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SUMMARY

The response of very stiff structures, such as nuclear reactor buildings, to earth-
quake ground motion is significantly affected by radiation damping due to the soil-
structure interaction. The radiation damping can be computed by Dr. H. Tajimi's vibration
admittance theory or Dr. T. Kobori's dynamical ground compliance theory. In order to apply
the values derived from these theories to the practical problems, comparative studies bet-
ween theoretical results and experimental results concerning the soil-structure interac-
tion, especially if the ground is rock, are urgently needed. However, experimental results
for rock are less easily obtained than theoretical ones.

The purpose of this paper is to describe the harmonic excitation tests of a model
foundation on rock and to describe the results of comparative studies.

Cutline of the Tests

The model foundation was made of reinforced concrete. It was i2m in diameter and 5m
high. The average value of shear wave velocity of the rock under the foundation was
1,400m/sec. The dimensionless frequency of the foundation was adjusted tec 0.3-1.4, sima-
lating the actual nuclear reactor buildings. & wvibration generator, which operates in a
frequency range up to 50Hz, was used for the tests. The maximum force from the vibrator
was limited to 4t. The vibrator was set on the foundation. The horizontal (two
directicns) and vertical harmonic excitation tests were carried out. Displacements were
measured by floor type and underground type transducers. BAlso, earth pressures were
measured by mercury-centaining earth pressure meters.

Results of the Tests apnd Bnalyses

The fundamental natural frequencies chtained from beth the rescnance and phase lag cur-
ves of displacements and earth pressures were 35Hz horizontally and more than 50Hz ver-
tically. The earth pressure distribution approached the uniform pressure distribution in
the case of horizontal excitation, while it did so to the pressure distribution of a
rigid base in the case of vertical excitation.

Resonance curves obtained from the tests were compared with the analytical results,
which were calculated by the response analysis of a lumped mass system with dynamic stiff-
ness and dashpots, derived from Dr. H. Tajimi's theory. The results of the tests showed
good agreement with the theoretical values.

The dynamic stiffness and radiation damping values are calculated from the measured
records by two methods. The first method is to obtain the values from the relation between
the inertia force, including excitation force, and measured displacement. The Second
method is to obtain the values from the relation between the total force of measured earth
pressures and measured displacements. The values obtained by these methods showed goocd
agreement with theoretical values.

from the forced wibration tests of a model foundation and the simulation analyses,; the
following conclusions were drawn. Geood applicability of both theories to the foundation on
rock was recognized and the results were useful for design purposes.
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1. Introduction

Dynamic stiffness can be computed by some methods based on the half-space elastic theory.
In the theoretical approach, the ground is assumed to be a perfectly "Idealized Solid™"
that is, a homogeneous, isotropic and semi-infinite elastic medium. But, actual ground is
not such an "Idealized So0lid" in general. So, in order to apply the values derived from

these theories to the practical problems, comparative studies between theoretical results

and experimental results, concerning soil-structure interaction, are needed.

2. OCutline of the Tests

The nodel foundation was constructed on the site of Sendai nuclear power station in
Japan. Fig.-1 shows the experimental site and model foundation. The foundation was made
of reinforced concrete. It was t2m in diameter and 5m high. The physical properties of
concrete and rock are given in Table .

Fig.-2 shows the arrangement of the displacement meters for horizontal (N-§ direction)
excitation. This arrangement is similar to that for E-W excitation and vertical excita-
tion. Fig.-3 shows the arrangement of earth pressure meters.

3. Results of the Tests

Fig.-4 shows the resonance and phase lag curves of displacement for horizontal, (R-§
direction) and vertical excitation. Fig.-5 shows the resonance and phase lag curves of
earth pressure for horizontal (N-5 direction) and vertical excitation. The curves obtained
from E-W excitation were similar to the curves obtained from N-S excitation, in shape.

From the results of the tests, it was recognized that the fundamental natural frequency
obtained from both the resonance and phase lag curves of displacements and earth pressure
were 3SHz horizontally and more than 50Hz vertically, and the difference in vibration level
between the H-S direction and the E-9 direction could not be found. So, in this paper,
results of H-S excitation were adopted as typical results for horizontal excitaticn.

Fig.—6 shows the mode of dynamic displacement for horizontal excitation at a frequency of
35Hz. Maximum displacements of each point are shown by arrows. Broken lines show repre-
sentative displacement obtained from the observed amplitudes and phase lags of each point.

Fig.-7 shows the distribution of dynamic earth pressure on the contact surface of the
foundation &#nd the ground. The maximum amplitude of each point is shown by arrows. Curved
lines show the values calculated from the following equations. ¢, B and Y are factors of
the equations obtained from experimental results using the least squares method.

Figs.-8, 9 show the mode of dynamic displacement and distribution of dynamic earth

pressure for 50Hz, Experimental results for vertical excitation are shown in Figs. 10-13.
Prequencies of excitation are 30Hz and S0Hz. The functions of stress distribution were
assumed as in eq.l and 2.

For horizontal and vertical motions
2
r r
T, 0= R [a+ B{—5) + v (/4 (1)
For rotational motions
- RZ(_E. T 2 x4
T = RO(=p~) [o+8(—/2)% + vy {(—f7) Jcos¢ (2)

where, T, 0 are the observed shear stress and normal stress of each point. R is radius of

the foundation. r and § are coordinates of each point.
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These figqures show that the earth pressure distribution approached the uniform distribu-
tion in the case of horizontal excitation, while it approached the distribution of the
rigid base in the case of vertical excitation. Figs.-14, 15, 16 show the relation between
frequency of excitation and stress distribution for horizontal, rotational and vertical
motion respectively. Stress slope (8) is shown by broken lines. BAs the frequency of exci-
tation approaches the resonance range the value increases. But the value divided by total
force acting on the contact surface of foundation and ground (6/F) does not increase.

From these figures, it is recognized that the stress distribution mode at the contact sur—
face was not affected by the frequency of excitation.
4, Results of Comparative Studies

4.1 Resonance curves
Fig.-17 shows resonance curves of displacement for horizontal excitation. In the figure,

the solid lines show test values and broken lines show analytical results which were calcu-
lated from the response analysis of a lumped mass system with dynamic stiffness and dash-
pots, derived from Dr. H. Tajimi's wvibration admittance theory. 1In the calculation, earth
pressure distributions were assumed to be uniform for horizontal motion and triangular for
rotational motion. Fig.-18 shows the mathematical model adopted for the analysis.
Physical properties and constants used for the analysis are given in Table % and 2 respec-—
tively., This figure shows good agreement between experimental and theoretical results,

4.2 Dynamic Ground Stiffness
Dynamic stiffnesses were calculated from the measured records by two kinds of method as
follows:

1} Dynamic Stiffness Obtained from Inertia Force and Displacements.

The first method is to obtain walues from the relation between the inertia force, and
measured displacement. The following equations of motion were employed for the foundation.

Symbols used in these equations are illustrated in Figs.-19, 20. Dynamic stiffness for

horizontal motion {Ky) and rotational motion {Kp) are obtained from eg.3. Vertical stiff-
ness (Ky) is obtained from eq.4.

(1]
n mH| | X Ky o |[x 13

n o+ = P (3)
mH I 9 0 Kgf |9 Hp)
1t
my + Ky . V=P (4)

H 1]

where, X, X are horizontal displacement and acceleration, 6, 9 are rotational angle, and
acceleration. m, I are mass and rotatory inertia of the foundation. H, Hp are the heights
L]
of the center of gravity and vibration generator, P is force of excitation. V, V are ver-
tical displacement and acceleration.
2) Dynamic Stiffness Obtained from Barth Pressure and Displacements

The second method is to obtain values from the relation between the total force of
measured earth pressures and measured displacements. The following equations of motion

were employed. Dynamic stiffness Ky, K, Ky are obtained from eg.5.

R B S vV=F (5)
0 kg| |o| [ A
where, Q, M, F are shear force, moment and vertical force acting on the contact surface

between the foundation and ground. They were obtained from earth pressure.
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Figs.-21 to 26 show comparison of theoretical and experimental resulsts for dynamic stiff-
ness and damping. Theoretical resunlts are derived from Dr. H. Tajimi's vibration admit-
tance theory. In the calculation, twe kinds of earth pressure distribution were assumed
for each motion. Rigid base and uniform load were assumed for horizontal and vertical

motion. Rigid base and triangular locad were assumed for rotational motion. The damping

factor (h) was claculated using eq.6.

D= (f1+4E2 - 1) /28 » &= Ky /g (&)

where, Kg, KI.are the real and imaginary parts of dynamic stiffness respectively.
Experimental results were obtained by two kinds of method. Both of them are illustrated in
the fiqure.

Figs.-21, 22 show the dynamic stiffness and the damping factor for horizontal motion.
Experimental results obtained by method {1) do not show good agreement with other results
for high frequencies. In the calculation, it was assumed that the foundation behaves as a
rigid body. But by these figures it was recognized that this assumption, when used in the
calculation, was not applicable for horizontal excitation at high frequencies.

Figs.23 to 26 show dynamic stiffness and damping factor for rotational and vertical
motion. These figures show good agreement between the theoretical and experimental results,
especially for vertical motion.

5. Conclusions

From the forced vibration tests on a model foundation on rock and the simulation analyses,
the following conclusions were drawn.

1) The fundamental natural frequencies obtained from both the resonance and phase lag
curves of displacement and earth pressure were 35%Hz horizontally and more than 50Hz
vertically.

2) The earth pressure distribution approached the uniform pressure distribution in the
case of horizontal excitation, while it approached the pressure distribution of the rigid
base in the case of vertical excitation.

3) The mode of earth pressure distribution at the contact surface of the foundation and
ground was not affected by the freguency of excitation.

4) Resocnance curves obtained from the tests showed good agreement with the theoretical
results.

5) Dynamic¢ stiffnesses and damping factors obtained from the tests showed good agreement
with the theoretical results.

Good applicability of the theories to the foundation on rock was recognized, and the
results were useful for design purposes.
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Table.l Physical properties of
concrete and rock

EL.+£.80m Young’s modulus E = 3.0x 10% kg/em?
- Concrete Poisson’s ratio v = 0.167
EL ~220m
Normal strength per unit area Fe = 387 kgfem?
Shear wave velasity Vg = 1400 m/sec.
MODEL
% “hTOUNDATION Modulus of rigidity G = 5.4%10° t/m?
EL.+7.6m Rack Young's moduius = 1.47 x 10° t/m?
EL.+0.8m
v 12m Poisson’s ratio v = 036
EL.116m Density Y = 2.7 ym?

Fig.l Experimental site and
model foundation
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Fig.2 Arrangement of displacement
meters for horizontal excitation
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Fig.5 Resonance and phase lag
curves of earth pressure
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Fig.6 Mode of dynamic displacement for Fig.7 Distribution of dynamic earth
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Table. 2 Constants used for
mathematical model

Wi = 3393 ton
W2 = 678.6 ton
Weight
W3 = 3393 ton
Im = 23,5239 t+m?®
AN = 1131 m?
Section Ag = 990m*
(K1 Ka) 1 =10179m*
Dynamic staffness derived
KR, s frv_:)m ]Z_’r. H. Taji{mi’s
Vibrational admittance theory.
(Ref. Fig. 21 ~ Fip. 26)
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Fig.19 Explanation of symbols
used for eg. (3}
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