Chinese Science Bulletin 2004 Vol. 49 No. 22 2405—2414

Effects of soil amplification
ratio and multiple wave
interference for ground
motion due to earthquake

ZHAO Zhixin', XU Jiren" & Ryuiji Kubota®

1. Institute of Geology, Chinese Academy of Geological Sciences, Bei-
jing 100037, China,

2. Kawasaki Geological Engineering Co., Ltd., 2-11-15 Mita Minato-ku,
Tokyo 108-8337, Japan

Correspondence should be addressed to Zhao Zhixin (e-mail: zhaozhixin

@ccesd.org.cn)

Abstract Influences on the ground motion simulations by
soil amplification effects and multiple seismic wave interfer-
ences in the heterogeneous medium are investigated. Detailed
velocity structure obtained from the microtremor array sur-
vey is adopted in the ground motion simulation. Analyses for
amplification ratios of core samples of ten drill holes with 40
m deep in the sedimentary layers show that the soil amplifi-

cation ratio influences nonlinearly the seismic ground motion.

Based on the above analysis results, the ground motion in the
heavily damaged zone in the Japanese Kobe earthquake of
1995 is simulated in a digital SH seismic wave model by using
the pseudospectral method with the staggered grid RFFT
differentiation (SGRFFTD). The simulated results suggest
that the heterogeneous velocity structure results in a compli-
cated distribution of the maximum amplitudes of accelera-
tion waveforms with multiple peaks at the surface. Spatial
distribution of the maximum amplitudes coincides well with
that of collapse ratios of buildings in Kobe. The dual peaks of
the collapse ratios away from the earthquake fault coincide
well with the double peak amplitudes of simulated seismic
acceleration waves also. The cause for the first peak ampli-
tude of the ground motion is attributable to the interference
of the secondary surface wave from the bedrock propagating
horizontally along the surface sedimentary layer and the
body wave from the basin bottom according to analyses of
wave snapshots propagating in inhomogeneous structure of
the Osaka group layers. The second peak amplitude of the
ground motion may be attributive to the interference of the
secondary surface wave from the tunneling waves in the
shallow sediments and the body wave. It is important for the
study on complicated distributions of earthquake damages to
investigate influences on the ground motion by soil amplifi-
cation effects and multiple seismic wave interferences due to
the structure. Explorations of the structure to the bedrock
are necessary for the urban mitigation disaster. Seismic wave
simulations are valid for aseismatic study.
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Study on seismic disaster is quite important for pro-
tecting the lives and properties of the people!'!. Many
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prevention disaster projects in civil constructions, etc.
require quite accurate and reliable ground motion parame-
ters. It has great social and economic effects to analyze the
damage mechanisms and destructive processing of build-
ings by means of investigations of quantitative ground
motions. Numerical simulations of seismic ground motion
have been increasingly developed with the popularization
of computer application . Physical factors clarifying
the natures of ground motion can be quantitatively inves-
tigated by digital simulation of seismic wave propagating
in the inhomogencous medium™®.

The causes for destroyed buildings are perhaps re-
lated to both buildings and seismic ground motions. The
ground motion is closely related to geological structure.
For example, buildings ncarby the active fault are casy
destroyed as the earthquake occurs along the faults usually.
The building damage is also related to the base structure
of buildings that can be destroyed by the secondary effects
of carthquake, e.g. liquefaction of soil and landslip etc.”).
The damaged zone due to the base structure destructions is
smaller than that due to the geological structure influences
generally. Disaster causes due to both structures men-
tioned above can be directly understandable usually. Some
complicated distributions of heavily damaged zones,
however, are hardly understandable based on merely geo-
logical structure distribution. The buildings are destroyed
by the ground oscillations during earthquake occurrence.
The destroyed causes of buildings are quite complicated
indeed, it might be related to dynamic and kinematic
characteristics of the medium®” besides underground
geological structure. The damage causative mechanism is
discussed in the following.

A building having quality m at the surface is acceler-
ated by an acceleration a on the base structure from the
ground motion during earthquake occurring. It means that
a force facts on the building (or building base). The mag-
nitude is calculated as follows:

f=ma. Q)
The acceleration force coming from the ground motion
collapses buildings at the surface. Earthquake disasters
and the ground motions attenuate generally with distance
away from ecarthquake fault'®'"! Many complicated
anomalous distributions of earthquake damages, however,
have ever been reported after some carthquakes. The
damages do not simply attenuate with the distance away
from the fault in that case. Damaged zones and seismic
intensities reveal complicated distributions by influences
from geological structure!?. For example, the anomalous
seismic intensity occurred in Yutian region, Hebei Prov-
ince, China in the Tangshan M7.8 earthquake in 1976. The
intensity in Yutian was lower than that in the vicinities.
The low intensity was explained by the site effect!’®. A
notable heavily damaged zone due to the 1995 Hyogo-ken
Nanbu, Japan sharp earthquake like a belt appeared away
from the aftershock zone that is taken as the earthquake
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fault usually (Fig. 1). The aftershock zone near N53°E,
extending along the root of the Rokko Mountain, coin-
cides well with regions of the active faults. The damaged
belt approaches to the Osaka Bay being 1 or 2 km away
from the aftershock zone on average. The spatial distribu-
tion discrepancy between the heavily damaged belt zone
and the aftershock zone (or the earthquake fault) has been
widely discussed. The spatial distribution of collapse ra-
tios of buildings has a complicated character even in the
narrow heavily damaged belt zone. Few papers deal with
the problem. The complicated distribution property of
collapse ratios of buildings with multiple spatial peaks in
the heavily damaged zone is further investigated in the
present analysis. The destructive force of building dam-
ages comes from the ground acceleration as shown in eq.
(1). The analyses for spatial distributions of the ground
motion and the physical factors impacting on the ground
motion acceleration are beneficial to investigating the
cause of the complicated distribution of collapse ratios.
The distributions of the ground motion are probably
related to characteristics of geological structure beneath
the surface. To investigate the cause of abnormal distribu-
tion of collapse ratios of buildings in Kobe ecarthquake
(Fig. 1) in detail, a new 2-D detailed seismic wave veloc-
ity structure has been surveyed by a micro tremor array
and the results are used in the analysis of this paper. The
investigations of amplification effects for core samples of
the ten drill holes of 40 m deep at the sediments in the
Osaka group layers were carried out in detail. Based on
the above results of geological effect, the cause of collapse
ratios of buildings with multiple peaks is investigated by

seismic simulations in heterogeneous medium using the
pseudo- spectral method with a staggered grid RFFT dif-
ferentiation' .

1 Distribution of collapse ratios of buildings with
multiple peaks

The M7.2 earthquake having multi-source ruptures
occurred in Hyogo-ken Nanbu (Kobe, 35.03°E, 34.58°N)
in 1995, The black bars A, B and C along about NE
direction represent the three sub-faults of the multiple
source rupture processes for the main shock as shown in
Fig. 1'% The sub-faults are all strike-slip type events,
and their parameters are shown in the caption of Fig. 1.
Starting crack points of the three sub-faults in the theory
on the crack propagating with prescribed velocity are 5,
15 and 8 km deep, respectively. Seismic damages were
investigated in detail in Kobe City after the ecarthquake.
Two notable characteristics about damage distribution are
reported. Firstly, the heavy damage distributes unilaterally
to the southeast of the source fault like a narrow belt, and
away from the aftershock zone (ecarthquake fault) as
shown in Fig. 1. The belt aftershock zone extending along
the root of the Rokko Mountain coincides well with the
region of active faults. To investigate the characteristics of
the collapse ratios of buildings many geological and geo-
physical surveys have been carried out. Any active or bur-
ied fault has not been found beneath the heavily damaged
belt zone yet (Fig. 1)!'?. The abnormal damage distribu-
tion is perhaps related to other factors of the ground mo-
tion''"'®]. Secondly, the collapse ratios of buildings in the
heavily damaged belt zone as mentioned above did not

M

Fig. 1.

Aftershock zone and heavily damaged zones in Kobe City for the 1995 Hyogo-ken Nanbu M7.2 earthquake, Japan (35.03°E,

34.58°N) (modified after the Department of Earthquake and Volcano, Japan Meteorological Agency (JMA)). Big open circle: main shock;
hatched area: IMA intensity 7 zones; solid line: active faults; open circles: aftershocks. Line FF': survey line of velocity structure by the
micro tremor nets. Black dash line A: survey lines of collapse ratios of buildings in the Higashinata (NG) ward, Kobe City. Black bars A,
B and C: three sub-faults of the multiple source rupture processes of main shock™®. Strike direction and dip angle of sub-fault plane A:
(N45°E, 82°); B:(NS53°E, 90°); C:(N233°E, 85°). Kanan University is located near the cross between fault C and line FF'.
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monotonically attenuate with the distance away from the
carthquake fault. The collapse ratios varied severely with
multiple peaks and troughs in the strike perpendicular to
the earthquake fault'”). In the present analysis the cause
for inhomogeneous distribution characteristics of the col-
lapse ratios with two peaks along the survey line shown
by dash line A in Fig. 1 are investigated in detail.

The zones with seismic intensity (Japanese Mete-
orological Agency (JMA) scale) 6, or greater like a narrow
belt about 20 km long and 2.0 km wide and heavy dam-
ages only distributed to the southeast of the source fault
(the aftershock zone), approaching to the coast of the
Osaka Bay as shown in Fig. 1. The heavily damaged zones
never occurred northwest of the source fault. The areas of
the intensity being equal to or greater than 7, correspond-
ing to collapse ratios of wooden buildings being equal to
or greater than 30%, shown as hatched area in Fig. 1, dis-
tribute heterogencously in the heavily damaged zone. The
black dash line A, almost perpendicular to the aftershock
zone, in Fig. 1, represents the detailed investigation lines
of collapse ratios of buildings in the Higashinada ward,
Kobe in the heavily damaged belt zone. The investigation
line A crosses the heavily damaged belt zone. The collapse
ratios of buildings were investigated in sedimentary region
along line A from the earthquake fault (near the original
point of abscissa axis in Fig. 2) to the coast of the Osaka
Bay. Fig. 2 shows the detailed results of the collapse ratios
of buildings investigated along the dash line A about 3.5
km long™”. These investigated results are based on both
wooden houses and steel concrete buildings. The collapse
ratios did not monotonically attenuate with distance away
from the earthquake fault along dash line A. The intensity
varied between 6 and over 7. Two peaks of collapse ratios
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Fig. 2. Collapse ratios of the buildings along dash line A in Fig. 1 in
which original point is near the source sub-fault C, another end of dis-
tance axis is near the coast of Osaka Bay?™. Arrow marks under the
distance axis represent the locations: T1, Hankyu Kobe railway; 12, JR
Kobe railway; 13, Gokudo No.2 Highway; 14, Kawai Park; 15, Hanshin
railway; 16, Gokudo No.34 highway, 17, coastline.
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clearly appear (Fig. 2). One of the peak collapse ratios is
greater than 80% near the JR Kobe railway (place T2)
where the intensity is over 7. Another peak of collapse
ratios is greater than 60% in the Kawaii Park (T4) where
the intensity is greater than 7. Collapse ratios around the
highway Gokudo No.2 (13) are about 40%, less than that
at cither vicinity. It is a trough in the value of collapse
ratios along line A between the above two peaks of seis-
mic intensity over 7. The collapse ratios along dash line A
gradually decrease from the Kawaii Park (T4) toward the
sea beach in the direction of southeast.

In order to understand the causative mechanisms of
collapse ratios with multiple peaks, influences on the
ground motion by seismic velocity structure and soil am-
plification are investigated in the following sections em-
ploying digital simulation method. The multiple peak
ground motion and the corresponding causative mecha-
nism of the damages are studied by employing spatial dis-
tribution characteristics of seismic waveform amplitudes
and snap shots of seismic wave propagation obtained from
digital simulation.

2 Velocity structure and soil amplification ratios

Inhomogencous geological structure, propertics of
rock and soil layer influence strongly propagation of
seismic wave. The granite bedrock emerges in the Rokko
Mountain northwest of the aftershock zone (Fig. 1). The
belt aftershock zone extends along the root of the Rokko
Mountain near the NE direction. Sedimentary layers, the
Osaka group layers overlaying the bedrock thicken gradu-
ally approaching the coast of the Osaka Bay of Kobe City.
The heavily damaged zones distribute nearly in the Osaka
group layers formed from three sedimentary layers south-
east of the earthquake fault as shown in Fig. 1.

A 2-D exploration of seismic velocity structure was
carried out in detail using the microtremor array survey
along the solid line FF’ (Fig. 1) in order to analyze the
cause of distributive characteristics of the collapse ratios
of buildings with multiple peaks. According to principle of
the microtremor method, velocity structures beneath the
observatory and its surroundings can be inversed by ana-
lyzing microtremor waveforms at the ground™®). The mi-
crotremor waveforms are observed with an array survey
that can record microtremor signals within a defined fre-
quency domain at the surface. Line FF' is almost super-
posed on investigation line A of the collapse ratios, which
is perpendicular to the strike of the earthquake fault. F
side is near the Rokko Mountain, F’ side is close to the
coast of Osaka Bay. The 2-D velocity structure of S-wave
in Fig. 3 is modeled after the survey data of the mi-
crotremor array. The fault thrusting from the NWW to
SEE direction obtained from the reflection survey results
outcrops near Kanan University marked as the downward
arrow in Fig. 3" The Kanan University is about 5 km
away from F side, near the cross between the Fault C and
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Line FF' in Fig. 1. The bedrock of granite (IV) emerges on
the left side of Kanan University (the Rokko Mountain
region between F and the arrow (Fig. 3)). The university is
next to the boundary between bedrock and the Osaka
group layers at the surface. The Osaka group layers are
modeled as three sedimentary layers, the upper ( I ), mid-
dle (II) and lower (III) overlie on the bedrock (IV) in the
right zone of profile (Fig. 3) (between the arrow and F).
Wave velocities and densities of the four regions are
shown in Fig. 3, respectively. Any fault has not been
found beneath the locations of peak collapse rations (Fig.
2) based on the above analyses of microtremor data.
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Fig. 3. Velocity structure in the FF’ profile in Fig. 1 modeled after

results surveyed by the micro tremor technique. Layers [, II and III
are the upper, middle and lower portions of the Osaka group layers, VI is
the granitic bedrock layer. Vp, Vs and Densi are P-, S-wave velocities and
density of each layer. The downward arrow marks the Kanan University.
The asterisk represents the source in the simulation by the pseudospectral
method.

Amplification effects of shallow sedimentary layers
probably vary with the sites at the surface. To investigate
the cause of the collapse ratios of buildings with multiple
peaks in Fig. 2, the influences on ground motions from
seismological dynamic characteristics of the medium
structure beneath the Osaka group layers along FF' line in
Fig. 1 were analyzed in the present analysis. The investi-
gations on boreholes of 40 m deep were ever carried out at
ten sites along line FF' in the heavily damaged zone over
the Osaka group layers. Soil core samples of 40 m deep
were gathered from the drilled holes too. The influences
upon the amplitudes of seismic waveforms by the shallow
sedimentary soil layer were analyzed employing the soil

core samples with 40 m deep at the ten sites along FF' line.

The rate about the maximum amplitude of output response
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waveform at the surface of 40 m deep drill core to unit
impulse input at the bottom of the borehole core is taken
as the amplification effect for seismic wave passing
through the soil layer at each site by analyzing character-
istics of the response waveform. Amplification effects of
soil core samples of ten drill holes with 40 m deep along
line FF' are shown in Fig. 4. The top figure shows the re-
sponse waveforms on the surface of the unit pulses input
at bottoms for the ten sedimentary drill core samples®?,
respectively. The asterisks in the middle diagram show the
corresponding amplification ratios of output waveforms to
input unit pulses for seismic waves passing through drill
soil cores of the ten bore holes. The bottom diagram
shows the structure profile in Fig. 3 in order to understand
the relationship between amplification functions and soil
layers at sites. Fig. 4 depicts that the amplification effects
of shallow sediments beneath the Osaka group layers are
quite different among the sites. The maximum value of the
amplification ratios is about four times greater than the
minimum one. The maximum rate is 3.123, displaying soil
amplified effect. The minimum is 0.864, however, less
than 1.0 displaying reduced effect. Such ratios in Fig. 4
display the nonlinear property of amplification effect of
shallow sediments in the Osaka group layers in the heavily
damaged zone. The amplification ratios to the unit pulse
for the sediments decrease gradually from Kanan Univer-
sity (down arrow in Fig. 4) to the coast of the Osaka Bay
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Fig.4. Amplification ratios for the soft soil core samples of 40 m deep
drill holes at the ten sites along line FF’ in Fig. 1. Bottom diagram:
structure profile in Fig. 3. Down arrow for the Kanan University. Middle
figure: amplification ratios of the soft soil for 10 drill cores. The ordinate
for the amplification ratio of seismic wave, the abscissa for the locations
of the bore holes. Top figure: 10 output response waveforms of the unit
pulses input from the bottom for the drill core samples.
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(near F' side in Fig. 1). The average value of the amplifi-
cation ratios on the right four sites (7th—10th) near the
coast of Osaka Bay is about one half of that on the left six
sites (1st—o6th ) near Kanan University.

3 Simulation of ground motion acceleration and col-
lapse ratios of buildings

The distribution of ground motion and wave propa-
gation process in the profile FF' in Fig. 1 was simulated to
investigate the relationship between amplitude distribution
of ground motion and seismic velocity structure. The in-
homogencous geological structures might influence dis-
tributions of the ground motion resulting in abnormal
characteristics of building damages. The seismic wave
fields are usually computed by resolving wave equation
with discrete numerical differentiation method'*! as the
lateral heterogeneity of medium structure can not be ne-
glected. The earthquake damages are generally related to
the frequency, amplitude and lasting time of seismic
wavel*. Source frequency and seismic wave time length
of calculation should be rationally selected as simulating
the cause of building damage distribution with the two
peaks.

( 1) Simulation of acceleration waveform. In order
to analyze the cause of carthquake damages, the influ-
ences on the distribution of collapse ratios of buildings
with multiple peaks by velocity structure in Fig. 3 and
sediment amplification rates in Fig. 4 were investigated by
employing the ground motion simulation with the pseu-
dospectral method. This computerized modeling method
has been widely employed in seismic simulation because
of its high speed, high resolution and efficiency in use of
the computer memory'> 2. The SGRFFTD operator, a
speedy, highly accurate and stable technique, was used in
the simulation™***. The simulation with a 2-D SH prob-
lem model was used in the ground motion calculation over
the profile in Fig. 3 to analyze the cause of distribution
with the two peak collapse ratios. The SH seismic wave
equation can be expressed as follows in the staggered grid
case.

=0t

xyn+l/2,m /ox+ aTy

Joz+ f,. (2)

means that

pn,mvyn,m zn,m+1/2

In eq. (2), 7 is the stress, =

xy n+l/2,m

stress zis sampled and calculated at the n+1/2, m. n+1/2 is
at the middle between the nth and (n+1)th grid. p is the
density at the point x, v is the first order differentiation
of ground motion velocity to time, f'is the density of body
force. Lame constants and p are defined at the center of
grid.

The structure model in Fig. 3 was sampled with 256
x 256 grids at 40 m spacing in both horizontal (as x) and
depth (z) directions in the discrete numerical simulation.
The limiting frequency in the simulation can be consid-
ered as 6.25 Hz in such a case. Time interval was taken as
0.008 s. The asterisk in Fig. 3 represents the line source.
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The line source force perpendicular to the profile was
taken as a Gaussian shape spatial function with a Ricker
wavelet source time function having a peak frequency of
3.5 Hz. The peak period in source function was selected
referring to the intrinsic periods of relative buildings. The
intrinsic periods for wooden house and buildings lower
than 50 m nearly are in the period between 0.1 and 1.0 s.
The test results show that intrinsic periods of civilian en-
gineering and mansions are in period between 0.2 and 0.4
s in Shanghai, China®”. Three factors of seismic wave
vibration, amplitude, frequency and lasting time usually
character strong ground motion. The source peak fre-
quency of 3.5 Hz employed in the simulation approaches
the natural frequency of the buildings lower than 50 m.
Therefore, it is valid that the simulation results are used to
clarify the relationship between the collapse ratios and
maximum amplitudes of acceleration waveforms. The
seismic waveforms with the duration of 18 s were simu-
lated. The absorbing boundary condition®'! was applied to
the lateral and bottom edges of the spatial grids. The
free-surface condition was approximated by including
256-point zero shear velocity above the upper surface of
the model in vertical derivatives of stress. The symmetric
differentiation method*”! was applied to vertical differen-
tiation of displacement to stabilize the derivatives in the
surface nodes.

(ii) Comparisons for collapse ratios of buildings and
ground motions. Fig. 5 shows the simulated ground mo-
tion results over the profile FF' of velocity structure in Fig.
3. For convenience of comparison, the bottom, middle and
top diagrams in Fig. 5 show the structure, simulated seis-
mic waveforms at the surface and the comparison of
maximum amplitudes of simulated waveforms in the du-
ration of 18 s to collapse ratios with the same abscissa
scale, respectively. In the bottom diagram the node (or
node line) of the thrust fault plane near Kanan University
is located at about the 128th grid at the surface. In the
middle diagram simulated seismic waveforms at the bed-
rock sites to the left of Kanan University are simple and
close to each other because the waves from the source
arrived directly at the sites only passing through the united
homogenous structure of bedrock (IV region). Accelera-
tion seismic waveforms at the sites in the Osaka group
sedimentary layers (on right side) are different from each
other. The differences are probably related to the compli-
cated wave properties and the various amplification ef-
fects of the multilayered medium where the waves pass.
Several late seismic phases, including the surface waves,
transformed wave phases at the free surface and intersur-
faces complicate evidently the waveform in seismograms
at the sites on the Osaka group layers, and last longer time
for vibrations in the right sedimentary region compared
with those on the left bedrock side (F). The great wave-
form amplitudes occur near the JR Kobe railway (place T2)
and the Kawaii Park (T4). The amplitudes around the
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Comparison between the structure, collapse ratios of buildings due to the 1995 Hyogo-ken Nanbu earthquake and the maximum

amplitudes of simulated seismic waveforms along dash Line A in Fig.1 with the same distance scale. Bottom diagram: structure of vertical
section FF’ in Fig. 3. Middle diagram: simulated acceleration waveforms at the sites along FF’ line. Asterisk: the source in Fig. 3. Top fig-
ure: comparison between collapse ratios of buildings (open circles) and the maximum amplitudes (solid line) of acceleration waveforms
corresponding to those in the middle figure corrected by the soil amplification effects underneath the sites obtained from those in Fig. 4.
The maximum amplitudes of waves and the collapse ratios are standardized as arbitrary unit dimension. Arrows from 11 to 77 under the
distance abscissa represent the same locations as those along Line A in Fig. 2. T0: for Kanan University. Original point is at earthquake

sub-fault C in Fig. 1.

highway Gokudo No.2 (T3) are relatively little. The
amplitudes of the primary arrival phases of waves in the
sites near the thrust fault node plane (T0) are less than
those to either side.

The soil amplification ratios are closely related to the
components, structure and the pore volume in the medium
of borchole cores. Therefore, the impacts on the ampli-
tudes of acceleration seismic waveforms by the soil am-
plification ratios of borehole cores at ten sites in Fig. 4 are
different from each other. Furthermore, seismic waveform
amplitudes are influenced by multiple actions of the wave
fields except nonlinear soil amplification ratio. For the
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foundational geological investigations of building engi-
neering, the supporting structure layer of buildings is gen-
erally less than 30—40 m deep. The soil amplification
ratios below the supporting structure layer are much more
stable and homogenecous than those above the sporting
layer usually. The soil amplification ratios of borchole
cores of 40 m deep in Fig. 4 were taken as the site factor
used in calculations of the acceleration waveform. The
corresponding amplification ratio at each site in the Osaka
group layers along FF’ was calculated by interpolation
technique from the ratios at ten sites in Fig. 4. The col-
lapse ratios of buildings (open circles) are compared with
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the maximum amplitudes of acceleration waveforms in the
middle diagram multiplied by the soil amplification ratios
as shown in the top diagram in Fig. 5 (solid line). In the
top diagram in Fig. 5 the secondly peak amplitudes of
both collapse ratios of buildings and ground accelerations
are standardized as the same amplitude (arbitrary unit) for
the comparison convenience. The maximum amplitudes of
waveforms at the bedrock sites on the left side to Kanan
University (arrow T0) vary evenly and smoothly. The am-
plitudes of waveforms at the Osaka group layers, on the
right side of figure, however, vary intensely with multiple
peaks and troughs. The first peak of the amplitudes ap-
pears on the sedimentary side near site T2 near 4.8 s
(middle diagram in Fig. 5). The second peak amplitude
appears on the sedimentary side near site T4 near 5.6 s.
The distribution of amplitudes of simulated acceleration
waveforms fits well that of the collapse ratios of buildings
in the time and space as a whole. Two peak waveform
amplitudes coincide well with those of the collapse ratios
also. Such a spatially coincident distribution implies that
the complicated distribution of collapse ratios is probably
an attribution for the seismic motion influenced by the
underground structure.

Furthermore, in Fig. 4, the average value of the am-
plification ratios of 40 m soil core of shallow sediments in
the right four sites (from the 7th to 10th) greater than 6.8
km away from the original point near the coast of Osaka
bay is about one half of that in the left six sites (from the
Ist to 6th) near Kanan University. The collapse rations of
buildings in the right zone near the coast of Osaka bay in
Fig. 5 are correspondingly less than those in the left zone
approaching Kanan University on an average. It impli-
cates that soil amplification ratios for the shallow layer
impact deeply the collapse rations of buildings in Kobe
City. This result is one of the discussing topics in the pre-
sent analysis. Some particular variations of the collapse
ratios may not well coincide with the soil amplification
function. This is because distribution of the collapse ratios
may be influenced by wave transformations and interfer-
ences in inhomogeneous medium except the soil amplifi-
cation effects. Specially, the peak and trough collapse ra-
tions are deeply influenced by mutual actions among the
original and various secondary waves!>*!. This is another
topic and discussed further in the following. Some recent
studies show that there is a good correlation between the
collapsing rate and peak ground velocity, rather than the
peak ground acceleration. The result is also consistent
with that simulated in a single source frequency in the
present analysis.

4 Discussion on the cause of ground motion with
multiple peaks

The distribution of ground acceleration motions de-
pended on the seismic velocity structure and soil amplifi-
cation effect was discussed for the heavily damaged zone
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in Kobe City. The results show that the distribution of the
collapse ratios of buildings along line A coincides well
with that of the maximum amplitudes of acceleration
waveforms. Peaks of waveform amplitudes are almost
superposed on those of the collapse ratios of buildings.
The coincident spatial distributions suggest that the accu-
rate analyses for soil amplification effect, geological and
velocity structures are beneficial to clarifying the cause of
complicated distribution of building collapse. Therefore,
analyses of nonlinear amplification effect of the soft soil
and geological structure are important for ascismatic
study'”. The Osaka group layers approaching the sca
beach are thicker than those near Kanan University as
shown in Fig. 4. The soil amplification ratio of the former,
however, is less than one third of the latter. The heavily
damaged belt did not appear in the thick sediments as
shown in Fig. 5. The results show that the relationship
between the collapse ratios and the soil thickness may not
be a direct ratio in the case.

The wave interference can be formed by the direct
body wave from the basin bottom and the secondary sur-
face wave in and around the basin region!'”. The interfer-
ence could further result in peaks of the ground motion
and heavy seismic damages™'). Fig. 6 illustrates the in-
terference occurrences in the wave propagation in the
structure model in Fig. 3 by means of simulated wave
snap shots. The wave propagated with a spherical wave-
front in region IV before 4.0 s. In snap shot at 4.0 s, the
wave with spherical wavefront in region IV refracted into
region III at the bottom boundary of region III and
transformed as a planc wavefront. The wave refracted
upward into regions II and I again at shots 4.8 and
5.6 s. In left granite bedrock region VI, the wave arriving
in the free surface reflected in 4.0 s, while a rightward
wave passed through the thrust fault plane and propagated
along the sedimentary layers I, II and III. The waves
propagating along the surface layer are taken as the sec-
ondary surface waves''”. The interferences occurred as the
upward body wave met the rightward secondary surface
wave propagating along the surface from region IV to
region I in 4.8 and 5.6 s (seeing the shots in Fig. 6),
respectively. Such interferences in the structure in Fig. 3
can result in the peak ground motions that are causes of
heavy seismic damages, high collapse ratios as shown in
Fig. 5 and the inhomogencous distributions of damages in
Fig. 1. The interferences of the ground acceleration waves
arc away from the boundary between the outcropping
bedrock and the Osaka group layers in Figs. 6, and so do
that of the collapse rations. Distance between the interfer-
ence peak and the fault node is related to the velocity dif-
ferences between rock region IV and the multilayered
Osaka group layers. More wave phases appearing at the
snap shot in 5.6 s might result in multiple complicated
ground motions and heavy damages.
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Snap shots of seismic wave simulated in the profile FF’ of heterogeneous velocity structure in Fig. 3. Thrust fault is about 5 km

away from the left end, corresponding to about 128 grads in Fig. 3. Regions I, II, IIl and [V have the same medium parameters as

those in Fig. 3.

The illustration suggests that the peak distribution of
the collapse ratios along survey lines A is attributable to
peak amplitudes of the ground acceleration motions based
on analysis of the above coincident distributions.

In order to clearly show the interference process, Fig.
7 illustrates only the wave propagation by snap shots in
shallow parts in Fig. 6. The secondary surface wave
started to enter in to region I crossing the boundary
between regions IV and I in the snap shot in 4.0 s, the
body wave did not arrive in region I, propagating still in
region III. In the snap shot in 4.8 s, the body wave with
the plane wavefront occurring at the bottom boundary of
region III refracted upward into regions II and I,
three plane waves propagated up-rightward with different
apparent velocities in layers I, II, III. Normal direc-
tions of the three plane wavefronts were somewhat differ-
ent from each other. The interference occurring as the up-
ward body wave met the secondary surface wave in layer

I in site about 20 grids away from the boundary between
the outcropping bedrock and the sedimentary layer (about
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150 grids away from the original point). The location and
time bringing forth the first wave interference in Fig. 7
coincide well with those bringing about the first peak
ground acceleration and first peak collapse ratio in Fig. 5.
At the snap shot in 5.6 s, wave propagations become more
complicated. The surface waves (or tunncling waves)
grow well in the three sedimentary zones of the Osaka
group layers. The surface waves, however, attenuated
rapidly outside the bottom of layer III in region IV. The
periods of growing surface waves are greater than those of
refracted body waves with plane wavefronts. The surface
wave with low frequency met the upward body wave at
the surface at the shot of 5.6 s, and the second interference
occurred in site about 20 grids away from the first inter-
ference location at the shot of 4.8 s (about 170 grids away
the original point). The location and time bringing forth
the second wave interference in Fig. 7 are coincident with
those bringing forth the secondly peak ground acceleration
and secondly peak collapse ratio in Fig. 5 also. At the shot
of 5.6 s, the wavefront of low frequency surface wave
behind the rightward body wave slantingly faced upward
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in layer 1. The wavefront of surface wave (or tunneling
wave) vertically faced ahead in layer II, and slantingly
faced downward in layer III. The causes forming the three
surface (tunneling) waves linking to each other are not
clear yet. It seems that the surface wave reflecting at the
free surface in the left bedrock zone transmits into the
basin from the basin lateral bottom according to analyses
of snap shots in Fig. 7. The strong secondary wave phases
(the surface waves) can be clearly seen as wave fields
transmit into the medium with low velocity from the me-
dium with high velocity at the snap shots. Correspond-
ingly, the reflection phases can hardly be seen. It may im-
ply that the transmission energy or coefficient is strong
and can result in heavy damages at surface in the above
case. It is also very important in the aseismic study of ba-
sin®!. The above analyses suggest that the secondary
multi-phases probably result in wave multiple interfer-
ences in various places in the multi-layers medium de-
pending on the regional geological structure. The multiple
peak ground motions due to the interferences can result in
complicatedly inhomogeneous distribution of heavy
earthquake damages with peak collapse ratios of buildings
as shown in Figs. 2 and 5.

The present analysis shows that the distribution of
collapse ratios of buildings is closely related to the

|
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}t I

i e
| (i

Fig. 7. Snap shots of wave propagation in the shallow parts of structure
model in Fig. 6. The display manners are the same as that in Fig. 6.
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detailed deep structure in Fig. 3 and the soil amplification
effects of shallow layer. Therefore, the detailed geological
information of the basement complex is important for
analyzing the cause of the collapse ratios, prediction of
strong ground motion, as well as for the aseismite projects
in the urban area. In another respect, the present analyses
imply that the simulation of seismic wave is available for
the study of the ground motion prediction.

5 Conclusion

The effects for soil amplification and wave multiple
interferences in the seismic ground motion simulations
were investigated in the present analysis. The results are
summarized as follows:

( 1) The amplification effects in the soft soil
nonlinearly influence the ground motion and collapse ra-
tios of buildings in the Osaka group layers. It is important
for seismic wave study to analyze the soil amplification
effect.

(ii) The seismic wave simulations show that the
ground acceleration motions with multiple peaks are at-
tributable to the multiple interferences closely related to
the geological and seismic velocity structure. The distri-
butions of maximum amplitudes of ground acceleration
waveforms with multiple peaks coincide well with those
of the multiple peak collapse ratios in Kobe City. The re-
sults suggest that the complicated distribution of the col-
lapse ratios of buildings in heavily damaged belt zone is
attributable to the multiple seismic wave interferences
related to the underground structure and the soil amplifi-
cation ratios.

(iii) The geological information of basement com-
plex is important for study of the ground motion. Fur-
thermore, a detailed survey of the foundation structure to
the bedrock is beneficial to the mitigation and prevention
of disasters.

(iv) The digital simulation technique is available for
study on collapse ratios of buildings and aseismic study.
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