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SUMMARY

This paper presents a closed-form solution of the vertical response
of an N-mass structure with a large base mass to wave averaging vertical
seismic excitation. Response for different soil stiffness and structural
characteristics are investigated. Numerical results are obtained by
iteration for an idealized three-mass two-mode model of a nuclear power
plant contaimment structure subjected to the El-Centro earthquake. The
significance of the interaction effects are evaluated by comparing the
free field response spectrum with the output acceleration response spec-
trum.

INTRODUCTION

In most seismic analyses of building structures, the earthquake
free-field ground motion is assumed to be identical at all coordinate
points at a given level beneath the structure. The foundation averaging
phenomenon which is termed as the "tau effect'" in the Diablo Canyon Nu-
clear Power Plant proceedings is often neglected in the seismic analysis
of structures. This effect occurs when the ground motion varied over the
contact area of the foundation. For some soil conditions when the wave
lengths of the dominant frequencies in earthquake motions are comparable
to the foundations, this "self-cancelling" effect acting as a filter can
be very pronounced and will reduce the response level of the power plant
structures. Rocking seismic input created from the vertical component of
the propagating waves was not considered.

For the preseht investigation;' the effect of the interaction between
the vertical inertia forces and the vertical free-field ground motions
which are caused by wave averaging effects are the principal considera-
tions. By a semi-inverse method and applying the normal mode theory a
closed-form solution of the vertical response of an N-mass structure
with a large base mass to vertical seismic excitation is developed. Flexi-
bility of the foundation is based on the response of the homogeneous
elastic half-space to a time varying normal stress distributed over the
surface of the boundary (Fig. 1). As a result, the vertical interaction
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equation is expressed in terms of the arbitrary base acceleration, the
average effective seismic motions, the properties of the soil which are
represented by the P- and S-wave velocities, and the properties of the
structure which are described by the modal parameters. In particular,
the amount of interaction was shown to be dependent on the modal charac~
teristics of the structure, the ground stiffness and the relationship
between the structural fixed-base frequencies and the frequency charac-
teristic of the average ground motion.

AVERAGE EFFECTIVE VERTICAL SEISMIC MOTIONS

Free field ground excitations used in this study are derived by
assuming that the foundation is rigid, with propagating waves traversing
the plane of the structural site. This approach tends to average the
ground motion forcing the soil particles to displace as a rigid body.
Also, by assuming that the seismic ground motion is a repeatable event
over the period of time of analysis, the free-field vertical ground acce-
leration can be expressed in terms of the Fourier series. Specifically
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where b is the shear wave velocity, N is the number of harmonics, A, are
the amplitudes of the earthquake, en is the nth component phase angle
and k, are the ciruclar frequencies.

Due to propagating seismic waves, the average vertical ground
acceleration can be determined from
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where A is the contact area of the base mass. In terms of the wave num-
ber R,, equation (2) can be written as
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where Ry = 47ro/A, is a parameter proportional to the ratio of structural
x~-dimension to the particular wave length which is related to the shear
wave velocity by b = 1/2 kji,.

VERTICAL SOIL-STRUCTURE INTERACTION EQUATION

The vertical acceleration at the center of the foundation derived
by Scavuzzo etc. (Ref. 1), includes the interaction effects between ver-
tical inertia loads and vertical free-field ground motions. By using a
semi-inverse method with the aid of Laplace transforms, the vertical
soil-structure interaction equation for an N-mass structural model can be
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written as
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where M, is the base mass, a is the P-wave velocity, b is the S-wave
velocity, u is the shear modulus and M. is the effective modal masses
which are related to the concentrated masses mj by the following ex-
pression:
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ii' are the vertical mode shapes of the linear elastic N-mass structure.
The function Im[g(T)] in equation (4) is defined as
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Since Im[g(T)] = 0 when T<;§g the second and third terms of the interac-
tion equation (4) is zero during the time it takes a P-wave to travel a
distance r, (Ref. 1). When t>r,/b, the time required the S-wave to tra-
vel a distance rg, In[g(T)] has the form given by the third of equations
(6). By comparing response spectra at the fixed-base frequencies, the
effects of interaction can be evaluated for a given structure with equa-
tion (4).
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RESPONSES TO THE VERTICAL COMPONENT OF THE
EL-CENTRO EARTHQUAKE

Numerical results of this investigation are based on the idealized
three-mass two-mode model of nuclear power plant shown in Fig. 2. Free-
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field ground inputs used in this analysis are based on data from the ver-
tical component of the El-Centro earthquake. By including the foundations
average effects, the modified vertical ground motion calculated from
equation (3) would have smaller amplitudes throughout the time history.
This reduction is compared to the input motion in Fig. 3. Responses for
different soil stiffness and structural characteristics are studied with
two basic dynamic models:

(i) A structural model has a fixed-base containment vessel fre-
quency of 12 cps and a fixed-base internal frequency of 15 cps;

(ii) A structural model has a fixed-base containment vessel fre—
quency of 15 cps and a fixed-base internal frequency of 20 cps.

Each structure model is coupled to a ground having shear wave velocities
of 152.4, 304.8, 609.6 and 914.4 m/s. Also, the ground density of 1600
Kg/m3 is used in this analysis.

For the seismic design of structure, it must be emphasized that only
the spectrum values at the fixed base frequency are used to calculate the
peak shock loads. This maximum load is proportional to the acceleration
spectrum response evaluated at the natural frequency of the vibratory
mode under consideration. The responses of vertical interaction effects
can be examined by comparing the response spectra of the free-field mo-
tion to that of the foundation motion. The following expressions define
the input and output undamped vertical response spectrum respectively:

Si(w) = [’g‘ gt VF(T> SiHM(t_T)dT]maX qQver t (7)
So(w) = [g'gt v (1) 5inw(t—T)dT]max over t (5

The spectrum responses determined from equation (4) for structural
model number 1 with shear wave velocity of 914.4 m/s is shown in Fig. 4.
Examination of the acceleration response spectrum curve indicates that
large reduction in the free-field acceleration spectra values occurs at
the center of the base mass due to the "tau'" effect. This similar trend
is also observed for structural model number 2 (Fig. 5). Peak vertical
responses for all cases studied .are summarized in Table 1. Comparison of
the output response spectra for structural model number 1 with the corre-
sponding spectra for model number 2 shows that increasing the fixed-base
frequencies from 12 and 15 cps to 15 and 20 cps has very little effect on
the output acceleration. Also, for all cases studied, the wave passage
effect tends to smooth out the response spectrum curves.

CONCLUSIONS
The results of this investigation show that vertical structure foun-
dation interactions with wave averaging effect are significant for all

conditions studied. The '"tau" effect tends to smooth out the output res-
ponse spectrum at the fixed-base frequencies and hence reduces seismic
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loads. For a specified soil-structure combination, it should be noted
that seismic analyses including this wave effect may also lead to rocking-
input motions which can increase structural responses. Further examina-
tions of the combined "tau" and rocking-input motion effects on vertical
soil-structure interactions are needed in order to be able to predict the
total responses of structures.
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Fig. 1 A time dependent normal stress, f(t), is applied over a
finite portion on the boundary of a 2-D elastic half-space
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‘(a) Nuclear power plant (b) Two-mode mathematical model

Fig. 2 Idealized three-mass two-mode nuclear power plant model

894



.40
T T
- Free-Field Motion
30 Without "tau"
Effect n
o With "tau" Effect
.20 —_—
n .10 4 i
- 7
) LR
§ ool b bl ] A‘{\‘
" | | ]
@ b
B -0 '
3 L LT
3]
&)
< -.20
-.30
-. L0
[ 1 2 3 4 5 Time, sec

"ig. 3 Comparison of the El-Centro earthquake with
and Without foundation averaging effects

4.0

//Input Acceleration

3.5 , A + Without "tau"
Effect
o With "tau" Effect

3.0

| dE
NN RN
\T\/WVA AN

YO
AT
A A
N A

10 1 12 13 14 1s Frequency, cps

'ig. 4 Vertical structural response vs frequency
(b = 914.4 m/s, structural model #1)

-

N v

Acceleration, g's

0.0

895



4.0 T T
—+- Without Tau
Effect
3.3 -0~ With Tau
Effect Input
3.0 .
: \
e 2.5 A +
Q
T 20 4
: ]
M
: W TN AN
8 1.5 ¥ Y \ $/) b\a/ vy
Q
<
i
1.0 vv
.s PN ‘ A
. _,II y\\i~*~!‘HL~,Jﬁ&/‘\.M”
13 14 15 16 17 18 13
Fig. 5 Vertical structure response vs frequency

(b=

304.8 m/s, structural model #2)

Frequency, cps

Table 1. Acceleration Spectra (g's) For The Structure Models Subjected
To The El~Centro Earthquake Input

Fixed-Base Frequencies
Structure b 12 cps 15 cps 20 cps
Description| (m/s)| g's(*) g's(¥*%)| g's(¥*) g's(**)| g's(*) g's(**)
Free-Field
Motion -——— | 2.829 2.403 3.077
Structure 152.4 | .169 .040 .139 .028 . ———— ——
Model No. 1| 304.8 | .376 .096 244 .089 —— ——
609.6 | .350 .156 L241 .148 —— ——
914.4 | .550 .186 .368 .160 — ——
Structure 152.4 | ——— —— .092 .029 .130 .038
Model No. 2| 304.8 | ——— —— .237 .089 .458 .090
609.6 | ——— —— .282 L141 470 .137
914.4 | ~——- —— .315 .165 448 .145

(*) Without Wave Averaging Effect
(**) With Wave Averaging Effect
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