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SUMMARY

This paper discusses the response behavior of a large-scale underground
tank during earthquake showing earthquake observation data obtained on an
existing underground tank. Deformations of the tank side wall due to earth-
quake are in two modes, oval and ring-shift patterns. To focus on the maximum
value of tangential strains along the side wall, that of the ring-shift par-
tern is twice the maximum value of the oval pattern in magnitude. Numerical
simulations analyze the observed data and prove that ring-shift deformation
is caused by incidence of shear waves from vertically below, while oval de-
formation is from planar variations in response of the surrounding ground.

INTRODUCTION

In Japan, in recent years, there have been projects to construct large
numbers of cylindrical underground tanks of radii and depths as much as
several tens of meters in order to store liquefied natural gas. The bodies of
these underground tanks are of reinforced concrete construction and require
advanced design techniques in arriving at their structural forms. Especially,
the capacity to resist earthquake is of great concern since these tanks are
usually built in newly reclaimed soft ground which is easily excited during
earthquake. Moreover, as an underground tank is a flexible structure as a
whole because of its very size, interactions between soil and tank during
earthquake therefore greatly influence safety. This should be thoroughly
considered in design.

With regard to earthquake responses of underground tanks, studies have
been made by theoretical analyses, model experiments and earthquake observa-
tions. Some papers emphasize the response due to incidence of shear waves
from vertically below (Ref. 1), while others emphasize the effect of surface
waves travelling horizontally in the ground (Ref. 2). Earthquake-resistant
designs of underground tanks in Japan have been made until today to cover
both of these results on the conservative side. However, it is necessary for
the behaviors of those tanks during earthquakes to be understood well in
order to proceed with rational and economical earthquake-resistant design.

Consequently, the authors made observations of an actual large-sized
underground tank with regard to its behaviors during earthquakes, and also
analyzed the observed results through numerical simulations.
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UNDERGROUND TANK AND OBSERVATION DETAILS

The underground tank on which earthquake observation are being made is an
embedded type semi-underground crude oil tank located at a water front indus-
trial zone in the city of Yokohama in Kanagawa Prefecture (Fig. 1). The object
of observations is a cylindrically shaped reinforced concrete retaining wall
with a diameter of 68.6 m. This cylindrical wall is not in contact with tank
proper, but possesses the same functions as the side wall of an ordinary under-
ground tank. The ground structure is shown in Fig. 2. There is a layer of
very soft fill at the top of the ground, while from a depth of 19m is a
mudstone layer. The underground tank has been constructed to penetrate into
this mudstone layer.

The tank configuration and arrangement of instruments are shown in Fig. 3.
The dynamic strains produced in the cylindrical wall and accelerations at the
surrounding ground are being observed. Strains of the wall are being measured
at both outer and inner sides of the wall at five locations 45 deg. apart on
the circumference at the upper part of the wall. Iwo more points measuring
strains in the vertical direction are located on the inner side of the wall.
High-sensitivity strain meters of resolution power 0.0l x 107% are being used.
In the surrounding ground, meanwhile, measuring points are at four locationms,
three at the ground surface, and one in the mudstone layer at the same depth
as the bottom of the tank, where two-way component accelerometers are located.
Observations were started on June 1979 and in the approximately 4 years since
there have been more than ten earthqakes of JMA Intensity I (Modified Mercalli
Intensity II) or higher. Of these earthquakes, the greatest one, JMA Intensiry
IV, was Izu Hanto Toh—Oki Earthquake which occured on June 29, 1980. This
earthquake was of magnitude 6.7, focal depth 10 km, and epicentral distance
approximately 75 km. The study described hereafter in this paper is based on
this earthquake record.

OBSERVATION RESULTS AND CONSIDERATIONS

Response of Ground Surrounding Tank

Acceleration records are shown in Fig. 4b. As shown in Table 1, a maximum
acceleration at the ground surface of 97 gal was recorded. In the accelera-
tion wave form of Fig. 4b, accelerations in the Y-direction are consplcuous
for the principal motion at around 2 to 6 sec.

Fig. 5 shows the Fourier spectra of underground and ground surface accele-
ration records. The spectrum for the underground record is dispersed in a
range up to 5 Hz, and conspicuous predominance of frequencies can not be seen.
On the other hand, 2.7 Hz is markedly predominant in the spectrum for the
ground surface and this is thought to be the appearance of the amplification
property of the surface layer ground.

Response of Underground Tank

The earthquake records of strains produced in the underground wall of
cylindrical shape are shown in Fig. 4a. Bending strains and axial strains
were obtained from strain records of the outer and inner sides of the wall in
accordance with the insert drawings of Fig. 6. The composite waveforms are
given in Figs. 4c and 4d and the maximum values in Table 2. The Fourier
spectra of typical waves are shown in Fig. 6.

In comparing bending and axial strains, it is seen that axial strain has
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a larger value at the principal mortion part of the earthquake, following
which bending develops. The predominant frequencies in the Fourier spectra of
Fig. 6 show that the axial strain is well related to the motion of the ground
surface, whereds the bending strain spectra has no conspicuous tendency.

Deformation Patterns of Underground

As a preparation for next section, the deformation patterms of the cylind-
rical underground wall are discussed using the pictures shown schematically
in Fig. 7. The three patterns of ring-mode deformation A, in which shifting
occurs while roughly maintaining a circular shape, and oval-mode deformation
B and C with compression into egg shapes, are considered. Regarding the state
of loading, it is thought a push and pull type of earthquake motion is acting
for the ring-mode deformation of A. This corresponds to a case of uniform
response of the ground surface due to incidence of shear wave from vertically
below. Oval-mode deformations may be considered to be related to the strain
conditions of the ground along the surface. It is thought that the compres-
sion type C is due to compressive deformation o6f the ground or deformation
of the ground accompanying propagation of Rayleigh waves. The shear type B
is due to in-plane strains of the ground or deformation of the ground accomany-
ing propagation of Love waves.

Observed Deformation Patterns

The strain distribution diagram for any time can be prepared using Figs.
4c and 4d, and is shown in Fig. 8. The times t from a to h selected in Fig. 8
are entered in Fig. 4. In Fig. 8, the feature is that axial strains are large
from a to d, and it is estimated that the cylindrical wall shows a ring-mode
deformation pattern. The figures a and b were drawn to correspond to the times
at which underground accelerations at the mudstone layer in which the wall is
embedded indicate first-wave peaks. The wall sustains seismic load in the
reverse direction of bedrock acceleration due to inertial force of the ground.
The arrows in the figures indicate the directions of action. Figs. c and d
are for times when axial strains of the wall indicate maximum values, and at
these times accelerations at the ground surface also are close to maximum
values.

Meanwhile, Figs. 8e to 8h were prepared focusing on oval modes seen in
strain distributions in the circumferential direction. The broken lines at
the upper halves are estimated lines imagining oval modes. Figs. 8e and 8g
are estimated to indicate deformation patterns of shear-type oval modes. At
these times, the ground showed shear deformations along its surface as indicat-
ed in the figures. Figs. 8f and 8h are estimated to show compression-type
deformation patterns. The ground at such tiems is in states of compressive
deformation, and it may be seen that there is good correspondence with deforma-
tion of the wall. However, the durations of time that the bending strain
distributions of the wall during earthquake maintain the simple oval patterns
picked up in Figs. 8e to 8h are short.

NUMERICAL ANALYSIS

Extraction of Ring-mode and Oval-mode Responses

In order to extract time domain responses, the tangential strain components
of the cylindrical wall were assumed to be the following expansions:
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Sa = as1-Sin § + acy-Cos § + asy-Sin 28 + acp-Cos 28 «...... (1)
Sb = Bs:-Sin 6 + Bc;-Cos 6 + Bsy-Sin 26 + Bcp-Cos 26 ....... (2)

where, Sa : axial strain as a function of t and
sb : bending strain as a function of t and
6 : angle at circumference of cylindrical coordinates
as)VvBsy : Fourier series coefficients concerning axial or bending strains
as a function of t

In the above equations, O-order and 3rd-order-and-higher series were thought
to have little influence and were omitted.

Then, using the ten observed strain records, the least squares method
was applied to determine the eight coefficients ag;-B.p at every time step
through the entire durations of the records. Figure 9 shows the time vaira-
tions of coefficients extracted in this way. As mentioned in the preceding
chapter, the one-8 components of axial strains, as) and ae; indicate time
domain responses of ring mode, while the two-6 components of bending strains,
Bso> and Bep, correspond to responses of oval mode.  Hence, Fig. 9 proves that
the strains due to the ring mode are approximately twice those of oval-mode in
magnitude.

Numerical Simulation on the Ring-mode Response

A finite element method on an axisymmetric structure with antisymmetric
dynamic loading was used to calculate the one-6 response of the cylindrical
wall. Figure 11 shows the model for the calculation. Material constants of
the model were assumed based on in-situ measurements. An energy-transmitting
boundary and free field elements were applied to the side boundary while the
base boundary was taken to be fixed in consideration of the stiffness of mud-
stone. The earthquake waves recorded in the mudstone layer were the input
waves at the rigid base.

Firstly, free field responses were calculated and compared with the
ovserved records of the ground surface. A slight change in the assumed values
of ground stiffness was needed to cause the predominant frequencies to coin-
cide.

Next, the one-6 components of axial strains were obtained from the tank-
and ground coupled-system calculation. The results are shown in Fig. 9 by
dotted lines and compared. It is remarked that the calculated one-6 compo-
nents are in good agreement with the extracted components except for the
amplitude of the Sin § case.

Numerical Simulation on Oval-mode Response

As it was necessary for the simulation to extract a two-6 component from
the ground motion, Sin 26 and Cos 26-components of the motion were assumed to
be defined by the following equations:

Lox - - L .3
Sge = F(DXI - DX3 - DY2 + F(DYL + DY3))+ 5 weennvvinnvennn (3)

1 - -1 m
Sgs = J(DYL - DY3 + DX2 - Z(DXL + DX3))+ 5 wovvveevneeenn (4)
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where, Sgs, Sgc : strain amplitudes of Sin 26 and Cos 28-components defined
in Fig. 11 as functions of t
DY1 v DX3 : displacements obtained from double intergral calculus of
acceleration waves recorded at ground surfaces

Sgs and Sgc are shown in Fig. 12. The ratios of these ground strain levels
to bending strain levels observed on the cylindrical wall that are Bgp and
Bc2 in Fig. 9, were approximately read from these figures as follows:

Bso / Sgs = 0.065, Bop / Sge = 0.055 ....... cer (5)

On the other hand, the bending strain occurring in the ring which is sur-
rounded by strained ground can be analytically estimated using the concept of
the seismic deformation method, the details of which, however, are omitted
here because of limits of space. In short, following the formula presented by
Hamada (Ref. 2), the ratio of the strains was analytically estimated as
follows:

Bs / Sg = 0.049 ......... N ()]

This analytical value is somewhat smaller than the values mentioned above.
Moreover, the wave forms in Fig. 12 do not resemble well the forms of Bgo

and Bep in Fig. 9. 1In the last analysis, the distances between the measuring
points of ground are thought to be too long to estimate the ground strains
caused by horizontally travelling ripples, and analysis based on a concept of
surface wave propagation may be necessary for a further study.

CONCLUSIONS

As a result of this study, a concept to serve as a basis in carrying out
earthquake-resistant design of large underground tanks has been presented.
However, the earthquake observations in the study were made at only a single
location. As the response characteristic of an underground tank is apt to
change according the surrounding ground conditién and its structural configu-
ration, further studies upon a number of other underground tanks are desired
to be made.
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Table 1 Ground Accelerations
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