceleration is shown in Figure 2.5. Note that the
transition from the positive to negative steps is also smoothed,
causing the stopping phase to be trapezoidal. Attenuation of the
medium will further smooth the sharp features of motion.

In summary, the Sato and Hirasawa crack approximation appears
to be unreasonable when high frequency radiation is of interest.
The large stopping phases predicted by the model are, in general,
too large to be consistent with observed values of acceleration
close to earthquakes. A more acceptable model for the radiation
from a stress concentration apparently requires a deemphasis of the
high frequency radiation due to the stopping of rupture. Here we
choose an alternative representation of the far-field radiation from
an isolated release of stress which includes a smoothing of these
stopping phases.

20



ACCELERATION

ACCELERATION

S AND H MODEL

TIME

MODIFIED MODEL

TIME

Figure 2.5, Comparison of typical shapes of far-field acceleration
from the Sato and Hirasawa model and the modified model
used in this study.
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2.4  THE SH-WAVE RESPONSE OF LAYERED EARTH MODELS

The response of rock site geologic structure is approximated
by the complete SH-wvave response for a linearly viscoelastic,
plane-layered halfspace, computed by a direct wavenumber integration
method. The procedure used is quite similar to that of Apsel
(1979). The numerical procedures are described more completely in
Appendix A.

The precise procedure differs from Apsel (1979) in only a few
details. A complex frequency is introduced to permit equal-step
sampling of the Fourier-Bessel integrals, an approach similar to
that of Bouchon (1978). The total SH motion for a horizontal point
force at the surface is computed within the halfspace by a recursion
on the coefficients of up- and down-going waves. Reciprocity
relationships are then used to obtain the surface response to any
buried point force or point dislocation. The causal,
frequency-independent Q operator of Kjartansson (1979) is used in
each layer to model anelastic attenuation.

The use of discrete sources described earlier makes the use of
layered medijum response more practical than if a coherent rupture
response were desired. To model coherent rupture, one needs a very
dense sampling of the Green's function, which can be quite costly to
compute. Here we use at most eight Green's function evaluations per
seismogram.

The classification "rock site" 1is reserved for sites which
have no, or very thin, soil profiles. One often assumes that the
particulars of the rock site have little to do with determining the
amplitudes and frequency content of the surface motion. This is
certainly not true for the long periods (1 through 10 seconds),
(Swanger and Boore, 1978). 1In the present study we have found that
rather innocent 1ooking layered structures can also cause amplifi-
cation of the high frequencies over the uniform half-space re-
sponse. The amplitudes of the high-frequency arrivals are very
complicated functions of depth and range. The behavior found here
js quite similar to that found by DELTA (1978).
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The SH-wave response is, of course, not a complete response.
Leaving out the P-SV motion will cause some problems. We would
expect the seismograms to be somewhat simpler without the presence
of high-frequency P wave energy, which is not affected by attenu-
ation as much as is S wave energy. We would also expect SH nodes in
the radiation pattern to be more obvious. In other words,
contributions from rupture through an SH-node will leave a quiet
zone in the record which would be filled in by P-SV motion in actual
recordings.

2.5 INCIDENT ANGLE DECOMPOSITION

When a two- or three-dimensional description of the input
motion 1is desired for computing near-surface soil response or
soil-structure interaction, synthetic ground motion provides a
natural description of the multi-dimensional characteristics of the
motion. When Tlayered medium solutions are computed in the fre-
quency-wavenumber domain, an approximate separation by angle of
incidence can be conveniently made before a final seismogram is
computed.

Even though no two-dimensional soil response calculations were
made in this study, an effort was made to decompose synthetic rock
site -motion by angle of incidence. Though this process appears
straightforward in theory, it has some difficulties in practice.
The difficulties arise because the time domain signal from a given
A ray-parameter (or angle of incidence), or a range of ray-parameters,
is, in general, not causal (see Chapman, 1978). In the near-field
there is also no guarantee that one can associate a given angle of
incidence with a single horizontal wavenumber. This is most easily
seen in the simplest of examples, a spherical wave in a whole
space. In the time-space domain a spherical wave might be written

u(R, t) = % s (t - R/C)
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where ¢ is the velocity of propagation and A is a constant. In the
frequency-space domain

SR, o) = A e—in/C

R

and in a cylindrical frequency-wavenumber domain

oo
ulk, w) = A kdk e'rlh J (kr)
n 0
0
) wz 1/2
n=k-—§ Ren>0
. 2

Pyl
i

1/2
s

It is usually assumed that the horizontal wavenumber k is related to
the incident angle e through the relationship

wSine
k = c

Note ‘that the representation of a wave which one would expect, at
any observer point, to contain a single angle of incidence actually
consists of an integral over all wavenumbers. It is only for large
w and r that this integral will be dominated by a narrow range of
k. It is clear that separation by angle of incidence through
filtering in the w-k domain may have problems at close distances.

As an example, we attempted a decomposition of a near-field
Green's function by computing the response due to overlapping
triangular wavenumber filters corresponding to various ranges of
angles of incidence and assumed k = msinels1 where By is the
shear velocity in the shallowest rock layer. Overlapping windows
were used to avoid truncation effects. Figure (2.6) shows the
complete seismogram and the seismogram components for 15 degree
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incident-angle windows. Note that the Tlargest component is larger
in amplitude than the complete seismogram, and considerable
destructive interference occurs between bands. Although the above
decomposition is approximate, it provides a convenient means for
introducing realistic seismic motion into multi-dimensional non-
linear site simulations. It 1is clear that the input wave field
spans a wide range of incidence angles, and the assumption of a
single input angle can be quite poor.

2.6 SYNTHETIC ROCK SITE MOTIONS

In this section we describe the ground motions simulated using
the individual elements described in the previous sections. For
this purpose the 1966 Parkfield, California, earthquake is used as a
guide to construction of a reasonable source model of a moderate
sized event, and the near-field recordings of this event are used to
verify the amplitudes and durations of the synthesized ground
motions at close distance. We are not attempting to "model" the
Parkfield ground motion recordings, but only trying to obtain
qualitative agreement in amplitudes and durations of observed motion.

Details of the Parkfield event such as the fault Tlength and
the depth of rupture appear to be only partially understood, con-
sidering the range of model parameters which have been used to model
the near-field displacement observations. Most studies suggest that
rupture extended past Station Number 2 to the south, while some
evidence suggests termination of rupture at Gold Hill, 10 kilometers
to the north of Station Number 2 (Lindh and Boore, 1974). Bouchon
(1979) suggests that the characteristics of motion recorded at
Station Number 2 require very shallow rupture under Station Number
2, including significant radiation coming from slip in the near-
surface sediments. Archuleta and Day (1980) obtained satisfactory
fits to displacement histories at all stations using a much deeper
rupture. It appears that the conclusions reached by these authors
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are strongly dependent on the type of source model assumed and on
the manner in which the response of the near surface sediments is
dealt with.

Here we assume a fault length of 34 kilometers and a fault
width of 6 kilometers. The fault is divided into eight slightly
overlapping, discrete sources, each with diameter equal to the fault
width. For simplicity we will assume that each source has identical
properties except for time of initiation. The time of initiation is
controlled by a "global" rupture velocity. The free parameters are
the stress drop, "local" rupture velocity, the smoothing parameter,
stopping, the global rupture velocity, and the source depth. These
parameters were varied until the strong motion duration, maximum
acceleration, and maximum velocity observed at Stations Number 5 and
8 were approximated.

Table 2.1 summarizes the source parameters used for the
discrete sources. The constraint of fitting observed duration, peak
acceleration, and peak velocity required a fast 1local rupture
velocity (0.98) with a relatively deep source (7.5 kilometers). The
total moment of the eight sources is approximately 2 or 3 times
larger than values normally quoted for Parkfield. This 1is to be
expected since we are employing bi-directional rupture sources; the
time .domain contributions fr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>