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SYNOPSIS

A computer program for nonlinear dynamic analysis of reactor buildings
is developed. The nonlinear moment-rotation and shear stress-shear deforma-
tion characteristics of walls used in the analysis are based upon the experi-
ments of model structures. The geometrical nonlinearity of equivalent soil
spring for rocking due to foundation separation is also considered. The
damping matrix in the program is formulated to accomodate the different
characteristics of soil and building damping. Mathematical formulation and
analytical investigation are presented.

INTRODUCTION

The reactor building of a Mark II BWR plant houses the steel primary
contaimment which accomodates the reactor and primary coolant system. It
also houses auxiliary plant facilities. The reactor building should with-
stand the effect of the maximum earthquake to be expected at the site, and
maintain the function of supporting and accomodating structure of the import-
ant items for nuclear safety. To evaluate the dynamic behavior of a reactor
building under a very strong earthquake, it is ratiomnal to include the non-
linear force deformation relationship of box and shell walls which are the
major earthquake-resisting structural components of the reactor building
(Fig. 1). This paper describes the nonlinear dynamic analysis of the reactor

building using lumped mass models.

FORCE DEFORMATION CHARACTERISTICS OF WALLS

The experimental investigation is performed to determine the strength
and force-deflection characteristics of box and conical shell type concrete
walls. Four specimens as shown in Fig. 2, two box type with 1% and 1.6%
reinforcement respectively (BL-10, BL-16), one conical shell type and one box
and conical shell combination type with 1.6% reinforcement (CL-16, BCL-16)
are each subjected to a static reversal horizontal loading cycle on upper and
lower floor level. An example of the load deflection hysteresis curves
obtained is shown in Fig. 3. The load deflection skeleton curve is resolved
by measurement into shear and bending deformation as shown in Fig. 4. Shear
deformations of BL-10 and BL-16 are shown in Fig. 5. These curves are in
close agreement with Kokusho's experimental formula(l). The more complete
description of the experiments is reported elsewhere(2).

In the nonlinear dynamic analysis the shear stress-shear deformation
(T -Y) and the moment-curvature (M -¢) relationships of walls are treated
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separately and tri-linear skeleton curves are assigned to the T - and the
M - ¢ relationships respectively. The T - & skeleton curves are the tri-
linear approximation of Kokusho's formula and defined by initial shear crack-
ing stress T¢, second inflection point stress Ty and ultimate shear strength
Tu. Tc 1is set to be 20 Kg/cm2 and Ty to be 1.8 Tc. The stiffness reduction
factor fcat T = Tc and By at T =T, are 0.2 and 0.08 respectively (Fig. 4).
The M - ¢ skeleton curves are defined by initial cracking moment M¢, yield-
ing moment M, and ultimate moment My as shown in Fig. 7. Initial cracking
moment is calculated from

-

Me= ( o+ -4 )Ze @

where f; is the tensile strength of concrete, N the vertical force, A the
effective area of section and Z the section modulus. The yielding moment is
defined as the moment associated with the initiation of yielding in the rein-
forcement at the extreme tension point. The M - ¢ skeleton curves are
assigned to each member according to its sectional property and axial force.
Based upon the experimental results described above and previous experimental
data on shear walls and columns, origin orientated hysteresis curves for the
T-7Y relation, and a peak orientated hysteresis curves for the M - & relation
are assumed.

MATHEMATICAL MODELS AND EQUATIONS OF MOTION

The box and cylindrical walls are treated as vertical beams (Fig. 8).
Mathematical model used in the analysis is a single cantilever lumped mass
model supported by rocking and horizontal spring equivalent to underlying
soil (Fig. 9). Rocking spring K and horizontal spring Kg associated with
base contact surface are calculated by Tajimi's formula(3) assuming contact
pressure distribution to be uniform for vertical load and triangular or
trapezoidal for overturning moment. The horizontal spring associated with
vertical contact surface of the basement is calculated by Pauw's formula(4).
Geometrical nonlinearity of the soil rocking spring caused by foundation
separation is represented as a tri-linear moment-rotation curve shown in
Fig. 10.

The dynamic force equilibrium at each mass point of a system with non-
linear stiffness is expressed at time t+ At as

MAi: + CAD: + KiAY, = Ryope — MU - €O - F (2)

where M and C are the mass and the damping materices; Kt is the tangent
stiffness matrix at time t: Aﬁﬁ, Ag; and AUt are the changes in the accelera-
tions, velocities and displacements respectively during the time increment;
Rt+ at is the external force vector at time t+ At; Ut and Ut are the accelera-
tions and velocities respectively at time t; Ft is the resisting force vector
at time t. Solving the above equation using the step by step solution tech-
nique developed by Wilson et al.(5) we get
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where T = €4t and © is taken to be 1.4. AUt is determined from

K: AU, =RY ()

were K =Kduide %
- Y - T P,

RY = R+ O(Reve—Re) ~Fo+ M50y + 200) + € (20e+ 5-0) .

The damping matrix is contrived to deal with the different characteris-
tics of damping for the building and supporting soil. From the damping
ratios assigned to the soil and to each of the structural members, the modal
damping ratio for the jth mode is calculated based on the energy evaluation
method(6,7) as

g = éhijwi/é Wi R ())

where hi is the damping ratio of member i. jWi is determined from
|
W=k

where @, is the nodal displacements of member i associated with jth mode
shape and k; is the element stiffness matrix of the member.

The dzmping matrix is obtained from these modal damping ratios using -
Penzien-wilson's approach as

C=MELIM (10)

where @ is the mode shape matrix and 5 is the diagonal matrix of elements
;j given as

&= 2&w; /M (G=1,2 ceooniom) (11)

Mj is the generalized mass and W; is the circular frequency for the jth mode.
The damping matrix manipulated in this way does not cause unnecessarily high
damping for frequency components higher than the fundamental frequency of the
system. _ ’
The displacement force relationship of a beam element as shown in Fig. 8

i
° S=ky(u-ue)+ f (12)

where § is a set of forces acting on a beam; U, the displacements correspond-
ing to §; ue and f, the displacements and forces respectively at the time of
last stiffness change. The tangent stiffness matrix kt of an element is
given as -
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Tangent stiffness is controlled by effective sectional area Ae and effective
area moment of inertia Ie so as to maintain the force-deformation relation-
ships assigned to each element.

NUMERICAL EXAMPLES

The first example is the comparison of elastic and inelastic analysis.
Input earthquakes are El Centro 1940 NS and Hachinohe 1968 EW, normalized
maximum acceleration being 500 Gal. The damping ratios are assumed to be
5% for the building and 10% for the supporting soil. Response time histo-
ries and hysteresis curves of some of the members are shown in Fig. 11.
Maximum, displacements, shear forces and overturning moments are shown in
Fig. 12.

The second example is the effect of maximum acceleration on the response.
Input earthquake is El Centro. Maximum accelerations vary from 200 Gal to
1,000 Gal. Soil damping ratio is 157 and other conditions are the same as
above. The results are shown in Fig. 13.

Parametric analyses are performed to evaluate the effect of the varia-
tions of soil stiffness. Eight earthquakes of different character including
El Centro, Taft, Hachinohe, Hamaoka (8) and Hiroo(9) are used for the analyses.
The maximum accelerations of these input earthquakes are normalized to 200
Gal and 500 Gal. The results are shown in Fig. 14 and Fig. 15 The complete
descriptions are reported in the reference(10),

CONCLUSIONS

This paper has presented the anlytical method of the dynamic behavior of
a reactor building under very strong earthquakes considering the nonlinear
stiffness of the building based on the experimental results of model struc-
tures. Analytical investigation shows that the maximum shear stress and
overturning moment obtained by nonlinear analysis, are smaller in the middle
and lower portion of the building and may be larger in the upper portion
compared with the results of elastic analysis. From the parameter study
using 8 earthquakes, the standard deviations of the maximum response in each
portion of the building are approximately 10 - 20%. As soil becomes harder
the standard deviations of the maximum response in the upper portion increase
and the standard deviations in the lower portion decrease. The effect of the
parameter change is smaller in nonlinear analysis than in linear analysis.

8. NS component of ground acceleration recorded at Hamaoka May 9, 1974

9. EW component of ground acceleration recorded at Hiroo Jan. 21, 1970

10. Tanaka H. "Elastic-Plastic Dynamic Analysis of Reactor Buildings",
Thesis presented to the Tokyo University April 1975
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