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A STOCHASTIC SOURCE MODEL FOR SYNTHETIC STRONG-MOTION SEISMOGRAMS

&
William B. Joyn?r
David M. Boore

SUMMARY

Random processes are commonly used to generate synthetic accelero-
grams but generally without reference to a physical model. We propose
here a stochastic source model whose parameters have physical meaning.
The approach is illustrated by calculation of synthetic accelerograms for
the 1966 Parkfield, California earthquake at the Temblor recording site.

INTRODUCTION

We present here a method for generating synthetic strong-motion
seismograms for use as input in the dynamic analysis of structures or
for the determination of response spectra or other ground-motion
parameters. An important basis of the nmethod is the concept that random
variability is characteristic of earthquake source processes and must be
incorporated into the source model for a realistic representation of the
hlgh-frequency end of the ground-motion spectrum.

Housner (1955) was an early proponent of stochastic models of the
earthquake source. Haskell (1966) and Aki (1967) used the concept in
analyzing earthquake spectra, and Hanks (1979) hés consistently emphasized
the role of random heterogeneities in source processes. Stochastic
methods are widely used for simulating earthquake ground motion for engi-
neering purposes, though generally without any reference tc a specific
source model (Bycroft, 1960; Housner and Jennings, 1964). Simulation of
ground motion that has a time-varying spectrum is possible using recur-
sive filters (Jurkevics and Ulrych, 1978). The work of Rascon and Corneil
(1969) is noteworthy in that they described a method whereby synthetic
accelerograms were derived from an explicit stochastic source model.
Although our work is in the spirit of Rascon and Cornell, we have attempted
to tie the parameters of our models more closely to the physical processes
at the source. Our emphasis is on the high-frequency end of the spectrum
and on sites close to the source. Butler, Kanamori and Geller (1975) have
used a similar approeach for computing long-period motions.

DESCRIPTION OF THE MODEL

There are three obvious ways in which the source could show random
variability: (1) the velocity of rupture propagation coula vary; (2) the
total dislocation could vary from point to point on the fault; and (3) the
shape of the dislocation-time functicn could vary from point to point on
the fault. 1In the model we present here, only the total amplitude of the
dislocation varies; the rupture velocity and the shape of the dislocaticn-
time function are constant. We are also working on other models in which
all three factors vary. ’ -

I
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The model is illustrated in Figure 1. The rupture front sweeps
seros  the fault surface at constant velocity V.. To simplify the
compu.ations we collapse the fault into a line, so we are dealing with
4 poiit source moving along a line. A very broad class of dislocation-
time iunctions may be used; for the example to be shown here an exponen-
tial ramp is used, as illustrated in Figure 2.

The amplitude of the dislocation-time function is composed of a
mean value plus a variation about the mean. We control the spectrum of
the synthetic seismogram by specifying the autocorrelation function of
the variable part of the dislocation amplitude; that is our stochastic
description of the source. The spectra of real accelerograms tend to
be more or less flat bele~w the frequencies where attenuation controls
the slope. Such a spectrum gan be achieved very simply by choosing an
autocorrelation function that is a negative exponential. This function
is specified by a single parameter, the coherence length, which is the
distence at which the autocorrelation function is down by a factor of
1/e. 1In the computation of the variable part of the dislocation ampli-
tude, Gaussian white noise is generated by the computer, using a
pseudc random number generator, and then is filtered with the aid of the
Fast Fourier Transform by a filter designed to produce an output with
the de:ired autocorrelation function. Starting with different samples
of whit2 noise we produce different synthetic seismograms, which form
an ensemble representing the ground motion to be expected at the site.

Four parameters of the model are to be determined by fitting real’
strong-movion records, the mean dislocation amplitude D, the standard
deviation of the dislocation amplitude o_, the coherence length & , and
the rise time 1 (Fig. 2). To reduce the number of degrees of freédom
we impose two conditions.

D=0y, Eq. 1
JZ,C/VR =T Eq. 2

The first condition is not so arbitrary as might seem at first glance.

If D greatly exceeds o_, the model ceases to be stochastic in a meaningful
sense, and, if o grea?ly exceeds 5; reversal of motion is implied over a
significant portion of the length of the fault, given the Gaussian dis-
tribution of D. This leaves two free parameters o_ and 1. Our strategy
for subsequent work will be to evaluate these parageters fer past earth-
quakes by fitting strong-motion records and use the results as a basis for
selecting values for the parameters in the case of design earthquakes.

The source is placed in a homogeneous halfspace with modifications

to the solution to allow for the effects of low-velocity material near the
surface at the recording site and in the fault zone. Without the allowance
for low velocity near the surface, the synthetic seismograms would not have
realistic amplitude ratios between the horizontal and vertical components.
There is substantial evidence for low P velocities in the San Andreas fault
zone (Mayer-Rosa, 1973; Healy and Peake, 1975; Marks and Bufe, 1979);
presumably S velocities in the fault zone are also low. In the example tc
be shown the recording site is at a node for SV waves, but the S amplitudes
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on the radial component are nearly as large as those on the transverse
component. The simplest explanation of the observed amplitude ratio is
that the rays are refracted in going from the fault zone into the higher-
velocity surrounding rock, and, as a result, the recording site samples
a different part of the radiation pattern than it otherwise would. The
velocity change required to explain the observations corresponds to a
P-wave time delay across the fault zone of the order of one-tenth of the
values given by Healy and Peake (1975) and Marks and Bufe (1979) for
some portions of the fault; thus it is quite reasonable to expect
velocity changes of the required magnitude. The refraction of the rays
near the surface and in the fault zone is calculated from Snell's law;
the change in amplitude is calculated on the assumption that the energy
flux along a tube of rays is constant.

To compute the synthetic seismograms, the dislocations at the
source are replaced by the equivalent double couples, whose radiation
field is calculated by the far-field formulas of Hirasawa (1970). The
free-surface interaction is accounted for by applying complex reflec-
tion coefficients in the frequency domain. The solution thus includes
the direct body waves but not surface waves. This should be an adequate
approximation, at least for higher frequencies at sites near the source.
Anelastic attenuation is accounted for by applying the Lomnitz causal Q
operator described by Savage and O'Neill (1975), and another operator
is applied to simulate the effect of the recording instrument.

EXAMPLE

To illustrate the method, we have chosen to model the Temblor
strong-motion record from the Parkfield, California earthquake of 1966.
This earthquake occurred on the San Andreas fault, a right-lateral
strike-slip fault. The rupture propagated from the hypocenter toward
the southeast for a distance that is the subject of some dispute. We
adopt the interpretation of A. G. Lindh and D. M. Boore (unpublished
manuscript), according to which the rupture propagated a distance of
about 25 km from the hypocenter at a velocity of 2.5 km/sec. The
Temblor station is 16 km southeast of the postulated end point of the
rupture. Guided by the distribution of aftershocks (Eaton and other.,
1970), we place the line source at a depth of 6 km and choose a fault
width of 7 km. P and S velocities are assumed to be 6.0 and 3.9 km/sec,
respectively, for the halfspace and 4.0 and 1.1, respectively, for the
Franciscan rocks at the recording site. An S-wave Q of 100 is estimated
from the spectrum of the observed strong-motion record and a P-wave
of 220 is computed from the S-wave Q on the assumption of zero energy
loss in compression. Independent estimates of Q would be desirable, but
we have no other data for this area.

In fitting the observed strong-motion record we first adjust the
velocities in the fault zone to fit the observed amplitude ratioc betwecn
the horizontal components. A fit is obtained by reducing the velocities
in the fault zone by 12 percent from the halfspace values. The coherence

length ZC is then varied to obtain the correct frequency content, ani Lhe
standard deviation of the dislocation amplitude o is varied to yive the
correct integral square amplitude. The results, using conditions (1) wund



(2), are 190 cm for o end D, 0.73 km for £ , and 0.29 sec for t.

D

In Figures 3, 4, and 5 synthetic accelerograms for three members of
the ensemble (above) are compared with the observed record (below) for
each of the three components. A similar comparison is shown in Figure 6
for the velocity on the transverse component and in Figure T for the
Fourier spectrum of acceleration on the transverse component.. Figure 8
shows- the five-percent-damped, pseudovelocity response spectra for the
transverse component. The plus signs represent the synthetic accelero-
grams and the line represents the observed record.

DISCUSSION

Figures 3 through 8 indicate that the synthetic seismograms have an
amplitude envelope and a frequency content quite similar to the observed
record. The synthetic seismograms lack the low-amplitude coda of surface
waves and scattered body waves that is present on the observed record,
but this discrepancy is probably of limited engineering significance, at
least for high-frequency structures at short distances from the source.

The value of 190 cm for the mean dislocation, which results from our
requirement that the mean be equal to ‘the standard deviation, is rather
high. The corresponding seismic moment of 1.1 x 1026 dyne-cm is more
than twice as high as the value of 4.4 x 1025 obtained by Trifunac and
Udwadia (1974) from an analysis of doubly integrated strongz-motion
records. .The latter value in turn is about three times as high as that
obtained by Tsai and Aki (1969) from long-period teleseismic surface
waves. We do not believe, however, that these discrepancies indi-ate
any serious defect in the method. For one thing, our requirement that.
the mean and the standard deviation be equal is to some degree .arbitrar; .
For another, the record we are fitting is close to the southeast end of
the fault and is significantly affected only by the dislocation near that
end. Trifunac and Udwadia (19T4) obtained a dislocation of 140 cm at the
southeast end for a fault width of 6 km, which would correspond to a
value of 120 cm for our fault width of 7 km, a value not too different
from the one we obtained. The discrepancy with the teleseismic moment
(Tsai and Aki, 1969) may in part be due to the fact that the teleseismic
data is affected by the whole fault, whereas our site is significantly
affected only by the southeast end.

We are encouraged by the comparisons of Figures 3 through 8 that this
method will prove useful in generating time histories for dynamic analysis
and in estimating ground motion parameters.
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Figure 1. Diagrammatic vertical Figure 2. Dislocation 4 as a
section showing the source model. function of time t.

VR is the rupture velocity.
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Figure 4. The transverse component of
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as in Figure 3.
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component five percent damping.
Plus signs represent the syn-
thetic accelerograms; the line
represents the real record.



ON THE RATHER LONG-PERIOD EARTHQUAKE GROUND MOTIONS
DUE TO DEEP GROUND STRUCTURES OF TOKYO AREA

by

D
Kazuoh SEO and Hiroyoshi KOBAYASHIIT

SUMMARY {

To find characteristics of the rather long-period earthquake ground
motions, array observation was performed in and around Tokyo area. During
foreshocks of the Near Izu-Ohshima Earthquake of 1978, authors obtained
simultaneous records, which contained rather long-period components
remarkably, notwithstanding the magnitudes of these earthquakes were not so
large. From studies on investigation of deep ground structure and propa-
gation of seismic waves, it was made clear that the rather long-period
components were composed of Love-waves and that they were enlarged on the
halfway of propagation because of existence of thick and soft sedimentary
layers of Tokyo area.

INTRODUCTION

In the Tokyo Metropolitan Area, appearance of the rather long-period
earthquake ground motions has been pointed out in case of large earth-
quakes, the Kanto Earthquake of 1923 for example. The rather long-period,
so called in this paper, means the period range of from one to ten seconds.
As interpretation of these ground motions, it has been explained that they
were mainly caused by the largeness of earthquakes. But, deep subsurface
ground structures on the way from seismic source to observed site should be
taken into account more clearly and more minutely as one of causes to en-
large those ground motioms.

Conctrning these problems, array observation of earthquake ground mo-
tions, which is consisted of four stations in and around the Tokyo Metro-
politan Area, is being performed. In this paper, typical records obtained
by two different earthquakes will be presented to compare how these rather
long-period ground motions appear. Geological condition of each station
will be also checked. Distribution of deep sedimentary layers is investi-
gated along the real wave path of the actual earthquake by means of explo-
sion tests. And those wave paths are studied with regard to travel time,
dispersion of surface wave and so on. The crustal structure and path of
initial motion due to body wave had been confirmed by authors already.

By synthesizing these results, the characteristics of the rather long-
period earthquake ground motions will be made more clear.

RATHER LONG-PERIOD EARTHQUAKE GROUND MOTIONS OBSERVED IN TOKYO AREA

Array observation of earthquake ground motions is being performed at
four stations using the wide-band velocity type seismometers. These sta-
tions are indicated in Fig.1l, with the geological conditions(l). Among four
stations, "Asakawa' is located almost directly on the firm Pre-Neogene
basement, which is regarded as the seismic bedrock of Tokyo. The other sta-
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tions, "Ohfuna", '"Ohokayama' and '"Narashino', are located on deep sedimen-
tary larers, but subsurface structures are considered to be much different
each other. :

Fis.2 shows two kinds of typical seismograms observed at these sta-
tions. In case of foreshocks of the Near Izu-Ohshima Earthquake of Jan.l4,
1978, as shown in Fig.2.a, it can be understood that heterogeneity of indi-
vidual seismograms was caused by the difference of geological conditions.
For the typical example, rather long-period component which can be seen
clearly at Ohokayama is not found at Asakawa entirely, while the epicentral
distance is nearly the same in both cases. Epicenters of these earthquakes
are plotted in Fig.l. On the other hand, in case of the Off Miyagi Earth-
quake of Feb.20,1978, as shown in Fig.2.b, remarkable component of rather
long-period which could be seen during the Near Izu-Ohshima Earthquake does
not appear. This earthquake occurred at a far distance of about 400km away
from these stations, and location of epicenter is pointed in Fig.6.b.

Fig.3 shows the response spectra due to these earthquakes to compare
the characteristics of ground motions between Ohokayama and Asakawa. Maxi-
mum value of velocity response is obtained by means of changing the coordi-
nates in the horizontal plane. At the first glance, it can be known that
the spectra of Ohokayama derived from two earthquakes differ considerably,
while those of Asakawa are almost similar. Spectral ratio of Ohokayama
against Asakawa, as shown in the lower part of Fig.3, is considered to

OBSERVATION STATIONS

® FOR EARTHQUAKES
* FOR EXPLOSIONS

* SEISMOLOGICAL STATION OF THE
JAPAN METEOROLOGICAL AGENCY
AROUND TOKYO

36°N SHOT POINT AND OBSERVATION
LINE OF THE YUMENOSHIMA
EXPLOSIONS

GEOLOGICAL CONDITIONS

{_ ] HOLOCENE a PLEISTOCENE
(I PLIO-PLEISTOCENE Jouarernary
E= MIOCENE NEOGENE
[l OLIGO-MIOCENE

Ell PRE-NEOGENE BASEMENT

PACIFIC OCEAN

140°E
NEAR 1ZU-OHSHIMA 0 30km
EARTHQUAKE OF 1978 ——

139°E -
Fig.1 Map of the Kanto Region, Japan. Observation stations for earth-
quakes and explosions are indicated with geological conditions.
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Fig.2 Seismograms obtained by array observation during the foreshocks
of the Near Izu-Ohshima Earthquake of Jan.14,1978(09:45 and 09:47,M=4.9,
D=0km) (a) and the Off Miyagi Earthquake of Feb.20,1978(M=6.7,D=50km) (b).
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