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ABSTRACT
Following a brief review of a mechanical model which permits

consideration of the flexibility of the tank wall and the
supporting medium, the effects of the soil-structure interaction
on the dynamic response of a laterally excited tank that contains
two liquids are examined. The quantities examined include the
hydrodynamic pressure, base shear and moments. The results
are compared with those obtained with no soil-structure
interaction. Only the impulsive component of response is
examined; the convective component is for all practical purposes
unaffected by soil-structure interaction. It is shown that for the
conditions considered, soil-structure interaction reduces the peak
response of the tank-liquid system.

INTRODUCTION
It is generally recognized that the seismic response of a

structure supported on flexible ground may differ substantially
from that of the same structure supported on a non-deformable,
rigid base. This difference is due to the effect of the soil-
structure interaction (SSI). The SSI effect on the dynamic
response of tanks containing one liquid has been studied by
Veletsos and Tang (1990), and it is shown that, general speaking,
the SSI effect reduces the impulsive component of the response,
and the convective component is for all practical purposes
unaffected by the SSI.

Recently, the papers by Burris, et al. (1987) and
Bandyopadhyay (1991) indicated that there is a need to study the
dynamic response of tanks that contain two liquids with different
densities. To response to this need, Tang and Chang (1993a,
1993b, 1993c) have studied the dynamic responses of both rigid
and flexible tanks containing two liquids subjected to lateral and
rocking base motions, in which the exact solutions have been
presented. Thus, the dynamic behavior of a tank containing two
liquids under base excitations are now well understood. Hence,

the problem of the SSI effect on the dynamic response of tanks
containing two liquids is now ready to be tackled, and an
exploratory study on this subject is presented in this paper. A
typical high level waste (HLW) storage tank is used in the paper
for the numerical study. Hie approach employed herein assumes
that the liquid-tank system can be represented by a single-
degree-of-freedom (SDF) oscillator, and the frequency and
damping ratio of the SDF oscillator are set equal to those of the
fundamental mode of vibration of the original liquid-tank system.
This SDF system is placed on the elastic halfepace to perform
the harmonic SSI analysis, and the so-called effective frequency
and damping are determined from the analysis. These effective
frequency and damping are then used to replace the frequency
and damping of the SDF, and the transient SSI system response
for the given ground motion is determined by analyzing this final
SDF system assuming that the system is supported on the rigid
ground. '

UQUID-TANK SYSTEM AND INPUT GROUND MOTION
The liquid-tank system studied shown in Fig. 1 is a typical

HLW tank currently existing in the DOE site. It is a circular
cylindrical steel tank having a diameter of SO ft and total liquid
height of 20.4 ft. It is assumed that the tank contains two
liquids. The lower portion liquid has a density of 124.8 lb/ft3

and a height of 10.2 ft. The upper liquid has a density of water
and a height of 10.2 ft. The thickness of the tank wall is taken
to be 0.3 inch. Both liquids are assumed to be incompressible
and inviscid.

The shear wave velocity and Poisson's ratio for the supporting
medium are taken to be 1000 fVsec and 0.3, respectively. The
input motion considered is the first 6.29 sec of the N-S
component of the ground motion record during the 1940 El
Centre, California earthquake. The acceleration, velocity and
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displacement histories of this motion are available in Veletsos
and Meek (1974).

GENERAL APPROACH
There are two aspects of interaction that need to be

considered: (1) the interaction between the tank and the
contained liquid; and (2) the interaction between the tank-liquid
system and the supporting medium. The two effects are
evaluated sequentially by the subslructuring approach. First, the
response of the superstructure (tank-liquid system) to prescribed
lateral and rocking components of base motion are evaluated.
Next, the interrelationship of the motion actually experienced by
the tank base and the free-field ground motion is established
from an analysis of the foundation-soil system. The response of
the coupled system is then obtained by an appropriate
combination of the component solutions. Note that since the
tank considered herein has the height-to-radius ratio of 0.816, its
response can be calculated with good accuracy by considering
only the first mode (Tang and Chang 1993).

SYSTEM RESPONSE TO PRESCRIBED BASE MOTION
Fundamental to the formulation of the impulsive solution are

the following assumptions: (1) under the fixed-base condition,
the tank-liquid system can be represented by a SDF system; and
(2) the convective component of the response is not affected by
the SSI, and only the impulsive component needs to be
considered.

For a flexible tank subjected to a horizontal base motion, X(t),
the impulsive hydrodynamic pressure exerted on the tank wall,
denoted by p'(6, z, t), is given by (Tang and Chang 1993)

M"(t) - mh'A'(t) (5)

p'(e, z, t) = c(z)p,RA'(t)cose (1)

in which c(z) is a dimensionless function that defines the
heightwise variation along the tank wall, Pi is the density of the
heavier liquid, and the function A'(t) is defined by

A'(t) - _ J 2 _ f' x(t)exp[-I;w(t-t)Jsin[5(t-T)]dt (2)
I. Z. Jo

which is the pseudoacceleration function induced in a SOF with
its natural circular frequency, denoted by to, and damping,
denoted by £, equal to those of the fixed-base fundamental mode

of vibration of the tank-liquid system, and 5> * a>y 1 -t;1.
The base shear Q(t), base moment M'(Q, and the foundation

moment M(t), may be expressed in the form

Q'(t) = mA'(t)

M'(t) = mhA'(t)

(3)

(4)

The quantity m in equations (3) to (5) represents the effective
modal mass for the tank-liquid system; h and h' represent (he
heights at which this mass must be placed to yield the correct
base and foundation moments. It should be noted that the effect
of the inertia of the tank wall has been included in Eqs. (3) to
(5).

For a tank subjected to a rocking base motion, psi(t), the
hydrodynamic pressure exerted on the tank wall is given by
(Tang and Chang 1993)

6, z , t ) -c(z)p1RA'(t)cos9 (6)

where A'(t) * the pseudoacceleration function induced by thi:
base acceleration h'$(t) in the SDF system. The function A'(t)
is obtained from Eq. (2) by replacing *(l) by h'$(t).

Also shown by Tang and Chang (1993) the counterparts of the
Eqs. (3) to (5) induced by the rocking base motion are given by

Q'(t) =mA'(t)

Mr(t) =mhA r(t)

M"(t) =mh'A'(t)

(7)

(8)

in which I,, • the mass moment of inertia about a horizontal
centroidal axis for the part of the liquid that may be considered
to move in unison with the rocking base.

With the effects of the lateral and rocking components of the
base motion established, the total impulsive response may be
obtained by superposition, and the results are given by

p(6, z, t) * c(z)p,RA(t)cos6

Q(t) = mA(t)

M(t) = mhA(t)

M'(0 * mh'A(t)

in which

A ( t ) = A ' ( t ) + A ' ( t )

(10)

(11)

(12)

(13)

(14)

MECHANICAL MODEL FOR LIQUID-TANK SYSTEM
It is shown (Tang and Chang 1993) that the base shear and

foundation moment given by Eqs. (11) and (13) are the same as
those induced in the model shown in Pig. 2 which is a
generalization of the Housner's model (Housner 1957). In fig.
2 the mass m is supported through a flexible cantilever of height
h' on a rigid horizontal member which has no mass but



possesses a mass moment of inertia L, about a centroidal axis
normal to the plane of the paper. The properties of the
cantilever are considered to be such that the fixed-base natural
frequency of the model and the associated damping factor are
equal to £, » oV2n and £, respectively.

Now, with the mechanical model established, the procedure
used in Veletsos and Tang (1990) for tanks containing one liquid
is employed herein to solve the problem, and the results are
presented below.

NUMERICAL RESULTS
For the typical HLW tank considered, the natural frequency of

the tank-liquid system is found to be 9.3 Hz, and the
pseudoacceleration function A(t) assuming 2% damping for the
fixed-base condition is plotted in Fig. 3 which shows the
maximum spectral value of 0.82 g.

If the SSI effect is included, the effective frequency of the
system is found to be 7.16 Hz, and the effective damping is

11.1%. The corresponding pseudoacceleration function A(t) is
plotted in Fig. 4 which shows the maximum spectral value of
0.53 g.

The hydrodynamic pressure exerted on the tank wall with and
without the SSI effect are listed in Table 1 for comparison, and
the comparison for the base shear, base moment and foundation
moment is presented in Table 2. Examining the information
presented in Tables 1 and 2, it clearly shows that the SSI effect
reduces the dynamic response of the tank-liquid.

CONCLUSIONS
The effect of the soil-structure interaction on the dynamic

response of a typical high level waste storage tank is studied and
presented. The results show that the SSI effect reduces the
dynamic response. The study is based on the assumptions that,
in its fixed-base condition, the tank-liquid system responds in its
fundamental mode of vibration as a single-degree-of-freedom
system and that the convective component of the response is not
affected by the SSI. It is believed that the results obtained is
quite accurate.
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Table 1. Hydrodynamic Pressure Exerted on Tank Wall

Height, in.

22.03

195.8

171.4

146.9

122.4

97.9

73.4

49.0

24.5

0.0

No SSI, psi

1.53

2.75

3.76

4.73

5.72

7.54

8.52

9.03

8.93

8.18

SSI, psi

0.99

1.78

2.43

3.06

3.70

4.87

5.51

5.84

5.77

5.29
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Table 2. Comparison of the Resultant Forces

Base Shear, kips

Base Moment, kip-ft

Foundation Moment, kip-ft

No SSI

1330

9784

23038

SSI

860

6325

14890
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FIG 1. SYSTEM CONSIDERED
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FIG 2. MECHANICAL MODEL



PSEUDOACCEUERATION

TMAX.AMAXTMIN.AMIN- 2.51 0.5671 2.45 -0.8181

4.0
TIME IN SEC

FIG 3. TIME HISTORY OF PSEUDOACCELERATION FUNCTION WITHOUT SSI EFFECT

PSEUOOACCELERATION

TMAXAMAXTMIN.AMIN- 4.82 0.4157 2.47 -0.5312

4.0
TIME IN SEC

FIG 4. TIME HISTORY OF PSEUDOACCELERATION FUNCTION WITH SSI EFFECT


