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ABSTRACT

To eimplify the dynamic model of a free-standing SSCV, a lumped-mass, stick model for
both horizontal and vertical earthquakes is developed by matching its dynamic characteris-—
tice with those of the 3~D finite element model of the shell structure. Modal analyses
are performed and modal properties for the stick and 3-D shell models are examined and
compared.

The seismic analysis results computed from the stick model are applied on the 3-D
shell model for stress analysis of the SSCV. Displacements of the two models are compared
for both the horizontal and vertical seismic forces. The results indicate a good agreement
between the simplified stick model and the more detailed 3-D shell model.

1. INTRODUCTION

The seilsmic response of a spherical shell can be estimated by the solution of the
boundary value problem of an axisymmetric shell subjected to time-dependent boundary condi-
tions, [1]. However, the seismic response of a shell structure in combination with other
buildings, e.g., a containment vessel situated in a reactor building of a nuclear power
plant, cannot be obtained cost effectively by this method. Therefore, it is necessary to
simplify the mathematical model of the shell structure for the seismic analysis.

In this study, a simplified lumped-mass stick model of a free standing Spherical Steel
Containment Vessel (SSCV), subjected to horizontal and vertical earthquakes, is developed
to simulate the gross dynamic behaviors of the SSCV.

2, CONTAINMENT DESCRIPTION

The studied containment vessel 1s a apherical steel pressure vessel for a 4-Loop PWR

plant. The vessel is completely enclosed in a reinforced concrete shield structure, (see
Figure 1). There is no structural tie between the containment vessel and the surrounding
shield building above the foundation slab. The lower portion of the vessel is embedded in
a concrete cradle at approximately 50° from the bottom of the shell. The shell thickness
is 38 mm and the shell diameter is 59 m. The contailnment polar crane system is supported
on the containment shell.
3. DEVELOPMENT OF SSCV SEISMIC MODEL

A finite element model of the half shell is developed for the SSCV as shown in Figure

2. Refined elements are used at the shell support where geometric discontinuity is en-

countered and high stress gradients are expected. It 1s assumed that 90% of polar crane
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payload is applied at one end of the crame girder. A modal analysis and a shell stiffness
analysis are performed for the 3-D FEM. The results of the modal analysis including fre-—
quency, participation factor, modal masses and cumulative masses are shown in Table l. The
first mode (f; = 4.33 cps) and the second mode (fp = 9.64 cps) represent primarily the over-—
all deformation of the free-standing SSCV in the horizontal and vertical directions, respec-
tively (see Figure 3). The first mode shape indicates a straight lateral deformation of

the free-standing shell which represents more or less a shear deformation of the cantilever
shell structure, and no apparent radial deformation due to either flexural or extensional
deformation of the shell is perceived. The second modal shape shows primarily radial and
axial deformation of the free-standing shell, except at the polar crane supporting area
where local deformation prevails. The second mode represents the membrane elongation-
shortening and through—thickness bending of the shell plate. These two modes contribute
more than 70% of the cumulative mass of the corresponding direction.

A simplified lumped-mass stick model, Figure 2, is developed to simulate the gross
dynamic behavior of the free-standing SSCV. The equivalent shear areas (Av) of the stick
model for the horizontal seismic analysis are computed by considering the differential
shear deformation of the adjacent nodal points in elevation of the center line (8= 90°)
of the 3-D shell model due to a horizontal static force applied at the apex of the shell.
Similarly, the equilvalent axial areas (A) of the stick model for the vertical seismic
analysis are computed by considering the differential vertical deformation of the adjacent
nodal points in elevation subjected to the weight of the 3-D shell structure. They are
expressed as

Ay “es A =g
where V = shear force, L = length between two adjacent points in elevation, G = shear
modulus, $ = differential lateral deflection at center line, P = axial force, E =
Young's modulus, A = differential vertical deformation at center line. The shear defor—
mation and the axial deformation of the stick models thus developed can represent the
gross shear deformation and axial deformation of the original shell structure.

The moment of inertia of the gross shell structure is used in the simplified stick
model. This 1s adequate for the horizontal seismic load case because the overall flex-
ural deformation 1s negligible for a short free-standing shell. For a vertical seismic
load, the developed mass stick model cannot simulate the through-thickness flexural de-
formation of the shell plate. This necessitatee a modification of the computed equivalent
axial areas by multiplying a factor of 0.8 in order to match the frequencies of the stick
model and the 3-D model.

The distributed mass of the SSCV is represented as lumped mass at the nodal points
of the stick model. The polar crane is represented by a lumped mass connected to the SSCV
stick through a fictitious spring simulating the stiffness of the shell due to local defor-
mation at the crane support attachments [2]. The lumped mass and the member properties
of the stick model are shown in Table 2.

The results of the modal analysis of the simplified stick model are shown in Table 3.
The first mode and the third mode represent primarily the fundamental horizontal and ver-
tical modes of the stick model, respectively. The corresponding mode shapes are shown in

Figure 4. Both the fundamental frequencies and the mode shapes of the simplified stick
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model can match closely those of the 3-D shell model.
4. SEISMIC ANALYSIS OF SSCV SHELL

A lumped-mass stick model is developed for seismic analysis of the entire 4-Loop PWR
plant, combining the reactor external building (REB), shield building (S/B), internal con-
crete (I/C), and SSCV, as shown in Figure 5. The shear wave velocity of the foundation
material is 1500 m/s. The foundation is represented by a translational spring (Ky), a
rotational spring (Kg), and a vertical spring (K,) attached to the bottom elevation of
the basemat.

The maximum ground acceleration of the earthquake is 500 gals in horizontal direction
and the vertical earthquake 1s half that. Both the time history analysis and response
spectra analysis are performed for the stick model of the entire plant. The maximum shear
and axial forces resulting from the analyses are applied to the corresponding nodal points
of the 3-D SSCV model. The distribution of the force is proportioned in accordance with
the mass distribution of the SSCV. The imposed seismic forces are treated as static
forces in the stress analysis.

A comparison of displacements computed by the stick model and the 3-D shell model (at
6 = 90°) are depicted in Figures 6 and 7 for horizontal and vertical seismics, respectively.
The plots show fairly good agreement between the two models for the horizontal seismic load.
The displacements of the stick model due to vertical seismic load are consistently higher
than those of the 3-D shell model. This could be attributed to the fact that the stiffness
of the vertical stick model is reduced by 20% after matching the deformation between the
shell model and the stick model in order to match the dynamic characteristics between the
two models. However, the stress results of the SSCV are not expected to be affected signi-
ficantly by the above difference.

5.  CONCLUSION

This study provides a practical and economical method to perform the complicated seis—
mic analysis of a shell structure. Especially in the case where the shell structure is
combined with other buildings, the simplified stick model can provide uniform accuracy in
selsmic results among the buildings, while retaining the gross dynamic characteristics of
the shell structure in the simplified stick model.
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