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Abstract

We performed numerical simulations of long-period ground motions in Tokyo for
the 1923 Kanto, Japan, earthquake (M =7.9 to 8.1) which devastated Tokyo, Yokohama,
and their environs, and caused more than 130,000 fatalities. We used reflection-
transmission matrices and the discrete wavenumber integration method to compute
ground motions for fault models placed in layered structures. The objective of this study
is twofold: 1) to estimate the long-period response spectrum for the 1923 Kanto
earthquake; and 2) to investigate the effects of various source parameters on the.ground
motion so that we can assess the variability of estimated ground motions, and apply the
results to a broader class of earthquakes than just a single design earthquake specifically
fior the 1923 event.

The Kanto earthquake was recorded in Tokyo with a Ewing seismograph and an
Imamura seismograph. The ground motions estimated by earlier investigators from
these two seismograms differed significantly. This conflict can be reconciled if we
assume that the solid friction of the Ewing seismograph was very high during shaking.
Solid friction can reduce the resonance of the instrument, and long-period ground
motions with large amplitudes can be recorded correctly. We conclude that the ground
motion of the Kanto earthquake had a very large long-period component with a velocity
response spectrum of 120 cm/sec (5% damping) at a period of 13 sec. The velocity
response spectrum at a period of 7.5 sec is estimated to be about 50 cm/sec.

Numerical simulations produced a wide range of ground motions and response
spectra, even with a given fault geometry and seismic moment. For a rupture model
initiating from the southwestern end of the fault plane — the most probable epicenter of
the 1923 earthquake — the computed response spectra have a range of 10 to 100 cm/sec
at a period of 7.5 sec, which brackets the observed level. All the response spectra
computed for this model have a peak in a period range of 10 to 13 sec. The slip
distribution and the rupture direction significantly influence simulated ground motions.
Large subevents in a shallow structure enhance the ground motion significantly,
especially if the rupture propagation is toward the site. One of our extreme models,
which has large slip of about 8 m in the shallow crust at the western end of the fault plane,
can produce a large ground motion comparable to that estimated from the Ewing
seismogram. Reducing the rise time or increasing the rupture propagation increases the
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spectral amplitude at periods shorter than 5 sec. Also, if the site is located on a very soft
sediment, significant (a factor of 1.4) amplification occurs. The basin structure beneath
Tokyo would increase the duration of ground motion significantly. Although increased
duration does not significantly affect the response spectrum, it will play an important

role in the nonlinear response of structures.

Introduction

In view of the recent increase of large structures such as high-rise buildings, oil
tanks, suspension bridges and offshore drilling platforms, estimation of long-period
strong ground motions from several seconds to twenty seconds is becoming increasingly
important.

Although it is relatively straightforward to compute long-period ground motions
numerically for a given earthquake model, it is not possible to verify such simulations
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Fig. 1. The horizontal projection of the fault plane
and the major aftershocks immediately after the
main shock (from Kanamori, 1971a), and tectonic
structure in southwest Japan (bottom figure). The
fault parameters of the Kanto earthquake obtained
by Kanamori (1971a, 1974) are: dip direction=
N20°E; dip angle=34"; dimension=130 X 70 km;
right-lateral slip=2 m; reverse dip-slip=0.65 m;
rise time of dislocation=5 sec; rupture velocity=
3 km/sec.
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because no record of long-period ground‘ motion in the epicentral area of a large
earthquake is presently available. During the 1923 Kanto, Japan, earthquake (M=7.9 to
8.2, Figure 1) which devastated Tokyo, Yokohama, and their environs, and caused more
than 130,000 fatalities, three low-gain seismographs were in operation in Tokyo. Two
of them (an Omori strong-motion seismograph and an Imamura strong-motion seismo-
graph) recorded the ground motions during the first 10 to 15 sec, but thereafter went off-
scale. Another seismograph (a Ewing seismograph) recorded the ground motion almost
on-scale on a turn table for about 2 min. The original seismograms of the Ewing and
Imamura seismographs are shown in Figure 2. Although these records do not contain
complete information of the ground motion, they can still be used for verification
purposes.

Another unique aspect of the Kanto earthquake is that it occurred beneath the Kanto
plain, which is covered by thick soft sedimentary layers. The combination of a large
earthquake and soft sediments is fairly common, e.g. Mexico, San Francisco, and
Tangshan. Also, many major cities in the world are located in a sedimentary basin with
high potential for a large earthquake (e.g. Los Angeles). Since sediments play a major
role in excitation and propagation of long-period ground motion in the epicentral area of
a large earthquake, it is important to understand their effects on ground motions.

Considering these aspects of the Kanto earthquake, we performed numerical
simulations of long-period ground motions for this earthquake. The objective of this
study is twofold: 1) to estimate the response spectrum for the 1923 Kanto earthquake;
and 2) to investigate the effects of various source parameters on the ground motion.
Although our simulations are for models of the 1923 Kanto earthquake, there isnoreason
to believe that the next large earthquake near Tokyo will be a close duplicate of the 1923
Kanto earthquake. Many earthquake sequences along subduction zones demonstrate that
earthquakes are very noncharacteristic from sequence to sequence. It is thus important
to do a parameter sensitivity analysis so that we can assess the variability of estimated
ground motions, and apply the results to a broader class of earthquakes than just a single
design earthquake specifically for the 1923 event.

Observed Ground Motion

As mentioned above, a long-period Omori seismograph at Hongo, Tokyo, recorded
the ground motion during the first 9.5 sec, but went off-scale when the peak-to-peak
ground motion displacement reached 17 cm (Nasu, 1971a). A Ewing seismograph in
Hongo, Tokyo, recorded the ground motion almost on-scale on a turn table for about 2
min (Figure 2a). Nasu (1971b) described this record, which he traced from the original
disk. Morioka (1976, 1980) and Morioka and Yamada (1986) digitized the trace obtained
by Nasu and estimated the SW-NE component of ground motion from this record. As
shown in Figure 3, this ground motion (ED) is dominated by long-period oscillations
with a period of about 13 sec which lasted for about 2 min. On the other hand, Yokota
et al. (1989) estimated the E-W component of the ground motion using the record of an
Imamura seismograph also located at Hongo (IMD in Figure 3). However, the Imamura
seismogram (Figure 2b) was clipped during the first 5 minutes when the long-period
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Fig. 2. Seismograms of the 1923 Kanto earthquake recorded in Hongo, Tokyo. (a). Seismogram recorded by a
. Ewing strong-motion seismograph (To=6.0 sec, h=0.045, V=1.0) on a turn table. (b). Seismogram recorded by
an Imamura strong-motion seismograph (To=10.0 sec, h=0.17, V=2.0).

ground motion was recorded on the Ewing seismograph. Yokota et al. (1989) devised a
method to restoe the clipped portion of the record. The ground motion obtained by
Yokota et al. (1989), shown in Figure 3, does not exhibit the long-period ground motion
estimated from the Ewing seismogram. No explanation for this large difference has been
given. However, as described in the Appendix, these apparently conflicting results can
be reconciled if we assume that the solid friction of the Ewing seismograph was very
large during the intense shaking of the Kanto earthquake. Solid friction can reduce the
resonance of the instrument, and long-period ground motions with large amplitudes can
be recorded correctly.

" Also, Figure 3 shows the velocity response spectra (5% damping) computed for the
ground motions estimated from the Imamura and Ewing seismograms. As shown in the
Appendix, we believe that the spectral amplitude at long period (about 13 sec), estimated
from the Ewing seismogram, and that at short period (about 5 sec), estimated from the
Imamura seismogram, are a good approximation of the response spectrum of ground
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motion recorded at Hongo, Tokyo. The solid curve shown in Figure 3 is obtained by
combining these two spectra, and will be used as a reference spectrum. Since the ground
motion estimated from the Imamura seismogram is from the component with the smaller
amplitude (Yokota et al. 1989), the response spectrum estimated from the Imamura
seismogram is multiplied by 1.5 at a period range from 5 to 7.5 sec. The ground motion
estimated by Morioka (1976) from the Ewing seismogram is also from the smaller
component (Morioka, 1976), but considering the large uncertainties involved in the
deconvolution process, we used its long-period value without modification. The solid
curve showninFigure 3 is thus somewhat subjective, but we believe that it is a reasonably
good representation of the velocity response spectrum of the ground motion in Tokyo at
periods longer than 5 sec.
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Fig. 3. Ground-motion displacements and velocities estimated from the SW-NE
component of the Ewing seismogram by Morioka (1976, 1980) and Morioka
and Yamada (1986) (ED, EV) and from the E-W component of the Imamura
seismogram by Yokota et al. (1989) (IMD, IMV). Both ground motions are
obtained by restoring the clipped portion of the records. The velocity response
spectra (5% damping) computed for the ground motions estimated from the
Imamura and Ewing seismograms are shown in the lower panel. The short
dotted curve shows the response spectrum from the Ewing seismogram and
the long dotted curve is from the Imamura seismogram. The solid curve is a
reference spectrum obtained by combining these two spectra.

Simulation

To estimate strong ground motions successfully, we must correctly model the source
process and the wave propagation effects between the source and site.

To model the propagation effects, two approaches have been used. The first is the
semi-empirical method (e.g. Hartzell, 1978; Kanamori, 1979; Irikura, 1983; Takemura
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and Ikeura, 1987; Heaton and Hartzell, 1989; Somerville et al., 1991; Cohee et al., 1991;
Kanamori et al., 1992) in which observed seismograms of small earthquakes are utilized
as empirical Green’s functions. Although the results depend on the choice of the
empirical Green’s functions, the method has been used successfully to model large
earthquakes (e.g. Kanamori, 1979; Irikura, 1983; Kanamori et al., 1992).

Several semi-empirical studies for simulating strong motions for the Kanto earth-
quake have been made (e.g. Yokota, 1991; Niwa et al., 1992). One difficulty with the
semi-empirical method is that the records of small earthquakes used as the empirical
Green’s function do not always have a good signal-to-noise ratio (S/N) at long period.
Thus, empirical methods are not suitable for simulation of very long-period ground
motions.

An alternative to the semi-empirical method is to use numerical Green’s functions.
A variety of tools to compute numerical Green’s functions for flat-layered structures and
more complex structures have been developed in the last decade, and have been used to
model earthquakes using strong-motion data (e.g. Wald et al., 1988; Vidale and
Helmberger, 1988). Although the simulation method using numerical Green’s functions
does not necessarily take into account all the effects of wave propagation, it is easy to
vary the source and structure parameters so that we can systematically evaluate their
effects on strong motions. Several numerical studies for simulating ground motions for
the Kanto earthquake have been made (e.g. Okamoto et al., 1988).

To compute realistic ground motions, we need to know the slip distribution and the
local dislocation time-history as a function of position on the fault plane. During the last
decade, waveform inversion of strong motion and teleseismic data have been used to
determine the spatial and temporal variations of slip on the fault (e.g. Hartzell and
Heaton, 1983; Mori and Shimazaki, 1985; Kikuchi and Fukao, 1987; Houston, 1987;
Takeo, 1988, 1992; Mendoza and Hartzello, 1989; Wald et al., 1991). Several attempts
have been made to systematically interpret earthquake source processes (e.g. Kikuchi
and Fukao, 1987; Mendoza and Hartzell, 1988; Takeo and Mikami, 1990). These results
provide constraints and guidelines for simulation of strong ground motions.

The approach we take in this study is to use numerical Green’s functions computed
for various crustal structures, slip distributions, rupture modes, and dislocation rise-
times. Considering the uncertainties and the variabilities of the source model, we will
investigate the sensitivies of the simulation to the source models by performing
simulations for a large number of models. The Green’s functions are calculated using
reflection-transmission matrices (Kennett and Kerry, 1979) and the discrete wavenumber
method (Bouchon, 1981), using an anelastic layered half-space structure (e.g., Takeo,
1985).

Crustal Structure

The crustal structures we used are listed in Table 1. The /4 structure in Table 1 is
derived from a result of an explosion experiment which revealed the depth of bedrock
beneath Tokyo (Research Group on Underground Structure in Tokyo, 1989) and group
velocity analysis between the Izu peninsula and Tokyo (Kudo, 1980). We also referred
to a velocity structure in Sagami Bay by Yamanaka (1991). Other layered structures (/3
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Table 1. Velocity structures used in the simulation of
ground motions.

W Vs p kh QOp Qs

60 34 26 00 500 230

W
a0
[

00 400 200
6.1

awm
SN
Sin

500 230
3
56 29 25 00 400 200
60 34 26 61 500 230
68 40 3.0 190 600 270
4
28 13 23 00 200 100
56 29 25 27 400 200
60 34 26 6.1 500 230
6.8 40 3.0 190 270

and /2) are derived by removing layers one by one, and /s is a homogeneous half space.

Source Model

The 1923 Kanto earthquake occurred on the interface between the obliquely
subducting Philippine sea plate and the Eurasian plate, along the Sagami trough (Figure
1). Extensive studies on the fault model of the earthquake have been made by various
investigators (e.g. Kanamori, 197 1a; Ando, 1971, 1974; Matsu’uraet al., 1980; Ishibashi,
1985). Kanamori (1971a, 1974) examined the far-field body and surface waves and the
near-field strong motion records, and obtained the following fault model: dip direc-
tion=N20°E; dip angle=34"; dimension=130 x 70 km; right-lateral slip=2 m; reverse
dip-slip=0.65 m; rise time of dislocation=3 sec; rupture velocity=3 km/sec. On the other
hand, Matsu’ura et al. (1980) interpreted the geodetic data and the near-field records to
obtain the static and dynamic fault parameters. Matsu’ura’s fault model, which is mainly
based on the geodetic data, consists of two subfaults whose strike direction is almost the
same as in Kanamori’s model, but the dip and rake angles differ about 10°. This
difference is not important for our simulation, however. The site for which simulation
is performed is very close to the fault plane, so that the location of the station relative to
the radiation pattern changes as the rupture front propagates on the fault plane. Hence,
the simulated ground motion is not sensitive to small changes in the mechanism. The
fault area of Matsu’ura’s model is about half that of Kanamori’s. The slips on the west
and east side subfaults of Matsu’ura’s model are about four times and two times larger
than the average slip of Kanamori’s model, respectively, so that the total seismic
moments of both models are almost the same.

For the simulations in this paper, we used Kanamori’s fault model as the base model.
Since the uncertainties of the various source parameters for the Kanto earthquakes are
large, we will perturb many of the source parameters from the base model to investigate
the sensitivies of the simulation to these parameters. Hence, the choice of the base model
is not critical to the results of this paper. For example, since we will change the slip
distribution on the fault plane to examine the effect of slip heterogeneity on ground
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motions, a fault model like Matsu’ura’s is in effect included in our simulation. Figure 1
shows the fault plane, the epicenters of the mainshock, and the major aftershocks which
occurred within the 24 hours after the mainshock.

Slip Distribution

The slip distribution on the fault plane of large earthquakes is generally very
complex, as shown by many investigators. For example, Kikuchi and Fukao (1987)
analyzed 9 large earthquakes at subduction zones. Among them is the 1968 Tokachi-Oki
earthquake, which consists of several subevents with similar seismic moments. Houston
and Kanamori (1986) analyzed teleseismic P waveforms recorded for the 1985 Michoacan,
Mexico, earthquake and obtained a fault rupture pattern that consists of 50 subevents
with seismic moments greater than 10" Nem. Mendoza and Hartzell (1989) obtained a
similar slip distribution for this event. Although the overall rupture pattern on a scale of
30 km or longer is probably well determined, the details are not resolved; the resolution
depends on the data used. Subevents larger than 30 km are responsible for ground
motions at periods longer than several seconds. A detailed distribution of subevents is
required to simulate ground motions at periods shorter than several seconds. The rise
time and the rupture time also play important roles in generation of strong ground
motions.

In the present simulation, we use the slip distribution of the Tokachi-Oki earthquake
(Figure 4) as the base model because it is a large oblique subduction earthquake similar
to the 1923 Kanto earthquake (Kanamori, 1971b). We perform many simulations while
varying the slip and rupture patterns in a random fashion. Considering the large
variability of the slip distribution observed for many large events, this approach is
reasonable.

The 1968 Tokachi-Oki earthquake

Fig. 4. Stereoscopic image of the heterogeneous distribution of dislocation sources of the 1968 Tokachi-Oki
earthquake. The moment values are initially given at 20 km x 20 km grid points. The stereoscopic image
is then created by convoluting the grid pattern with an error function with a half-width of 30 km. The area
shown in this figure is larger than the fault plane of the Tokachi-Oki earthquake whose length and width
are 200 km and 100 km, respectively.
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Our procedure to generate slip distributions to be used for simulation is as follows:
We first take a 200 km x 100 km fault plane which corresponds to the fault plane of the
Tokachi-Oki earthquake, shown in Figure 4. Then, we move the pattern of slip
distribution randomly on the fault plane. The part that moves out of the fault plane is
wrapped around on the fault plane at the opposite side. Since the size of the fault plane
of the Kanto earthquake is 130 km x 70 km, we use a 130 km x 70 km portion of the 200
km x 100 km plane as the model for the Kanto earthquake. We determined the slip
distribution so that the average slip on the 130 km x 70 km fault plane is 2.1 m, the average
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Fig. 5. Several representative examples of slip dis tribution used for simulations.
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slip of the Kanto earthquake. Since the fault area of the Kanto earthquake is about half
that of the Tokachi-Oki earthquake, the resulting slip distributions exhibit a variety of
patterns, ranging from a relatively peaked distribution to a more uniform distribution
consisting of similar size subevents. This procedure can produce various types of slip
distributions, as illustrated by some examples shown in Figure 5.

Green’s Function

Representative Green’s functions used for simulations are shown in Figure 6a,
which shows the velocities of ground motion at Tokyo excited by a single 6 kmx6 km
subfault with 2.1 m slip. The location of the source is indicated by a solid circle on the
horizontal projection of the fault plane. The top trace of each group is calculated using
the velocity structure /4 in Table 1, and the second, third, and bottom traces are calculated
using I3, 12, and hs in Table 1, respectively. The time constants of the source-time
function shown in Figure 7 are ¢,=2.0 sec and #,=5.0 sec. The velocity structure in a
shallow depth affects the amplitude and waveform of ground motion significantly. The
low-velocity surface layer in /4 structure causes especially large changes of the
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Fig. 6b. Response spectra for the representative Green’s functions shown in the left uppermost of
Figure 6a. The solid line is calculated using 4 structure listed in Table 1. Other lines, which have the
similar response spectra each other, are calculated using i3, i2, and As structures.

waveforms. The ground motions computed for the /4 structure that has a low-velocity
surface layer are significantly larger than those for other models. Also, if the point source
is placed in the shallow layer (near the bottom of the horizontal projection of the fault
plane shown in Figure 6a), alarge surface-wave with a period of 7 secis excited (top three
figures of Figure 6a).

Figure 6b shows the response spectra for representative Green’s functions shown in
Figure 6a. Note that the peak response is at 8 to 10 sec.

Superposition
To compute the ground motion for the entire fault, we divided the fault plane into
43 x 23 subfaults, each having an area of 3 km x 3 km; the source process in each subfault
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is represented by a point dislocation source with a source-time function as shown in
Figure 7. The time constants ¢, and ¢, correspond to the rupture time and the rise time
for each subfault, respectively. This source-time function corresponds to the equivalent
point source-time function for a unilateral rupture. For bilateral and circular rupture
modes, the source-time function for each subfault should be varied spatially. In our
simulation, however, we used, for simplicity, the same source-time function as shoen in
Figure 7 for all the subfaults. To reduce the computation time, we used 22 x 12 subfaults
(area, 6 km X 6 km) in several simulations. In this case, a small amplitude wave with a
period approximately the same as the rupture time across each subfault often appeared
in the simulated ground motion. This wave is probably spurious, caused by the too coarse
division of the fault plane. Simulations which use larger subfaults than this (e.g.
Okamoto et al., 1988) may have some numerical noise at periods less than several
seconds,
The i-th component of ground motion from all the subfault is

uit)=Aml gt —to; 0 f; 1, 10dr 0

where N is the total number of subevents, and m;and t; are the seismic moment and the
onset time at the j-th subfault, respectively, and &;(¢;7) is the synthetic Green’s function
for the i-th component of ground motion excited by the rupture on the j-th subfault at t=7.
The function fiz; ¢,, £,) is the source-time function shown in Figure 7.

The time constant #,, is given by

tsj:rj/yr'f‘trmd (2)

where v, is the rupture velocity, r;is the distance from the hypocenter to the J-th subfault,
and t,,, is a random number ranging from —0.1r/v, to 0.2r/v, which is included to add
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t; and ¢, are the time for the rupture front to
propagate through a subfault and the rise time of Fig. 8. Rupture propagation modes used for

dislocation, respectively. This function is quad- simulations. bi is a bilateral rupture. u/ and w2
ratic in time for the first part (between 0 and t,)and indicate two kinds of unilateral rupture. c/—c5 are
the last part (between ¢, and t/+t,), and linear in five circular rupture modes which initiate from

time for the middle part (between t, and t,). different points on the fault plane.
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irregularity to rupture propagation. Since the rupture velocity of an earthquake is usually
slower than the shear wave velocity in the source area, we use a non-symmetrical range
for t,,.. We used eight different rupture propagation modes to investigate the variation
of the response spectra due to directivity. These eight modes are illustrated in Figure 8.

Sensitivity Analysis

Velocity Structure

To investigate the effect of the surface layer on the waveforms, we computed ground
motion velocities for the four different velocity structures listed in Table 1. In these
computations we used a uniform fault with 2.1 m slip. Figure 9 shows the
ground-motion velocities for the three rupture modes: bilateral (bi) and two circular
rupture modes ¢3 and ¢5. The top trace of each group is calculated using /4 structure, and
the second, third, and bottom traces are calculated using 3, 12, and s, respectively. In
these simulations, the rupture velocity (v, in equation (2)), #;, and , are assumed to be
3 km/sec, 2 sec, and 5 sec, respectively, and the fault plane is divided into 264 6 km X
6 km subfaults. The velocity response spectra (5% damping) of these ground motions are
shown in Figure 10. The line types of the response spectra correspond to those of the
waveforms in Figure 9. The waveforms and the response spectra for all the structures are
similar except for the /4 case. The spectral amplitudes are smaller than the reference
spectral amplitude shown in Figure 3 for all cases. This suggests that some irregularities
in slip distribution are required to excite ground motions comparable to those observed.

Slip Distribution

To further examine the effect of the low-velocity surface layer and the slip
distribution, we compared the response spectra for /4 and ks structures. We varied the
slip distribution on the fault plane following the procedure described in the previous
section. Figures 11 and 12 show the response spectra for all the rupture modes using ks
and /4 structures, respectively. In these simulations, we use 989 3 km x 3 km subfaults
to calculate the ground motions. The rupture velocity (v,), 7, and t, are fixed at 3 km/sec,
1 sec, and 5 sec, respectively. Each graph shows 180 response spectra for different slip
distributions. More than 600 response spectra are calculated for each rupture mode, but
all of them are within the range shown in Figures 11 and 12.

In general, if the slip extends to the surface layer, the response spectra for the
horizontal components increase three times, but those for the vertical component are not
affected significantly. The amplification factor for a vertically incident SH wave at the
surface layer is only about 1.5, and cannot explain the difference of the response spectra
between ks and /4. In special cases such as the NS component for ¢5 rupture mode or the
EW component for c3 rupture mode, however, the difference in the response spectra
between the two cases reaches 6 to 8 times. Only in the case of the ¢3 rupture mode does
the vertical response spectrum for the /4 structure become twice as large as that for the
hs structure. Except in extreme cases, the variation of response spectrum due to changes
in slip distribution is about a factor of 4.

The response spectra for half space hs are consistently smaller than the reference
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Table 2. Amplification factors for velocity response
spectrum (5% damping).

subject factor on velocity response spectrum
low velocity ' =~ 1 (vertical component)
surface layer - (maximum ~ 2)

. ~ 3 (horizontal component) - :
(maximum ~ 8)

rupture velocity .~ 1.2 (increase every 0.5 km/s)

(2.5 km/s - 3.5 kmi/s) -

rise time ~+:~2 (for shorter than 7 s)

(3.0s-7.0¢) ~ 1.5 (for longer than 7 s)
(decrease every 2 s)

distribution of slip - ~4

rupture propagation ~2
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spectrum. The reference spectrum is in the middle of the range of the spectra for /4.

Rupture Velocity and Rise Time

Figure 13 compares the velocity response spectra computed for rupture velocities v,
of 2.5 km/sec, 3.0 km/sec and 3.5 km/sec. The bilateral rupture mode (bi) is used for this
computation. We examined the effects of rupture velocity change for all the rupture
propagation modes illustrated in Figure 8. The effects, however, are not as large as those
of the slip distribution or the low-velocity surface layer. We roughly estimate that the
increase in the response spectra is 1.2 when v, changes from 2.5 km/sec to 3.0 km/sec or
from 3.0 km/sec to 3.5 km/sec. v

The change in the rise time (¢, in equation (2)) causes a larger variation in the

Table 3. Velocity structures used for estimation of the
effects of a' sedimentary layer.

W Vs p h Qp Qs

vel. resp. (cm/s)
-o3szs8383888%

5
183 07 20 00 100 50
28 13 23 1.0 200 100
56 29 25 2.7 400 200
60 34 26 61 500 230
68 40 3.0 190 600 270




*(0) 93s/wy ' pue (q) 29s/ury (¢ ‘(€) 99s/uny ¢*¢ Jo L1120 armdnr e yirm oses aimydni [exsle[iq 2y 1oy suorjowr punoid yo (Surdurep 9,6) exyoads asuodsar K100[3A €1 S14

o
¥
) ; @ (e)
{oes) poued (oas) poued {o98) poped
52 o st o s [ sz oz st o s ° ] st o1 3
. . oz = R 0z . i . oz
3 or oy 3 \4 Jov
O 3 3 J/ E
< w o 1 ol
£ 1 i3 3 3 BN \ i 3
.m‘ E Joor g 3 oo & E The S Joorg
3 30T = 3 3 0%k 3 Jot 7
G " ()
m 3 E S.W 3 . on g 3 X jon 2
8 3 Jou ™ 2 [ E EL T
g 3 Jost 3 Jos 3 o8t
. . ) . . o . “ , . o o |
..aﬂu S0°0 =Y m3 195206 ¥l S0°0- =¥ M3 19°0°E/0°S ti
=
5 (oes) poued
= s [ sz 0 0
£ o w
i g | =} - :
2 3 E or
M 3 0 < 3 0% < 0% <
0w = w = 0w =
=) 3 = 3 3 2
m 3 oot § 3 oo & o0 g
7 am E E ou?...NM 3 STW o«.hm:
= 3 E swlS\ - J0vi & - 3—“
.m 3 309 3 EY Thag 3 Jos
s 3 Jos 3 Jost 3 Josi
2 $0°0 =y SN 19S20°S ¢l §00 =Y SN 19 0'€/0°S i SO0 =4 SN 16 §°6/0°S ¥
.m {0es) popad (ves) poped (oes) poped
[ 52 oz sk oL s 0o 52 0z 51 o s o sz 4 st o4 s o
=]
]
£ % o o
g or 3 Jov 3 Jor
= 3 1% g - ® < 3 g0 <
g - Jog 3 Er 3 P
0 2 3 3
L Jon g 4 door g 3 Jou 8
b E ou—w, 3 e«Tmﬁ 3 ozL
3 jon 2 3 o 2 . E e:..w\
3 Joot 3 3o~ 3 Jost
3 o8k . Jom 3 Jos
" L 00z L L 002 L s 00z

L L " 1
§00 =4 an 1952/0°6 ¥ $0'0 =4 an 1 5°€0°6 i

)
§0°0 =4 an

"
1G 0°E/0°S bI




M. Takeo and H. KANAMORI

414

"(9) 095 £ puE “(q) 995 G “(B) 99S ¢ JO SWIN ISLI & YIIM 958D Axmdn [eIsje[Iq Sy 10§ SUOTOUI punosd jo (Surdurep 9;¢) enoads asuodsar AWOPA  “H1 Sig

O @ (®

(oes) poysed

(oes) poped
§b (]

-] 0z st [ [ [ sz 0z 3 %%
0z - Jo0e
or . Jov
0 < 3 jo 5
og T - 408 T
Y (3
003 £ 3 E Sw.m
0zt 3 302 =
on 3 3 dom 3
@ L
ost 3 EL
(-1} - <081
002 ; n " . 00z
$0°0 =Y M3 140°e0°E ti
(oes) pousd
o o sz 5 ok o
oz 0z - 402
or o 3 ov
08 s 0 s 3 I m
3 i% 5 % 3 ] 1% 5
3 - sw.ﬂ 8—.“ - E 8-.“
3 Joug o«-mmd 3 ELTP
3 Jon 3 3 Jon 2 2 < y E c!.W
3 EX. T 3 Jo ™ 3 RN ELD
3 Jo8t 3 Jost - 208
L L 1 002 - 1 L 1 L 00z (54
§00 =u SN 190°€/0°L ¥ S00 =y SN 1QOeOs vl
. (oes) poyed {oes) poped
2 oz st [ s %, T oz 7 o s ° o
0z 0z 21
L Jor - oy o
3 300 o E 09 < [
e e e
3 o8 T E 08 L
E v & 3 oor £ oL
300 £ E K <
F ot 3 oTh = 3 oz
3 L - don 2 3 dom 2
3 Jom ™ 3 Jos1 3 Jomi
3 Jost 3 Gos 3 o8t
) . ) . 002 ) . . . 002 ) L . . 002
§0°0 =u an 190°€/0°L pi $0°0 =y an 190°€/0°S b1 $0°0 =u an 130°E/0°E ¢!




Simulation of Long-Period Ground Motions for the Kanto Earthquake 415

response spectra than the change in v,. The response spectra for the bilateral rupture mode
for a change in ¢, from 3 sec to 7 sec are shown in Figure 14. The spectra at periods
shgorter than 7 sec increase by a factor of two when ¢, changes from 5 sec to 3 sec or from
7 sec to 5 sec. However, the amplification at periods longer than 7 sec is about 1.5.
The response spectra vary by a factor of 2 for different rupture modes, except for a
few special cases such as the NS component of the ¢5 rupture mode (see Figure 12). The
spectral hole around 5 sec (see Figures 12 and 13) is caused by the fixed rise time of 5
sec in the source-time function, and is artificial to some extent. This hole moves as the
rise time is varied, as seen in Figure 14. In general, a narrow peak of the response
spectrum suggests along harmonic oscillation at the period and a broad peak corresponds
to an impulsive waveform. '

The effects of various rupture parameters on the velocity response spectra discussed
in this section are summarized in Table 2.

Soft Surface Layer

A thick sedimentary layer covers the area around Tokyo bay (e.g., Shime et al.,
1976). To investigate amplification effects due to the sedimentary layer (v,.=0.7 km/sec),

15 5.0/3.0 bi UD h= 0.05
T T T

g2sges

vel. resp. {cm/s)
- 385838883

10 15
period (sec)

15 5.0/3.0 bl NS h= 0.05
T T T

period (sec)

15 5.0/3.0 bi EW h= 0.0§

T

b s 1o 3 20 ]
period (sec)

Fig. 15. Velocity response spectra (5% damping) of ground motions for the bilateral rupture case. IS
structure in Table 3 is used in the calculation.
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420 M. Takeo and H. KANAMORI

we performed several simulations using the velocity structure /5 listed in Table 3, and
compared the results with those obtained above. Figure 15 shows the velocity response
spectra (5% damping) for the bilateral case, with v,=3.0 km/sec and #,=5 sec. Comparing
this figure with Figure 12a, we estimate that the amplification factor of the horizontal
components is about 1.4 for the periods longer than 5 sec. This is almost equal to the
amplification factor for a vertically incident SH wave at the sedimentary layer. The
response spectra of the vertical component are, however, almost the same as those for
the /4 case. Other rupture modes also give a similar amplification factor. For the ground
motion with periods shorter than 5 sec, the amplification factor becomes as large as 2,
because the reflection from the bottom of the sedlmentary layer just beneath the station
generates relat1ve1y large short-period waves.

Representative Ground Motion

Some representative ground-motion velocities are shown in Figure 16. The wave-
form at the top of each figure is the ground-motion velocity which gives the largest
response spectrum among the particular rupture mode, and the bottom is that calculated
for a homogeneous slip model. The middle three waveforms are for the following three
extreme slip distributions on the fault: the largest subevent near the station site (the
second trace), the largest subevent away from the site (the third trace), and the largest

subevent at the center of the fault (the fourth trace). The corresponding slip distributions

are shown on the right side of the waveforms, in the same order. The velocity response
spectra (5% damping) are also shown at the right end of these figures. The line types of
spectra correspond'-to those of the waveforms.

For the bilateral case (Figure 16a), the peak-to-peak amplitudes of the NS and the
EW components reach 85 cm/sec and 75 cm/sec, respectively; however, the duration is
less than 30 sec. A large vertical ground motion is excited for the ¢3 rupture mode, and
the peak-to-peak amplitude reaches 55 cm/sec (Figure 16¢). This large vertical motion
is caused by the large subevent located at the shallow eastern part of the fault, which
produces a large vertical Rayleigh-wave motion due to rupture directivity. When the
rupture velocity is reduced to less than 2 km/sec, the vertical component of ground
velocity no longer yields a large amplitude.

The largest response spectrum among all the simulation results is shown at the top
of Figure 16d. The spectrum and the peak-to-peak amplitude are about 170 cm/sec and
75 cm/sec, respectively. The typical periods of this strong motion are about 10to 13 sec,
and the duration is about 1 min. The large shallow subevent at the western end of the fault
and the rupture directivity are responsible for this large amplitude. This ground motion
is similar to that estimated from the Ewing seismogram (EV in Figure 3). When we
reduce the rupture velocity to less than 1.5 km/sec, the peak-to-peak amplitude decreases
to 18 cm/sec. Ground-motion velocities calculated using the different velocity structures
are compared in Figure 17. The low-velocity surface layer is also responsible for this
large motion, as shown in Figure 17.
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422 M. Takeo and H. KANAMORI

Response Spectrum for the 1923 Kanto Earthquake

As shown above, our numerical simulations produce a wide range of ground motions

and response spectra even for a given fault geometry and seismic moment.

~ The epicenter of the Kanto earthquake is located near the western end of the fault
plane (Imamura, 1925; Kunitomi, 1930; Kanamori and Miyamura, 1970), which
suggests that the rupture mode of either cI, c5, or u2 is probably appropriate. The
response spectra for ¢35 have a range of 10 to 100 cm/sec at a period of 7.5 sec, which
brackets the reference level. The response spectra for c] and 2 are consistently smaller
than those for ¢5. It is interesting to note that the epicenters suggested by all the authors
listed above are close to the southwestern end of the fault plane and suggest that the ¢5
rupture mode is the most appropriate.

All the response spectra for the simulated ground motions computed for ¢5 have a
peak at a period range of 10 to 13 sec, which is very similar to the velocity response
spectrum estimated from the Ewing seismogram. The ground-motion velocity, response
spectrum and the corresponding rupture pattern for several models are shown in Figure
18. The ground motions for the models shown may look too simple; however, they are
indeed similar to the ground motion EV estimated from the Ewing seismogram.

In a basin filled with sedimentary layers, the waves trapped in the basin and surface
waves converted from body waves at the edge of the basin exhibit a complx wave field
(Vidale and Helmberger, 1988; Dreger and Helmberger, personal written communica-
tion). These waves produce large late surface waves and substantially increase the
overall duration of ground motion. During the 1923 Kanto earthquake, the strong motion
lasted for several minutes (Imamura, 1925), and the Imamura strong-motion seismogram
(magnification: 2) was off-scale for more than 5 min. It is probable that this long
reverberation is partly due to the shallow basin effects and partly due to the successive
occurrence of large aftershocks. Since our simulations are made using 1-D structures,
this basin effect is not include. The velocity record obtained by Yokota et al. (1989) from
the Tmamura seismogram indicates that the average amplitudes for the time intervals
from 100 to 300 sec and 300 to 500 sec are about 1/2 and 1/5 of that of the first 100 sec,
respectively. To examine the basin effect on the response spectrum, we took one of the
representative ground motions with 100 sec duration and concatenated nine of them,
with a 50 sec overlap between consecutive records, to produce a 500 sec long ground
motion. Then we reduced the average amplitude of the portion from 100 to 300 sec and
300 to 500 sec to 1/2 and 1/5 of the first 100 sec, respectively, to simulate the lengthening

effect of the basin. As shown in Figure 19, the response spectrum of this stretched record

is essentially the same as that of the original.

Variability of the Spectrum

As mentioned earlier, future large earthquakes near Tokyo may be dissimilar to the
1923 Kanto earthquake, even if they share the same fault area and mechanism as that
event. The sensitivity study suggests that the slip distribution, the rupture mode, rise
time, rupture velocity, and the existence of a very soft layer can significantly change the
ground-motion estimates and the spectra. Although the details are shown in Figures 12—
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15, we schematically show these effects in Figure 20.

In general, reducing the rise time or increasing the rupture velocity increases the
spectral amplitude at periods shorter than 5 sec. Existence of large subevents in a shallow
structure enhances the ground motion significantly, especially if it is combined with
rupture propagation toward the site. Also, if the site is located on a very soft sediment,
significant (a factor of 1.4) amplification occurs.

Discussion

For periods shorter than 5 sec, the simulated waveforms and the response spectra are
strongly influenced by source-time function or dislocation rise time. The amplification
of response- spectra due to the change in the rise time 7, from 5 to 3 sec is about 2 for
periods shorter than 7 sec. v

On the other hand, if we include small-scale roughness in the rupture process, the
short-period response spectrum increases even if the gross rise time of dislocation
remains constant. As an example, we employed a hierarchical model (Fukao and
Furumoto, 1985; Kikuchi, 1989, 1991) for the rupture process. We assumed 9 small
subevents in the 3 km X 3 km subfault. The duration and the seismic moment of each
subevent are 1/3 and 1/27 of those of the whole subfault, respectively. The response
spectra at periods shorter than 5 sec increase by a factor of 2, but are about the same at
longer periods. Figure 21 shows the response spectra using a hierarchical model with the
¢5 rupture mode. A semi-empirical simulation of the 1923 Kanto earthquake by Niwa
etal. (1992) gives velocity response spectra (5% damping) of several tens to 100 cm/sec
at periods of 2 to 5 sec. The response spectra in these short periods are very strongly
affected by the small-scale roughness, and deterministic estimation with numerical
methods is difficult. .

The epicenter of the 1923 Kanto earthquake is located near the western end of the
fault plane (Imamura, 1925; Kunitomi, 1930; Kanamori and Miyamura, 1970). Al-
though th depth is not well determined (Kanamori and Miyamura, 1970; Matsu’uraetal.,

1980; Hamada, 1987), the location of the epicenter suggests that the gross rupture

propagation was similar to that of the ¢5 rupture mode. In Figure 22, the ground-motion
velocities reproduced from the Ewing seismogram and the Imamura seismogram are
compared with the simulated ground-motion velocity for the c5 rupture mode that yields
the largest response spectrum. The response spectra of the horizontal components and
the reproduced records are also shown in this figure. The period of 10 to 13 sec in which
the peak of the synthetic horizontal components occurs is almost the same as the
dominant period of the motion reproduced from the Ewing record. The slip distribution
of this particular case has large slip of about 8 m in the shallow part of the western end
of the fault plane. This large subevent and the rupture directivity cause the large long-
period waveform. Even if the large subevents in Figure 22 are moved to deeper parts of
the fault plane, where the upper edges of subevents are 8 km, the large long-period
waveform still has a peak-to-peak amplitude of more than 60 cm/sec, and the response
spectrum reaches 120 cm/sec at the period of 13 sec. When the depth of the hypocenter
is 10 km and the rupture propagates circularly from there, the peak-to-peak amplitude
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seismogram with the simulated ground-motion velocity for ¢S rupture mode which gives the largest response
spectrum. The response spectra (5% damping) of the horizontal components and the estimated ground motions
are shown in the lower panel of this figure.

and the response spectrum at the period of 13 sec are 55 cm/sec and 108 cm/sec,
respectively. Thus, a slight difference in the depth would not significantly affect the
excitation of long-period waves. Matsu’ura’s fault model of the 1923 Kanto earthquake
indicates large slip of 7.4 m on a subfault at the western end of the fault plane; the location
and size of this subfault are similar to those of the large subevent of our model used for
this simulation. This result suggests that this subfault is responsible for the large long-
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period ground motion recorded in Tokyo during the 1923 Kanto earthquake.

The response spectra shown in Figure 22 peak at 10 to 13 sec, which is considerably
longer than that for the Green’s functions shown in Figure 6b. This suggests that the peak
of the ground-motion spectra from large earthquakes does not necessarily coincide with
that of the site response computed for a point source. Because of the rupture propagation
over alarge fault area, the site response may have to be significantly modified to estimate
the ground-motion spectrum.

Conclusion

Although the low-gain seismograms recorded in Tokyo duiing the 1923 Kanto
earthquake are unique, the difficulty in restoring the clipped portion of the Imamura
seismogram and in removing the instrument response from the Ewing seismogram made
it difficult to definitively determine the ground motions during the earthquake. We re-
examined the Ewing seismogram and concluded that the large ground motion with a
period of about 13 sec estimated by Morioka (1976, 1980)isreal. Also, the most probable
value of the velocity response spectrum of the horizontal ground motion is about 50 cm/
sec ata period of 7.5 sec. Our simulations produced a wide range of ground motions and
response spectra, even with a given fault geometry and seismic moment. For a rupture
model which initiates from the southwestern end of the fault plane, the most probable
epicenter of the 1923 earthquake, the computed response spectra have a range of 10 to
100 cm/sec at a period of 7.5 sec, which brackets the observed level. All the response
spectra computed for this model have a peak in a period range of 10 to 13 sec which is
different from that of the site response.

The differences in the slip distribution and the rupture direction cause the large
variation in the simulated ground motion. Large subevents in a shallow structure enhance
the ground motion significantly, especially if the rupture propagation is toward the site.
One of our extreme models, which has large slip of about 8 m in the shallow part of the
western end of the fault plane, can produce a large ground motion similar to that
estimated by Morioka (1976, 1980). Reducing the rise time or increasing the rupture
velocity increases the spectral amplitude at periods shorter than 5 sec. Also, if the site'is
located on a very soft sediment, significant (a factor of 1.4) amplification occurs.

Although our simulations are made for models of the 1923 Kanto earthquake, there
is no reason to believe that the nextlarge earthquake near Tokyo will be similar to the
1923 Kanto earthquake. Many earthquake sequences along subduction zones demon-
strate that earthquakes are very noncharacteristic from sequence to sequence. It is thus
important to consider for various design purposes the variability of ground motions
caused by changes in the model parameters. '
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Appendix -

Comparison of the Ground Motions Estimated from the Ewing and the Imamura
‘Seismograms.

The ground-motion displacement estimated by Yokota etal. (1989) from the clipped
Imamura seismogram (IMD, IMV) and that by Morioka (1976, 1980) from the Ewing
seismogram (ED, EV) are significantly different, as shown in Figure 3. We investigated
this difference with the hope of obtaining a consistent estimate of long-period response
spectrum for the 1923 Kanto earthquake.

Ewing Seismogram

Since the original Ewing seismogram traced by Nasu (1971b) clearly shows very
large long-period waves (Figure 2a), it is hard to deny that the ground motion of the Kanto
earthquake had very large long-period components. However, a very unusual character-
istic of this seismogram is that it is almost sinusoidal, with a sharp spectral peak at 13 sec.
Probably because of this peculiar feature, this seismogram has not received much
attention.

The Ewing seismograph has a natural period of 6 sec, with a very weak damping of
4.5% (Nasu, 1971b, Morioka, 1976), which causes its response to have a sharp peak at
6 sec; at this period the magnification is about 11 times the static magnification, 1. If the
short-period (about 5 sec) waves seen in IMD (Figure 3) are real, it is very strange that
the Ewing seismogram did not show any indication of a spectral peak .at 6 sec. One
possibility is that the strong shaking shifted the natural period of the Ewing seismogram
to 13 sec. However, this is unlikely because it is in general difficult to maintain a stable
long-period response of a horizontal pendulum. If the strong shaking had any effect on
the instrument, it would have shortened the period, or would have thrown the pendulum
off-balance. The Ewing seismogram does not show any sign of such instability.

In the following, we consider several possibilities for explaining this peculiar
feature. :

1) Rotation rate of the recording disk.
One possibility is that the rotation rate of the recording disk of the Ewing seismo-
graph was faster than that (3°/sec) assumed by Morioka (1976). If it was faster by a factor
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of 2, then the period of the seismogram was actually 6.5 sec instead of 13 sec. This is,
however, unlikely, because the record of an aftershock on January 14, 1924 (M=7.3) did
show oscillations at about 6 sec (Nasu, 1971b), with the assumptlon that the rotation rate
was 3°/sec.

2) Lengthening of the natural period due to large amplitude.

The ground motion during the Kanto earthquake was about 50 cm on the recording
disk of the Ewing seismograph. Since the pendulum length of the Ewing seismograph
is about 50 cm, the ordinary small amplitude approximation for the simple pendulum
may not be valid. The exact solution for a simple pendulum with a flmte amplitude can
be written as

sin(¢/2)y=ksn(vg/lt, k),  k=sin(a/2)

where , ¢, g, | and o are the time, the angle from the vertical, the acceleration of gravity,
the pendulum length, and the maximum oscillation angle, respectively. The function
sn(x, k) is the Legendre-Jacobi elliptic function of the first kind. Then the period of the
pendulum is given by

T=4vITgK()=Q/mKK)T,, T,=2xvI]g

where K(k) is the Legendre-Jacobi elliptic integral of the first kind, and T} is the period
of the pendulum for an infinitesimal amplitude. For a maximum angle of 40°, 0=0.70,
k=0.34, and K(k)=1.62, which yields 7/T,=1.03. Thus, the change in the period is only
3%, even for the very large amplitude of 40°, and is not large enough to explain the
unusual behavior of the Ewing seismograph during the Kanto earthquake.

3) The effect of tilt.

Ground tilting causes a change in the natural period of a horizontal pendulum. If we
let T and @ be the period and the tilt of the pendulum axis from the vertical, respecpyely,
then .

dT/d6=T/26

Since T=6 sec, and 0=0.058 radian (=3.3°) for the Ewing seismograph; d7/d6=50.
Since the maximum tilt during the Kanto earthquake was probably 3x10+, the change in
the period is considered negligible.

4) Solid friction. ,
The equation of a simple pendulum with solid friction is given by,

E+2ewox +wd(x+sign (X)r)=—V j ' - (AD

where x is the linear response of the seismograph, y is the ground motion, €is the damping
constant, @, is the natural angular frequency of the pendulum, V is the static magnifica- .
tion, and r is the solid friction. The solid friction r gives the range of the “dead zone” of
the pendulum around the equilibrium point. Because of the sign(x) term equation Al is
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nonlinear, and its solution exhibits very unexpected behavior. When the ground motion
y is simple harmonic, the seismograph response is not very different from the ordinary
damped harmonic motion. However, if the ground motion consists of more than one
harmonic component, the response becomes very unpredictable. Figure Al illustrates
this situation, which simulates the Ewing seismograph with solid friction. The seismo-
graph pendulum period T,, damping constant &, and the friction r, are 6 sec, 0.045, and
10 cm respectively. The ground motion is given by.

y(t)=a,sin(2zxt/T,)+a,sin 2xt/T,)

where T,=13 sec, T,=6 sec, a,=60 cm, and a,=12 cm. The upper two traces in Figure
Ala show the response with and without solid friction, and Figure Alb shows the
corresponding spectra. Since T}, is the same as T, and the damping is very small (4.5%),
the response without solid friction is sharply peaked at 6 sec. However, with solid
friction, this peak is almost completely suppressed, but the long-period peak is not
significantly modified from the frictionless case. Because of the nonlinear behavior, it
is not obvious exactly how this occurs, but the solid friction in the system damps out the
short-period motion, and the overall response is controlled by the larger amplitude long-
period ground motion. Thus, the unusual waveform of the Ewing seismogram with no
spectral peak at the resonance period could be explained if the solid friction was
relatively high during shaking. Although there is no way of proving this, we suspect that
the friction could have become very large when the straw stylus was driven violently on

I T T T T T T 7 T
With Friction (r=10 cm)
o Without Friction (T0= 6,sec, =0.045, Vi=1)
° L 4
E
(3]
o
e
[}
©
=
& | Ground Motion
5 (a1=60 cm, T1=13 sec, a2=12 cm, T2=6 s¢c)
] | | ’ 1 t | | 1 {
0 10 20 30 40 50 60 70 . 80 90 100
Time, sec
Fig. Al(a)

Fig. Al. Simulation of a Ewing seismograph with solid friction. The seismograph pendulum period T, damping
constant e, and the friction r, are 6 sec, 0.045, and 10 cm, respectively. (a). The upper and middle traces show
the responses with and without solid friction, respectively. The bottom trace is the input ground motion used in
this simulation. (b). The corresponding Fourier spectra of the responses and the input ground motion.
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the disk, occasionally off the disk, and was consequently partly worn down. The Ewing
seismograph has a relatively small mass (2.5 kg) and is more sensitive to solid friction
between the recording stylus and the disk. If this interpretation is correct, the long-period
ground motion recorded on the Ewing seismograph must be real, and the spectral
amplitude for the long-period motion estimated from it using the response without
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friction should be approximately correct. However, the spectral amplitude at periods less
than 10 sec is probably grossly underestimated.

Since the problem is nonlinear, the exact response depends on the input waveform
and amplitude. To investigate a more realistic case, we used a synthetic ground motion
(acceleration) shown in Figure A2 as the input ground motion. As shown in Figure A2,
this ground motion has a fairly smooth spectrum over a period-range from 5 to 20 sec.
Figure A3 shows the Ewing seismograms for this ground motion for the case with and
without friction. Without friction, the spectrum is sharply peaked at 6 sec, but, when
friction is added, the peak is suppressed and the seismogram resembles the Ewing
seismogram observed for the Kanto earthquake. The spectral amplitude at long period
(>8 sec) for the case with friction is about the same as that without friction, suggesting
that the long-period ground motion estimated from the observed Ewing seismogram is
a good approximation of the real ground motion. v

From these numerical experiments, we believe that the ground motion estimated by
Morioka (1976, 1980) represents the real long-period ground motion during the Kanto
earthquake.

cm/sec/sec
150.210 [nput Ground Acceleration

) j j 100.00
5 Fourier Spectrum . ses

| T SR ST SR N L AU S S N SR S S
10 15 20 25
period (sec) '

hodiind 1

Fig. A2. Input synthetic ground motion (acceleration) used in a more realistic simulation. The Fourier spectrum is
shown in the lower panel. :
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Fig. A3. Responses of the Ewing se:smograph with and w1thout sohd friction. for a more-realistic mput ground

. motion. Fourier spectra of these responses are shown by solid curve (with solid friction) and dotted curve
(without solid friction).

Imamura Seismogram

The Imamura seismograph recorded the ground motions of the Kanto earthquake
on-scal for the first 15 sec, but went off-scale thereafter for about 5 min (Figure 2b).
Yokota et al. (1989) developed a method to restore the clipped portlon of the record with
the assumption that the damper plate collided against the stopper. Since the seismogram
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is completely clipped, restoration is inevitably very difficult. The ground motion
displacement thus estimated is shown in Figure 3. Although their method may be able
to restore the motions which are dominant on the seismogram, it would not work well
if the real ground motion had the very long-period component estimated from the Ewing
seismogram. As shown in Figure 3, the response spectrum computed for IMD is very
small at long period.
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