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A series of explosion seismic experiments were conducted along the 1995 Keihoku-Seidan Profile.
Most of the records acquired at the foundations of the Akashi Kaikyo Bridge had very poor S/N ratios.
However, the P-waves of the explosions could be successfully detected after enhancing the records. The
P-wave velocity structure was subsequently derived by fitting the travel times. The shallow crustal
structure beneath the bridge is composed of four layers, with P-wave velocities ranging from 5.2 to 6.0
kmy/s. The structure derived here is an improvement to the shallow crustal structure revealed by previous

explosion experiments done about thirty years ago.
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1. INTRODUCTION

The Hyogo-ken Nanbu Earthquake (Mnsa 7.2),
occurred on January 17, 1995, causing severe
damage in Kobe and Awaji Island, southwestern
Japan. The hypocenter of the earthquake as released
by the Japan Meteorological Agency” was at
34.607° N latitude and 135.043° E longitude with a
depth of 14.3 km. The epicenter was located about
two km east of the Akashi Kaikyo Bridge, which was
under construction at the time. The earthquake
caused large permanent horizontal and vertical
displacements at the anchorages and piers of the
bridge. The displacements were induced mainly by
the deformation of the crust, without any significant
slips between the bases of the foundations and the
ground®?.

The Research Group for Explosion Seismology
(RGES) of Japan, founded in 1950, has continuously
conducted explosion seismic observations in various
regions of Japan®®. Since 1979, the Group has
carried out these experiments under the Japanese
Earthquake Prediction Program to gather basic data
for earthquake prediction research. Detailed crustal
structures have been revealed in many regions of
Japan, such as the northern®” and central®® regions

of Honshu Island, the Izu Peninsula'® and Nagano'".

However, the structure in the Kobe-Awaji region has
not been sufficiently investigated.

Before the Hyogo-ken Nanbu Earthquake, a
number of crustal investigations utilizing explosion
seismic experiments had been conducted along
profiles that crossed the Akashi Strait. The first one
was a series of explosions done in Miboro, Gifu
Prefecture from 1957 to 1960''. Temporary
observatory stations were aligned in three profiles in
the central region of Honshu Island, with one of the
profiles crossing the Akashi Strait. The Miboro
explosion points were located approximately 230 km
northeast of the Akashi Strait.

The second experiment was an explosion done in
Toyama, Kochi Prefecture, Shikoku in December
19651 This explosion was intended to be the
reverse shot of the Miboro explosions. Eighteen
observatory stations were temporarily aligned in a
profile, starting from Kochi to the north of the Biwa
Lake, with intervals of 20 — 30 km. The Toyama
explosion point was located about 170 km southwest
of the Akashi Strait. With such long epicentral
distances, the explosion waves recorded near the
Akashi Strait during the two experiments are
expected to have refracted or reflected from the
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Fig.1 1995 Keihoku-Seidan explosion points.

basaltic layers of the crust or the upper mantle layers.
Thus, the information of the shallow crustal structure
beneath the strait revealed from these experiments
was approximate.

In order to study the effects, behavior and
characteristics of the seismic waves generated by the
Hyogo-ken Nanbu Earthquake, more precise crustal
structures in Kobe and Awaji Island are necessary.
The objective of this study is to reveal the crustal
structure beneath the Akashi Strait by utilizing a new
series of explosion seismic data recorded at the
foundations of the Akashi Kaikyo Bridge.

2. DESCRIPTION EXPLOSION

EXPERIMENT

OF

A new series of explosion seismic experiments
were carried out along a profile, starting from Kyoto
District to the southern region of Awaji Island. These
experiments were conducted by the RGES from
December 12 to 15, 1995. Figure 1 shows the map
of the profile that was named the /995 Keihoku-
Seidan Profile. The stars indicate the shot points
accompanied by the explosion codes. The length of
the profile was about 140 km and a total of fourteen
explosions were carried out during the three days of
experiments. Two hundred and five observatory
stations, not shown in the figure, were temporarily
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Fig.2 Locations of the observation points on the foundations

deployed along the profile. The inset shows a more
detailed map of the northern tip of Awaji Island. The
line with four solid circles indicates the Akashi
Kaikyo Bridge and its four foundations (1A, 2P, 3P
and 4A). A and P denote anchorage and pier,
respectively. The cross mark shows the epicenter of
the Hyogo-ken Nanbu Earthquake.

We, as an independent group from the RGES,
took part in the experiments to record the explosion
signals on the four foundations of the bridge. The
locations of the observation points on the foundations
are denoted by the solid circles in Fig.2.

The explosions were conducted by igniting
dynamite buried inside boreholes. Each explosion
event used one borehole, except events S-1 and S-6,
in which two boreholes were used for each. The
positions (latitude and longitude) of the shot points,
date and exact time of the explosions, depth of the
boreholes and weight of dynamite are given in Table
1.

Datamark LS-8000 units, manufactured by the
Hakusan Corp., were used for data recording. These
compact recorders have internal clocks, which were
adjusted twice before and twice again after each
series of measurements, to synchronize the time of all
recorders used in the experiment. The time
calibrations were done through GPS receivers that
were connected to all recorders. The timing accuracy
in the present system was in the order of 0.1
milliseconds.

Geophones L-22D manufactured by Mark
Products, Inc., were used for the vertical components.
The sensors were velocity-type seismographs with a
natural frequency of 2.0 Hz and a damping factor of
0.7. Although the horizontal components were also
recorded, the discussion in the present paper will be
confined to the P-wave arrivals that can be
sufficiently identified from the vertical components
alone. Thus, the horizontal components will not be
presented in this paper.
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Table 1 General information of the explosion experiments.

Date of Explosion Position Time of Depth of Weight of

explosion event Latitude (N) Longitude (E) explosion bore hole (m) | dynamite (kg) |
Dec. 12, S-1 35°13'47"80 135°39'03"80 02:02:00.281 57 350
1995 35°13'47"60 135°39'04"10 02:02:00.281 57 350
S-2 34°55'31"10 135°20'12"40 02:12:00.810 63 400
S-3 34°43'45"00 135°05'55"30 02:22:00.439 57 350
S-4 34°35'12"50 134°59'22"50 02:41:59.945 63 400
S-5 34°26'41"50 134°51'02"40 02:52:00.444 57 350
8-6 34°17'56"00 134°42'23"30 03:02:00.369 57 350
34°17'54"80 134°42'23"30 03:02:00.369 57 350
Dec. 14, T2 34°35'05"50 134°58'51"90 02:02:25.047 32 150
1995 T4 34°33'15"90 134°5727"00 02:12:10.271 32 150
T-5 34°33'36"60 134°59'35"40 02:22:10.289 32 150
T-7 34°31'55"40 134°58'53"10 02:32:10.407 32 150
U-1 34°39'07"50 135°23'54"70 02:42:10.753 57 350
Dec. 15, T-1 34°35720"90 134°59'40"00 02:02:11.623 32 150
1995 T-3 34°33'49"40 135°01'09"00 02:12:09.779 32 150
T-6 34°31'49"60 134°56'08"30 02:22:10.448 32 150

3. DATA PROCESSING AND SIGNAL
ENHANCEMENT

The vertical components recorded at 1A, 2P, 3P
and 4A during explosion S-4 are shown in Fig.3,
from top to bottom, respectively. The reference time
(0.0 s) is the explosion time. The sampling frequency
of the records was set at 200 Hz to avoid aliasing
problems within the significant frequency ranges.
The first arrivals of the P-waves, denoted by P in the
figure, can be detected clearly in the four records due
to the large explosive charge and short epicentral
distances. The SV-waves are also detected in the
records at 1A and 2P.

Out of the fourteen explosions done during the
experiments, only explosion signals from three
events, namely S-4, T-1 and T-3, can be clearly
detected in the raw records. The data recorded during
the other explosions have very poor signal to noise
(S8/N) ratio. These records have to be enhanced in
order to detect the arrivals of the explosion waves.

To enhance the records, it is necessary to separate
the signals generated by the explosions from the
noise. The predominant frequency ranges of the
P-waves are identified by examining the Fourier
spectra of the records that show clear explosion
signals, i.e. S-4, T-1 and T-3, within the time
windows of the waves. Figure 4 shows the spectra of
the record at 4A during explosion S-4 (bottom trace
of Fig.3). Two time windows are considered: the first
one, which contains the explosion signals, is from 0.0
to 5.12- s, while the second window, which is
expected to contain noise only, starts one minute

13s

2 P sV Station: 1A
0 ptipapamaotrpine il
-2

1 T T T T

P,
0 «NWMWWMWWWVWWWM
-1 sV Station: 2P

-2 T u T T

24 p Station: 3P
0 —’MWMWNMWW
21

20+ Station: 4A
P,
0 -
204

1 2 3 4 5

time (sec)

velocity (mkine)

Fig.3 Vertical components recorded during the explosion S-4.

after the explosion and lasts 5.12 s. In this figure, the
predominant frequencies of the P-wave are identified
in the range of 14 — 22 Hz. On the other hand, the
noise has wide-band frequencies ranging from 6 to
14 Hz. Thus, the P-wave and noise show distinct
frequency bands.

Figure 5 (top) shows the vertical component
recorded at 4A during explosion T-7. Time 0.0 s
refer to the time of the explosion. The distance
between the station and the explosion point was
7.904 km, so it may be estimated that the explosion
signals would arrive at the station about two seconds
after the explosion. As can be seen in this figure, no
clear explosion signal can be observed due to poor
S/N ratio. Figure 5 (bottom) shows the same record
after being band-pass filtered with passing range
from 14 to 22 Hz. The butterworth filter was used.
The filtering was applied forward and backward over
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the data to obtain zero-phase result. The filtered
record shows a clear arrival of the P-wave two
seconds after the explosion.

After band-pass filtering all records, the first
arrival can be detected in almost all of them. The
signals generated by explosions S-1 and S$-2, located
more than 40 km northeast of the bridge, were too
weak to be enhanced. The explosion signal S-5 could
not be successfully enhanced due to the long
epicentral distance and medium charge size.

4. PPWAVE VELOCITY STRUCTURE

(1) P-wave travel-time curve

The travel-time curves of the P-waves from
explosions S-4, T-1 and T-2, which were located
closest to the bridge are shown in Fig.6. All the
sources were located south of the bridge, thus the
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Fig.7 Travel-time curves of the P-waves from shot points
T-3, T-5 and T-7.

P-waves arrived at 4A (southern anchorage) first and
propagated subsequently to the north. The linear
regression lines for the three events are also shown in
the figure. The apparent velocities of the P-waves
from these events, which correspond to the slope of
the regression lines, show similar values. These
waves may be assumed to have propagated through
the same layer that has the same velocity. The
apparent velocity, however, does not indicate the
head wave velocity because the former is influenced
by the dipping of the layer'®.

Figure 7 shows the P-wave travel-time curves for
explosions T-3, T-5 and T-7. The shot points of T-3
and T-5 were located about 4 km south of 4A, while
the shot point of T-7 was about 8 km away. The
apparent velocities of the P-waves from T-3 and T-5
are in the order of 5.1 km/s, and that from T-7 is
5.448 km/s. These velocities are higher than those of
the previous three events (S-4, T-1 and T-2). These
results suggest that the apparent velocity increases
with the increase of the epicentral distance. This is
reasonable because the P-waves originate from
sources located farther away may propagate through




deeper layers that are generally harder and have
higher velocities. Thus, the P-waves from T-3 and
T-5 are assumed to propagate through the same
deeper layer, and that from T-7 propagated through
vet deeper layer.

The P-wave from explosion S-6, which was
located 43.5 km southwest of 4A shows an apparent
velocity of 5.897 kmy/s. Thus, it is consistent with the
above findings.

The records for T-4 could not be enhanced
successfully, so they were excluded from the
analysis. The P-waves from T-6 showed a very low
apparent velocity of 4.735 km/s. This may be due to
local characteristics of the crust in the vicinity of the
shot point that cannot be explained by analyzing the
records at the four foundations only.

(2) P-wave travel path model

Figure 8 shows the ray paths of the P-waves that
propagate in a crustal structure with dipping
interface between the sediment layer and the first
crustal layer. Ray 1 denotes the ray path of the
P-waves that originated from the very near sources,
ie. S-4, T-1 and T-2. The travel-time equation of
Ray 1 that propagates along the interface of the
sediment layer and Layer 1 is formulated as'®

>

1
t=—o0 {2h§§) cosi, cosO + xsin(i, — 9)} 1)

vsd

where 1 is the travel time, x is the epicentral distance,
h? is the thickness of the sediment layer beneath

the explosion source, 6 is the dipping angle of the
interface, and 7, is the critical angle of Ray 1, that is
governed by Snell’s Law as,

_sini; 1 2
p= Vi B v

Here p; is the horizontal slowness of Ray 1, which is
constant for the entire travel path of the ray, and vy
and v, are the P-wave velocities in the sediment layer
and Layer 1, respectively.

As has been shown in the above section, P-waves
that originated from the explosion sources located
farther away, i.e. T-3, T-5, T-7 and S-6, propagated
through the deeper layers of the crust. The second,
third and forth crustal layers underlay the first layer,
with the interfaces adjusted parallel to the above
interface. This is a simple shallow crustal model
adopted in this study because the complete records
along the explosion profiles in the northern tip of
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Awaji Island have not yet been made available. This
model is applicable in the present study because the
epicentral distances of the shot points used in the
analysis were mainly confined within 10 km. The
shallow crustal structure may not differ abruptly
within such a short distance.

The travel-time equation of Ray 2, propagating
through the interface of Layers 1 and 2, can be
simplified by assuming a small dipping angle 8 as,

cosB
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where j; and &, are the angle of incidence of the ray
on Layer 1 and the thickness of the layer,

respectively, 4" is the thickness of the sediment
layer beneath the observatory station, p, is the

horizontal slowness of Ray 2 and 1), is a ray constant
for Layer 1:
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The first term on the right-hand side of Eq. (3) is
the travel-time of the down-going and up-coming
parts of Ray 2 in the sediment layer. The second and
third terms are the travel-time of the ray in Layer 1
and at the interface between Layers 1 and 2, which
together are the travel-time equation for a single-
horizontal-layer medium. Thus, the travel-time
equations for rays propagating through the deeper
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layers can be formulated by modifying the last two
terms to the travel time for multi-horizontal-layer
medium.

(3) P-wave velocity profile

Prior to the construction of the bridge, many
boreholes for soil investigations were made in the
construction site. The boreholes were made down to
the depth of the granitic layers. The results of the soil
investigations'™'®, as shown in Fig.9, indicate that
4A is located directly on a granitic layer and the
other foundations are located on sedimentary layers.
2P is located on the Akashi Formation which is
composed of cemented gravel and sand. The P-wave
velocity vp and thickness of the layer are 1.8 km/s
and 30 m, respectively. 1A and 3P are located on the
Kobe Group which is composed of sandstone and
claystone, with vp ranging from 2.1 to 2.5 km/s.
Beneath the Kobe Group, a weathered granite layer,
with vp of 2.9 ~ 4.0 km/s is found before the Iwaya
graniie.

The sedimentary structure can be simplified by
considering the Akashi Formation, Kobe Group and
weathered granite layers to be a single layer with an
averaged vp of 2.5 km/s. The thicknesses of the layer
beneath 1A, 2P and 3P are 120 m, 210 m and 80 m,
respectively. Since the thickness and velocity of the
sedimentary layers beneath the foundations are
known, the P-wave velocity of Layer 1, v, can be
calculated by Eq. (1) to fit the travel-time curves
shown in Fig.6. By trial and error, a value of 5.2
km/s that gives the best fit is obtained.

The thickness of Layer 1 and the velocity of
Layer 2 are determined from the travel-time data of
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Fig.10 The sedimentary and crustal structure under the bridge
as revealed from the present explosion experiments. .

T-3 and T-5 by using Eq. (3). The thickness and
velocities of the deeper layers are obtained from the
travel-time data of T-7 and S-6. The crustal profile
beneath the bridge as revealed from the present
explosion experiments is shown in Fig.10. The
velocity values shown in the figure are the P-wave
velocities of the corresponding layers.

5. DISCUSSION

(1) Justification of the previous observations

Figure 11 shows the crustal structure along the
Miboro-Toyama profile as revealed from the 1957-
1960 Miboro explosions and 1965 Toyama
explosion'”. The profile was a two-side explosion
profile, thus the dipping of the deeper layers may be
reasonably considered. Judging from the travel-time
curves, the first and second arrivals of the explosion
signals recorded in the vicinity of the Akashi Strait
originated from the refractions of the upper mantle
layers and the basaltic layers of the crust,
respectively. The vp of the basaltic and upper mantle
layers derived from these experiments are 6.6 and 7.8
km/s, respectively. Although no reliable information
was available for the shallow crustal structure
beneath the Akashi Strait, the structure of the deep
crust revealed from these explosions is quite
reasonable.
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Fig.11 The crustal structure along the Miboro-Toyama profile.

Figure 12 shows the complete crustal structure
beneath the Akashi Kaikyo Bridge after considering
the data of the boreholes and the two previous
explosions. The Akashi Formation layer with a v of
1.8 km/s is put beneath 2P. The basaltic and upper
mantle layers underlay the granitic layers, and their
thickness are recalculated from the travel-time data
by considering the upper crustal structures revealed
from the present observations.

(2) Geology

The geology of the sea-floor beneath the Akashi
Kaikyo Bridge is composed of thin alluvium layers,
the Akashi Formation of the Osaka Group, the Kobe
Group and the Iwaya Granite'”*”. The alluvium
layers mainly exist around the coast lines near Maiko
(Honshu Island) and Nagahama (Awaji Island). The
Akashi Formation is found near 2P, and the Kobe
Group and Iwaya Granite outcrop around the center
of the bridge and 4A, respectively.

The northern tip of Awaji Island is mainly
composed of granitic rocks. The Nojima
Granodiorite is most widely exposed in this area and
is intruded upon by the Iwaya Granite in the northern
margin. The Iwaya Granite where 4A is located is
from the Mesozoic Period and its P-wave velocity, as
found in the present investigations, is around 5.2 —
5.5 km/s. This layer is the superficial granitic layer
found beneath the strait.

The Kobe Group, where 1A and 3P are located,
dates from the early to middle Miocene Period and
has a vp of 2.5 km/s. The Akashi Formation is the
early Pleistocene deposit with a quite low vp of 1.8
km/s.

6. CONCLUSION

In the seismic response analysis of the Akashi
Kaikyo Bridge, the crustal information beneath the
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bridge is very significant. The elastic properties of
the crust govern the propagation characteristics of
the seismic waves. The present research attempts to
reveal the shallow crustal structure beneath the
bridge by utilizing explosion seismic data.

The 7995 Keihoku-Seidan explosions provide
sufficient data to reveal the detailed shallow crustal
structure beneath the bridge. The profile of the
sediment layers obtained from the explosion
observations is in substantial agreement with those
from the borehole data. This may be partly due to the
very precise timing system in the present
observations.

The first and second granitic layers obtained from
the explosion experiments are identified as the Iwaya
Granite of the Mesozoic Period that outcrop at the
northern region of Awaji Island. The vy of these
layers is calculated as about 5.2 — 5.5 km/s. The
sediment layers beneath the Akashi Strait are mainly
composed of the Kobe Group and the Akashi
Formation of the Osaka Group.

The shallow crustal structure beneath the strait is
composed of four layers, with P-wave velocitics
ranging from 5.2 to 6.0 km/s. The structure derived
here is an improvement to the shallow crustal
structure revealed by the Miboro and Toyama
explosion experiments done about thirty years ago.
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