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ABSTRACT: Seismic analysis of rectangular liquid storage structure is performed by
using a coupled boundary element-finite element method. The method models the liquid
motion as the irrotation motion of ideal fluid by boundary element method. Coupling
with finite element method for the containing structure is performed by using
compatibility and equilibrium conditions along the interface of the fluid and structure.
Dynamic response characteristics of the fluid-structure interaction system such as
sloshing motion, hydrodynamic pressure, displacement, effect of submerged objects are
investigated and compared between two- and three-dimensional analysis results.

1. INTRODUCTION

Nuclear spent fuel assemblies are usually stored in a liquid containing reinforced concrete
structure of rectangular plane. Under earthquake motions, the structure is known to be
subjected to hydrodynamic pressure amplified by the flexibility of liquid containing
structure. Free surface sloshing motion due to ground motions is also important for the
radioactive protection and thermal effect. The fluid-structure interaction behavior,
amplification of hydrodynamic pressure and sloshing motion, in cylindrical type of
structure has been extensively investigated and well documented(Housner 1957,
Rammerstorfer et al. 1990). For a rectangular liquid containing structure, a two-
dimensional coupled boundary element-finite element method has been proposed(Park et
al. 1993). However, three-dimensional characteristics of a rectangular container cannot
be adequately described by a simple two-dimensional model. This paper presents a
general three-dimensional analysis method, and investigates the fluid-structure interaction
behavior and the effect of submerged objects inside the container.

The irrotational motion of the inviscid and incompressible ideal fluid is modeled by
three-dimensional boundary element method and the motion of structure by finite
element method using plate elements. A singularity-free integral formulation is employed
for the implementation of boundary element method. Coupling is performed by imposing
compatibility and equilibrium conditions along the interface between fluid and structure.
The fluid-structure interaction effects are reflected into the coupled equations of motion
as added fluid mass matrix and sloshing stiffness matrix. Free surface sloshing motion
and hydrodynamic pressure developed in a flexible rectangular container due to ground
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motions are computed in time domain and compared with those by two-dimensional
analysis. Three-dimensional analysis results show quite new aspects in the dynamic
characteristics of the structure and in the pressure distribution pattern along the height
and width of the wall. Also investigated are the stability of free-standing objects inside
the container and their influence on the overall response of the containing structure.

2. FINITE ELEMENT MODELING OF STRUCTURAL MOTION

The three-dimensional effect should be considered in the modeling of a rectangular liquid
storage container since it is composed of plates and slab. Analysis of structural behavior
is based on the theory of elasticity and the behavior of rectangular liquid container is
modeled by the finite element method using plate elements in three-dimensional
analysis(Cook et al. 1989). The three-dimensional analysis of the rectangular liquid
container edge is accomplished using transition elements. In two-dimensional analysis the
behavior of structure is modeled by plane strain elements.

The finite element equation for the motion of containing structure using plate
elements or plane elements can be expressed in the following form:

min}+ Cun}+ K {u} = £@) (M

where M* , C° and K* denote mass, damping and stiffness matrices, respectively, {u(?)}
relative nodal displacement vector, f(¢) external nodal force vector.

2. BOUNDARY ELEMENT MODELING OF FLUID MOTION

Three-dimensional motion of inviscid, incompressible, irrotational ideal fluid in a

container can be expressed in term of velocity potential. The velocity potential, ¢(%,?),
satisfies three-dimensional Laplace equation in fluid region .

VE(E,1)=0 (2)

Figure 1 Three-dimensional model and its coordinate system
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The governing integral equation of fluid motion is derived from Lagrange-Green
Identity.

[L(GEEVIH(E ) - 9(x HV'G(E;ENdV
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In equation (3), G(%; %’) is Green's function of Laplace equation,

G(x §)=—1n(r) :2-D

—1— :3-D
4nr

were, E is the position of source point.
The governing integral equation is rewritten after substituting equation (2) into
equation(3).

K&n = [ 0202 5 5as- [ LG das @

A strong singularity occurs in the integral of the first term of equation (4). Equation (4)
is thus rearranged into following singularity free from(Rizzo).

Hen] 2 & hds = [ 1865, -EN T (% Das+ [, din S (x &ds
)
- j@(f,t)c(f; E)ds

First two integrals in the right-hand side of equation (5) can be evaluated by usual
numerical integration method. The integrand of the last term in equation (5) is weakly
singular. The weakly singular integral can be evaluated accurately by using
transformation of polar coordinated system.

Applying standard discretization procedure of boundary element method to
Equation(5) the following algebraic equations can be obtained

[G]{%“’} ~[THg) = (0} ©)
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. . 0 .
where [G] and [T] are coeflicient matrices, {a—(b}and {¢} denote nodal normal velocity
n
vector and nodal potential vector respectively. The singular integrals appearing in the
process can be avoided by using an identity related to constant potential field
transformation into polar coordinate system.
Linearized dynamic boundary conditions under ground motion derived from Bernoulli

equation and kinematic boundary conditions for free surface may be prescribed as(Currie
1974)

%(f,m grx X, 1) = 0 onS, )
—gx—%(i,t):%(x,,xz,tyrug}(t) ons, (®)

Linearized dynamic boundary conditions for the interface between fluid and structure
may be prescribed as(Currie 1974)

P(E 0= -p—&—?i(f,z) onS$, &)
o
%(i,t):novp ons, (10)

where 7(x,,x,,?) is the vertical displacement of free surface from the stationary level,
P(x,1) is hydrodynamic pressure in excess of hydrostatic pressure, g is the gravitational
acceleration, 7 = 7i(X) is the exterior normal vector on the boundary, p is fluid density.
§, is the boundary of free surface, and S, is the boundary of the interface between fluid

and structure.

Differentiating equation (6) with respect to time and applying boundary conditions,
equation (6) can be rewritten as

G,, G, ]|
pp p {é(@_)}+ TPP TP'ﬂ {@}Z{O}
G,, G, Jlac\an)] T, T, [lor

Gy G,,,, v, TPP :fpn p —{O} 11
L—G—rp G'I’7__ n+{1}ug3 " i:"!7 T'I'I {n}_ ( )
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where, 6,,,;=Gp,'ﬁ, G =G,
Tpp:T /p, T’W:qu/p:
Ty = gr,, . Tom = gT,

In equation(11) V,, P and n are nodal acceleration, nodal pressure on the interface

boundary, and nodal displacement on the free surface. The upper partition of equation
(11) is solved for pressure and then the equations of hydrodynamic pressure acting on
the wall can be written as

P=P{v,} + B{n} + B{n} +P{1}4, (12)

—1 = —1 = ] =
where, P = TwGrp, B = TpGpn, P,=TpT,,

Thus, the equations of fluid motion can be written as

M {v,} + M, {7 +x, {7 +M, {1}, = {0} (13)
where, M_ =G, -T, TG, ,

M’]'l G T’IPTI’P]G

K’lﬂ T T’WTI’PTP’I

In a rigid container, equation (13) is defined in terms of only 7, 7 since acceleration v, is

identical to the ground acceleration, i,

COUPLING PROCEDURE

The finite element equation of structural motion for the container subjected to ground
motions can be written as

M{a(n}+ K {u(} = -M[r [, (O} + £0) (14)

where M*® and K* represent mass and stiffness matrix, respectively. u(z) is relative nodal
displacement , i, (#) is ground acceleration, r* is earthquake influence coefficient matrix,

f(?) is external nodal force. Since the discretized equation of fluid motion is expressed in
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terms of displacement and acceleration, it can be coupled directly with finite element

equation of the structure. To facilitate coupling, absolute acceleration ¥, in equation

(13) is replaced by relative acceleration, ii,, and the ground acceleration, ii,.

M {i} + M, {7} + K, {nb = -M, {u,}-M, {1}, (15)

Along the interface between the walls and fluid, compatibility and equilibrium equations
should be satisfied. Fluid particle acceleration normal to the interface boundary is set to
equal to the acceleration of the structure boundary in the same direction under the
assumption of small displacement. In order to impose equilibium condition at the
coupled nodes, traction distribution is converted into equivalent nodal forces. Equivalent
nodal force vector can be related to nodal pressure vector by using distribution matrix L
as

f=-LP=-M, {i,}-M, {7}-K, {nt-M,{u } - M, {1}i, (16)
Where, Mpp = '_LT;;GPP 5 Mpl] = _LT;;GPW 5 Kpr] = —'L_’T—;;Tpr]

Replacement of external pressure force by an equivalent nodal force and addition of
equation (15) yield dynamic equation of coupled system including fluid free surface
motion,

MZU Mj:p 0 ﬁa KZo Kip 0 u, M:o M:p 0
MSPU MSPP + MPP MP’I l.'iF’ + Kspa KZ" KP’I uP == M;" MSPP + MPP MP’I [r]{ug}
0 M, M, 7 0 0 K, |7 0 M, M,,
a7
where u, , i, are nodal displacement and acceleration for the nodes of structure which

are not in contact with fluid, u, , @, are those in contact with fluid and r is earthquake

p >
influence coefficient matrix. The effect of fluid-structure interaction is reflected by added
mass matrix of internal fluid and sloshing stiffness matrix. The coefficient matrices in the
left-hand side of equation (17) depends on the geometric characteristics and material
properties of coupled system. For a case in which convective term due to sloshing

motion is neglected, the equation of the coupled system is

M? M i K K if[u M: M 0 )
VIRV 1% i ol VR PIIVIR ) CH L
MP° MPP+MPP Uy Kpo ch Up Mpo MPP+MPP Mpn

where, r' is earthquake influence coefficient matrix including impulsive term only.
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NUMERICAL EXAMPLES

Dynamic responses of the fluid-structure system described in Figure 2 are analyzed by
two- and three-dimensional coupled boundary element-finite element methods. For the
present paper, analysis results for the excitation in the x, direction only are presented.
The N-S component of the ground acceleration recorded at El Centro in the 1940
Imperial Valley Earthquake is used as input motion with peak ground acceleration
adjusted to 0.2g.
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(b) Two dimensional model

Figure 2 Dimensions and material properties of rectangular container model

Given in Figure 3 are time histories of the free surface sloshing motion at observation
point A in Figure 2, which shows that the wall flexibility introduces higher modes of
sloshing motion. It is recognized that the overall trends are quite similar between two-
and three-dimensional analysis with minor difference in their detailed shapes.
Displacement time histories at the top of the structure (observation point B in Figure 2)
are provided in Figure 4. The natural frequency of three-dimensional model is shown to
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be slightly higher than that of two-dimensional model because of increased constraint
effect in three-dimensional model. But there are not any notable differences in general
trend and magnitude between the two-dimensional and the three-dimensional analysis
results for the displacement at the top of wall. However the base shear is amplified due to
the three-dimensional effect of fluid and structure(Figure 5). The magnitude and
distribution pattern of the developed hydrodynamic pressure, amplified by the wall
flexibility, are significantly different between the two-dimensional and the three-
dimensional analysis. Figure 6 and 7 show hydrodynamic pressure distribution at the
instance when the base shear reaches its peak value. In Figure 6, pressure distribution
curves along the height of the wall(AA' in Figure 2) are compared between the two
analyses. It shows that amplification of the pressure in three-dimensional model is much
more pronounced than that in two-dimensional model. But this kind of amplification is

developed only around the middle of the wall in the x, direction as can be seen in the
spatial distribution pattern of the pressure over the wall surface(Figure 7).
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Figure 3 Histories of free surface sloshing at the intersection point
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Figure 4 Histories of displacement at the top of the wall
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Figure 5 Histories of base shear acting on the wall
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Figure 7 Spacial distribution of hydrodynamic pressure
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It is of interest to investigate the effect of submerged objects on the response of fluid-
structure system under the ground excitation. The complete study of this problem may
require extensive three-dimensional analysis, however, for the present paper, analysis
results by two-dimensional model are mostly presented and compared with selective
analysis results by three-dimensional model. Two-dimensional analysis model is presented
in Figure 8. The model shown in Figure 8 would represent a situation in which many
submerged objects are arranged densely in three rows running in the x, direction. The
submerged object under consideration is quite heavy and stiff, thus they are assumed to
be rigid and fixed to the base slab for the analysis purpose. The submerged object have
square cross section(0.8mx 0.8m). The profiles of fluid surface motion obtained by two-
dimensional analysis are compared in Figure 9. Free surface sloshing motion is shown to
be very sensitive to the presence of submerged objects although the maximum sloshing
heights are identical. Time histories of acceleration at the top of the structure(point B) are
given in Figure 10, and pressure distribution along the height of the wall in Figure 11.
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Figure 8 Dimensions and material properties of rectangular
container with submerged objects
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Figure 9 Profiles of fluid surface
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Figure 11 Hydrodynamic pressure distribution along the height of wall
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Figure 12 Hydrodynamic pressure distribution along the submerged object
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Slight change in the distribution pattern of the hydrodynamic pressure indicates the
reduction of fluid-structure interaction effect. Preliminary study by a three-dimensional
model shows that free surface sloshing and pressure distribution along the height of the
wall are not greatly affected due to the presence of submerged object. However the
magnitude and distribution pattern of hydrodynamic pressure acting along the height of
submerged object are significantly different between two-dimensional and three-
dimensional analyses(Figure 12). The pressure distribution around the object is calculated
at the moment when the base shear reaches its peak value for a case of only one
submerged object at the center of slab. From the pressure distribution, the force acting on
the object in two-dimensional analysis is overestimated and, therefore, three-dimensional
analysis may be required for the stability study of submerged objects.

CONCLUSIONS

Dynamic response characteristics of rectangular liquid container, usually used for the wet
storage of nuclear spent fuel assemblies, have been investigated by using a coupled
boundary element-finite element method. While the magnitude and distribution pattern of
hydrodynamic pressure acting on the wall are found to be significantly different between
two- and three-dimensional analysis results, free surface sloshing motion and
displacement of the wall show quite similar behaviors between the two analyses. The base
shear is predicted to be much more amplified by three-dimensional analysis. Natural
frequency of the coupled system is also predicted to be higher in three-dimensional model
than in two-dimensional model. Preliminary study on the effect of submerged objects
shows that although the profile of fluid surface is quite sensitive to the presence of
submerged objects there is not any change in the maximum sloshing height.
Hydrodynamic pressure acting on the height of submerged. object, however, predicted by
two-dimensional analysis is significantly overestimated. It is therefore recommended that
three-dimensional analysis be used for the investigation of hydrodynamic pressure
distribution.
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