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ABSTRACT : We peformed a simulation of the 1995 Hyogoken-Nanbu Earthquake with 3D
finite-difference method (FDM) using discontinuous grids.  In the waveform simulation using FDM, so long
as we use the grids with uniform spacing for the calculation, the grid spacing is determined by the shortest
wave length in the 3D simulation model space. In this study, we used discontinuous grids that consist of
small grids (spacing of 50 m) in the region shallower than 2.6 km where there are low-velocity sedimentary
layers, and coarse grids in the deeper region.  In this way, we were able to reduce both the time and memory
required for the computation to approximately 1/5 of what was needed in a calculation using small, uniform

gridsin the entire region.

1 INTRODUCTION

In Kobe, the most heavy damage of the 1995
Hyogoken-Nanbu Earthquake was distributed on a
long zone and this is called the “Damaged Belt”.
This particular distribution is due to the
underground structure and the propagation of
ruptures. Underground surveys using a reflection
method or a refraction method were carried out
after the earthquake, and the relatively detailed
underground structure has been reveded (e.g.
Huzita 1996). We also learned the details of the
source process through inversions using data such
as strong motion waveforms and geodetic data (e.g.
Yoshida et a. 1996, Sekigughi et al. 1998). Based
on such information, 3D simulations were
performed (e.g. Furumura & Koketsu 1998, Iwata
et al. 1998, Kawase et al. 1998, Pitarka et al. 1998).
These simulations underestimate the amplitude,
although they do successfully explain the
distribution of maximum amplitude qualitatively.
One of the reasons is that their insufficient
consideration of the low-velocity superficia layer
(e.g. lwataet al. 1998).

As long as we simulate the waveforms with
the FDM using uniform grids, the grid spacing is
determined by the shortest wave length in the
model space. Hence, though the low-velocity
layer exists only near the surface, we are ill
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obliged to use small grids. Thus it was difficult to
introduce the low-velocity layer into the model,
because of the drastic increasing of the grid number,
in other words, required memory and computation
time. Aoi & Fujiwara (1998a, b) formulated FDM
using discontinuous grids that consist of small grids
only near the surface where the low-velocity
sedimentary layers exist, and coarser grids for the
deeper region where the wave velocity is higher.
This has shown to be very effective in reducing
computing requirements.  In this study, we applied
this method to the 1995 Hyogoken-Nanbu
Earthquake. A superficial layer with the S-wave
velocity of 400 m/s, which is realistic according to
the structure surveys, was introduced into the model
in this study.

2 METHOD

We use discontinuous grids (Aol & Fujiwara
1998b) that consist of staggered grids with two
different grid spacing (Fig. 1). In Region I, the
grid spacing is small (spacing h; is 50 m in this
case), whereas in Region Il, the spacing is three
times coarser (spacing is h,=3h;). These two
regions overlap in depth by 3h; /2.  Asto theterms
of partial derivativesinside Regions | and |1, we use
the fourth-order finite-difference approximation
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Fig.1 : (center) 3D discontinuous grid system.
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(left) Two transections on the top and at the bottom

of the overlapping region of Regions | and Il, where the elimination or the insertion of grids are

necessary.

(e.g. Levander 1988), denoted as

1
fi ZF{Co(fiu/z - fi—llz)_cl(fi+3/2 - fi—S/Z)} (1)
where c¢,=9/8 ¢ =1/24
Here we cannot wuse the fourth-order

finite-difference approximation for the term of
partial derivatives concerning z in the adjacent
region of the connecting region between Regions |
and Il. In such aregion, we use the second-order
finite-difference approximation (e.g. Virieux 1984),

1
fi :H (fi+1/2_ fi—1/2) (2)!
for the term of partia derivatives. In the
connecting region between the two regions, we can
caculate neither the velocities nor the stresses

using the second-order finite-difference
approximation (the left side of Fig. 1). Hence,
these values are caculated by the linear

interpolation and the elimination from the values of
the other region. We should pay attention to the
fact that we perform the interpolation and the
elimination of al the variables within horizontal
planes where the grid points concerned exist.

In order to minimize the artificial reflected
waves from the boundary of calculation region, we
use both the non-reflecting boundary condition of
Cerjan et al. (1985) and the absorbing boundary
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(right) Two profiles of the discontinuous grids.

condition of Clayton and Engquist (1977).

3 UNDERGROUND STRUCTURE MODEL
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Fig. 2 : Map of Kobe area. The rectangle
shows the area we are modeling in the study.
The location of the heavily damaged zone is
also shown [intensity VII, IMA scale, digitized
by Koketsu (1997)]. The solid line shows the
fault segment locations, and the dotted line
shows active faults, traced by Huzita &
Kazama 1983.
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Fig. 3 : Bedrock topography in the Kobe area used in
the 3D modeling. The shadow line shows the fault
segment locations.
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Fig. 4 . Map of observation points and the

13520’

points designated by this simultaneous
simulation project. The locations of fault
segments and the heavily damaged zone are
also shown.

Table 1. Model parameters.

Model A Model B
i o Thickness = 16.7 %
5 \T/*gﬁkgﬁ;n/io % Vp=1.8kmis, Vs = 0.4 ks
e Dens. = 1.75 g/cm®, Q = 60

L | Vs=0.6km/s e.ns — gcnl Q
%\ Dens. = 1.8 glem® Thickness = 33.3 %
£ | 0=80 Vp=22km/s, Vs= 0.8 km/s
é Dens. = 1.85 glem®, Q = 100
:% Thickness = 50 % of sedimentary layer

Vp=24km/s Vs=11km/s

Density = 2.1 g/cm® Q=120

Depth = 4 km depth

Vp=55km/s Vs=3.2km/s
g | Density =26 glem® Q=300
& | Depth=4km 17.8 km depth
~ | Vp=6.0km/s Vs = 3.46 km/s
é Density = 2.7 g/cm® Q =400

Depth = 17.8 km depth

Vp=6.7km/s Vs=3.87 km/s

Density = 2.8 g/lem® Q=500

In Kobe area, the underground structure has been
investigated in detail using reflection and refraction
methods and boring experiments (e.g. Huzita 1996).
Using a bedrock shape estimated from this
information, Pitarka et a. (1998) performed a
simulation of 3D FDM using a model with
homogeneous sedimentary layer. Ilwata et al.
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Table 2. Locations of stations.

Staion Latitude Longitude .
code (N) (gE) Station name
KBU | 34.72500 135.24000 | Kobe Univ.
MOT | 34.72500 135.28100 | Motoyama
SKU | 34.73056 135.25000 | Shinkobe Substation
PIS 34.67000 135.20800 | Port Island Borehole
RKI 34.68877 135.27248 | Rokko Idland
FKA | 34.69500 135.21083 | Fukiai
JMA 34.68833 135.17944 | IMA Kobe Station
KB1 34.720 135.247
KB2 34,712 135.254 . .
KB3 | 34704 | 135060 | Suonsfor SSproject
KB4 | 34.698 135.265

(1998) modified the bedrock topography of Pitarka
et al. (1998), and divided its sedimentary layer into
two layers of the same depth. We call the model
of lwataet a. (1998) Model A. The origin and the
strike of the model are (34.584N, 134.881E) and
N58E, respectively, and its size is 58.0 km (N58E),
13.6 Km (N148E), and 23.0 km (depth) (Fig. 2).
Fig. 3 shows the bedrock topography of our models.
The velocity structure of rock layer shown in Table
1 isfrom a structure model used for the hypocenter
determination in this area by the RCEP-DPRI,
Kyoto University.  According to lwata et al.
(1998), athough the use of the Model A and the
source model of Sekiguchi et al. (1998) led to a
successful representation of waveform
characteristics, the amplitudes are underestimated.
They point out that this is due to the effects of
amplification caused by the superficial layer with
low S-wave velocity, which is not taken into
account sufficiently.

In this study, we use a model B where the
upper sedimentary layer of the two layers of Model
A is divided into two by 1.2 (Table 1). The
S-wave velocity in the first and the second layers of
Model B are 400 m/s and 800 m/s, respectively.
This means that the interval velocity of these layers
isidentical to the S-wave velocity of the first layer
of Model A, 600 m/s.

4 RESULT
4.1 Comparison with the observed waveforms

Fig. 4 shows the observation points where the data
of the mainshock are available, the points
designated by this simultaneous simulation project,
and the areas severely damaged where the JMA
intensity was VII (digitized by Koketsu 1997).
KOB, KBU and SKH are the bedrock sites and the
rest of observation points are located on the



FN (N148E) FP (N58E) ubD
[m/s]
1.0 ﬂi\[\l\/\,/\/\mmg@;o.sgdf —— MW N M 0.254 — W\ AW A——— 0.307
o.o} e R 577 0,159 A 0.115
1.0d — el Bg 587 0.151 0.117

KBU
- Mp———0.482 — —NW\re——0.301

— W 0.143

———p——0.427 NAVISEA 0.113 s 0.094
——p——0.421 —— 0112 0.094
SKH
0.850 —— AW\ v 0.453 ——— A 0.157
0.398 0.068 e 0.095
—— M W———0.392 0.068 A 0.096
FKA

1.410 —’\,\/\'\/\'\/“\N\MO.476

No obs. data

0.313 —— \AWWWwa——-0.267 —A\W|\vwr—"0.483
——— VMWW 0. 337 ——\/\/\/V\/\/\/w/\/vw——o.afzs ——/\/\/\NV\WAA~»—O.567

~—~«\,\[\\/\~w\/\wo.561

0.557 —m—— MWW N N~—— (0. 161

—— NN 0,177 —— N\ N~——0.272

— MM A 0,223

—’\/\N\/\f\ﬁ/\/wo.665 — AN~ 0.236 —~A~W\/\/*\/\/\[\,«v\/vw~—o‘445

RKI

0.796 W/WO.656 .

0.530 ——— WM Wh\W\~—o0.439 0.660
0.706 —A“Aﬂ\/\/\ﬁ/\;\/\'\/\mwossz

MOT

————— NN 0.195

0.688

0.740 —’V\/\/\Wo.dfee 0.466
W 0.437 ~——«\/\,/\/w—-——o.564 0.735

—d\/\/\/wwv-———o.449 4x\[\f/\mww—»—o.694 0.6786

0.0 = 15.0[s] 30.0 0.0

15.0 [s] 30.0 0.0

15.0 [s] 30.0

Fig. 5 : Comparisons between observed waveforms and synthetics of fault normal (N148E), fault

parallel (N58E) and up-down components by Models A and B (0.1-1.0 Hz).

The numbers on the

right side of each trace shows the maximum amplitude in m/s.

sedimentary layer (Table 2). Fig. 5 shows the
observed waveforms (0.1-1.0 Hz) of these
observation points and the synthesized waveforms
of Models A and B. The horizontal component of
RKI and the fault parallel component of FKA were
underestimated on the stations on the sedimentary
layer in the simulation using Model A. In the
simulation using Model B, the amplitude increased
by approximately 30% and 70%, respectively,
reproducing better the maximum amplitude of the
observed waveforms. The bedrock sites such as
SKH and JMA that gave the underestimated results
logically do not show any improvement. On these
stations, the weathering of the very superficia
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granite might be causing the reduction of S-wave
velocity. It is difficult to introduce such a thin
layer into models even with the grids of 50 m that
we used. The dominant periods of PR1 are not
close to the observed waveform. This might be
due to the effects of the very thin and soft
superficia layer, and this is aso difficult to
introduce into models for the same reason.

4.2 Synthetics on KBU-RKI line
Fig. 6 shows the velocity waveforms (0.1Hz-1Hz)

of two horizontal components as well as the
maximum amplitude on each station of Models A
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Fig. 6 : Synthetics of fault parallel and fault normal components by Models A and B on KBU-RKI

line (0.1 - 1.0 Hz).

and B on KBU-RKI line. The waveforms of the
two models on the rock sites match very closely,
while the stations on the sediment show that the
maximum amplitude of Model B is greater than that
of Model A by approximately 20 — 100%.

KBU is on the boundary of the rock and the
sediment, and the depth of the basement reaches
1km within 1km in south-east. In the zone
between 1 km and 3 km from the rock, the
maximum amplitude of fault parallel component by
Model B exceeds 0.8 m/s. In addition to the
amplification effect of soft sedimentary layer, thisis
also due to basin-edge effects.  Slightly less than 1
km further in the south-east, the fault normal
component exceeds 0.8 m/s, and still closer to the
coast, the amplitude decreases gradually. The
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The right side shows the maximum amplitude on each station by both models.

width of the zone where the maximum amplitude of
fault normal component exceeds 0.8 m/s is
approximately 2.5 km. This zone of large
amplitude corresponds to the “Damaged Belt”.

5 DISCUSSIONSAND CONCLUSIONS

We simulated strong ground motions in the source
area during the 1995 Hyogoken-Nanbu Earthquake
by fourth-order 3D FDM using discontinuous grids.
Compared to the computation for same period
range (0.1-1.0 Hz) with uniform grids, the
discontinuous grids reduced the computational
requirements to approximately 1/5. This leads to
small grid spacing of 50 m in FDM calculation for



sedimentary layer. Using a structure model
consisting of three sedimentary layers with the
S-wave velocity of 400 m/s, 800 m/s and 1100 n/s,
and a source model (Sekiguchi et al. 1998) which is
applicable up to 1Hz, we simulated strong ground
motions in the source area and compared with the
observed waveforms on severa stations. The
maximum amplitudes of the horizontal components
of RKI by Model B are larger by approximately
30% than those by Model A, they become almost
the same level of those of the observed waveforms.
At the stations on the sedimentary layer on the
KBU-RKI line, we found that the maximum
amplitudes by Model B against those by Model A
are approximately 20-100% larger.

A thin superficial layer of less than 100-400 m
thickness with the low S-wave velocity of 400 m/s
influences even waveforms with relatively long
period up to approximately 1Hz. The influence is
not limited to the amplification by the low-velocity
layer: it also influences the secondary generation
and the propagation of the surface waves.
Therefore, the influence of the superficial layer
cannot be evaluated using 1D response functions.
The existence of such superficia layers is
confirmed by structure surveys, and their influence
has to be taken into account when we synthesize
waveforms even of relatively long period. The
FDM using discontinuous grids is a very useful tool
for a ssimulation considering the superficial layer of
low velocity.
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