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Abstract

A semi-empirical approach using fore- or after-shock records as Green’s functions is applicable to the simulation
of strong ground motion, however such records are obviously not available for prediction purposes. Thus we
have predicted ground motion for a hypothetical large earthquake from other minor events by adopting a distance
correction based on geometrical spreading. Another difficulty in prediction is fault modeling. Surface traces were
simplified as fault models 27, 46, 55, and 77 km in length. Further, the actual fault rupture may be inhomogeneous,
s0 an asperity distribution is assumed. This asperity model assumes that dislocation and stress drop are double than
the average values. Although, the near field teim is neglected in our simulation, no significant difference was seen
in the motions estimated by individual models for periods up to 2.0 seconds. This indicates that the dependence of
source size is small for strong motion, perhaps as a result of the random summation of high-frequency phases.

Introduction

Since the 1995 Hyogo-ken Nanbu earthquake, the im-
portance of estimating strong ground motion near a
fault has been more keenly recognized. The methods
of carrying out such estimations depend on theoretical,
empirical, or semi-empirical approaches. Theoretical
methods such as the dislocation theory are physic-
ally meaningful, but it is very difficult to generate
the higher-frequency components above 1.0 Hz that
have a significant effect on stiff structures. On the
other hand, an empirical approach (Kobayashi and
Midorikawa, 1982) provides estimates of the high-
frequency component, but has less physical meaning.
A semi-empirical approach using a small event re-
cord as a Green's function (Dan et al., 1990a) is a
very useful technique for obtaining the high-frequency
component, as long as fore- or after-shock records
are available. A limit preventing use of the method
to near-sources areas exists (Bour and Cara, 1997),
but Kamae and Irikura (1998) succeeded in simulating
the strong motion with a predominant period up to 5

seconds at the Kobe University site, from where the
closest distance to the fault of the 1995 Hyogo-ken
Nanbu earthquake may be less than 2 km. The diffi-
culty with this method of prediction is obtaining such
records for the site of interest. However, rather than
fore- or after-shocks, it is possible to obtain records of
wetk motion. Site and path effects would be included
in hese records. Further, the source location of such
small events can be corrected by geometrical spread-
ing. Although the seismological information acquired
1s very limited, we attempt to simulate strong motion
from hypothetical large faults by the semi-empirical
Green’s function method using corrected small records
as Green’s functions.

Site

The site is located on the north shore of the Sada-
misaki peninsula, at the western tip of Japan’s Shikoku
Island. There is a nuclear power plant in the vicinity,
so estimation of higher-frequency input ground mo-
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Figure 1. Location of fault traces, site, énd epicenter of smaill event. Section indicates fault models for 27, 46, 55, and 77 km, as well as the

asperity model. Arrows indicate rupture initiation points.

tion with a frequency above 0.5 Hz is very important
for safety. The Median tectonic line runs east to west
across the island. Lineaments parallel to this line were
found off the coast of the site by sonic exploration
(Ohno et al., 1998). Some of these are Quaternary
active faults. An accerelometer was installed at a depth
of 5 m in green schist of the Sanbagawa belt. The S-
wave velocity of the schist was found to be 2.6 km/s
by PS well-log interpretation. Although the rock near
the surface is weathered, it is assumed that the sensor
settled on a rock outcrop. The site Jocation and nearby
lineaments are shown in Figure 1. The closest dis-
tance from the site to a fault is about 8 km. Bour and
Cara (1997) demonstrated that the empirical Green’s

function technique is not applicable in the near field,
specially for long period, due to the effect of the near-
field term. Also the largest effect of the intermediate-
to far-field term can be described as 11 8/3rw (Dan
et al., 1990b), where B is the S-wave velocity, r is
the closest distance to the fault, and w is circular fre-
quency. If g = 3 km/s and r = 8 km are assumed,
the contribution of the intermediate terms ranges from
1% to 43% for the predominant period from 0.05 to
2.0 seconds, which is our objective period range. The

contribution of the near-field term to the far-field could

not be solved as that of the intermediate term. Dan
et al. (1987) and Dan and Sato (1998) demonstratec™
that near-source records from a station located at the
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closest distance to the fault of less than 4 km could not
be simulated for the 1979 Imperial valley, California,
earthquake. However, they also demonstrated that the
strong motion records from a distance of over 4 km
are well simulated by the constant-slip rupture model
(Dan et al., 1987) and also by the variable-slip rupture
model (Dan and Sato, 1998). Although our site is loc-
ated 8 km away from the fault, affect of thé near-field
term may still remain for larger events than the 1979
Imperial Valley earthquake (Mw 6.5). '

Data

As shown in Table 1, records from only four events
could be selected as Green’s functions due to their
proximity and large peak accelerations. The location
of these events, the site, approximate fault, and geo-
logy are shown in Figure 2. The events used as Green'’s
function should ideally be located on the fault model,
but unfortunately the area around our site is one of
low seismicity and the events did not occur on the
fault plane. The focal depth of these events was relat-
ively deeper than the fault model. The crustal structure
in this area may not be homogeneous, but we have
little information on this subject, Moreover, simple
geometrical spreading can be assumed for near dis-
tances in the case of small events (Dieterich, 1973),
so event locations are normalized onto the fault plane
by a simple distance correction based on a geometrical
spreading of 1/R, where R is the distance from source
to site. Long period noise contaminates the records
in the case of events 2 and 4 in the period range of
less than two seconds. Further, event 2 is smaller than
M 5.0, so it was rejected. On the other hand, event
1 is of large magnitude but was distant from the site,
and the ray path of the event crosses three geological
belts. For these reasons, the records of event 3 are the
most suitable to use as the Green’s function, and these
records are shown in Figure 3. Further, as shown in the
section of Figure 2, most rays from the event probably
pass along the assumed fault plane.

Method

The spatial and temporal aliasing of empirical Green’s
function techniques has prevented application of the
techniques for engineering purpose. However, there is
no temporal aliasing in Dan et al. (1990a) as a res-
ult of frequency domain synthesis (Zhao et al., 1995).
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Figure 3. Record of small event 3.
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Figure 4. Comparison between Fourier amplitude of observed re-
cord and Brune model.

Spatial aliasing is considerable, if small elements are
arranged in an identical spacing and the site is located
almost equivalent radiation azimuth from the elements
(Bour and Cara, 1997). However, in order to eliminate
spatial aliasing, rupture points are randomly located in
the small elements after Dan et al. (1993) (Zhao et al.,
1996).
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Table ]. Origin of recorded event and peak acceleration

No.  Year/month/day  Lat. Long. M depth.  epicentral distance =~ PGA
(N) (E) (km) (km) (cm/s/s)

} 1985/05/13 32995 132.587 6.0 39 60 23

2 1988/01/01 33.51 132.34 47 59 4 20

3 1988/07/29 33.678 132508 5.1 53 28 16

4 1991/01/04 33.545 132322 5.1 58 7 . 34

First, based on scaling by the w2 model, the dis-
location and stress drop of small events are corrected
to those of large events in the frequency domain. As
a result of the dislocation correction, longer period
component of records than the corner period is accord-
ing to those of the large event. The seismic moment
and stress drop has not been systematically determ-
ined for such small events, so they were determined by
comparison between theoretical (Brune, 1970) and ob-
served Fourier amplitudes, as shown in Figure 4. The
theoretical amplitude well corresponds with the ob-
served amplitude for periods longer than 0.15 second.
Although rough estimations are based on the observed
record only. the derived moment and stress drop of
the small event are 5.63 x 10?2 dynexcm and 200
bar, respectively. The ratios of fault length, width, and
dislocation between the small and large events are the
cube root of the seismic moment ratio:

Ly/Ls =W, /Ws=Dr/Ds=n,
Moy /Mos = n3 (1)

Where L, W, D, and Mo are the length, 'width, dislo-
cation, and moment, and the suffices L and S indicate
the large and small events. Bour and Cara (1997) note
that in the case of large magnitude, from 7 to 8, crustal
earthquakes, equation (1) no longer holds. Therefore,
W and D are estimated in the case of an inhomogen-
eous model independently on the scaling of equation
hH.

Second, the small events are arranged geometric-
ally on the assumed fault mode] corresponding to ratio
n. Then these corrected records are synthesized with

an arrival time delay to compensate for the rupture

propagation process of the large event, and also con-
sidering the geometrical spreading from the elements
to the site. The seismic moment derived in the first
step is, however, too small to allow deduction of spa-
cial aliasing, namely the ghost noise due to spacial
periodicity such as Bour and Cara (1997). Therefore,
we synthesize a middle-sized event of 53 or 3? times

the small event, assuming a radial rupture. Namely,
the moment of the Green’s function is increased to
7.04 or 1.52 x 1024 dynexcm and used as the Green’s
function for a homogeneous or inhomogeneous fault
model. The radiation pattern is unknown for small
events, but it is certainly too complicated to correct in
practice, especially at short periods, due to multiple-
path effects (Liu and Helmberger, 1985; Somerville et
al., 1991). Moreover, coherence of radiation pattern
from the each element is small, because the azimuth
from individual elements to the site is not constant in
our simulation, therefore, no correction of the patterns
is applied in this study.

Assumed fault model
Homogeneous faults

As shown in Figure 1, we assumed fault models of
length of 27, 46, 55, and 77 kin, having widths equal
to half the length. The dislocations are assumed to be
210, 363, 420, and 630 cm based on an empirical re-
lation (Matsuda, 1975). Strike and dip angles are 57
and 90 degrees. The models have an assumed depth
of 2 km. Rigidity u and S-wave velocity are 4.0 x
10" dyne/cm? and 3.5 kmv/s, respectively. Thus, the
seismic moments for the individual models are 0.31,
1.52, 2.54, and 5.82 x 1027dyne*cm. Taking event 3
as the Green’s function, the factor n for the 27, 46, 55,
and 77 km models is 4, 6, 7, and 10, respectively. The
stress drop is assumed to be 50 bar, which is the aver-
age in Japan (Sato, 1989). As shown in Figure 1, the
rupture initiation points are conservatively assumed to
be at the deepest point at the western end in the case
of the 27 km model, and otherwise at the eastern end.

Inhomogeneous fault

Recently, inhomogeneitiy of slip distribution has been
revealed in the case of some large events (Wald, 1996).
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Synthesized waves for fault model lengths of 27, 46, 55, and 77 km, as well as the asperity model.
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Table 2. Peak ground accelerations of synthesized waves

Asperity
55km _77km 46km
194 231 248
201 169 249

Model Homogeneous
Faultlength  27km 46 km
NS (cm/s/s) 229 163
EW (cm/s/s) 208 160
100.0 T T T
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10.0
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Figure 6. Pseudo velocity response spectra of 5% damping of NS component for fault model lengths of 27, 46, 55, and 77 km, as well as design

spectrum.

Somerville et al. (1993) defined ‘asperity’ areas as
elements where the dislocation is two times greater
than the average. Our assumed fault size of 46 km is
almost the same as that in the 1995 Hyogo-ken Nanbu
earthquake, and this event exhibited 2 or 3 asperity
areas. We also assume an asperity distribution for this
46 km model. The width of our model is assumed
to be 18 km, because the depth of the Conrad dis-

continuity is 20 km around the site. From Somerville
et al. (1993), the asperity area is approximately 26%
of the total rupture area, so the asperity in this case
is about 215 km?. Further, Somerville et al. (1993)
determined empirical relations between rupture area,
seismic moment, and dislocation. From these rela-
tions, the moment, average dislocation, and asperity
dislocation are estimated to be 2.57 x 10*6dynexcm,
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Figure' 7. Pseudo velocity response spectra of 5% damping for 46 km homogeneous and asperity models, and design spectra.

99 cm, and 191 cm, respectively. Asperities are likely
10 occur near segmentation boundaries, so we place
asperity areas on both sides of the fault model and

another at the eastern end of the Iyonada fault group, -

all with a depth of 6km. Each asperity is 9 x 9 km?2.
The total area of the three asperities is close to 26% of
the rupture area. The moment for an asperity area is:
Mo = uLWD =3 x 4.0 x 10! dyne/cm? x
81km? x 191 cm = 1.86 x 10%6dynexcm (2)
The general scaling is described by equation (1),

though the dislocation of asperity D is twice as large.
Namely:

Dy/Ds =2Dp/Ds =2n 3)

Therefore, the ratio of small event moment to asperity
moment, Moy, is

Mos/Mos = 2n3 C))

If we take n = 3, the moment of the small event is
1.15 x 104 dynexcm, which is little different from
the 1.52 x 10%* dynexcm of the middle-sized event.
Namely, the n for dislocation, length, and width of
this event is 6, 3, and 3. As shown in Figure 1, small
elements are arranged, totalling 15 for the length and
6 for the width. The stress drop may be proportional to
the dislocation, so 100 bar is assumed for the asperity
area. The dislocation for non asperity areas is 30cm
because the total moment must evaluate to 2.57 x
10%dynexcm. And the stress drop is 15 bar due to the
proportionality with dislocation. The rupture initiation
point is the deepest point at the eastern end.
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Figure 8. Pseudo velocity response spectra of 5% damping for model Jength of 46 km, and design spectrum. Green’s functions are NS

component of events 1, 3 and 4.

Results

Waveform

On the basis of event 3, the synthesized waveforms
for the 27, 46, 55, and 77 km models, as well as the
results for the asperity model, are shown in Figure 5.
Duration rises with fault length. Three clear phases
can be seen in the waveform of the asperity model. As
shown in Table 2, the peak amplitude of the asperity
model is the largest, and about 250 cm/s2. This may be
due to the high stress drop of the asperity. Although
records from the other events are not appropriate as
Green’s functions, synthesized waves are also derived
for the homogeneous model of 46 km for comparison

purposes.

Pseudo Response Spectra of 5% damping

The pseudo velocity response, which is the divided
spectral acceleration by w, are calculated for 5%
damping. The velocity response spectra for the NS
component are shown in Figure 6 for the individual
fault length models with a design basis spectrum of the
plant. Even as the fault length increases, the responses
do not vary much. This indicates that the nearest ele-
ment effected to the level, because the source size does
not effect to the spectra of this predominant period
range and expected to be the distance is more effective
than the size. The response spectra for the 46 km ho-
mogeneous and asperity models are shown in Figure 7.
The dips at around 0.3 and 0.8 in the asperity model
are shallower than those in the homogeneous model.
The response spectra in the case of events 1, 3, and 4
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are shown for homogeneous model in Figure 8. The
dispersion is large, but each spectrum is smaller than
the design spectrum.

Conclusion

Response spectra for all the synthesized waveforms
are smaller than the design spectra, and although many
rough assumptions are made for parameters with un-
certain values, there are no significant differences

in the estimated ground motions for the individual

fault lengths. This indicates that the effect of source
size is relatively small for strong ground motion of
short period due to the random summation of the
high-frequency phase. For the same reason and the
azimuthal variety, directivity may less affect the high-
frequency component. Aki (1968) also noted that the
fault length and depth have a negligible effect on
short-period ground motion. The JMA (Japan Met-
eorological Agency) intensity in the near-fault region
is presented for a number of past earthquakes, and it
appears to be independent of source size. Namely, in-
tensity VII was first introduced after the 1948 Fukui
earthquake of M; 7.1 and was next experienced in
the 1995 Hyogo-ken Nanbu earthquake of M, 7.2,
but the intensity during larger events (for example the
1891 Nobi earthquake of M; 8.0 and the 1923 Great
Kanto earthquake) reached only VI, although intens-
ity VII had not yet been defined in 1891 and most
part of fault traces in the 1923 Great Kanto earth-
quake were located offshore. Only the dips in the
spectrum for the asperity model are shallower than
those of the homogeneous model. This may be due to
inhomogeneity and the inclusion of various frequency
components in the synthesized waveform. Namely, the
spectrum shape of Green’s function from the asperity
is different from the non-asperity elements. Therefore
various frequency components are contained in the
synthesized waveform for the asperity model than the
homogeneous models.
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