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ABSTRACT

The purpose of this paper 1s to summarize analytical procedures which
have been employed in the evaluation of dynamic properties and dynamic
response values for earthquake motions putting emphasis on estimating the
damping capacities of a special structure like a nuclear power plant which
i1s made of various materials such as concrete, steel, special alloys, etc.,
and various structural types such as walls, shells, frames, trusses, etc.,
considering the interaction between foundation of structure and ground at
time of earthquake motion.

The formulation of equations is discussed including the procedures for
defining the complex stiffness matrix by which the damping capacities of
structures can be estimated as hysteretic damping.

This paper further elaborates on techniques for solving the eigenvalue
equation and the proof of orthogonality properties of the complex stiffness
matrix.

Finally, the numerical results of dynamic properties and dynamic
response analyses are obtained by using computer programs based on the
abovementioned theory using some different earthquake motions for a nuclear
power plant to be constructed in Japan and further considerations and dis-
cussions of usage are presented.

1. INTRODUCTION

A structure with a nuclear reactor consists of Nuclear Reactor at the
center, steel Reactor Pressure Vessel, steel concrete Shield Wall, flask
shaped Dry Well and Reactor Building of reinforced concrete walls. The
dynamic properties of this structure are characterized as follows:

(a) These are composed of different structures and having a common founda-
tion, they are interconnected which makes analysis very complicated.
Therefore, these structures of which dynamical models are different,
interact on each other at time of motion.

(b) Each has a different weight, stiffness and damping.capacity.



(e)

(d)

(e)
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Especially, Reactor Building has heavy weight in comparison with others.
Response values of Reactor itself, which 1is the most important part of
this structure, are affected byAthe dynamical properties of Reactor
Building. '

Reactor Building being spatially constructed of many walls which react
with the external force acting in various directions makes calculation
of stiffness of the building difficult.

Reactor Building being massive and having a short period, the dynamic
properties (natural period, damping capacity) are.affected by the
interaction between foundation and ground. There is theoretically no
difference in dynamic properties at time of earthquake motion between a
structure like this and normal structures but it must be analyzed by the
best method which can be considered for its dynamic¢ properties.

Reactor Bullding has heavy weight and rigid stiffness of which response
values are quite large. On the other hand, Nuclear Reactor has light
weight and less rigid stiffness of which response values are very small.
Thus the difference in these two structures causes several problems at
the time of analysis together. For the reasons mentioned above, the
dynamic analysis must be done in the following two steps:

1st step : dynamic analysis based on structures of heavy weight

2nd step : dynamic analysis based on structures of light weight

using results of 1lst step

Considering the abovementioned dynamic properties of structures, a

study has been made which will be explained hereinbelow.

(a)

(b)

(e)

The dynamic analysis 1s performed using the model analysis method based
on the lumped mass-spring system.

The stiffness of Reactor Building and Dry Well are calculated by the
finite element metlod (F.E.M.).

Damping capacity is evaluated as hysteretic damping, which can be
evaluated by expressing with complex numbers. Dynamic analysis and
calculation of eigenvalues are performed using the complex stiffness.
The stiffness and damping capacity of ground are analyzed according to
Tajimi's theory.

Here a series of programs for dynamic analysls of earthquake motions

are developed using an IBM computer S/360 J-75.

2.

STIFFNESS OF STRUCTURES

Reactor Bullding

Reactor Building is spatially constructed with plain and shell shaped

reinforced concrete walls. Therefore, stiffness of these walls are calcu-
lated by F.E.M., which is the best and most popular method for evaluating
stiffness of structures.
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Dry Well
Dry Well is a typical thin shell structure of which dynamic proper-
ties must be calculated considering movements in bending and shearing,
which is similar to movement of free end of cantilever with change in shape
of shell. Stiffness of this is also calculated using F.E.M..

Other Structures

Stiffnesses of other structures like Reactor Pressure Vessel and
Shield Wall are calculated using the bending shear deflection theory.

Details about the stiffness calculation of structures are explained in
the paper, "Aseismic Design of Nuclear Reactor Building — Stress Analysis
and Stiffness Evaluation of the Entire Building by the Finite Element
Method," [1].

3. DAMPING PROPERTIES OF STRUCTURES

Generally, the damping properties of structures are usually assumed as
follows:

(a) viscous damping due to viscous properties of materials molecules
(b) hysteretic damping due to imperfect elasticity of members of
structures
(c) structurel damping due to slip motion at joints of members of structures
(d) radiation damping due to interaction of structure and ground at time of
motion

In conventional response analyses of structures in general, the damping
mechanism of a structure has been evaluated as viscous damping proportional
to the motion velocity of the structure. There are various reasons for this,
but one would be that this can be readily expressed in mathematical terms.

In recent years, vibration test data of a large number of actual buildings
have been obtained, and upon analyses of these data, it is found that in some
structures the ratios (h/w) between natural circular frequencies (w) and
damping ratios (h) are not necessarily constant.

From recent experimental study on dynamic properties of reinforced conc-
rete frames the damping properties of reinforced concrete structures have
been reported as hysteretic damping.

From analyses of the above data, it 1s theorized that the damping
mechanism of a structure does not consist only of viscous damping, but also
of hysteretic damping due to imperfect elasticity of the frame ltself and
radiation damping caused by the interaction between foundation of structure
and ground. A special structure such as one containing a nuclear reactor,
from the very fact that materials and structural types differ, would possess
complicated damping ratios; analysis of earthquake response of such a
structure must be performed by methods allowing adequate evaluation of the
above damping ratios. For the reason that the requirements of such response
analysis are satisfied, and the reason that, according to the dynamic theory
of elastic semi-infinite medium, the radiation damping can be evaluated by



-T2 -

expressing the stiffness of ground by complex numbers, an experiment was made
expressing the stiffnesses of structure and ground by complex numbers

(Kgr + iKy) and evaluating the damping ratios of the structure as hysteretic
damping.

If the stiffness matrices are expressed by complex numbers, the equation
of single freedom motion for the dynamic analysis of the structures can be
expressed as follows:

Mz + (KR + iKI)z = -MX, (1)
where M : mass, X : acceleration of earthquake motion.
Details of the equation of motion will be explained elsewhere.

Imaginary Parts of Stiffness Matrices[2]
Therefore, in Eq. (1), the solution of equation may also be assumed as

follows:

x = Ae—hmt eiut (2)
Substituting Eq. (2) into Eq. (1), the following equation is obtained.

(-hw + iw)? + M——ﬂ =0 (3)
Separating the above equation into real part and imaginary part:

w2(1 - h?) = R 2uw2h =-§£ ()

and assuming the damping ratio (h) to be negligibly small, the approximate
formula can be introduced as follows:

w? = SR he} (5)
Therefore, damping ratio (h) is apparently connected with only Kgr and K1 and
the imaginary parts of complex stiffnesses are obtained by the following
equation

K1 = 2hKR (6)

Properties of Hysteretic Damping Ratios

On the assumption that imaginary parts of complex stiffness may be
proportional to the real part
KR + 1K = (1 + 12h)KR (7)
in which the sign h expresses the damping ratio to be established for the
particular system. Substituting the equation x = ue*t 1nto Eq. (7), the
original equation can be expressed as follows:
(1 + 12H)KRU = A2MU (8)
therefore, KRU = wo?MU where wo, : undamped natural circular frequency.
Expressing the undamped eigenvalue of j-th mode by the sign woy, the
damped eigenvalue of j-th mode (Aj) 1s obtained by Eq. (8) as follows:
2=+ 12n)w0) (9)
Substituting Ay = wj + lwghj into Eq. (9) and separating the resultant
equation into real part and imaginary part, the following two equations are
obtained:
wj = woy2/(1 - nd) (10a)
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hy = huojz/mjz (10b)

Eliminating the sign Wo § from the above two equations, the damping ratio of
J-th mode can be expressed by the following equation:

hj = (-1 + /1+8nZ)/2n (11)
The damping ratio (hj) is constant by hypothesis and assuming the damping
ratio (h) to be small enough compared with 1, it can be concluded that the
damping ratio of each mode is equal to the damping ratio established by
material and structural type.

Complex Stiffness Matrices of Multi-Degrees of Freedom

In calculating the complex stiffness matrices of a composite structure
such as one containing a nuclear reactor, at first, the entire structure is
divided into a number of groups (G) by damping ratios expressed by the sign
GH and the complex stiffness matrices (Kg + iK1)g in the local coordinate
system for each group are prepared. The individual complex stiffness matrix
contributing to each group is calculated by Eq. (12) from the individual
real stiffness matrix (gKR) which is calculated by F.E.M. and other methods.

(KR + 1K1lg = (1 + 12gH)[gKRJ (12)
In the second stage, the complete complex stiffness matrix can be
obtained by superposing of the individual complex stiffness matrix in the
global coordinate system of the entire structural assemblage by means of the
following equation.
[KR + 1}.(1-18 = é[KR + 1KI]G (13)

As a result, the equation of motion of the entire structure can be obtained
as follows:

[Mls{z)} + [KR + iK1lgi{z) = -[M}{Xo} (14)
4, INTERACTION BETWEEN FOUNDATION AND GROUND

Foundation -~ Ground System

The ground may act in the two directions of propagating earthquake
motions and supporting structures at time of motion. Therefore, it assumes
radiation energy caused by interaction between foundation and ground. The
effect of the interaction mentioned above must be considered during seismic
analysis of lmportant structures such as a nuclear reactor building. 1In
dynamic analysis of the foundation-ground system, two effects, one on the
underside and the other on the lateral side of foundation must be considered.
Consequently, the foundation-ground system must be idealized by a method
which can estimate the stiffness of ground analytically with accuracy at the
time of the abovementioned effects. To accomplish the analysis required, the
foundation assumed to be attached to the ground by means of some springs and
dashpots which consist of lateral spring-dashpots and a rotational spring-
dashpot as shown in Fig. 1 and Fig. 4. The analysis in this paper is carried
out with the application.

Calculation of Stiffness of Ground
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In preceding studies, .there have been two well known techniques for
calculation of stiffnesses:one of them deals with the ground statically and
the other deals with the ground dynamically being based on the application
of the wave propagation theory. Aiming for practical uses in dynamic
analyses of structures, the coefficlent.of subgrade.reaction, from which the
stiffnesses can be calculated, is defined as a linear relation between stress
and strain of soil and expressed analytically as a function of stress of
ground, the shape of a foundation and its area. In addition to effect of
spring, the interaction also contains the effect which 1s known as dissipa-
tion of energy and by which the effect of spring is decreased and effect of
damping resultingly grows. For the-purpose of estimating the effect of
damping capacity, the stiffness must be calculated considering dynamic
properties of the 1interaction.

This problem of dynamic properties of interaction has been solved using
the experimental results of forced vibration tests by means of exclter.

This has been also analytically and numerically expressed based on the theo-
retical displacement of foundation on an elastic semi-infinite caused by a
harmonic force as expressed by H. Tajimi and T. Kobori-R. Minail.

From the abovementioned investigations, the stiffness of ground can be
expressed in the form of a complex number as shown below:

pK (w) = pK(w) + 1pC(w) (15)
The complex number FK(“) can be analytically obtailned as a function of
the exciting natural circular frequency (w) of which pK(w) and gC(w) are
respectively described in the form of two curved lines as shown in Fig. 5.
As it is very difficult to calculate the eigenvalues of structures in the
form of Eq. (15) considering .the interaction at time of earthquake motion,
Eq. (15) must be changed into the same complex number form as the stiff-
nesses of upper structures which are independent of the excitation by
natural circular frequency. Therefore, firstly the complex stiffness 1s
calculated for the fundamental natural circular frequency (w;) by the
equation below.

FK(w1) = pK(w)) + 1pC(uw,y) (16)
By using this result, eigenvalues can be approximately calculated. But
estimating the stiffness being independent of natural circular frequenciles,
the radiation damping of grournd for higher order modes 1s usually evaluated
to be less than the actual value.

Actually, as w); has not yet been determined at time of calculation of
the stiffness, at first, the stiffness must be calculated for the approxi-
mate frequency and further approximate eigenvalues can be calculated using
this result.

After these successive procedures are iterated several times, elaborate
eigenvalues can be obtained. As the abovementioned procedures require a
great deal of labor and time, for practical purposes of dynamic analyslis,
it is better to use w; which was calculated neglecting damping capacities.
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As the other method for calculation of damping capacity without theoreti-
cal calculations, some values of damping ratio are determined by engineering
judgment and using this result the stiffness and damping capacity are commonly
calculated.

Because of lack of sufficient space to describe in detail the theory of
complex stiffness expressed as a function of exciting frequencies, only the
numerical results calculated by Tajimi's theory will be introduced. The
abovementioned investigations made by Tajimi and Kobori - Minai, described
the interaction between foundation and ground on the underside of a founda=-
tion, but theories regarding effect of surrounding ground on the lateral
sides have not yet been established. ‘

Therefore, for practical purposes the resistance effect of surrounding
ground must be commonly estimated by means of coefficient of subgrade reaction
and some values of damping ratio are determined by engineering judgment and
stiffness and damping capacity must be célculated using these damping ratios.

5. EQUATION OF MOTION

The structures are idealized by the lumped mass-spring system shown in

Fig. 1. The equation of motion of the multi-degrees of freedoms system,
which 1s allowed to sway and rock under earthquake motions (X,), can be
mathematically expressed using the coordinate system and parameters indicated
in Fig. 1 as follows:

M)z} + [K){x)} = =[M]{C}x, (17)
where Eq. (17)

[M] : mass matrix

[K] : complex stiffness matrix

{x} : complex displacement vector

{x) : complex acceleration vector

{C} : vector of external excitation
where the matrix [M]

Mpp 0 my : mass of point "i"
mg mg : total mass of foundation
Ig : inertia moment of foundation
M] = m2 (18) around axis at point "BE"
: Iy : inertia moment of i~th mass
m around axis at 1its gravity center
- n
0 mn mpr = Ip + mp(Hp - Hpg)?2 +152 I3 (19)

where the matrix [K]
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[Kpr + 1Kh, Kpg + 1kbs kpz2 + gKhy === Kpg + gkpg === Kpp *+ 1kpg )
ksr + 1kkp kgs + 1kds kg, + ykg, —-- kgi + 1kds --- kpn + ikdn
kps + 1kbyr kg + 1kis Ky, + 1kj, === kpi + 1ki1 ——— kpn + iKin
(k] = . . . . . (20)
Kip + 3kip kig + sklg kg, + 1kip --- kgy + gkiy -=- kyn * 1kipn
&nr + 3khipr kpg + 1khs kpp + 1kpy —-— kpy + 3kfg === Kpn + 1kpp
Hpn n n
krrtikir = kRtikg + ) (ks(y)+1ks(y))(y-Hpg)?) dy+ & . 2(grzr1+k£zr1)ﬂ
(Hpp-Hpg) (Hpy -Hpg) (21)
HBn n n
kpstikps = [ (kg(y)+1kd(y) (y-Hpg)) dy+ £ I (kpypitikpor X
° ry=2 1=
(Hp, -Hpg) (22)
HBE n n
kestikds = | (kg(¥)+1kg(¥)) dy+ T T (kpppry*ikior) (23)
o rp=2 ry=2
n
ksitikdi = kistik{g = = I kp g (24)
r1=2 1
: n
kpitikpi = kirtikir = - 2kr11 (H1-HpE) (25)
=
where vectors {z}, {z} and {C}
B+ ¥ 3 o + 3¢
Ipg + 15353 xgg + 17BE 1.0
. z + 1% T, + 1%} 1.0
{z} = . | (26) (=} = . (27) {C} = . (28)
zy + 151 zy + 3xi 1.0
:.!.:n + 15:’;1 zn + 1.’2.‘?1 1.0

6. EIGENVALUE PROBLEM

Eigenvalue Calculation
For determination of dynamic properties, the damped free vibration
equation (29), obtained from Eq. (17), needs to be analized as follows:
M1z} + [K}(x} = (0} (29)
In order to obtain the eigenvalues and the elgenvectors, a soclution for Eq.
(29) may be made in the following form:

(z} = (x)el?®
where the sign ) expresses the complex natural circular frequency and the

(30)
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sign (x) expresses the complex eigenvectors. Substituting Eq. (30) and the
1

equation (x} = [M] 2(Y) into Eq. (29), Eq. (29) is changed as follows:

[KJ[MJ (Y} = XZ[MJ[M] (31)
Premultiplying both sides by [MJ -
L 1 Y 1
tM) 20KI0M) 20Y) = a20M) 2(mIeM) 2(y)
or in other form fi}(Y) A2(Y) (32)

here [K) is symmetric and f’j is also symetric since
' 1

KT = ([m) 2[KJ[MJ 5T = ) Z[K]T[MJ :. (k]
now in order to obtain the solution, Eq. (32) must be analyzed as follows:
The method of éhalyzing Eq. (32) consists of two parts; ;5]
(a) 1st step: The given matrix [K] is reduced to almost triangular
(Hessenberg) form [H] by elementary similarity transformations.
It follows that

(e KT = [H) (33)
Substituting Eq. (33) into Eq. (32), Eq. (34) is obtained as
follows:

[H) (¥) = a2[1) (Y} (34)

(b) 2nd step: The iterative search for the eigenvalues of [H] 1is
performed. A natural extension of Hyman's method may be used to
evaluate P(A2) = det (H - A2I) and any number of derivatives in
an accurate and stable way. By hypothesis, eigenvalues of matrix
(H) are correspondent to those of matrix [M] and [K]).

The j-th eigenvalue (AJ) can be solved through the above procedure and
can be expressed by a real part (Agy) and by an imaginary part (x13) as
follows:

AJ = ARy + 1)1y (35)
Therefore, the j-th natural frequency (wg) and the j-th damping ratio (hy)
are given as follows:

wj = ARJ (36)

hy = A1j/ARj (37
Eilgenvector Calculation

By replacing successively the eigenvalues (AJ) in Eq. (34), the eigen-
vectors {xj} are obtalned by analyzing the simultaneous linear equation.
through a procedure known as the Gauss reduction. The J-th eigenvectors
(xJ) can be expressed by a real part (xRJ) and by an imaginary part (xIJ)
as follows:

(x5} = (xgy} + i{x1j} (38)



- 178 -

Orthogonality Property of Complex Matrix[4]
Matrix [M) and [K] are respectively real and complex symmetric matrix,
let Ay and 1j be eigenvectors and let (x4} and {xj} be complex eigenvectors

corresponding respectively to Aj and Aj. Here 1 #
Then [K}{x1) = a1[M]{x1} and [Kl{xj} = rj[MI{xy) (39)
If the first equation in premultiplied by {IJ}T and the second by (:J]T,
the following are respectively obtained:
{x5I1T[KI{xg) = a3{xy)T[MI{x4} (40)
and (x4 )T[K}{xg) = 2;5{x5}T(MI{x;} (41)
Now, if transpose of each side of Eq. (40) 1s taken, remembering that [K])
and [M) are [K]T = [K] and [M]T = [M], the following equation is obtained:
{x1)TLKI (x5} = A1{x1)T(M]{xy} (42)
Finally, substracting Eq. (41) from Eq. (42), the following equation is
obtained.

(Ag-25) {x1}T[MI{x5} = 0 (43)
Therefore, since iy # AJ, by hypothesis, it follows that

{xg)T(MI{xg) =0 1 #] (44)
On the other hand, since iy = xj, by hypothesis, it follows that

(x4)TMI(x5) =€ 1= (45)

where C is a complex number.
If the matrix [K] is a symmetric real matrix and the matrix [M] is a
unit matrix, C is equal to 1.

7.  RESPONSE ANALYSIS

The dynamic response analysis of a structure 1s performed by solving
the equation of motion Eq. (17). There are two different technlques for the
dynamic response analysis. One of them 1s step by step direct integration of
Eq. (17) and the other is the mode superposition method well known as the
modal analysis method. The dynamic response analysis in this study is per-
formed by the modal analysis method, using eigenvalues and eigenvectors.

The basic concept of the modal analysis method is that the displacement
vectors {z)} and the earthquake motion vectors (C} can be expressed as a line-
ar combination of vibration modes as follows:

{z} = gq;{x;} + ga{xa} +....+ qJ{xJ} +o.o.4 gpea{xg g} 4 qpixp) (46)

{C} Br{Xy) + Ba(xX2} +.o..# Byixy) +....t Bm-1{Xm-1} + Bpixp} )

In the above equations qj and By represent a modal displacement and a
participation coefficient of j-th mode. The modal amplitudes consisting of
acceleration, velocity and displacement are functious of time (t) and By is
expressed by the following equation:

n
By = L

n
MpXpy / £ mrxJ2 (u8)
r r=

1 1
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Substituting Eqs. (46) and (4#7) into Eq. (17)
m m
T [Ml(x5}qy + £ [Kl{x3)ay = =% £ [M]{xs}B (49)
jo1 J7aJ j=1 NERN] °J=1 J'RJ

Then premultiplying by the transpose of an arbitrary modal vector xiT which
is not the same as the j-th mode and taking advantage of the orthogonality
properties, a single uncoupled equation of motion for j-th mode is obtained.

. 2,2 = _q .3

?J + A3a} §Jx° (50)
or qJO + )‘JZ = =Xo (51)
where 4jo = qj/Bj

For arbitrary loading earthquake motions, the solution of each modal
response Eq. (51) can be performed by the Duhamel integral.

When the modal responses consisting of accelerations, velocities and
displacements for aXl significant modes have been determined at any time
"t", the response values of mass points at this time are then obtailn€éd by
Eqs. (52), (53) and (54).

{x}

m ‘ . m .
51 Bj a0 (x4} (52) {z} = ':1 By ajo x4} (53)

J J

{z} = ? Bj djo (x5} + Xo (54)
L J=1

If the stiffness matrix [K] of Eq. (17) 1s complex, accelerations,
velocities and displacements which are obtained through the above procedures
are also expressed by complex numbers. In practice, the response values are
expressed by the absolute values of complex numbers. It may be necessary to
include all mode shapes to obtain adequate accuracy by modal superposition,
but the response values can be approximated reasonably well by superposing
the first few modes essential for calculation by judging whether the partici-
pation functions are large or small for each structure of the entire structure.

8. NUMERICAL RESULTS

For further consideration and the usage of the abovementioned theory,
the following analyses were performed using computer programs based on the
abovementioned theory for a nuclear power plant to be constructed in Japan.

Model for Dynamic Analysis

Fig. 2 shows a section (x-x section) of a typical nuclear power plant.
An equivalent lumped mass-spring system, shown in Fig. 3, is constructed to
approximate many sizes of structures and another consisting of two lateral
springs-dashpots and a rotational spring-dashpot shown in Fig. 4, is also
constructed to approximate the interaction effect. According to the com-
puter programs, the entire 'structure is divided into a number of blocks (B)
and each block is further divided into a number of groups (G) according to
damping capacities by the use of damping ratios (gH) .

This nuclear power plant was divided into one block and seven groups as
shown in Table-1V and Fig. 3.
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Calculation of Dynamic .Properties
The stiffness.matfix.of each group and stiffnesses.of. ground were indi-

vidually calculated as follows:

(a) The stiffness matrices (real part) of Reactor Building (G-1) and Dry
Well (G-2) were calculated by F.E.M. and those of Shield Wall (G-3),
Truss (G-4), Skirt (G-5), Reactor Pressure Vessel (G-6) and Stabilizer
(G~-7) were calculated by the bending shear deflection theory.

(b) The complex stiffness matrix of each.group was calculated by Egq. (12)
putting the damping ratio (gH) of each group shown in Table IV into
this equation. The damping ratio of each group can be estimated from
the damping ratios shown in Table III considering the material and
structural type of each group.

(c) The complex stiffness of ground was calculated in two ways.
o Case A : The real part of complex stiffness was approximately calcu-
lated by the method based on Tajimi's theory and the imaginary part of
this was done putting the damping ratios into Eq. (12). The damping
ratios used in this calculation are shown in Table III.
o Case B : The complex stiffness was theoretically calculated by the
method based on Tajimi's theory putting the fundamental natural circular
frequency into Eq. (16). These are shown as case 3 in Table III.

These numerical results are shown in Tables I and II respectively.

_Calculation of Natural Periods, Damping Ratios and Participation Functions
.The calculation was performed in three ways.
case 1 : neglecting swaying and rocking of foundation (FIX)
case 2 : considering swaying and rocking of foundation (R&S) and using the
stiffness of ground shown in Table I.
case 3 : same as case 2 but using the stiffness shown in Table II.
The numerical results are shown in Table V to Table VII and in Fig. 6
to Fig. 9. Table VII shows the natural periods and damping ratios of case 1
and case 3. Judging from the results,.the damping ratio of each mode, of
which mode shape is largest in each mode, is nearly equal to the damping
ratio (GH) of the group which has the most large mode shape. If two groups,
of which damping ratio (gH) are not equal, have a large mode shape respec-
tively in the same mode, the damping ratio of this .mode is between these
two damping ratios (gH) of groups according to their motions. This is the
reason why the damping ratios of. higher modes.do not amount to overdamping.
Table V shows the first five periods and damping ratios of which mode
shapes are especially large in all modes. It 1s shown in Table V that the
damping ratios of each mode in case 3 increases. gradually. as.mode number
inereases from lst mode to 3rd mode. It.may be the reason why the damping
ratio of higher mode is affected by radiatlion damping .caused by the inter-
action. But it is also shown in Table V that the damping ratio of case 3
does not increase as mode number increases higher.than number 3. This may be
explained by the fact that the stiffness of ground was evaluated using the
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approximate fundamental natural circular frequency by hypotheses, and that
the stiffness of ground is constant as a result.
Table VI shows the comparison of natural periods and damping ratios
among three cases of whole structures.
Fig. 6 shows the first three participation.functions of Reactor Building.
Fig. 7, Fig. 8 and Fig. 9 show those of the entire structure for case 3.

Calculation of Dynamic Response Values for Earthquake Motiohsp
The dynamic response values were calculated for case 2 and case 3 to

make clear the relationship between the damping ratio and the response.

(a) El Centro 1940 N-S component (max. acceleration = 300 gal)

(b) Taft 1952 E-W component (max. acceleration = 300 gal)

Fig. 10 and Fig. 11 show the max. values of displacement and overturn-
ing moment for case 3 respectively. Fig. 12 shows the comparison between
case 2 and case 3 for the overturning moment to the Taft 1952 E-~W component.

Fig. 12 shows that the values of case 3 are smaller by about 10% than
those of case 2.

9. CONCLUSIONS

In short, this method can be described in the following 3 steps.

(a) Evaluate the damping capacities of individual structures as hysteretic
damping by material and by type of structure and evaluate the radiation
damping of interaction between foundation and ground.

(b) Calculate the natural periods and damping ratios of each mode for the
entire structure by using the complex .stiffness. matrix based on step one.

(¢c) Make the dynamic analysis of entire structure for earthquake motions by
using the results obtained in step two.

Up till now, analytically and theoretically, it has been very difficult
to evaluate damping capacities which are more accurate. and satisfactory; by
this method it may be seen this has become possible.
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TABLE | UASEA :
ST IFFNESS of GROUND
(Ka ((08) Ka( tun/rod)

STIFFNESS

234X10*+i 234X 10°

206X10%+i 306x10°

244X10'3+i 24ax10

TABLE {
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TABLE I CASEB :
STIFFNESS of GROUND
{Ko (t08) Ka(tprad)}

STIFFNESS

234X10* + i 23ax 10’

324x10%+ i 168Xx10°

2562X10%+i 280x10"

DAMPING RATIOS

by MATERIAL and STRUCTURE TYPE

DAMP ING
\ . RATIO (4)
MATERIAL and STRUCTURE [YHEC oASELASE
1 2 3
for REINFORCED CONCRETE a05 | aos | aos
STRUCTCRE
for STEEL STRUCTURE 0010011001
LATERAL MOTION
_:';:r INTERACTION of SIDE GROUND 005|005
FOUNDATION | LATERAL MOTION
and of BASE GROUND 005 {0259
GROUND VERTICAL MOTION
of BASE GROUND 00S pos1
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TABLE ¥ DAMPING RATIOS of GROUPS
GROUR| STRUCTVRE NAMES of Iﬂmﬁ
NAME|NVCLEAR POVER P H)

hown
G— 8
0| FOUNDATION " Aﬁ. I

G—1| REACTOR BUILDING 005

G—2| DRY WELL ) 0.01
G—3| SHIELD WALL 0.05
G—4]| TRASS . 0.01
G-—5| SKIRT 0.01
G—s RVEEg(slé‘?JR PRESSURE 0.01
G—7| STABILIZER 0.01

TABLE v COMPARISON TABLE :
PERIODS and DAMPING RATLOS for REACTOR BUILDING

. CASE 1 CASE 2 CASE 3
MODE
3 DaMPI X3 e
% Noue] remico | RAERS Vel erion [RUERS oo penico [PAELNS
P (SEC) (4) % | (SEC) () & (SEC) (a)

1 11 01927 | 00498 1| 02488 00498 | 102421 | 00799

2 2] 01032 gp495| 2| 01223|/ 00498 201191 | 00934

3 5| 0.0690] 00489| 4} 00835} 0.0491 4100812 | 01232

4 |14| 00483( 00478| 6| 00761| 00482 (11{00595 ) 00738

5 |16] 00349 | 00499 11| 0.0597] 0.0485 | 16| 00466 | 00556

+ MODE NWBER OF REACTOR BUILDING
se¢ MODE NIMBER OF THE ENTIRE STRUCTURE
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.TABLE {§y DOMPARISON TABLE :
PERIODS and DAMPING RATIOS for THE ENTIRE STRUCTURE

& oE CASE 1 CASE 2 CASE 3
| PRI ey [ e [
" 01927 | 00498 | 02488 | 00498 | 2421 | 00799
2 01032 | 00495 | @.1223 Q0498 | Q1191 00934
3 | 00850 | 00359 | 0.0852 | 00364 | 00851 | 00362
4 | 00799 | 00101 | 00835 | 00491 | 00812 | Q1232 .
S 00690 00488 00799 00104 a07¢9¢ 00103

e MODE NUMBER OF THECHENEZIRB ! STRIGTURE

TABLE W

SUPERIOR GROUP of EACH MODE in CASE 1 and CASE 3
for THE ENTIRE STRUCTURE

booe| CASE 1 SUPERIOR GROUP CASE 3 SUPERIOR GROUP
& | TSEC) =& 1/213|4|5|6]7|T(SEC) I3 11213|14)5|6]|7
1101927 | 00498 |@|O|®|O[|0O|0]|0O]| 02421 00799 |@{O(®|O[(O|O|O
2 |a1032 | 00495|(@|O|@jO|OjO|O| 01191 ]| 00934 |@|O|@|O|O|O|O
3 | 00850 | 00359 ®| |O|O|O] 00851 00362 e| |(0O|O|O
4 |oo799 | 00101| |@ 00812 | 01232 |e|0|elolo|o|O
5*] 00690 | 00488 |@|O@|O|O|O|0O] 00799 ] 0Oo103| [O

o First fivemodes of all modes ars shoum

N




2 -~ n .
BE :
Hsz (m) :

Ka (turod)

[/} (rad) =+
zo (um) H
B :
Hs (m) :
Ke (y) (2,60
zon (@) °

Hy (m) :

MASS NUMBERS of THE STRUCTURE
ORIGIN of COORDINATE for ROCKING MOTION

HEIGHT of THE POINT B8E
ROCKING STIFFNESS of GROUND

ANGULAR DISPLACEMENT of ROCKING
MOTION

EARTHQUAKE DISPLACEMENT
GRAVITY CENTER of FOUNDATION
HEIGHT of THE POINT B8
SWAYING STIFFNESS of GROUND
DISPLACEMENT of THE POINT BE
HIGHT of THE I—th MASS POINT

FIG. 1 COORDINATE and PARAMETERS of MOTION SYSTEM
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G2
G3

' G6

REACTOR BUILDING
DRY WELL

SHIELD WALL
REACTOR PRESSURE
VESSEL

FIG. 2
RS20 (FL 460)

9460
JIPG24FL 364 )
670
4 1B 357(FL 297)
73470
J-1P280(FL 220)

5480
1 IP 222(FL162)

2470
1 IP14S(FL 85)

8Js0
| 1P 50(FL 0.00)

12}70

TRANSVERSE SECTION (X-X SECTION) of ENTIRE STRUCTURE

8
[

G-1 REACTOR BUILDING

G-6 REACTOR PRESSURE

G-7

VESSEL

G-5gKIRT

z
%6-3 SHIELD WALL

| IP-5.7(FL=12.7)
00

Trewrmlasn

1]

FIG. 3

EQUIVALENT LUMPED MASS SPRING

SYSTEM of ENTIRE STRUCTURE
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ISTRUCTURE

FOUNDATION

FIG. 4 EQUIVALENT FOUNDATION-GROUND SYSTEM

FK(w) a Fkiw)s 1pClw)
FRO) = FK W) ipCla)

A == N 1. . w: NATURAL CIRCULAR
E l Fkw) FREQUENCY

H
= i Wi 1ST MODE NATURAL
w  FCl CIRCULAR FREQENCY
& FClw
:

FIG. 5 COMPLEX STIFFNESS of GROUND

AR

PARTICI PATION
FUNCTION

— CASE I
~--+ CASE?2
——-+ CASE3

FIG. 6 COMPARISON FIGURE: PARTICIPATION FUNCTIONS of THREE CASES for
REACTOR BUILDING



PARTICIPATION FUNCTION

1

FREQUENCY3x2  0.670x10° 0.108x10°

FREQUENCY 0.260x16' 020710

PERIOD (SEC) 0.262 ’
DAMPING RATIO 0.0799

FIG. 7 1ST MODE PARTICIPATION FUNCTION of CASES for ENTIRE STRUCTURE

PARTICIPATION FUNCTION

. 2
\\
“\ FREQUENCY332  0.276x10° 0520x10'
6-1 FREQUENCY 0.527x10' 0493x10
N -
\\ PERIOD (SEC) ons
\ » DAMPING RATIO 0.0934
X
. e
¢
I

~ X G
[t e e emem e

[ ‘ ‘ ]

FIG. 8

2ND MODE PARTICIPATION FUNCTION of CASE 3 for ENTIRE STRUCTURE
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PARTICIPATION FUNCTION

k]
FREQUENCYINZ 055010 0.395+10"

FREQUENCY 0739010 0262+10
6-1 PERIOD (SEC) 0.088
DAMPING RATIO 00367

—— ]

FIG. 9 3RD MODE PARTICIPATION FUNCTION .of CASE 3 for ENTIRE STRUCTURE

8 ROQUINGeSWAY /
7 .’ ]
l!
N
i
Pl ol
« /
& |
340 .
0 '/ —— EL CENTRO 1540 NS
3 3 / / —— TAF11952 EW
i —-~ DESIGN
2 MAX,ACC = 300GAL
1
Q 1. 2 3 “4.cm

DISPLACEMENT

FIG. 10 RESPONSE VALUE (1) of CASE 3 for REACTOR BUILDING
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B-1 G-1 MAXIMUM OVER-TURNING MOMENT

8
7
o~ EL ENTRO 1940 NS
6 1 o TAFT 1952 EW
—— DESIGN
5

MAX, ACC. = 300GAL

MASS NUMBER —

30+10% tm
MOMENT

FIG. 11 RESPONSE VALUE (2) of CASE 3 for REACTOR BUILDING

B8-1 G-I MAXIMUM OVER-TURNING MOMENT

8
TAFT 1952 EW
MAX.ACC= 300GAL
7
—= CASE 2
6 —— CASE 3
- DESIGN

MASS NUMBER —»

30110° tm
MOMENT

FIG. 12 RESPONSE VALUE (3) of CASE 2 and CASE 3 for REACTOR BUILDING
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DISCUSSION

Q T.H. LEE, U.S. A,

In the soil-structure interaction, the radiation damping is a function of the ex-
citing frequency. In your Table III, constant values were given for radiation damping. Are

these values the average values over the frequency range or the maximum values ?

J. JIDO, Japan

A

Japan. I suppose the other structures would have different damping ratios from this example.

Table Il in my paper shows the damping ratios to this particular structure in

K. UCHIDA, Japan

Q

consider it better to make the displacement projected on the real axis. What do you think of

You use the absolute values as the expression of displacements in your paper. I
my consideration ?

J. JIDO, Japan

A

as the real part of complex displacement or as the absolute displacement.

I am studying whether it is better to consider the actual response displacement

Q L. ESTEVA, Mexico

You mentioned that you wanted to take into account hysteretic damping in terms
not of an equivalent viscous damping, but rather in terms of a hysteretic, variable stiffness
analysis. However, your equations do not show that stiffness is actually varied from step to

step. How did you treat the hysteretic damping then ?

J. JIDO, Japan

A

complex number (Kg + iK;j).

I can treat the hysteretic damping by expressing the stiffness of structure by

Because by expressing the stiffness of structure by a complex number, the damping ratios
become constant to each mode and as a result this damping can be considered as hysteretic

damping.



