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Random Response Analysis of Base
Isolated Nuclear Container System
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Abstract

Seismic isolation in ordinary buildings has been successively adapted to provide flexibility for the re-
duction of base shear forces and its concept is accepting wide agreement in lengthening the naturat
period to lessen the spectral acceleration transmitted into the structure, However, one of difficulties in
implementing the innovative concept to nuclear structures is due to more severe requirements in both
understanding and predicting the characteristics of isolators and the behavior of cushioned structures,
Stochastic analysis has been carried out to investigate the response of base isolated nuclear containers
to the random earthquake ground motion.
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Random Response Analysis of Base Isolated Nuclear Container System

1. INTRODUCTION

An analytical model of a containment super-
structure has been created based on one of the
nuclear power plants in Korea. The equations
of motion of containment with a resilient-fric-
tion base isolator are modified using stochastic
linearization technique to calculate transfer
functions. From these transfer functions the
responses of interest including mean square rel-
ative displacements of lumped masses with re-
spect to foundation are calculated as a func-
tion of system parameters for both fixed and
isolated base conditions., Mean square accel-
erations of lumped degrees of freedom are also
calculated for the realistic spectral shape of
the site of nuclear structures., The responses
from fixed and isolated bases are compared to
demonstrate that Coulomb-type friction iso-
lator be able to limit the relative responses of
the superstructure. The response reduction of
the superstructure in terms of deflections and
accelerations then causes the floor response
spectrum to diminish. Another important as-
pect which must be considered in isolating nu-
clear structures is to seek the reliability of per
formance of the damper to estimate prob-
ability based reduction in the elastic defor-
mation and acceleration of the superstructure,
The seismic isolation of nuclear power plants
is an excellent concept. This paper presents an
analytical solution of frequency domain for the
stochastic response to uncover the effective-
ness of isolated systems in mitigating seismic
load while enhancing the overall structural saf-
ety.

2. EQUATIONS OF MOTION AND STOCHASTIC
RESPONSE

An analytical model is used for a base isol-

ated nuclear container as shown in Fig. 1.
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Fig. 1. Model of nuclear container with isolated base

The equations of motion for the superstruc-
ture and the base isolator can be written as in
Eq. 1. and Eq. 2. The resilient-friction base
isolator will be used to provide the system
with flexibility and the equation of motion of
the isolator is rewritten in Eq. 3[1].

My CHy+ Ky = — M1 (Fu+yy)
o))

where

k, _kz}

my
[M] _{ ml}’ K] _{_k2k2+kl

c]=280Ky,j=12
W

my(yut+ye) Heoys—keyp—Ciy1—kiyi = 0 (2)
my (Vb +ye) FHepyptkeys+ (my+m+my) u'g
sgn{yy) —cy1—kiy1 =0 (3)

The subscripts 1, 2 and b indicate the first,
second and the base isolator degrees of free-
dom, respectively[3]: therefore, m;, m, and my
are the masses at the first, second and base
1solator degree of freedom, respectively.

In order to avoid mathematical complexity,
stochastic linearization thechnique is applied
to find the equivalent linear expression of Eq. 4.
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Upon introducing the error and letting this
mean square error function Eq. 5 be minimal
with respect to &, the equivalent damping of
the system Eq. 6 is obtained.

Vot 2(EtEe) wpyr by — 2¢101aby — wf

aby=-Y, (4)
error = (14+Na)p’ g sgn(¥y) —2&wpyy  (5)
— (1+Na)u' g Elyssgn(Vy) ] 6)

’ 20 E[3,]

Eq. 6 can be reduced to Eq. 7 when the as-
sumption of zero mean Gaussian process is val-
id on the ground motion, displacement and vel-

ocity response of the structure.

¢ — (N’ g 2[5, £5,(y)dy .

2wy Oib

where fy, and oy, are the probability density
function and the standard deviation of the vel-
ocity ¥y, respectively.

Integrating Eq. 7 yields the following Eq. 8
while standard deviation is shown in Eq. 9.

£ = (1+Na)u' g 8
) N

F2-(1+Na) 2 g2+ 8evwenGolt /2= €2 ) (14+Na

Oyp —

4pan
(9)

N and « are the number of degrees of free-
dom and the ratio of mass at first degree of
freedom to the mass of base isolator (m,; /my)
respectively, and u” is the coulomb friction co-
efficient. Since standard deviation oy, is time
dependent, ¢. is also time dependent., & bec-
omes constant, however, when the standard
deviation oy, reaches stationary in a very short

time[2].

3. RESPONSE OF BASE ISOLATED NUCLEAR
CONTAINER TO STATIONARY RANDOM EXCI-
TATION

The excitation here is the motion of the
foundation which we consider to be described
by its acceleration ¥X,(t). Nine different respon-
ses will be examined: the relative displace-
ment y;=X,—X¢ and y,=x;—X; and y,=Xp— Xo
and the absolute accelerations of the three
masses, Vi, V2 and Vs,

There are nine complex frequency respon-
ses, Hy(w), Hy (o), Hy(w), Hy(w), Hy(w),

Hy,(w), Hy(w), Hy(w) and Hy (w), as ap-
peared in Egs. 10-18.

y1 = e“* Hy (@) (10)
vi = (iw)e"™ Hy (w) (1)
S;l — _wQeuux Hy[(w) (12)
vz = e"* Hy,(w) (13)
y2 = (iw)e™ Hy (w) (14)
¥, = —w’e"* Hy(w) (15)
v = €“* Hy () (16)
w = (iw)e* Hy (w) (17)
S;b — __wzeuux i"b(w) (18)

Substituting these input-output relationships
in terms of complex frequency responses 1nto
the equations of motion, Egs. 1, 2 and 4, the
following linearized Eqs. 19-21 are established.

—a)zHyz(w)+2g’gwg(iw)Hyz(w)-Zfzwg(iw)Hy,‘(w) (19)
+olly, () —ofy (0) = - (—o'Hy (w)+1)

—oPHy (o)~ 2aw2(i0) tHy, (00 (2§1w1+2gzwzu)(1w)Hyl( )
- oy, (0) Hottop)H —oHy,(w)+1) (20)
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—wzHyb(w)+2(€b+ée)wb(iw)Hyb(w)+w%Hyb(w)
—2&ma(iow)Hy () —oleHy @) = =1 (21)

where y=m; /m, and ¢= /m,

Solving for the complex frequency responses
at the first D.O.F. as well as the isolator and
plotting them in Fig. 2 as the function of sys-
tem parameters explicitly identify the influen-
ces of these parameters on the behavior of the
base isolated nuclear container.

Rearranging the linearized system equations
in terms of acceleration and combining them
with complex frequency responses yield Eqs.
22-24.

Hy, (o) +2&uwp(iw)Hy, (@) — 28w, (i0)Hy (w)
+iH,,(0) ~wH, (©) =0 (22)

H; () = 28w2(iw) pHy (0) (28 012800 Hy (0)
—poiHy () + (o) Hy (0) =0 (23)

Relative Displacement Response Spectral Density
for Ideal White Noise Excitation (1st D.O.F.)
(¢4 = 0.05, ¢2 = 0.05)
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Fig. 2. Relative displacement response spectral density for
ideal white noise excitation

Hy, (@) +2(&+E) wp(iw)Hy, (0) +oiHy, (o)
—2§1w1a(iw)Hy\(w)—a)%aHyl(w)ZO (24)

In Figure 2 to Figure 5. Dy and D. represent
the dampimg ratio of base isolator and equiv-
alent linear damping, respectively. And Ty is
the natural period of base isolator.

The transfer functions are solved for both at
the first D.O.F. and the isolator. They are
shown in Fig. 3.
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Fig. 3. Absolute acceleration response spectral density for idea!
white noise excitation

4. RESULTS AND CONCLUSIONS
Consider Wiener-Khintchine relation

Sul@) = [ RalDe!de (25)

The second integral is recognized as the
Fourier transform H{w) of the impulse re-
sponse. The first integral has identical form
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except for the sign in the exponent, It can be
written as H(-w) and it may be seen that it
will be the complex conjugate of H(w). With
these interpretations,

Sy(w) = H-w)H(w)Si(w) (26)

A slightly more compact form is achieved by
noting that the product of H(w) and its com-
plex conjugate may be written as the square of
the magnitude of H(w):

The power spectra of both displacement and
acceleration are obtained through Eq. 27 and
specially through Eq. 28 when ground motion
can be represented by the ideal white noise
spectrum of constant density Sy,

Sy(w) = [H(w) 1’Sy(w) (27)
Sylw) = |H(w) %S, (27)

where S,(w) is the mean square response pow-
er spectrum and Sy is the mean square acceler-
ation per rad /sec. This is the desired relation
between the spectral density of the excitation
x(t) and the spectral density of the response
y(t). Note that this is an algebraic relation.

In case that the ground excitation is assum-
ed to have zero mean stationary value, the res-
ponses are also zero mean processes with the
corresponding variances, as shown in Eq. 29
and 30[4].

Ely*] = r_ow Sy(w)dw
= r_cx |H(w) 18 {w)dw (29)

= Sof” 1H(0) I"dw

o = VE[y?] (30)

Fig. 4 shows spectral densities of displace-

ment and acceleration responses of the super-
structure for the different natural periods of
the superstructure,
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Fig. 4. Response spectral density for ideal white noise excitation
for different dynamic characteristics of a superstructure

As depicted in Fig. 5, an extensive sensi-
tivity analysis was carried out to investigate
the behavior of a base isolated nuclear con-
tainer. When the ratio of the frequency of the
isolated superstructure to the fixed base fre-
quency is unity, the relative displacement res-
ponses of the superstructure with the isolated
mechanism become larger than those of a fix-
ed base system for the isolator damping great-
er than 20%.

The differences of acceleration responses be-
tween the base isolated and the fixed base
structures are becoming negligible as the sup-
erstructure becomes flexible, and the acceler-
ation responses of the superstructure of the
base isolated system with 2 second superstruc-
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Relative Displacement Response with

Acceleration Response with 3% Chance

tural period are identical to those of a fixed
base structure for the 20% critical isolator
damping or higher. As the natural period of
the superstructure becomes small, rigid body
motion or almost rigid body motion with rela-
tively low level of acceleration is observed in
the isolated superstructure, However, signifi-
cant acceleration is induced at the degree of
freedom under the consideration for the con-
ventional structures with a fixed base. As in-
tuitively understood, it is also found that the
displacement of the superstructure becomes
zero, as the superstructure approaches zero
natural period for the structures with both the
isolated and the fixed base.
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Fig. 5. Displacement and acceleration by sensitivity analysis

The effectiveness of the methodology pres-
ented in this paper has been demonstrated in
understanding and predicting the behavior of
base isolated nuclear containers. Providing
flexibility causing structures to more deflect

results in the reduction of acceleration. This
extra deflection that the structure experiences
can be decreased by increasing the damping
capacity of the system.

Many types of sensitivity analyses are now
possible at the reasonable time and the corre-
sponding cost. In Fig. 5 the displacement and
acceleration responses of both the superstruc-
ture and the isolator are estimated in fre-
quency domain for differenent natural periods
and damping values of the superstructure.
This calculation can be repeated as the dy-
namic characteristics of an isolator change.
The analytical results performed and pres-
ented in this paper may be required to be val-
idated through extensive shaking table tests.
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