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ABSTRACT

The dynamic structural response is a function of these basic assumptions regarding
seismic input, soil structure interaction, structural and dynamic properties of
buildings, etc. A general review of the current assumptions is included. The linear
dynamic analysis of a coupled stubby asymmetric building of a nuclear power plant
is presented as an example. Each floor of the building is modeled as a diaphragm
rigid in its own plane. Consequently three dynamic degrees of freedom are assigned
to each diaphragm, two translational in its own plane and one rotational about the
vertical axis. The equipment installed in the building must be designed dynamically
to insure the safe shutdown in case of accident caused by the possible strong-motion
earthquake. Conventionally single “floor design spectrum" at each floor level is
used to design these equipment. However due to the rotational effect, the structural
response varies from point to point on the same floor; also two "floor design spectra”
corresponding to two translational degrees of freedom of the diaphragm are obtained
for each directional input.

1. INTRODUCTION

To insure public safety, the structures and the equipment installed in
a nuclear power plant in such countries as the U.S.A., Japan, etc. are required
to be designed dynamically to withstand a possible strong-motion earthqueke. The
theory of structural dynamics with deterministic or random input can be found in
books by Biggs [1], Hurty & Rubinstein [2], and Lin [3). The aseismic design of
concrete structures was treated by Blume et. al. [4]. However, the calculated
structural response depends on assumptions regarding seismic input, soil structure
interaction, the structural dynamic properties of buildings, etc. The designer
should make these assumptions as realistic as possible.

Due to the layout of the equipment and the interior shielding walls, most
auxiliary buildings and control buildings of nuclear power plants are asymmetric.
Here, asymmetry means the center of mass of the floor does not coincide with the
center of rigldity of the same floor; furthermore, these mass centers and rigidity
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centers of different floors are not on the same vertical axes. Hence the translational
displacements and torsional displacement are coupled. The results indicate that
the coupled displacements have a significant effect on the equipment design.

2.  SEISMIC INPUT

The intensity of shaking and the frequency of occurrence of a possible
future earthquake at a nuclear power plant site should be first estimated by the
seismologist and the geologist. Engineers interested in this topic can consult
to references [5] through [9]. The recommendation from the analysis of the local
geology and seismology will then be translated into some forcing function or input
at the base of the structure. Due to the nondeterministic nature of earthquake
records, there are works dealing with random input [10 - 16]. Unfortunately, owing
to the scarcity of strong motion acceleregrams, the statistical properties of the
random motion can not be determined precisely [9, 14]. Hence there are efforts
devoted to the analysis of least favorable response [17, 18]. But the disadvantage
of this approach is that the design may be too pressimistic to be practical even
for the least favorable response in the "local" sense only [17]. The other alternative,
though not necessarily a better way due to the uncertainty about the nature of a
future earthquake and the local soil influence, is to use the deterministic input
based on the past strong moticn earthquake accelerograms [19]. These digitized
computer data cards are available from Envircnmental Science Service Administration,
U. S. Department of Commerce. The influence of the local soil will be discussed
in the next section. Since the calculated structural response due to time history
input depends very much on the damping and the dynamic properties of the structure
which are not easy to be determined precisely, and since the future ground motion
.are difficult to predict, engineers have been using the technique based on design.
spectrum which is a smoothed curve relating the damped maximum responses of single
degree of freedom oscillators due to certain deterministic input to their undamped
natural frequencies. The generation of design spectrum is discussed in references
[20] through [23). Sometimes the simulated earthquakes [24] are also used as input.
These digitized computer data cards are available from Earthquake Engineering Research
Laboratory, California Institute of Technology. The advantage of earthquake time
history analysis is that the modal responses can be combined easily on a time basis.
The disedvantage is that a large amount of computer time is required to obtain a
satisfactory solution, especially when a parametric study is involved. The advantage
of design spectrum analysis is its simplicity in application and saving in computer
time. The disadvantage is that the maximum modal responses are combined on some

assumed basis, i.e. the square root of the sum of squares.

3.  SOIL STRUCTURE INTERACTION AND SOIL AMPLIFICATION

Soil structure interaction has been treated by various approaches. Barkan
(251, Whitman & Richart [26], and Whitman (27] used equivalent damping value and
spring constant derived from a model consisting of a rlgid base resting on linear
elastic half space to handle the interaction. This method has the advantage of
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simplicity in its application. However the different damping values between soil

and structure may cause difficulty in the analysis. An intuitive formula for combined
damping value was suggested by Professor Biggs as mentioned in reference [27].
Another pitfall of this method is that the basic assumption of no separation between
base and soil in the derivation of spring constants may sometimes be violated in

the analysis. Other more sophisticated schemes such as the finite element method

or the lumped parameter method are sometimes used to model the soil. Related works

in this area can be found in reference [28]. These methods can also be used to
predict the soil amplification or the influence of local soil properties, if the

soil model is extended to the bedrock. But these methods again suffer from the
difference in damping values between soil and structure. The linear elastic half
space theory was also applied to predict the influence of structure on the free

field motion [29, 30, 31] and to predict the structure response on flexible foundation
[32]. Generally speaking, the effect of interaction is small for structures built

on competent rock. As to the soil amplification effect or the influence of local

soil properties, both the shear beam model and finite element method have been used
[28].

L, STRUCTURAL PROPERTIES AND MODELLING
All structures must first be idealized into the equivalent mathematical
models to facilitate the analyses. In modelling, one often intends to cover as
much as possible the essential characteristics of the stiffness and mass distribution.
On the other hand, one also hopes that the model will be simple enpugh for easy
interpretation of the results, or hopes to avoid the feeling of seeing the trees
but not the forest. A compromise should usually be achieved between these two ends.
The mathematical models used in the past varies from shear buildings [33]
to cantilever-type buildings [34]. There are also assumptions concerning the behavior
of shear walls, floor diaphragms, etc. One ought to choose the model which fits
closely the characteristics of the structure. It is always premature to predict
which assumption is more conservative before the dynamic analysis is performed,
because changing the stiffness and inertia properties has an effect on the eigenvalues
and eignvectors which in turn have an effect on the stresses and displacements.
Multistory structures have been analyzed by several different techniques
recently. Clough et. al. [35] simulated the static behavier of a symmetric three
dimensional structure as a series of two dimensional frames connected by inextensible
links at each floor level. They improved the analytical method by evaluating the
lateral stiffness of each frame with the tri-diagonalization procedure and superposing
these to obtain the overall building stiffness [36]. Kokinopoulos [37] treated
the multistory building of very flexible floors as a one dimensional catilever beam,
and the overall stiffness matrix was derived by Solving Simultaneously the three-
moment equations. Weaver et. al. [38, 39] followed the modified tridiagonal approach
to obtain an overall stiffness matrix for static and dynamic analyses of a general
three dimensional frame without shear wall. The floors are assumed to behave like

disphragms. Weaver & Oakberg [LO], and Manning [41] extended their works to include
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the shear wells. Winokur and Gluck [42) analyzed statically the asymmetric multistory
structures by combining the stiffness matrix of each individual stiffening element
into the overall stiffness matrix. Gluck [43] analyzed the asymmetric structure

by the "continuous method," and was discussed by Wynhoven & Adams, Biswas & Tso

[u4].

5. EXAMPLE

The linear elastic dynamic analysis of the coupled auxiliary structures
of a nuclear power plant is presented here as an example. The characteristics of
these structures are quite different from those conventional structures mentioned
before. First of all, due to the requirement of biological shielding from the radio-
active emission caused by hypothetical accident, the walls and floors are exceedingly
thick. Secondly, as a result of the equipment layout, interior walls are discontinuous
frem floor to floor. Thirdly, several structures are coupled together.

To reveal the torsional effect about the vertical axis of an asymmetric
structure, the floor is assumed to behave like a diaphragm rigid in its own plane
and with three degrees of freedom, two translational, and one torsional [38, 45,

46]. Due to the Stubby proportion of the actual structure, the flexibility of the
wall along its strong axis is controlled by the shear deformation [46]. Hence the
analytical method described by Ayre [47] can be applied here. For Stubby structures
with foundation keyed into competent rock, it can be assumed to be fixed at the
ground. The mathematical model is as shown in Fig. 1.

Because of asymmetry, the center of stiffness does not coincide with that
of the mass at each floor. Furthermore, the centers of stiffness of the floors
do not fall on the same vertical axis; neither do the centers of gravity. It should
be pointed out that the classic shear center of open section based on bending deformation
does not apply here.

To facilitate the analysis, a common coordinate system is established.

Then the stiffness matrix of each floor can be transformed as

k o o
k T
Ki = Ti 2 4 : i W

1 o -Ry
L e s (2)

]
Ti is the transpose of Ti' The subscript i refers to floor number, and Rx, Ry are

the coordinates of the center of stiffness at ith floor. The mass matrix can be

transformed similarly.

o
Cc o
1 i M N i o o mriari (3)
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where m, m, are the lumped mass and the mass moment of inertia respectively, and
?1 is the transformation matrix defined as

l1 o -
¥ o= o 2 c:y (4)
o o 1 i
where Cx. Cy are the coordinates of the center of gravity of the ith floor. The
transformed individual matrices can be ccmbined into the overall matrix easily.
The equations of motion of the system are
(M) {p}) + [c] {D} + [K] {D} = (F} (s)

vwhere mass matrix [M] is composed of the submatrices M, on the diagonal. (c] is

the damping matrix, [K] is the stiffness matrix and {D} is the relative displacement
vector. The overhead dot indicates time derivative. The force vector {F)} is defined
as

F} = —11' 0f) {c) (6)

t 1]
vhere [?}‘] consists of submatrices &‘1 on the diagonal. [M'] is composed of submatrices

M‘;. on the diagonal, and {G} is the ground acceleration vector.

The solution method of Weaver et. al. [39] will be followed here. We first
solve for the undamped natural frequencies and mode shapes from the free vibration

equations.
(M {0} + (kK] {0} = (o} M

For the ease and efficiency of computer programming, the mass matrix is decomposed
into lower and upper triangular matrices,

Ml = (vl (u) (8)
vhere

(] = 1% (T (9)
Substituting eq. (8) into eq. (7) and premultiplying both sides by ([U]')71 we have

(1™ o1’ o] o) + ((u1H™ K (W72 (V) (o} = (o) (10)

or

o} + k] (o)} = (o} 11y



- 304 -
where

(DI} = [u] {p} (12)

k) = (WO (13)

Let the normalized eigenvectors of [KI] be [V]. Premultiplying both sides of eg.
]

(11) by [V] and making use of the orthonormal property of the eigenvectors, we

have ’

v1' o + v Ik ) 1) (o) = (o) (at)
or

g + [ o= {0} (25)
where

o= W' o= 1 [ ) (16)
and

(o) = ' ] W) = (o))’ 1 0 ) an

[ All‘] are the eigenvalues of the system and [U]-l[V] are the eigenvectors of [X].
Assuming proportional damping and transforming eg. (5) into the normal coordinates
{D“}, we have

oy} + Lo By + [a,) ogd = (v’ tm) (28)

Cepd = 28 [ 2% =28 L) (19)

vhere w_ is the circular frequency of ch mode, and B is the percentage of critical
demping. The Jth component of eg. (18) becomes

- . B -
D+ 2st nJ *+ 6y Dy = -y, G, £(t) (20)

Where Y 3 is the participation factors defined as

v, = (W vn, )06 G (21)
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and the ground acceleration vector {G} is replaced by

@ = o, £lt) fe) (22)

and Eo is the maximum ground acceleration, f£(t) is the time function of ground moticn,
and {e} is the earthquake directional vector. °

If one wants to edopt time history of strong motion earthquake as input,
then eg. (20) can be used directly to solve for the model response. If cone vants
to use the design spectrum method, then the solution of eg. (20} with zero displacement
and velocity as initial conditions and with smell damping [2] is

Y t Z ~Buylt-T) -
D, = u..é_JowJGOe £(7) sin w, (t-t)d1 (23)
J
Defing the spectrum value as [20]

Sa(w) = w[jtgo £{1) B (t-1) sin w(t-t)d1imax (24)
[0

the maximum modal response is

<

b, = ;%_sa () ‘ {25)

The responses in the common coordinates are
o} = (W™ V) o) (26)

Since the meximum response do not occur at the seme time, the method of the square
root of the sum of squares is taken to combine the maximum modal responses. Some
results of the example are shown in Tables I to IV and the input design spectrea
are shown in Fig. 2.

6. EQUIPMENT DESIGH

For equipment with mass small compared with the mass of the structure,
it has generally been acceptable to use floor design spectra as input for aseismic
design. The floor design spectra can be generated either with time history of ground
motion as input [6] or with ground design spectra and structural response as input
[u8, 49, 50]. Vere the torsional effect of an asymmetric structure not considered,
only one floor design spectrum would be obtained at each floor level. However with
the inclusion of the torsionel effect, two floor design spectra corresponding to
two translaticnal degrees of freedom of the floor are cobtained for each directionsal
input. Generally speaking, the magnitude of the extra design spectrum depends on
the characteristics of the structure. These spectra are shown in Fig. 3 and b,
and they should be applied simultaneously for the design of equipment.
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TABLE IV - SRSS OF ALL THE MODES
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DISCUSSION

Q P.C. RIZZO, U.S. A,

If you used design spectra approach for structure, what method was used to
generate floor response spectra ? If Biggs' method is used, for what plants (foreign and

U. S.) has it been used successfully ?

A Ch. CHEN, U.S. A,

Response spectrum method (Biggs' method) was used to generate floor response
curves. In the U.S. this method was applied successfully in a nuclear power plant in Penn-
sylvania (I don't want to mention the name of the plant without our client's permission). This

method was also applied to a job in Japan.

Q H. SATO, Japan

sort of frequency curves which were given in these figures is too wide at the peak frequency

I would like to ask a question about Figs. 3 and 4. It seems to me that the same

even if the value of damping ratio is taken into consideration. How did you obtain these re-

sults ? I would like to know the quantitative characteristics.

Ch. CHEN, U.S. A.

A

the dynamic property of the concrete varies over a wide range of values.

These results were obtained from the envelope of a parametric study. Because

J.D. STEVENSON, U.S. A.

Q

than an actual response curve since only one of the parameters your have considered can

The response spectrum curve you present is actually an envelope curve rather
actually exist. Is that correct ?

Ch. CHEN, U.S. A,

A

Yes, it is an envelope.

Q O. HENSELEIT, Germany

What are the numerical values of dynamic Young's modulus you used in your

calculation ?

A Ch. CHEN, U.S. A,

We used the static value of 210,000 kg/cm2 to a dynamic value of 300,000 kg/cm?
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and sometimes higher value.

K. AKINO, Japan

Q

a conceptual design of structural layout; in your case, Westinghouse or Gilbert ?

I have two questions which are related. The first is, in the U.S. A. who provides

The second is, if you are given the structural layout shown in Fig. 1 in your paper, you have
to carry out unreliable complicated dynamic analysis including torsional vibration mode.
However, a structural engineer can provide a better balanced and more stable structural
layout than you have now. Which is the better way ? Either you carry out the analysis as you
do or structural engineers provide a more adequate structural layout for the aseismic design ?
By the way, do you know an ideal proposal prepared by Kaiser Engineers which is axisymmet-

rical circular reactor and auxiliary buildings.

A Ch. CHEN, U.S. A

The layout is decided by Gilbert. It is true that some of the complex analytical
methods can be avoided by different design layout, as using expansion joints to separate build-
ings, or making the building reasonably symmetric to avoid the coupling effect of torsional
modes and translational modes. But in this specific job, due to the limitation of site condition
and other reasons the coupling effect is almost not avoidable. As a matter of fact, on the

other jobs we do prepare the layout in such a way as to avoid the coupling effect.

Q H. SHIBATA, Japan

It seems very dangerous to put the result of a parametric study on the response
analysis curve. We should consider the margin of design in the view-point of the whole dy-
namic design, and not include it in your response curve or estimation of damping co-efficient

80 On.

Ch. CHEN, U.S. A,

A

of on each individual case to avoid the conservatism on top of conservatism,

Yes, ] agree the parametric study should be applied in a broader sense instead



