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Characteristics of Observed Peak Amplitude for Strong Ground Motion

from the 1995 Hyogoken Nanbu (Kobe) Earthquake

by Yoshimitsu Fukushima, Kojiro Irikura, Tomiichi Uetake, and Hisashi Matsumoto

Abstract Over 200 peak amplitudes of strong motion were observed at distances
of less than 250 km from the fault during the 1995 Hyogo-ken Nanbu (Kobe) earth-
quake. We analyzed the attenuation of the peak-ground acceleration and velocity as
a function of distance and geological site conditions. The observed peak amplitudes
agree well with those predicted by an empirical attenuation relation that was devel-
oped for Japanese earthquakes. This demonstrates that on average the peak amplitude
of the ground motion generated by this damaging earthquake did not exceed the level
predicted by the empirical attenuation relation. We found a significant effect of the
surface geology on the observed ground-motion peak amplitude. In particular for
soft-soil sites, located near the fault, the peak-horizontal acceleration decreases rap-
idly with distance as a result of the nonlinear response of soils. In order to take into
account the effect of the site conditions we introduced correction factors to the ex-
isting attenuation relation. This resulted in a significant reduction of the residuals
between the predicted and observed peak amplitudes. Based on the attenuation re-
lation corrected for the site condition effect we generated a map of horizontal peak-
ground acceleration in the Kobe and Osaka area for the Kobe earthquake. The area
of simulated large ground motion agrees well with the severe damage zone of inten-

sity VII, JMA scale.

Introduction

More than 6,500 people were killed and 170,000 build-
ings were destroyed in the Hanshin and Awaji areas as a
result of the 17 January 1995 Hyogo-ken Nanbu earthquake.
The origin time and hypocenter of the event given by the
Japan Meteorological Agency (JMA) were 05h46m52sec
(local time) and longitude 135°2.6" E, latitude 34°36.4’ N,
respectively, and the focal depth was 14.3 km. The magni-
tude was M; 7.2 determined by the JMA, M, 6.8 by the U.S.
Geological Survey, and M,, 6.9 by Harvard University and
Kikuchi (1995) from a seismic moment of 2.5 X 10%° dyne
cm. The JMA intensity was VII throughout a narrow beltlike
area stretching from Awaji Island to Nishinomiya City east
of Kobe. The surface fault trace in the southwest part of the
source area was in evidence along the Nojima fault in the
Hokutan-cho area of Awaji island (Nakata ez al., 1995). No
clear surface trace was found in the eastern part of the source
area around Kobe on Honshu island. Shimamoto (1995) pre-
sumed the area of JMA intensity VII corresponding to the
faults, which generated the earthquake. On the other hand,
aftershocks occurred close to existing Quaternary faults,
which are located north of Kobe. Sekiguchi et al. (1996)
identified three fault segments along the Rokko fault system
using the particle motions of the strong-motion records and
the geodetic data in the near-source region. Kamae et al.
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(1998) and Kamae and Irikura (1998) simulated ground mo-
tions from the main shock by an empirical Green’s function
method using the asperity distribution on the fault founded
by Sekiguchi et al. (1996). Their simulated ground motions
agree well with the observed one. Based on simulated near-
fault velocity in the frequency range of 0.1-1.0 Hz, Seki-
guchi et al. (2000) showed that the eastern end of the source
was likely to have branched to the Gosukebashi and Ashiya
faults. The precise fault location is still being investigated.
In this study we adapted the fault model of Sekiguchi et al.
(1996). One of the most important issues is whether the di-
saster resulted from unpredictable strong-ground motion or
not. We address this issue in this study by analyzing the
attenuation of the ground motion as a function of the closest
distance to the fault.

Over 200 peak amplitudes of ground motion were ob-
served during this earthquake. The main purpose of these
observations was not to do research work but rather emer-
gency response systems. Individual organizations that had
strong-motion data kindly made their data available for this
work. We investigated the records and the site conditions in
detail. The sensors were installed on various ground condi-
tions and some were located in seriously damaged areas. The
observed peak-horizontal acceleration (PHA) and velocity
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(PHV) were compared with predicted values using attenua-
tion relations developed in Japan (Fukushima and Tanaka,
1992: modified Fukushima and Tanaka, 1990; Midorikawa,
1993). Similar comparisons have been performed in other
studies (e.g., Irikura and Fukushima, 1995; Ejiri et al. 1996;
Midorikawa et al. 1996; Fukushima et al. 1997). In this
study, the ratio of predicted to observed peak amplitude is
newly studied for various ground conditions: (1) bedrock;
(2) Neogene; (3) diluvium, which is the consolidated allu-
vium; (4) alluvium, which is unconsolidated; and (5) re-
claimed ground. Further, the ratio of peak vertical acceler-
ation (PVA) and velocity (PVV) to horizontal component is
evaluated. The PHA/PHV and PVA/PVV ratios for various
ground conditions are also studied.

At several sites close to the source, PVA was higher than
PHA on soft soil ground. This phenomenon was previously
observed at Array 6 in the 1979 Imperial Valley earthquake,
and has been explained in terms of nonlinear behavior (Mo-
hammadioun and Pecker, 1984). Clear nonlinear behavior
has been identified in the Kobe event in vertical array records
at Port Island, where the PVA at the surface was also larger
than the horizontal component.

The determination of spatial distribution for PHA near
fault is very important to know the strong ground motion
characteristics in the near-source region. Some iso-PHA
maps were determined from the observation PHAs only.
However, these are usually difficult subjects because the de-
termination of average function is almost equal to deriving
a new attenuation relation, which must be applicable to the
near source region (Stewart et al., 1994; Borcherdt and Hol-
zer, 1996). Even if an attenuation relation could be used as
the average function, the distribution of PHA was distorted
in sparse observation area (Fukushima et al., 1998). Fortu-
nately, the digital geological information furnished as the
GIS (the Digital National Land Information compiled by the
Geographic Survey Institute and the National Land Agency,
Japan) around this area is available. We try to derive cor-
rection functions of the geological conditions and determine
an iso-PHA map multiplying the predicted value by the at-
tenuation relation and the correction function.

Data

Prior to this event, strong-motion data were disclosed
by only a few observational organizations in Japan. After
the Kobe event, however, all organizations kindly made their
data available. Peak-ground accelerations and velocities
from the event were announced immediately by the Railway
Technical Research Institute (RTRI; Nakamura et al., 1995),
Osaka Gas Co., Ltd., the Committee of Earthquake Obser-
vation and Research in the Kansai Areas (CEORKA), Kansai
Electric Power Company (KEPCO), the Port and Harbor Re-
search Institute (PHRI), the JMA, and others. A database of
peak ground accelerations and velocities was compiled from
these announcements and a prompt report was published by
NIED (National Research Institute for Earth Science and Dis-
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aster Prevention, Science and Technology Agency, 1995).
Digital records of strong-ground motions from this event
were made available to the public by CEORKA (10 sites),
JMA (14 sites), and the Port Island Strong Motion Station of
the Development Bureau of Kobe city (four sites in a vertical
array) within a few weeks. These data were compared with
attenuation relations by Irikura and Fukushima (1995) and
listed in Fukushima and Irikura (1997).

The catalog for strong-motion data of the earthquake
was published by the Architectural Institute of Japan (1996)
together with time histories, response spectrum, and particle
orbits. The largest number of observation sites belongs to
the Japan Railway Companies (JR), and their details were
reported in Nakamura et al. (1996). The Conference on Us-
age of Earthquakes (CUE) in RTRI distributed five major
records by floppy disks; this study is using the floppy disk
with serial number R-031. The IMA distributed records taken
by IMAR87 type instruments through the Japan Weather As-
sociation. PHRI immediately released their records, and they
were reported by Miyata et al. (1995). Records of the Public
Works Research Institute (PWRI) of the Ministry of Con-
struction, Hanshin Expressway Public Corporation, and
Honshu-Shikoku Bridge Authority are announced in the
Technical Note of PWRI (1995), and their digital data are
distributed by floppy disks with the Technical Note. The
Building Research Institute (BRI) of the Ministry of Con-
struction reported their data in Kashima and Kitagawa
(1995). CEORKA reported on observation records just after
the event (Geo-Research Institute, Osaka, 1995). The Japan
Society for Earthquake Engineering Promotion (1998) com-
pleted a database and distributed it on CD with a report. The
CD contains data observed by Obayashi Corporation, Ko-
noike Construction Co., Ltd., Maeda Corporation, KEPCO,
Osaka Gas Co. Ltd., RWRI, BRI, PHRI, Ministry of Posts
and Telecommunications, Hanshin Expressway Public Cor-
poration, Kobe City Office, Shiga Prefecture, Laboratory of
Strong Motion Seismology of DPRI, Research Center of
Earthquake Prediction of DPRI of Kyoto University, Re-
search Reactor Institute Kyoto University, and Shiga Pre-
fecture University. Data from other organizations, such as
the Ohsaka Technical Institute, Kansai University, NTT,
Takenaka, Hankyu Railway, the Technical Institute of Mat-
sumura-gumi, Kansai Airport and others, are listed by the
Architectural Institute of Japan (1996). Further, Hokushin
Railway, Nose Railway, and NHK announced their data in-
dividually.

These strong-motion instruments have been installed for
various purposes, so their sensors were set up differently.
We investigated the individual site condition of each instru-
ment (Matsumoto et al., 1998). The investigated sites are
listed in the appendix.

The peak acceleration and velocity data contain differ-
ential values from the velocity records and integral values
from the accelerograms, respectively. Although the fault-
normal component is already known to be very large in the
near-fault region (Somerville et al., 1997), the orientation of
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Figure 1. Comparison between observed peak-horizontal accelerations and the pre-
dicted values using empirical attenuation equation (1). Individual marks indicate dif-
ferent ground conditions at the observation site. The solid line indicates the predicted
peak-horizontal acceleration. Broken lines indicate the standard error of the equation.
Table 1 m for soil site and greater than few tens of meters for
Number of Data rock site are excluded in order to avoid the effect of the
c — po— p—, - downgoing waves reflected at the ground surface.
eeony 3. Only large records are observed at far distance and biased
Bedrock 22 21 22 19 on the average characteristics (Fukushima, 1997). There-
Neogene > T 4 - fore the records at the distances less than 220 km are
Diluvium 18 13 16 10 d. This is th liability limit of th .
Alluviam 76 45 68 39 accepte - This is the reliability limit of the at.tenuatlo.n
Reclaimed 21 17 20 15 relation (Fukushima and Tanaka, 1990) for this magni-
All data 142 96 130 83 tude.

some sites is unknown; therefore, the mean peaks of two
horizontal components are taken to be PHA and PHV. Data
of only one horizontal component is rejected.

These mean values are more stable and only 10%
smaller than the maximum values of the two corresponding
horizontal components on average. A total of 142 PHA and
96 PHV observations were selected on the basis of the fol-
lowing conditions:

1. The sensor should be installed on free surface. Sensor
located in structures such as buildings were excluded
from the study.

2. Borehole instruments installed at a depth greater than 1

The number of PVA and PVV records are 130 and 83,
respectively; this number is smaller than the one for PHA,
because the absence of vertical sensors at some sites. No
surface trace was found in the eastern part of the fault, so it
is difficult to precisely locate the fault plane. We assumed a
single plane, simplifying the three-segment-fault model of
Sekiguchi et al. (1996). The length, width, strike angle, and
dip angle of the fault plane are assumed to be 45 km, 15 km,
235 degrees, and 85 degrees, respectively. The shortest dis-
tance from the simplified fault model to the observation site
is used for empirical predictions of peak amplitude in this
study. Because fault distance errors are up to several hundred
meters, estimated distances of less than 500 m were taken
to be 500 m. Ground conditions at individual observation
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Figure 2. Relation between ratio of observed to predicted peak-horizontal acceler-

ation and closest distance to the fault plane. Individual marks indicate different ground
conditions at the observation site. Regression lines on the logarithmic scale are also
indicated for the individual ground conditions.

Table 2
Ratios of Peak Amplitudes

Average in linear scale

Observed/Predicted Observed/Predicted (PVA/PVV)/

Category PHA PHV PVA/PHA PVV/PHV PHA/PHV (PHA/PHV)
Bedrock 0.55 0.59 0.59 0.49 9.6 1.3
Neogene few data T 0.30 — — —
Diluvium 0.94 0.78 0.46 0.38 13.5 1.3
Alluvium distance dependent 1.16 0.45 0.33 10.4 1.5
Reclaimed distance dependent 0.86 0.77 0.40 8.4 2.3
All data 1.03 0.93 0.53 0.39 10.4 1.6

sites were investigated from geological maps and logging
data in the site vicinity and confirmed by visits to the site.
Geological site conditions are classified into five types: (1)
seismic bedrock, e.g., sedimentary rock predating the Neo-
gene, and volcanic or plutonic rock; (2) Neogene strata; (3)
diluvium; (4) alluvium; and (5) reclaimed ground. The num-
ber of data points in each category is indicated in Table 1.
There is only one observation of PHV on the Neogene, there-
fore, this data is included in the bedrock category.

Attenuation Relations

Fukushima and Tanaka (1990) collected 686 PHAs from
28 earthquakes in Japan and 15 earthquakes in the United
States and other countries and used them to develop an at-
tenuation relation by a two-step regression analysis. Later,

new data of 147 PHAs were added and the attenuation re-
lation was revised. The new result was almost the same as
the previous one (Fukushima and Tanaka, 1992). This in-
dicates that the derived empirical attenuation relation is very
stable. The relation is given in the form of the following
equation:

logPHA = 0.42M, — log(R
+ 0.025 X 10%4Mv) — 0.0033R + 1.22 (1)

where, PHA is in cm/sec?, My, is the moment magnitude, and
R is the distance from the fault plane to the site in km.
Ground conditions at the individual observation sites were
not classified; therefore, this equation may be taken as cor-
responding to average ground conditions in Japan.



Characteristics of Observed Peak Amplitude for Strong Ground Motion from the 1995 Hyogoken Nanbu (Kobe) Earthquake 549

Recently, a nonlinear scaling between earthquake
ground motion and My, has been recognized (Fukushima,
1996), particularly in the predominant period of several sec-
onds, which is effective to PHV. In addition, a strong de-
pendence on average S-wave velocity near the ground sur-
face can be seen in PHV. Taking this nonlinear scaling and
the dependence on S-wave velocity into account, Midori-
kawa (1993) developed the following attenuation relation for
PHV:

logPHV = —0.22M% + 3.94M,, — log(R
+ 0.01 X 10%43Mw) )
— 0.002R — 119
— 0.71 X logV;

where, PHV is in cm/sec and Vg is the average S-wave ve-
locity from the surface to 30 m deep in m/sec.

Amplitude Ratios
Observed/Predicted

Predicted PHA values from equation (1) are compared
with the observed values in Figure 1. Most of the observed
data points fall within the standard error of the attenuation
relation, even if errors of several hundred meters in evalu-
ating the distance from the fault are considered. The ratios
of observed/predicted PHA are shown in Figure 2 with dif-
ferent marks for individual geological conditions. As shown
in Table 2, the average ratios for bedrock and diluvium are
0.55 and 0.94. At distance ranges over 100 km, the ratios
for alluvium and reclaimed ground are larger than 1.0 on
average. On the contrary, the ratios for reclaimed ground
and alluvium decrease with decreasing distance due to the
nonlinear behavior of soils described in the next section. The
following equations are adopted as the distance dependent
ratios for the reclaimed ground and alluvium:

O/P(reclaimed) = 0.362 x R°% 3)

O/P(alluvium) = 0.549 X R*'%3 (4)

where O/P is observed/predicted PHA ratio. Using these cor-
rection factors, the standard error decreases from 0.247 to
0.193 in base-ten logarithms. Further, if these distance de-
pendencies are caused by nonlinear behavior, the level of
PHA may affect the ratio. Figure 3 shows the relation be-
tween the ratio of observed to predicted PHA and the pre-
dicted PHA. The following relations between predicted PHA
and the ratio are determined for reclaimed ground and al-
luvium:

O/P(reclaimed) = 5.476 X PHA 3% 5)

O/P(alluvium) = 3.113 X PHA~02?% (6)
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Figure 3. Relation between ratio of observed to

predicted peak-horizontal acceleration and the pre-
dicted peak-horizontal acceleration for (a) reclaimed
ground and (b) alluvium. Solid lines indicate regres-
sion lines for the data points.

Using these correction factors, the standard error decreases
to 0.180. Although it is limited to the case of the Hyogo-ken
Nanbu event, this residual corresponds to a standard devia-
tion from 66% to 151% for predicted PHA.

The comparison between observed and predicted PHVs
is shown in Figure 4. In this figure, the prediction curves for
the reference S-wave velocity (hereafter V) of 400 m/sec,
which is an average Vg of the database of Midorikawa
(1993), as well as those for 200 and 700 m/sec are indicated
for a comparison of different values of V5. Equation (2)
agrees well with the data. The ratios of observed/predicted
PHV for the individual geological conditions are shown in
Figure 5. As shown in Table 2, the ratios for stiff ground on
average are small, for example, about 0.59 for bedrock and
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Figure 4.

Comparison between observed peak-horizontal velocities and predicted

levels using empirical attenuation equation (2). Individual marks indicate different
ground conditions at the observation site. The predicted peak horizontal velocity for a
reference Vg of 400 m/sec is indicated by the solid line. The predicted velocities for
other Vs of 200 and 700 m/sec are also indicated by broken and chained lines, respec-

tively.

0.78 for diluvium. The distance dependence seen in the case
of PHA for soft soils cannot be seen in the case of PHV.

Vertical/Horizontal

The ratios of PVA/PHA are shown in Figure 6. In this
figure, the dispersion in the data is too large to allow a sys-
tematic discussion. The average ratio is 0.53 as shown in
Table 2. Most cases where the ratio is larger than 1.0 cor-
respond with reclaimed ground or alluvium. All of these
points are located near the seashore. This may be due to the
effects of the nonlinear behavior, which was similarly ob-
served during the 1979 Imperial Valley, California, earth-
quake (Mohammadioun and Pecker, 1984). Kawase et al.
(1995) interpreted the remarkable decay of the horizontal
components at the surface using effective stress analysis for
the vertical array records at Port Island. Namely, the high-
frequency horizontal component propagating as a shear
wave was isolated by the liquefied soil. On the contrary, the
high-frequency vertical component propagating as a com-
pressional wave was amplified by the large contrast in P-
wave velocity at the ground water level.

The ratios of PVV/PHV are shown in Figure 7. All ratios

are less than 1.0 and their average is 0.39. The ratios for
bedrock seem to be larger than those for the other categories.
This might be due to the large incident angle of SV wave to
the bedrock. However, even for bedrock, the average ratio
is less than 0.5. The peak acceleration correlates with the
response spectral intensity of the predominant period from
0.2 to 0.8 seconds, whereas the peak velocity correlates with
a relatively long period range from 0.5 to 1.5 seconds (Nak-
azawa et al, 1998). Therefore, the nonlinear behavior has
less effect on the peak velocity than on acceleration.

Acceleration/Velocity

The average ratio of PHA/PHV for the observed data
shown in Table 2 is 10. As shown in Figure 8, the individual
ratios have a remarkable dependence on distance. The ratio
peaks at around 50 km. Values of PHA/PHV predicted from
equations (1) and (2) are also shown in this figure. The curve
of the predicted ratio has a similar characteristic. This fact
indicates that the bend of attenuation curve for PHA is
sharper than that for PHV around 50 km. The observed ratios
for soft soil in the distance range less than 10 km are small
due to the decrease in PHA caused by the nonlinear behavior
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Figure 5. Relation between ratio of observed to predicted peak horizontal velocity
for Vg 400 m/sec and closest distance to the fault plane. Individual marks indicate
different ground conditions at the observation site. Regression lines on the logarithmic
scale are also indicated for the individual ground conditions.
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of soils. On the other hand, PVA does not decrease as a result
of the nonlinearity, so the ratios of PVA/PVV at short dis-
tances are larger than the PHA/PHV ratios, and the ratio of
(PVA/PVV)/(PHA/PHV) for reclaimed ground is the largest
in Table 2. If a frequency f, Hz predominated in the peak
amplitude, at a first order approximation, the PHA can be
expressed by 2mf, PHV. Therefore the mean value of 10
corresponds to the frequency of 1.6 Hz. In the near-fault
region, the ratio is about 7 and this corresponds to about 1
Hz, which is consistent with predominant frequencies re-
corded at many sites near the causative faults. The ratio,
which is related to the predominant frequency, for soft soils
near the faults tends to further decrease due to the nonlinear
behavior. On the contrary, sites of high ratio, for example
Higashiyama and Kyoto, belong to areas of forward rupture
directivity. Only Gobo is belonging to sideward directivity,
but this site is located on thin reclaimed ground over bed-
rock, and high-frequency phases corresponding to reclaimed
layers were predominant. At distances longer than 100 km,
the ratio falls off, perhaps due to the contamination caused
by the low-frequency surface waves.

Isoseismal Map

The distribution of peak acceleration at the ground sur-
face is very interesting, in particular the characteristics of
strong-ground motion at near-fault sites where the number
of observations was very limited. On the basis of the findings
described in the previous section, we consider that equation
(1) represents the average value of the PHA. We used GIS
data on a fine grid points with the longitudinal and latitudinal
interval of 0.0125 and 0.0083 degree around this area. The
ground condition distribution is shown in Figure 9. This also
includes the newly reclaimed area. The correction factors
are estimated using equations (5) and (6) for the reclaimed
and alluvial soil, and multiplying the average value by 55%
and 94% for the bedrock and diluvium (Table 2). The surface
PHA distribution was estimated by multiplying the predicted
value of equation (1) and the correction factors for the com-
pleted distribution. In Figure 10, the estimated PHA is com-
pared with the region of JMA intensity VII. Around the east
end of the assumed fault plane, the area of the JMA intensity
VII is located relatively south of the large PHA area. This
divergence might be due to the basin edge effect that prob-
ably amplified the ground motion at sites along the basin
edge, south of the fault (Kawase, 1996; Pitarka et al., 1998).
However in general, the severe damage belt of the JMA in-
tensity VII corresponds to the estimated high amplitude
zone.

Conclusions

1. The 1995 Kobe earthquake caused severe structural dam-
age in a modern metropolitan area. However, the ob-
served peak amplitudes agree well with amplitudes pre-
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dicted by the empirical attenuation equations developed
for Japanese earthquakes (Fukushima and Tanaka, 1992;
Midorikawa, 1993), suggesting that on average the peak
amplitude of the ground motion generated by the dam-
aging earthquake did not exceed the level predicted by
the empirical attenuation equation.

2. The ratio of the observed/predicted peak amplitudes for
the average horizontal component significantly depends
on the local ground conditions. The ratio is larger for soft
soils, except for PHA at short distances, where the PHA
decreases due to nonlinear behavior of soils. The residual
between the observed and predicted PHA is considerably
reduced if corrections for the site effect are applied.

3. The ratios of the PVA to PHA for soft soils are greater
than 1.0 when PHA decreases as a result of the nonlinear
behavior of soils. On the other hand, all of the PVV/PHV
are less than 1.0, and are 0.4 on average.

4. The ratio of the PHA to PHV has a peak at around 50 km.
This demonstrates that the saturation of the PHA with
decreasing distance in the near-source region is more no-
table than that of the PHV, in particular for soft soils.

5. The average correction factors for the individual geolog-
ical conditions were derived from the ratio of the ob-
served/predicted PHA. Multiplying the predicted PHA
values by the attenuation relation and the correction fac-
tors, the PHA distribution reflecting also the effect of the
surface geology can be derived for the near-fault region.
The estimated high PHA area agrees well with the severe
damage belt of the JMA intensity VII.
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