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SUMMARY

In this paper, the earthquake records observed at an underground crude oil
storage facility in the rock ground are presented along with their spectral
characteristics, and the observed strain records are simulated by an analytical
method based on the study by Mow and Mente. As the result of analyses, it is
found that the existence of the underground storage cavern does not have much
influence on the earthquake motion in the rock ground. Furthermore, it is
concluded that the dynamic stress around the storage cavern during earthquakes
can be estimated by this simple analytical method.

INTRODUCTION

The underground petroleum storage facility has a history of several decades in
Europe and North America. In order to investigate its applicability in JAPAN
where the geological structure is rather complex, a demonstration plant was
constructed in 1981 by Japan National 0il Corporation (Ref. 1). The plant has a
horizontal~water-curtain-type underground crude oil storage tank of 25,000 kl
capacity. The earthquake observation has been carried out in the rock ground
surrounding the underground storage cavern as well as the investigation on
geomechanics and hydraulies (Ref. 2).

In this paper, we present the dynamic characteristics of the storage cavern
and its surrounding rock ground evaluated from the observed earthquake records
and the deformation of the service tunnel during earthquakes. Also, the
analytical method is employed when estimating the dynamic stress around a cavern
based on the observed records.

OUTLINE OF THE EARTHQUAKE OBSERVATION

The demonstration plant is located in Kikuma, Shikoku Island in Japan as
shown in Fig. 1. This area mostly consists of granitic roecks and has no major
faults and fracture zones. The result of the elastic wave exploration at the
bore hole in the site is shown in Table 1. The rock from the surface to about
EL -5 m is weathered and the deeper rock is fresh.

The demonstration plant comprises a storage cavern for crude oil with

supplementary facilities such as service tunnels, a water tunnel, a dry pump.
room, vertical shafts and access tunnels for the construction work as shown in
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Fig. 2. The storage cavern is 15 m wide, 20 m high and 112 m long and located
at the depth between EL -42 m and -62 m.

The location of the accelerometers are shown in Fig. 3. The acceleration
is measured on the ground surface (A-1), in the service tunnel within the
weathered stratum (A-6, A-7), on the bottom of the storage cavern (4-8), in the
rock at the depths similar to &-8 (A-2, A-4, A-5), and in the deepest rock (&-
3). The location of the strain gauges are shown in Fig. 4. Fourteen strain
gauges are installed at two cross sections of the service tunnel. The strain
gauges given in parentheses in Fig. 4 (S-U, S-8, S-11, S-14) are installed in
the longitudinal direction and the others in the transverse direction. The
earthquake observation was started in December 1981 and 34 earthquakes were
observed up to January 1988.

ANALYSIS OF THE OBSERVED RECORDS

Acceleration Records Figure 5 shows the distribution of the maximum
acceleration ratio in the vertical direction (A-1, A-6, A-2 and A-3). The
similar distribution in the horizontal direction is also shown (A-2, A-4, A-5
and A-8). These points are located at a similar depth. In the figure, the
lines are drawn for the horizontal components of the 8 observed earthquakes
whose maximum values at A-3 were lager than 1.0 gal. It is observed that the
maximum acceleration ratios of the earthquakes in the vertical direction
slightly change in the fresh rock. However, the motions are amplified
drastically as they approach the weathered stratum near the ground surface. The
variation of the ratios at A-2, A-4, A-5 and A-8 is very small. As a result,
there is only a little difference in the motions of the fresh rock at a similar
depth and the motions are not substantially influenced by the existence of the
storage cavern.

Figure 6 shows the average Fourier spectra for the N-S component of the
above 8 earthquakes. Here the maximum acceleration of these earthquakes is
normalized to 1.0 so that their Fourier spectra can be averaged. The features
of the spectra at A-2, A-U, A-5 and A-8 in the fresh rock are in good conformity
and they also look similar to that at the deepest point A4-3. In addition to
these, the maximum values and the phases exhibit a good correspondence with one
another for the observed acceleration waves at 4-2, A-3, A-4, A-5 and A-8,
although the figures for them are not shown here. As described above, the
dynamic characteristies at A-8 on the bottom of the storage cavern correspond to
that at the other points in the fresh rock. Therefore, the existence of the
storage cavern does not have much influence on the earthquake motion in the
fresh rock.

The predominant frequencies at A-1 on the ground surface are about 6 Hz and
9 Hz. Since these frequencies are not predominant at the other points, it seems
that they are the predominant frequencies of the near-surface ground.

Strain Records Table 2 shows the maximum strain values of the 6 earthquakes in
which the strain was recorded at all the observation points. As is evident from
Table 2, the maximum strain values are almost equal between the symmetrical
points on the side wall of the service tunnel (S-1 and S-6, and S-7 and S-13).
The maximum values at the points of the arch (S-2, S-5, S-9 and S-12) are about
one to three times larger than those at the points on the side wall. It is also
found that the maximum values in the longitudinal direction (S-4, S-8, S-11 and
S-14) are about 1/10 to 1/3 of those in the transverse direction.

Figure 7 shows the power spectra of the strain at S-1 to S-6 for the No.22

earthquake. The predominant frequencies at the symmetrical points on the side
wall (S-1 and S-6) are about 5.5 Hz and 6 Hz, and they exhibit a good agreement
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with each other. The shapes of the power spectra of S-2, S-3 and S-5, which are
the horizontal observation points and the symmetrical points of the arch,
exhibit a good correspondence with one another and their predominant frequency
is about 5 Hz. Though the B-B cross section and the C-C cross section differ in
the dimension and the direction, the features of the power spectra of the
corresponding points are quite similar for these two cross sections (the figures
for which are omitted in this paper). It is considered that these results are
caused by the predominant frequency of the weathered stratum near the ground
surface.

In order to examine the phase characteristies of the strain records, the
frequency contents of 4.0 to 7.0 Hz of the observed records during the No.22
earthquake are filtered out and their maximum values are normalized to 1.0.
Such filtered principal motions are shown in Fig. 8 where those of the
symmetrical points are drawn on the same axis. As is evident from this figure,
the phases of the strain at S-1 and S-6, and S-7 and S-13 on the side wall,
which are the vertical components, are in good agreement. However, the strain
at S-2 and S-5, and S-9 and S-12 of the arch, which comprise the horizontal
component and the vertical component, are completely in the opposite phase.
Although the deformation of the service tunnel during earthquakes is composed of
the various modes, its deformation can be decomposed into two dominant modes
which are the uniform expansion and contraction type mode in the vertical
direction and the shearing type mode in the horizontal direction.

SIMULATION BY THE ANALYTICAL METHOD

Analytical method Mow and Mente (Ref. 3) investigated the dynamic stress and
the strain around a cylindrical discontinuity in an infinite elastic medium
subjected to a plane harmonic shear wave as shown in Fig. 9. In this paper,
employing this method, the simulation of the observed strain records around the
service tunnel is carried out using the No.22 earthquake. At that time, the
input acceleration is decomposed into the harmonic waves with the aid of the
fast Fourier transform and they are used for the incident shear waves.

The service tunnel in which the strain gauges are installed is in the
weathered stratum. Therefore, the incident motion to the weathered stratum is
estimated from the observed acceleration at the deepest point A-3 using the
computer code SHAKE. The maximum value of the incident acceleration is 0.59
gal. The rock properties of the weathered stratum from the ground surface to EL
+0 m are not obtained in the elastic wave exploration and they are assumed to be
the same values as those of the weathered stratum from EL 0 m to -4.98 m. The
service tunnel is assumed to be a cylindrical cavern with the diameter 4.5 m in
an infinite elastic medium.

Results of the analysis Figure 10 shows the strain waves and their Fourier
spectra at S-2 of which the observed maximum value is the largest in the B-B
cross section. Though it is assumed that the service tunnel is a cylindrical
cavern in an infinite elastic medium subject to the incident plane shear wave,
the maximum strain and its predominant frequency obtained by the analysis
exhibit a good agreement with those by the observation. Considering these
results, the strain around the service tunnel can be well simulated by this
analytical method. In other words, it is considered that the deformation of the
service tunnel during earthquakes is dominated by the shearing type mode.

ESTIMATION OF THE DYNAMIC STRESS AROUND THE LARGE CAVERN

It becomes clear that the above analytical method is useful for the
estimation of the strain around a tunnel. Therefore, using this method, the
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dynamic stress and the acceleration around the large cavern during the strong
earthquake is estimated. The N-S component of the El Centro earthquake (1940)
is used for an incident motion and its maximum value is set to 50.0 gal
considering the design seismiec load. A large cavern of a cylindrical shape with
the diameter 30.0 m is considered. The surrounding rock ground is an infinite
elastic medium whose properties are the same values as the fresh rock in Kikuma.
Figure 11 shows the maximum dynamic stress in the circumferential direction (og)
and the maximum acceleration in the horizontal direction. The maximum stress
value around the cavern is about 120 t/m2 in the directions whose angle from the
incident wave are U45° and 135°. The maximum acceleration values are almost
equal for all the positions. Therefore, the existence of the cavern of this
scale does not have much influence on the earthquake motion in the fresh rock.

CONCLUSIONS

This paper presents the dynamic characteristics of the rock ground using
the observed earthquake records and the deformation of the service tunnel during
earthquakes. Also, the simulation analysis of the strain records is carried out
using the analytical method by Mow and Mente. The results obtained in this
study can be summarized as follows:

1. The existence of the underground crude oil storage cavern of this scale
does not have much influence on the earthquake motion in the rock ground.

2. The maximum acceleration values of the observed earthquakes change only a
little in the fresh rock. However, these motions are amplified drastically as
they approach the weathered stratum near the ground surface. Hence, the
underground oil storage tank in the fresh rock is recognized to have an
advantage against earthquakes over the conventional type oil tanks located above
the ground surface.

3. The deformation of the service tunnel during earthquakes seems to consist
of various modes. However, in approximation, it can be decomposed into two
dominant modes which are the uniform expansion and contraction type mode in the
vertical direction and the shearing type mode in the horizontal direction.

4. The analytical method used here well simulates the observed strain records.
Therefore, using this simple method, the dynamic stress around the storage
cavern during earthquakes can be estimated in the design stage.
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Fig. 6 Average Fourier Spectra of the Acceleration
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Table 2 Maximum Strain Values () x107* X 1078
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