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Abhstract

Assuming a large earthquake like the Kanto Earthquake of 1923, ground motions in the epicentral area were
theoretically synthesized by introducing the effect of inhomogeneous rupture propagation and taking the thick
sedimentary layers into consideration. The ground motions synthesized for the seven sites in and around the
Tokyo metropolitan area, Tokyo, Yokohama, Hatano, Fuchu, Chiba, Kamogawa, and Tateyvama, clearly
demonstrate the drastic effect of the thick sedimentary layers in comparisons with the results for the half space
model. From an engineering point of view, influences of the synthesized motions upon artificial structures were
evaluated in terms of the response spectra. The response spectra show that the structures with rather long
fundamental periods are severely affected by the ground motions. For the period range longer than 3 seconds,
the response spectra surpass the upper limit of the Architectural Institutes of Japan (AI]) recommendation on

the base shear at all the sites where the ground motions were synthesized.
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1. Introduction

For designing anti-seismic structures, it is indis-
pensable to clarify the characteristics of strong
ground motions in the epicentral area of major earth-
quakes. The earthquake motions integratedly include
the source kinematics, path effects, and local site
conditions, so that it is natural that the earthquake
motions are treated as a whole including all those
effects. Most of the past studies in earthquake engi-
neering, however, stressed only the local site effect
near the structure, because their interests were mainly
directed at short period ground motions, such as those
less than 1 second. For short period waves, it is very
difficult to apply such total treatment, since the
source kinematics and wave propagation are quite

*Advanced Measurement and Analysis Technology
Division, Computational Sciences Laboratory.

Strong Ground Motion, Near Field, Inhomogeneous Source, Deep Soil Deposit, Simulation,

complex. By taking all effects described above into
consideration, Ohta and Kagami (1976) and Kudo
(1978) proposed an idea for treating the body and
surface wave propagation from source to structures
for those seismic waves with a fairly long period.
Their proposals are simple and adaptable for estimat-
ing the behavior of large scale structures which have
a rather long fundamental period of 5-10 seconds.
On the other hand, recent studies in seismology
advanced wvarious mathematical techniques for
simulating ground motions by introducing more realis-
tic source kinematics and medium structures. In the
beginning, these were only applied to unbounded
homogeneous mediums (e.g., Aki, 1968 ; Kanamori,
1972). Then, the free surface effect (e.g., Kawasaki et
al., 1973, 1975 ; Bouchon and Aki, 1977), and the effect
of sedimentary layers (e.g., Heaton and Helmberger,
1977, 1978 ; Bouchon, 1979a, b) were gradually includ-
ed in the simulation. The development of modeling the



Report of the National Research Institute for Earth Science and Disaster Prevention, No, 57 ; December, 1996

earthquake source process revealed a nonuniform
rupturing process (e.g., Miyatake, 1980a, b; Aki,
1982). Hybrid models were proposed for predicting the
high-frequency acceleration, in which gross features
of the rupture process are specified deterministically,
but details of the process are described by a stochastic
model specified by a small number of parameters
(Aki, 1982). By using those mathematical techniques,
the total treatment of the strong ground motion seems
to have become possible not only for long period
waves but also for short period ones. But yet, the
applicablity for the shorter waves still seems to be
difficult because those waves are seriously affected by
the diversity of local site conditions.

In the present paper, we synthesized strong ground
motions expected in the epicentral area of a major
earthquake. Although our interests were restricted to
the rather long period range, the synthesized motions
included whole effects of source and propagation. For
the seismic source, the Kanto Earthquake of 1923 was
modeled by introducing inhomogeneous rupture prop-
agation in order to generate rather short period
waves. The layered underground structure was set up
by taking realistic thick sedimentary layers into
account. From an engineering point of view, influ-
ences of the synthesized motions upon large-scale
structures were simply evaluated in terms of the
response spectra.

2. Synthesizing Technique

The ground motions by an earthquake are generally
computed by a space-time convolution of slip function
with Green function (Aki and Richards, 1980; Aki,
1982). The slip function describes the fault displace-
ment during an earthquake as a function of time and
position on the fault plane. The Green function repre-
sents the impulse response of a medium to a force
system applied at a point on the fault plane. The slip
function and the Green function represent the source
and the propagation effect on seismic motion, respec-
tively. The source effect, even though it is very com-
plex in space and time, can be modeled by giving a
distribution of point sources on the fault plane, then
the total wave field is represented by a superposition
of the Green functions for each point source. There-
fore, the computation of the Green function for a
realistic medium is essential to obtain reliable results.

There are many approaches for evaluating the
Green function ; generalized ray theory (Helmberger,
1974 ; Helmberger and Harkrider, 1978), reflectivity
method (Fucks, 1968 ; Fucks and Muller, 1971), reflec-

tion and transmission matrix method (Aspel, 1979 ;
Kennett and Kerry, 1979 ; Kennett, 1980 ; Luco and
Aspel 1983 ; Aspel and Luco, 1983), discrete wave-
number method (Bouchon, 1981), and extended reflectivi-
ty method (Kohketsu, 1985). Among those methods,
Yao and Harkrider’s (1983) technique was employed
in this study. This approach is based on Kennett
and Kerry’'s (1979) generalized reflection and transmis-
sion matrix method for the wavenumber integrands
and Bouchon's (1981) discrete wavenumber method
for the wavenumber integration.

For the point shear dislocation in a layered medium,
integral solutions of the surface radial, tangential, and
vertical displacements in the frequency domain are
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respectively, where p is medium density, M(w) is
seismic moment (source function), and C, and C'»
represent the radiation pattern. The radiation pattern
coefficients are related to the fault geometry, and
their explicit expressions are

Co= a2,
Ci=aicosg — bising, C/'=—wsing— bicose,
C:=ascos2¢— bsin2g, C2'=—asin2¢— bxcos2e,

a1 =cos6cosA, bi=cos28s1nA,

az:%simz(?sinri, b:= —sindcosA,
where ¢ is the azimuth to the receiver relative to the
fault strike, &8 is the dip angle of the fault, and A is the
rake angle of slip on the fault. The wavenumber
integrations involved in the above solutions (1) have a
form of

L= [ F () Jnlr V.
According to Bouchon (1981), this type of integration

is efficiently evaluated by replacing the wavenumber
integral by the discrete wavenumber summation as
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>at, where @ and ¢ are the P wave velocity and the
time interval concerned, respectively.

The kernels Un and W, in the integral equation (1)
are the displacement generated by the P and SV wave
source potentials, while V, is by the SH potential.
These kernels depend on wavenumber, frequency,
source depth, and layer parameters, and are evaluated
by using the generalized reflection and transmission
matrices given by Kennett and Kerry (1979). By using
the same notation, the solutions on the free surface
are represented by
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for P-SV waves, and
Vu=2k(1— RE) " TH(1— REERE) (R Hn + Hp )

for SH wave. The termsPr*, S»*, and H.* represent
the P, SV, and SH wave source potential, and the plus
or minus superscripts correspond to the downward or
upward propagating waves, respectively. The source
terms are

2. 2
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a = P wave velocity, 8 = S wave velocity,
and [s]==1 for the plus or minus superscript.

3. Structure Model, Fault Model, and Numerical
Examples

3.1 Structure Model with Sedimentary Layers

In the Tokyo metropolitan area, thick soils are

Crust Model 5L-R6

Thickness Velocity Density
(krm) (km/sec) {(gr/cc)
P-wave S-wave
_—1.0 2.0 0.7 1.8
3.0 1.2 2.2
5.5 3.1 2.5
25.0 6.7 3.9 2.8

%////% e 75 a3 3

Fig. 1 Simplified layered structure model, 5L.-R6,
used for waveform synthesis,

widely deposited to the depth of several kilometers.
According to the computations by Yamamizu and
Goto (1978), Ohta et al. (1980), and Yamamizu et al.
(1983) about the amplification of SH wave by the thick
sedimentary layers, it is certain that rather long
period seismic motions are severely affected by those
thick sedimentary layers. Therefore, the effect of
thick sedimentary layers are very important for
estimating realistic ground motions of rather long
periods.

The layered structure model, 5L-R6, adopted in the
present simulation is shown in Fig. 1. The upper two
are sedimentary layers, which were modeled on the
basis of the results of down-hole measurements car-
ried out at three deep holes in Iwatsuki, Shimohsa,
and Fuchu (double circles in Fig. 2) in the Tokyo
metropolitan area (Ohta ef af., 1977, 1978 ; Yamami-
zu el al. 1981, 1983) and the results of refraction
prospecting from the Yumenoshima explosions
(Shima et al., 1976a, b; Seo and Kobayashi, 1980).
Roughly speaking, the uppermost layer is composed of
Narita and Kazusa groups of Pleistocene soils, and
the second one of Miura and other groups of Miocene.
The P and S wave velocities of those layers are 2.0
and 0.7km/sec for the first layer and 3.0 and 1.2
km/sec for the second one, respectively. For densi-
ties, we used the gamma-ray logging data also
obtained in the three deep holes at Iwatsuki, Shimohsa,
and Fuchu (Suzuki et a/. 1981 ; Takahashi, 1982). For
the lower structure under the sediment, we follow-
ed the result by Seo (1979), which gives a representa-
tive crust-mantle structure in the southern Kanto
district. The depth to the lowest interface is 35km,
corresponding to the Moho discontinuity. The attenua

S
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tion factor, Q, was not included in order to simplify
the computation because the effect may not be serious
for the rather long period band considered (Yamamizu
et al., 1983 ; Takeo, 1985).

3.2 Inhomogeneous Fault Model as a Superposition
of Point Sources

In Fig. 2, the fault plane assumed and locations for
waveform synthesis are shown by a square and large
solid circles, respectively. The fault geometry is near-
ly the same as that for the 1923 Kanto earthquake
estimated by Kanamori (1974). Details are summar-
ized in Table 1, in comparison with Kanamori’s
Model. The small solid circle on the southern side of
the fault plane represents the epicenter, and rupture
starts at this point. The fault plane of 120km by 70
km was divided into 20X 10 subfaults with a 6 X Tkm?
area, and each subfault was replaced by a double-
couple point source. The strike, dip, and rake angles
are common for all the point sources. But the other
parameters, such as the seismic moment and rise-
time, differ for each point source. In addition, the
origin time of each point source is shifted one by one
to represent an irregular rupture propagation.

The irregular rupture process was given a priori by
referring to Miyatake’s (1980a) result, in which the
rupturing process on the fault surface with random
strength distribution was numerically simulated by a
three-dimensional crack propagation by using the
finite difference approximation. In Fig. 3, the rupture
process assumed is shown in four maps for every 10
seconds by contours of rupture front at every 2 sec-
onds. Total rupturing time is about 35 seconds. The

moment (dislocation) and rise-time distribution are
shown in Fig. 4 and Fig. 5, respectively. The seismic
moment is represented by the distribution of disloca-
tion on subfaults because the area is the same for all

TWATSUKI
SHIMOHSA
[ TOKYO e
:/ FUCS T~ ~cHiBA
/ YOKOHAMA

/
/ HATANO
/ .

0 20 40 km
T R . .

Fig. 2 Projection of the assumed fault plane upon
the ground surface, and positions of Tokyo,
Yokohama, Hatano, Fuchu, Chiba, Kamo-
gawa, and Tateyama where the strong ground
motions are synthesized. Double circles are
the three Deep Borehole Observatories of
Iwatsuki, Shimohsa, and Fuchu where down-
hole measurements were carried out for
precise estimation of the sedimentary struc-
ture.

Tablel Summary of the assumed geometry

This Study Kanamori Model

Epicenter Longitude 139.3°E 139.3°E
Latitude 35.2°N 358 N
Depth 2.5 km 0 km

Fault Width 70 km 70 km
Length 120 km 130 km
Dip Direction N20'E N20°E
Dip Angle 28° 347

Slip Rake Angle 18° 18

(right lateral reverse)

Rupture Process Random Bilateral
Veloity 3.0 km/sec
Rise Time 2-b seconds 5.0 seconds

e e
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Fig. 3 Contour maps of the rupture front for every
10 seconds. In each map, contours are drawn
at every 2 seconds.
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Fig. 4 Distribution of the moment (dislocation) of

point sources on the main fault.

RISE TIME

Fig. 5 Distribution of the rise-time of point sources

on the main fault.

subfaults. The total moment is 5.3 X 10?" dyne-cm, and
hence the average dislocation over the fault surface is
estimated as about 2.1 meters.

The source time function is ordinarily represented
by the ramp-type function. Among various ramp func-
tions, we adopted a smoothly varying function ;

Sdty=4{1+ tanh(ﬁ—l)} (@)

where {; is rise-time. The moment function in the
integral solutions of (1) is, therefore, represented by

MAlw)= ﬁé(w)—z—exp( agr)cosech mzz‘r

in the frequency domain by the Fourier transform of
S&t) in equation (2), where 8(@) is Dirac’s delta
function. On the other hand, when the velocity-type
waveform is synthesized, we must adopt a derivative
of Sa(£), that is,

Suo{t)= —sechz(Zt 1)

and the corresponding moment function is

awiy

M) ="9"" o p(*z zt )cosech

The actual synthesis was done for velocity waveforms
by using M.(w), then displacement waveforms are
obtained by a numerical integration.

3.3 Numerical Examples

To check the computer program and concurrently
to illustrate the influence of sedimentary layers upon
the seismic motions, we made preliminary computa-
tions for two cases. The first one assumed that a point
shear dislocation source is embedded in mediums of
different types. The second one is for a finite fault in
the half-space medium, in which the rupture propa-
gates bilaterally.

3.3.1 Point source embedded in the layered medium

The point source, fixed at a depth of 5km, was
assumed to be of the same focal mechanism as is
shown in Table 1, and the rise time was chosen at
(.25 seconds. Figure 6 illustrates the resulting wave-
forms on the ground surface at a site which is located

- B
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Fig. 6 Examples of the synthesized ground motions. Left-hand column shows the structure

models used, in which layers are added one by one in order to check the effect of layering

upon the synthesized waveform.

16km away. Azimuth of the site is 30° relative to the
fault strike. In this figure, the medium was at first
assumed as a half-space (top figure), then, was
modified step by step to the model shown in Fig. 1
(bottom figure). The later phase, which is clearly seen
especially in the tangential component of the two-
layer model, is the multiple reflection within the
uppermost layer. Except for this later phase, the
waveforms are very similar to each other for the
upper three cases. However, for the lower two cases
where thin sedimentary layers are added, not only the
waveform but also the amplitude are drastically chan-
ged. It is seen in those traces that rather long period
motions of 4-6 seconds are excited by sedimentary
layers. From this fact, we can clearly understand the
striking effect of the sedimentary layers.

3.3.2 Finite fault with bilateral rupture
We model a finite fault following the Kanamori’s

(1974) study. Kanamori (1974) computed the ground
motions at Tokyo for the finite fault in the half-space

medium assuming the bilateral rupture propagation.
In Figure 7, we compare the displacement waveforms
by Kanamori (left) with those of the present study
(right) which assumed nearly the same fault geometry
and bilateral rupture (Table 1).

The features of both waveform sets are very similar
to each other. By watching carefully, a small discrep-
ancy appears around the onset of EW waveform. This
discrepancy may be caused by the difference of the dip-
angle (Table 1) and/or the computing method for the
rupture propagation; the propagation effect is
evaluated by numerical integration in Kanamori’s
study, while by superposition of point sources in the
present one. In any case, the difference is negligibly
small, so that the present superposition method is
sufficient to compute the rupture propagation effect.

4. Synthesized Ground Motions

On the basis of the fault model described in the
previous section 3.2, the ground motions were synthes-
ized at seven sites in and around the Tokyo metropoli-
tan area. The locations are shown in Fig. 2 ; Tokyo,

ams ff s
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Fig. 7 Comparison of synthesized displacement waveforms of the present study (right) with
those of Kanamori (1974) (left). Kanamori’s coordinate system was not directed to real

east and north but was rotated counterclockwise 23 degree.

Yokohama, Hatano, Fuchu, Chiba, Kamogawa, and
Tateyama. The sediment structure is different from
site to site, so that it is natural to use a three-dimen-
sional underground structure for synthesizing the
ground motions. Unfortunately, there is no available
computer facility and effective code for computing
those three-dimensional propagations within a realis-
tic computer-time in the present stage. For this rea-
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Fig. 8a Synthesized displacement (upper) and veloc-
ity (lower) waveforms at Tokyo for the layer-
ed structure model. The unit of vertical axis
is shown in the figure.

son, we assumed the same underground structure at
all the sites, and so the difference between each site
depends only on the position in relation to the fault
geometry. Hereafter, “the layered model” means the
underground structure model of Fig. 1. Similarly,
parameters of “the half-space model” are 5.5km/sec,
3.1km/sec, and 2.5gr/cm® for P wave, S wave veloc-
ity, and density, respectively. The synthesized
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Fig. 8b Synthesized displacement (upper) and veloc-
ity (lower) waveforms at Tokyo for the half-
space model. The unit of vertical axis is

shown in the figure.
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waveforms at the seven sites are shown in Figs. 8§-14.
In those figures, the origin of time-axis was set at the
start-time of rupture (origin-time).

The first site we consider, Tokyo, is located to the
northeast of the epicenter at a distance of about 65
km, and lies just on the lower fault edge which is
dipping toward N20°E (Fig. 2). The displacement and
velocity waveforms at Tokyo for the layered model
are shown in Fig. 8a, and those for the half-space
model are presented in Fig. 8b. By comparing these
two waveform sets, we can see at a glance that long
period motions of 10-13 seconds are predominant in
the former synthetics for the layered structure model.
It is clear that the long period motions are effectively
excited by the layered structure, because no such
motions appear in the synthetics for the half-space
model (Fig. 8b). The ground motions for the half-
space model are restricted to about 40 seconds from
20 to 60 seconds on the time axis corresponding to the
total time of fault rupturing. The complex motions in
this time interval immediately reflect irregularities of
the source process. This situation is common to all the
following cases. On the other hand, a much longer
duration of the ground motion is seen for the layered
model (Fig. 8a).
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Fig. 9a Synthesized displacement (upper) and veloc-
ity (lower) waveforms at Yokohama for the
layered structure model. The unit of verti-
cal axis is shown in the figure.

The second site, Yokohama, is located above a
middle part of the fault, and about 40km apart from
the epicenter toward the northeast. The synthesized
waveforms at Yokohama for the layered and the half-
space models are shown in Fig. 9a and Fig. 9b,
respectively. It is notable that longer period motions
of 10-15 seconds are outstanding in the EW compo-
nent after 50 seconds, but relatively short period
waves of 2-4 seconds are predominant in the NS
component for the same time interval. The displace-
ment rises up rather slowly, taking about 15 seconds,
and reaches about 100cm in EW component and 60cm
in NS component. At nearly 30 seconds, a large impul-
sive velocity with a period of 4-6 seconds is conspicu-
ous, and we expect a large acceleration at this
instance.

Hatano is the nearest to the epicenter; the
epicentral distance is about 20km. The synthesized
waveforms are shown in Fig. 10a and Fig. 10b. At this
site, damages caused by the 1923 Kanto earthquake
were very severe. According to Kanamori’'s (1974)
simulation the amplitude of ground displacement was
about twice as large as that in Tokyo. As expected by
that fact, the synthesized waveforms at Hatano show
the largest velocity among the seven sites; about 30-
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Fig. 9b Synthesized displacement (upper) and veloc-
ity (lower) waveforms at Yokohama for the
half-space model. The unit of vertical axis

is shown in the figure.
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Fig, 10a Synthesized displacement (upper) and
velocity (lower) waveforms at Hatano for
the layered structure model. The unit of
vertical axis is shown in the figure.

40cm/sec in both components for the layered model as
shown in Fig. 10a. Also, the displacements of 120-
140cm in the EW and 40-60cm in the NS components
are the largest. In addition, the synthesized motions
have two characteristic features. The first one is the
monotonical wavetrain lasting for a long time, which
is seen in the velocity waveforms shown in Fig. 10a.
By comparing Fig. 10a with Fig. 10h, we understand
that the monotonical wavetrain is originally excited
by the faulting process, and then remarkably amplifi-
ed and prolonged by the layered structure. The period

of the wavetrain is about 7 seconds. It is anticipat-

ed that the wavetrain will seriously affect the struc-
tures having a similar fundamental period. The
second feature is two steplike changes in the displace-
ment, which are clearly seen in the EW component
of the half-space synthetics shown in Fig. 10b.
At the first stage, the displacement is growing up to
about 40cm in both the EW and NS components. But
at second stage about 20 seconds after the first
arrival, the motion progresses only in the EW direc
tion, and the EW displacement reachs to about 90 -
100cm. Those steplike changes are also seen in the
synthetics for the layered model (Fig. 10a). This
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Fig. 10b Synthesized displacement (upper) and
velocity (lower) waveforms at Hatano for
the half-space model. The unit of vertical
axis is shown in the figure.

nature of displacement may be caused by the ruptur-
ing process.

Fuchu is located in the western half area of the fault
similar to Hatano, but is about 50km apart from the
epicenter along the dip-direction of the fault. The
synthetic waveforms at Fuchu are shown in Fig. 11a,
and Fig.11b. The velocity waveforms have a common
feature with Hatano in that a monotonic wavetrain
appears. In this case, however, the period is as short as
3-4 seconds. Since 3-4 seconds corresponds to the
fundamental period of the so-called “S structure
building” (having a steel structure for the main part)
of 25-35 stories (Ohtani, 1977), the predicted motions
at this site may be more dangerous than those at
Hatano.

Chiba and Kamogawa are located at about 80km
from the epicenter, but the latter is near the fault edge
like Hatano. In Figs. 12a, b, and 13a, b, the synthesized
waveforms at Chiba and Kamogawa are shown,
respectively. The velocity waveforms at both sites are
similar to each other. At the beginning of the velocity
waveform, there is a large two-cycle oscillatory
motion of about a 10 seconds period. The oscillatory
motion may originate from the rupturing process. The
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displacements at Kamogawa for the half-space model
(Fig. 13b} show a steplike change similar to Hatano,
and the amplitude at Kamogawa is comparable to or
slightly smaller than Hatano (compare Fig. 10b and
Fig. 13b). However, the monotonical wavetrain is not
as developed in this case as at Hatano.

The last site, Tateyama, a city on the southern tip
of the Boso Peninsula, is the nearest of the seven sites
to the fault edge, and the distance from the epicenter
is about 60km. The synthetic waveforms at Tateyama
are shown in Fig. 14a and Fig. 14b. The nature of the
displacement waveform is quite different from all of
the previous cases, probably because Tateyama is
located on the foot-wall side of the fault. Although
the static deformation is as small as about 20cm or
less for both the EW and NS components, the displace-
ment waveform seems the most complex among the
seven sites, even for the half-space synthetics (Fig.
14a and Fig. 14b). In the velocity waveform, rather
short period waves of 2-4 seconds are predominant,
and the amplitudes of those waves are comparable to
those at Fuchu.

5. Response Spectra of the Synthesized Ground
Motions

To evaluate the effect of ground motion upon large-
scale structures, we compute the response spectrum
by using the synthesized waveforms of the previous
section for input ground motions. The response spec-
trumn is a simple but important measure in engineering
seismology, which represents a maximum response
motion of a simple mass-spring vibration system as a
function of the eigen-period and damping factor of the
vibration system. By illustrating the response spec-
trum, we can get an insight into not only the charac-
teristic nature of the ground motion itself but also the
influences upon the structure.

The velocity response spectra, F,(T,k), for hori-
zontal motions at Tokyo and the other sites are shown
in Figs. 15 through 21. Since the response spectra are
plotted in the tripartite coordinate system, the accel-
eration and displacement responses are immediately
read from the figures. In those figures, the left figure
represents the response spectrum of the EW compo-
nent and the right, the NS component. The three
response curves in each figure correspond to the
damping of h=0.01, 0.05, and 0.1, respectively. The
letters a and b added to the figure number represent
the response spectrum of the synthesized waveform
computed for the layered medium and for the half-
space model, respectively. At Tokyo, for instance,

the response of a structure that has a fundamental
period of 10-13 seconds and a damping of h=0.01 is
read as large as 200cm in displacement, 100cm/sec in
velocity, and 50cm/sec? in acceleration in the case of
the layered model (Fig. 15a).

The acceleration response spectrum, F.(7,h), is
directly related to the base shear coefficient, Co. The
base shear coefficient, playing an important role in
aseismic designing, is represented by the ratio of the
maximum shearing force acting on a structure during
an earthquake to the total weight of the structure;
Co=M-F/M-g, where M is the total mass and g is the
acceleration of gravity. According to the 1973 draft
called “Guidelines for Aseismic Design of Tall Build-
ings” by the Architectural Institutes of Japan (AIJ),
the design base shear coefficient is recommended to
be C,=(0.15~0.3)/T for T longer than 1 second,
where T is the fundamental period of a structure.
Simply speaking, if a structure encounters a large
acceleration for which the base shear far exceeds the
Al] recommendation, the structure may be placed in a
difficult situation.

The AIJ] recommendation for the design base shear
coefficient is shown by the shaded zone in each of the
figures from Fig. 15 to Fig. 21. The recommended zone
in terms of velocity response does not depend on T
because Fo=g-Cs, and Fo=(7/2x):F,, then F,=
(0.15~0.3)(g/2x). The most severe case is seen in the
response spectrum at Hatano shown in the left side of
Fig. 17a. At this site, the response curves have two
conspicuous peaks at 4-5 seconds and about 7 seconds.
The displacement responses at those peaks are as
large 200cm and over 300cm, respectively, and the
velocities of 250-300cm/sec at both peaks show five
or six times larger values than the Al] recommenda-
tion. Moreover, the acceleration at those peaks reach
about 250-300cm/sec®. Such large accelerations in
that period range may not have been observed or
recorded in actual earthquakes since the beginning of
modern engineering seismology. The responses for the
half-space model fall almost within the range of the
recommendation.

6. Discussion and Conclusion

Strong ground motions excited by a major earth-
quake like the Kanto Earthquake of 1923 were theo-
retically predicted for seven sites in and around the
Toyko metropolitan area. To simulate realistic
ground motions, we adopted the layered underground
structure with thick sedimentary layers (Fig. 1) and
the complex faulting process (Figs. 3, 4, 5). The pres-
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Fig. 19b Tripartite representation of the response spectra of the synthetic EW (left) and NS
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ent simulation showed that the ground motions
synthesized for the realistic layered medium have
very complex and amplified features in comparison
with those for the half-space model. The complex
motions excited by the inhomogeneous rupture proc-
ess are considerably modulated into more and more
complicated forms through the effect of the sedimen-
tary layers (see Figs. 8-14).

The synthesizing technique can also be applied to
the shorter period waves of less than 1 second. To
change the rupture process into a more complicated
one is easily accomplished by dividing the fault sur-
ace into sufficiently smaller sub-faults. But, the finer
the sub-fault division, the larger the computation
becomes. However, such time-consuming work will
not bring about fruitful results beause we lack
detailed information on the local site conditions in-
cluding the soft alluvial layers.

From an engineering point of view, we evaluated
synthesized ground motion in terms of the response
spectra. The response spectra estimated suggest that
the structures in and around the Tokyo metropolitan
area which have a fundamental period longer than
about 3 seconds may be put into a much severer
situation when a large earthquake occurs than was
previously expected. The example at Tokyo indicates
that the maximum response of a structure having a
fundamental period of 10-13 seconds is as large as
200cm in displacement, 100cm/sec in velocity, and
50cm/sec? in acceleration. The velocity, 100cm/sec,
gives a base shear twice as large as the upper limit of
the AlJ recommendation, Cy=(0.15~0.3)/T. Accord-
ing to Ohtani (1977), most of the actual high-rise
buildings are designed to meet more a severe criterion
than the AI] recommendation, C»=(0.24~0.42)/T.
The acceptance of this severe criterion tells us that
designers endow a sufficient capacity on structures in
order to secure safety, even if it causes the cost to be
a little higher. It should be noted that high-rise build-
ings have never experienced a destructive earthquake,
and their safety has not yet been put to the test in
practice.
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