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MODEL SHAKING TESTS AND NUMERICAL
SIMULATION ON NONLINEAR RESPONSE
OF RIGID EMBEDDED FOUNDATIONS

Jun’ichi TOHMA*, Keizo OHTOMO* and
Takahiro TWATATE **

The purpose of this study is to confirm the applicability of the dynamic nonlinear
soil-structure interaction (SSI) analysis for a rigid foundation embedded in soil deposit
under strong earthquake ground motions. Shaking table tests were carried out, utilizing
ground model made of clean sand and foundation model made of steel. Using the
shear strain dependency of the shear modulus and damping determined from the soil
tests, axisymmetric FEM analysis were performed taking account for the primary and
secondary nonlinear response. From the compariron of the shaking test results and the
numerical simulations, it was confirmed that the SSI analysis showed fairly good agree-
ment with test results up to the soil strain level of 10~% order.
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1. INTRODUCTION

This paper describes one part of a research
program for demonstrating methods for assessing
aseismicity of nuclear power plant buildings and
their foundations to be sited on the Quaternary
deposit”. The part of the program to be described
here relates to the dynamic responses of embedded
foundations on a soft ground. In particular, this
paper discusses experimental investigation of the
nonlinear responses of the foundations when
subjected to strong earthquakes.

The authors previously conducted forced vibra-
tion tests on a concrete block placed on an actual
ground with a vibrator by varying the depth of
embedment of the block. We also conducted
seismic observation of the block. With these tests
and observation, we examined the embedment
effect”. As a result, we found that when the depth
of embedment was made deeper, the amplitude of
the block vibration decreased and the natural
frequency of the coupled system increased.
Moreover, we demonstrated that forced vibration
tests can be simulated by an axisymmetric finite
element analysis. In this series of forced vibration
tests and seismic observations, however, the
vibration amplitudes were extremely small when
compared with those of the design earthquake
motion for the nuclear power plant buildings. The
strains induced in the soil were estimated to be as
small as 107° or under.

Soft ground is expected to show nonlinear
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response when subjected to strong seismic motions
corresponding to the design earthquake motion.
According to some case studies, the dynamic
shearing strain of the ground near the foundation is
calculated to reach as high as 10~ when subjected
to an input seismic motion of 300 to 400 Gal at the
free rock surface. It, therefore, is necessary to
assess the embedment effect of the foundation by
properly considering the nonlinear response char-
acteristics of the ground in such a range of large
strains.

To experimentally examine such nonlinear
phenomena, model vibration tests with a shaking
table are effective. In the past many model
vibration tests were made to examine the embed-
ment effect of rigid foundations. In most of such
experiments, however, elastic materials such as
silicon rubber were used as the soil material®™®
With such experiments, it was confirmed that the
embedment reduces the amplitude of the founda-
tion vibration and shifts the natural frequency of
the coupled system towards the shorter period side.
Few studies, however, refer to the nonlinearity of
the soil. Yano, et al®. conducted model vibration
tests by paying attention to the nonlinearity of
backfill, and discussed the effects of the sliding and
separation of the embedded portion on the
responses of the structure. In their study, sand was
used as the backfill, and the nonlinearity of the
material was considered. Silicon rubber, however,
was used for the bearing stratum model to facilitate
the interpretation of the experiment. As a result,
the nonlinear response of the soil as a whole was
not touched upon. Matsuda and Goto” used a
large-sized shearing soil container to conduct
forced vibration experiments concerning the dyna-
mic interaction between a sand ground and a
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concrete block. The sand ground in the soil
container showed clear nonlinearity, but no
mention was made of the embedment effect of the
block.

In view of the present state as discussed above,
we decided to make a sand ground in a shearing soil
container to conduct model vibration tests on an
embedded rigid foundation. The dynamic response
of the foundation would be examined in a wide
range of vibration level corresponding to.small
strain to large strain of the sand ground. It was
intended to extend and apply the axisymmetric
finite element analysis, of which applicability to the
small strain range had been confirmed, to non-
linear problems. Thus the model vibration tests
under strong seismic force would be numerically
simulated to examine the effects of the ground
nonlinearity on the embedment.

2. EXPERIMENTAL METHOD

A sand ground was formed in a cylindrical
shearing soil container of 300 cm in diameter and
150 cm in height. A rigid foundation in the form of
a 30-cm cube was placed on the ground, and model
vibration tests were made by varying the depth of
embedment of the foundation.

The large-sized shearing soil container used in
the experiment is shown in Fig.1. This container is
designed to reproduce, on the shaking table, the
shear deformation which a horizontal ground will
experience when it receives shear waves (SH
waves) in the vertically upward direction. To be
more specific, the circumference of the soil
container consists of a rubber wall of 7 mm in
thickness reinforced with canvas. The soil contain-
er, therefore, is capable of following the horizontal
displacement of the ground in the container, at
every depth. The rubber wall is reinforced with
steel rings to suppress its lateral swell due to the
soil pressure.

The model foundation is a solid steel one. Its
mass is 212 kg, and ‘its center of gravity is at the
center of its geometrical shape. Steel rather than
concrete was selected for the material of the
foundation to increase its mass. This, in turn,
would reduce the natural period of the coupled
system of the foundation and the ground so that it
would come into the possible frequency range of
the shaking table.

Mountain sand, being decomposed weathered
granite, from Gifu Prefecture (hereinafter called
Gifu sand) was used to build a ground with water
content of 8~10% in the soil container. The basic
physical properties of Gifu sand include: sand
content 99% ; silt and clay content 1 % ; maximum
grain size 0.84 mm; uniformity coefficient 1.59 ;

300cm
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Fig.l A cylindrical large soil container on the shaking
table

maximum void ratio 1.126 ; and minimum void
ratio 0.717.

Laboratory tests have been made on its dynamic
deformation characteristics®. The physical prop-
erties of the in-situ ground and those of the ground
in the soil container do not necessarily agree well
with each other. Even if all of their properties
virtually agreed with each other, the in-situ ground
and the ground in the container would differ
greatly in the deformation characteristics because
of the large difference in the confining pressure.
Since the shear modulus and reference strain of
sand are proportional to the square root of the
confining pressure, Kokusho and Iwatate” prop-
osed a rule of similitude which is applicable to
model vibration tests. According to this rule, when
the shaking frequency is multiplied by A2°” (1/4 :
geometrical reduced scale), the nonlinear response
of a ground of which thickness is A times of that of
the model sand layer can be reproduced. In this
case, as the similitude ratio for acceleration is 1, the
similitude ratio for strain is 1/1%°. In our study,
because of some constraints including the capacity
of the shaking table, the experiment was done with
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Fig.2 The vertical cross section of the model ground-
foundation system

A*?=35_ In other words, the time axis of the seismic
wave was reduced to one fifth.

The model ground was compacted with a
vibrator for every 30 cm of the layer thickness.
Sand samples were taken at 3 points from each
layer by means of a thin wall sampler to measure
the density. The mean density of the sand was
1.378 t/m*. The mass of the entire ground was
14.6 t and was adequately large relative to that of
the model foundation.

A recess of 30 cm deep was formed at the center
of the top surface of the ground, and the model
foundation was placed in the recess. The same
ground material was used for backfilling around the
foundation. The backfill up to the specified
elevation was sufficiently compacted by a vibrator.
The reason for selecting such an installation
method was to keep the elevation from the bottom
of the soil container up to the bottom of the model
foundation (or thickness of the ground directly
beneath the foundation) constant. We expected
that it would clarify the embedment effect of the
soil around the sides of the foundation. In
contrast to it, the depth of placement of the
foundation might be varied to examine the
embedment effect. In that case, however, the input
seismic motion to the bottom of the foundation
would vary significantly, making it difficult to
examine the embedment effect of the soil around
the sides of the foundation. It should be noted
that the reduction in input seismic motion depends
on the installation level of the foundation, and is
one of the embedment effects. That effect is very
important, but in our experiment, the depth of the
placement of the foundation was kept unchanged
to clarify the primary target of our investigation.

The standard arrangement of measuring points
for the foundation placed in the soil container is
shown in Fig.2.

The height of the backfill, namely, the embed-
"~ ment depth of the foundation, was varied within a

range from 0 to 30 cm to conduct the experiments
as will be explained below. This paper mainly
discusses the major results of (3) and (4).
(1) Free Oscillation Test by Hammering
To clarify the dynamic characteristics (natural
frequency and logarithmic decrement) of the
foundation when subjected to minute strains of the
ground, a slight horizontal impact was given to the
foundation in the horizontal direction by a rubber
hammer. Then the free oscillation of the founda-
tion was measured.
(2) Excitation of the Foundation Top with a
Vibrator
A small-sized motor-operated vibrator was
mounted on the top of the foundation. Then the
foundation was subjected to an excitation test
wherein the frequency was varied while the
eccentric moment was kept constant. The exciting
force was greater than that of the hammering and
was able to resonate the ground. The test was
designed to obtain the resonance curve of the
foundation-soil system.
(3) Sinusoidal Excitation with a Shaking
Table
While the accelerating amplitude of the shaking
table was kept constant, the frequency was
increased stepwise to examine the steady-state
response of the foundation-soil system. The test
was intended to obtain the resonance curve and
phase difference at each measuring point, and in
turn to clarify the frequency response characteris-
tics and natural vibration mode of the system.
(4) Seismic Wave Excitation with the Shaking
Table
To examine the response of the foundation-soil
system to seismic wave input, the system was
subjected to excitation on the shaking table. The
input seismic wave for the shaking table was El
Centro Wave (1940, NS) of which time axis was
reduced to one fifth and the duration was 5
seconds. The maximum acceleration was set
stepwise from 20 Gal up to 640 Gal to obtain
responses for a wide range of ground strains.
Excitations with 80 Gal, 160 Gal and 320 Gal are
mainly discussed in this paper. The results of the
seismic wave excitation will be used as verification
data for numerical simulation.

3. RESULTS OF SINUSOIDAI EXCITA-
TION WITH THE SHAKING TABIE

(1) Frequency Response of the Ground

The horizontal ground was subjected to sinusoid-
al excitation before a recess was made in the
ground. Fig.3 shows resonance curves. The
response ratio of the ground surface acceleration
(F5) to the excitation acceleration (BASE) is taken
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Fig.3 The resonance curves of the ground obtained
from steady state response

against the frequency. The results of four cases are
shown together, of which half amplitudes of the
exciting acceleration were 20 Gal, 80 Gal, 160 Gal
and 240 Gal, respectively. It is clear, from this
figure, that when the exciting force is increased, the
resonant frequency of the ground will shift to the
lower frequency side, and the response ratio will
decrease. In other words, the nonlinearity of the
sand will appear. In Fig.3, the second peak at the
frequency of 15-16 Hz is an amplification that
should not occur if the shearing vibration were an
idealistic one. An investigation revealed that the
frames (rings) of the shearing soil container vibrate
ovally in a plane in that mode.

We attempted, in the following manner, to
identify the average nonlinear characteristics of the
ground as a whole from the data of resonance.

First, the average shear modulus G can be
obtained from Eq. (1) by using the respective
resonant frequencies.

G=pVS2=p(4HS) 2 oeeeeeereerrereasenniinnnns (1)
where p : sand density ;

Vs : average shear wave velocity of sand ;
H : thickness of sand layer ; and
fo : resonant frequency of sand layer.

On the other hand, the average shearing strain y
of the ground as a whole can be obtained from Eq.
(2) by using the resonant displacement amplitude.
Hence G and 7 can be related with each other.

T:% ............................................... (2)

Where # : half amplitude of the relative displace-
ment of the ground surface” at the primary
resonance of the ground. The value of u is

calculated from the next equation by using the
record of the accelerometer (FS).
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Fig.4 The strain dependency of the shear modulus of

the ground determined from the shaking table

tests

Where #: half amplitude of the absolute accelera-
tion of the ground surface at the primary resonance
of the ground. The response of the ground surface
at resonance has a phase difference of 90 degrees
relative to the movement of the shaking table. Thus
Eq. (3) shows the relative displacement.

Eq. (2) assumes that the distribution of ground
displacement in the direction of depth is a linear
distribution in the form of a reversed triangle. This
assumption seemed to be mostly adequate on the
basis of the record of acceleration in the ground in
the direction of depth at the primary resonance.

Fig. 4 shows the relationship between the shear
modulus and the shear strain obtained in the
above-mentioned manner. This relationship was
approximated by Eq. (4) of Hardin-Dmevich type.
The parameters Go and 7, were determined by the
least squares method. The results are indicated on
the diagram.

1

G= GOTT/TY ................................... (4)
where G, : initial shear modulus (=133.5 kgf/cm’ ) ;
and .

7» : reference strain (=6.6X107).

In this paper, we assumed, for convenience, that
Eq. (4) holds, and extrapolated the value of G,.
The proper method, however, is to determine it
from the results of the elastic wave exploration and
density logging, or from the results of the soil tests
(such as triaxial compression test or resonant-
column test) in a very small strain range. The G,
values obtained by these methods should agree
with each other. In practice, however, they differ
from each other in many cases. The discussion of
this problem is out of the scope of this paper and is
omitted.

(2) Frequency Response of the Foundation

Fig.5 is an example of resonance curve wherein
the acceleration response ratio of the horizontal
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Fig.5 The resonance curves of the soil-foundation
system subjected to 20Gal input motion

movement of the foundation top (B2) to the input
(BASE) is plotted against frequency. It is the case
of a shallow embedment of 6 cm (one fifth of the
total height of the foundation). The input accelera-
tion amplitude is constant at 20 Gal. The diagram
also shows the ground surface horizontal motion
response (F5) which was measured at the same
time. The amplification of both the foundation and
the ground was significant at the frequency of 15.2
Hz. There was an amplification of the foundation
at 23.8 Hz.

Fig.6 (a) shows the distribution of maximum
acceleration response ratio at 15.2 Hz. This is
judged to be the resonance of the ground itself.
Fig.6 (b) is the distribution of maximum accelera-
tion response ratio at 23.8 Hz. This is judged to be
the resonance of the coupled system. As for the
vibration of the foundation, when the ground was
resonant, the vibration of the foundation was
excited by the primary shear mode of the ground.
When the coupled system was resonant, the
vibration mode of the foundation was different
from that of the ground. The mode of the coupled
system may be considered as the sway and rocking
vibrations of the foundation. Under the conditions
of the present experiment, the maximum response
of the foundation occurred not at the natural
frequency of the coupled system (23.8 Hz) but at
the primary resonance frequency of the ground
(15.2 Hz).

4. DYNAMIC DEFORMATION CHAR-
ACTERISTICS OF SAND UNDER
LOW CONFINING PRESSURE

Nonlinear physical properties of Gifu Sand used
in the model vibration tests were determined for
the seismic response analysis that will be described
later. The physical properties for the analysis were
mainly determined on the basis of the results of
hollow cylinder torsion tests corresponding to the
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Fig.6 The normalized amplification distribution of the
soil-foundation system subjected to 20Gal input
motion(1/5 embedded)

low confining pressure of the model vibration tests.
The results of the investigation of 3. (1) were also
considered.

In the hollow cylinder torsion tests, test speci-
mens were hollow cylinders having the outer
diameter of 100 mm, inner diameter of 60 mm, and
height of 100 mm. The isotropic consolidation
stress ¢; prior to the loading of the dynamic stress
was set in five stages with the range from 0.05 to
0.30 kgf/cm?. The water content w of the specimen
was 8%. The initial void ratio e, was set in five
stages within the range from 0.7 to 1.2. Dynamic
stresses were applied to the specimen, without
draining, under various conditions. The frequency
of the dynamic stress was 0.1 Hz, and the number
of cycles (N) was up to 30 cycles.

In the model vibration tests, the mean void ratio
e, of the ground as a whole was 0.92, and the water
content w was 8-10%. The confining pressure was
considered to be distributed within the range from
0 to 0.14 kegf/cny® depending on the depth (the
coefficient of earth pressure at rest K, was assumed
to be 0.5). These conditions meet the above-
mentioned conditions of the hollow cylinder
torsion tests.

The strain dependency of the shear modulus

]

45 (1338)



MODEL SHAKING TESTS AND NUMERICAL SIMULATION ON
NONLINEAR RESPONSE OF RIGID EMBEDDED FOUNDATIONS,TOHMA - OHTOMO - IWATATE

[u]

L

o 1

% 0.8}

g 06y CONFINING

= PRESSURE [N

o 041 * 0.05

=4 ° 0.10

= & 0.15

% 02} o 020 S
= o 0.30

& (kg /ea) N

0 L
10°° 107 10 107 107 107
SHEAR STRAIN . 7
Fig.7 The strain dependency of the shear modulus ratio

O}
5 CONFINING
PRESSURE ‘e

—~ 40} ¢ 005
L ° o.10
~— a 0.18 a

30 o o2 Y °
«Q o 0.30

(kgt/cn®) a

o 20f 3
&
= 10
a

0 L 1 I L _
10°° 10°° 107 107 107 10"
SHEAR STRAIN 7

Fig.8 The strain dependency of the damping

ratio G/G, is shown in Fig.7 for the test case of
which void ratio was closest to that of the model
ground. The lower was the confining pressure, the
greater was the tendency of the shear modulus ratio
to decrease. Eq. (4) determined by the model
vibration tests is also plotted by a solid line in
Fig.7. According to it, the G/Go-7 relationship
determined by Eq. (4) represents well the decreas-
ing tendency of the test values. The magnitude,
however, seems to be close to the upper limit of the
test values.

Fig.8 relates to hysteresis damping, and shows
the strain dependency of the equivalent viscous
damping coefficient. The lower was the confining
pressure, the greater was the damping coefficient.
The $-7 relationship to be used in seismic response
analysis is plotted by a solid line in the diagram.
With regard to the curve for the analysis, the lower
limit of B was set at 5%, and the upper limit at 40% .
The relationship in the intermediate strain region
was approximated by the following equation :

B=Bumax(1=G/Go) -++-eerevercvsuemeuneninnnnne (5)
Where Bmax : Assumed maximum damping coeffi-
cient (60%) ; ’
G/ G, : Shear modulus ratio, determined
from Eq.(4).

BASE
~-400.0

MAX= 344 (GAL)

Fig.9 An acccleration time trace of the scaled input
motion
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Fig.11 An axi-symmetric finite element model of the
soil-foundation system

5. SEISMIC WAVE EXCITATION EX-
PERIMENT RESULTS AND NUMER-
ICAL SIMULATION

The results of the seismic wave excitation and the
results of its numerical simulation will be discussed
together in this section. The numerical simulation
was made by inputting the acceleration waveform
of the shaking table into the bottom fixed boundary
of the FEM model which will be explained later.
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An example of input acceleration waveform is
shown in Fig.9. Fig.10 shows the Fourier spectrum
of the input waveform. The analysis was made up
to 50 Hz in the frequency domain.
(1) Modelling of the Soil-Foundation System
A soil-structure response analysis program
“CRAS” was used to examine the dynamic
response of the soil-structure system. CRAS uses
the complex elastic modulus indicated by the
following equation as the shear modulus for the

axisymmetric solid element representing the
ground™.
G*=G(1—2B2+2iBy 1— ) -ovvvvveeeeeess (6)

where i=+—1.

We modelled the entire ground in the soil
container as a cylinder to approximately represent
the three-dimensional effect. The frames of the soil
container were not modelled since they are light
and have low rigidity. The actual shape of the
foundation is a cube, but it was replaced with an
equivalent cylinder having the same base area.
The division into elements is shown in Fig.11. With
regard to the contact between the ground and the
foundation, we assumed that the deformation is
continuous at each node. Any sliding and/or
separation across the contact surface, therefore,
are not considered in the analysis. In view of the
structural characteristics of the soil container, the
ground bottom boundary was fixed, and the lateral
boundary of the ground were approximated with
horizontal rollers.

(2) [Initial Stress Analysis

Prior to the seismic response analysis, it was
decided ' to consider the confining-pressure de-
pendency of the initial shear modulus G,. The
changes in G, depending on the dead load of the
sand was calculated in the following manner and
assigned to each element.

As shown in Fig.4, our basic approach was to
use a value of G-7y curve extrapolated to a very
small strain (7=107°). We adopted a constant value
of Go=133.5 kgf/cm® in the direction of depth.
Next, we assumed that G, is proportional to the
square root of the confining pressure. Then we
redefined the distribution of G, in the direction of
depth, with a condition that the natural frequency
of the ground determined from the mean Go not be
altered. As a result, Gy can be represented by the
following equation

Go=49505(kgf/cm’) -+--eevrerrrereenecennens (7)
where ¢ : mean principal stress (kgf/cm’).

Moreover, the increase in the confining pressure
due to the weight of the foundation (contact
pressure : 0.236 kgf/cm®) was taken into considera-

tion; on the basis of Eq. (7), static stress analysis
was made with the axisymmetric finite element
analysis. The shear modulus thus obtained was
denoted by G. The ratio of Gj to G, without
considering the foundation weight, G¢/ G, rose to
about 1.7~2.3 for the ground element contacting
the bottom of the foundation.
(3) Treatment of Nonlinearity of Sand

We used the relationships plotted by solid lines
in Fig.7 and Fig.8 as the curves indicating the
strain dependencies of the shear modulus G and
damping coefficient 8 of the sand for all ground
elements. Thus the nonlinearity was examined by
the equivalent linear analysis based on the repeated
convergence calculation for each ground element.
The process is identical to, for example, FLUSH".
In the case of CRAS being an axisymmetric
analysis, however, each element has a strain of 6
components. The two-dimensional maximum
shearing strain ymax in the plane perpendicular to
the accelerating direction was calculated by the
following equation.

Tmax"__'/ (e,—ez)z—'—TzZ .......................... (8)

The value of 7max was multiplied by the
coefficient of effective strain amplitude to obtain
the effective strain 7.s. The coefficient of effective
strain amplitude is a coefficient for approximately
corresponding an irregular response (such as
seismic response) to an equivalent steady-state
response (such as cyclic triaxial test). The ordinary
value used in practical engineering is about 0.65,
but the optimal value depends on the vibration
waveform and the characteristics of the ground.
When the coefficient of effective strain amplitude is
changed, the results of the response analysis may
be changed™. At present, however, it is not
possible to set the optimal value prior to the
analysis. We, therefore, used a conventional
value of 0.65.

(4) Comparison of Analytical Results and
Experimental Results Concerning Max-
imum Acceleration Distribution

Fig.12 shows the maximum acceleration dis-
tributions of the foundation when the El Centro
wave of 80 Gal was inputted to verify the precision
of the simulation for various embedment depths. In
the diagram, (a) represents the embedment of 6
cm, (b) half embedment, and (c) total embedment.
The tendency of the maximum acceleration
response of the foundation to decrease a little with
the embedment, which was observed in the

‘experiment, was represented by the simulation.

This tendency to decrease, however, was not as
conspicuous as was the case of the excitation test of
the foundation top. When the excitation is given
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Fig.13 The maximum acceleration distribution of from the experimental and simulated results under the
same embedment depth ; half embedded

to the ground in the upward direction as was the
case of our experiment, the foundation responds to
the vibratory response of the entire ground. As a
result, the difference in the foundation response
due to a change in the embedment depth seems to
be concealed by the response of the ground itself.

Fig.13 shows the maximum acceleration re-
sponse distributions of the ground and the
foundation when the foundation was half embed-
ded. The diagram is-to verify the accuracy of the
simulation for varied magnitudes of the input
acceleration. In the diagram, (a) represents the El
Centro wave input of 80 Gal, (b) the same input of
160 Gal, and (c) the same input of 320 Gal. The
analytical values agree well with the experimental
values at the varied input levels.

6. DISCUSSION ON NONLINEAR RE-
SPONSE OF THE SOIL-STRUCTURE
SYSTEM

Fig.14 shows the amplification ratio (B2/BASE)
which is the maximum horizontal acceleration of
the foundation top divided by the maximum
acceleration of the shaking table. The greater was
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Fig.14 The maximum amplification ratio (B2/BASE)
versus the maximum BASE acceleration

the shaking acceleration, the greater was the
tendency of the amplification ratio to decrease.
The main cause of this phenomenon must be the
increase in the hysteresis damping of the sand.
Concerning this tendency, the analytical values,
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Fig.15 The transfer functions (B2/F4) obtained from
the experiment and the simulation

although being based on the equivalent linear
method, show a relatively good correspondence
with the experimental values. Hence it may be
judged that the equivalent linear analysis such as
one used this time gives reliable analytical results
for seismic input at least up to 300 Gal, provided
that the assessment of the dynamic deformation
characteristics of the ground is appropriate. The
above-mentioned input corresponds, as will be
explained later, to the response wherein the
dynamic shearing strain of the ground is at 107
level.

Fig.15 (a), (b) and (c) relate to the case of half
embedment (depth d =15 cm) and show the
frequency transfer functions for the shaking

maximum acceleration of 80 Gal, 160 Gal and 320
Gal, respectively. The Fourier spectrum ratio
(B2/F4) of the foundation top acceleration (B2) to
the acceleration in the ground (F4) was selected as
the frequency transfer function. The measuring
point F4 was selected for the acceleration in the
ground because the point is at the same depth with
the bottom of the foundation. The vibration at F4 is
thus considered to be the major seismic input to the
foundation. In the diagrams, the solid lines indicate
the experimental results, and the broken lines
indicate the simulation results. The experimental
results show small irregularities since the time-
series record was converted into the frequency
domain before calculating the spectrum ratio. In
contrast, in the simulation, because of the nature of
the analytical technique, the transfer function is
smooth in the frequency domain. Although such
differences exist between the experimental results
and the analytical results, both results clearly
showed the shift of the peak of the transfer function
towards the lower frequency side and the relative
decrease in the amplification ratio with the increase
in the exciting acceleration.

The above-mentioned peak of the transfer
function can be interpreted as the natural frequen-
¢y (sway and rocking vibrations) of the coupled
system. Hence the dependency of this natural
frequency on the exciting acceleration may be
interpreted as the indication of the effects of the
ground nonlinearity on the dynamic interaction.

Fig.16 shows the distribution of the ground’s
maximum strain ymax obtained by analysis. The
magnitude of the strain is classified into four kinds,
i.e. Group I ~ IV, and the kind of each ground
element is identified. The magnitude of such strains
can be related to the decrease ratio of shearing
modulus (G/Go) by converting the strain magni-
tude into the effective strain 7y.; and following
Eq.(4). The results are shown in Table 1.

Concerning Fig.16 (a), (b) and (c), it is a matter
of course that the strain level of the entire ground
increased with the increase in the exciting accelera-
tion. One noticeable feature is that strains are
concentrated (namely, slackness) to the ground
elements that contact the side faces and the bottom
corners of the foundation. It is also clear that,

]
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Fig.16 The maximum shear strain distribution induced in the soil; Half embedment(d=15cm)

directly beneath the foundation, the slackness is
hard to occur since the rigidity of the ground is
increased by the contact pressure.

According to the results of a separate investiga-
tion by the authors”, when a sand and gravel
ground with shear wave velocity Vs of 300 to 500
m/s is subjected to seismic input of 300 to 400 Gal
at free rock surface, the strain generated in the
ground is analytically expected to be 107> level.
Of the present model vibration tests, the case with
the exciting acceleration of 320 Gal (Fig.16 (c)) is
close to the above-mentioned analytical result from
the viewpoint of the shearing strain magnitude. In
this case, the strain of Group Il was generated in
about two thirds of the ground thickness in a zone
which is considered to be a free ground. The
primary nonlinear response is dominant in this
zone. Near the foundation, the strain of Group IV
was generated on the side faces of the foundation.
the horizontal width of this large strain zone is as
large as about one third of the equivalent radius
(22.6 cm) of the foundation. In succession to it, a
strain zone of Group [l expanded downwards
slantwise. This concentration of strain due to the
presence of the foundation indicates the zone has
the effects of the secondary nonlinear response.

In the practical design calculation, one simple
way for considering the secondary nonlinear effects
in the elastic finite element method is to reduce the
rigidity of the ground contacting the sides of the
foundation to 1/2-1/6 of the convergent value of
the response analysis (ex. SHAKE) of a free
ground and make linear calculation. In this way,
the slacking of the ground due to stress concentra-
tion can be introduced approximately. In this case,
the rigidity drop zone may be assumed to be as
follows : The horizontal width from the edge of the
foundation ‘is about one third of the equivalent
radius of the foundation, and the depth is from the

ground surface to the bottom of the foundation.
We will examine the applicability of this simplified
method through the in-situ strong earthquake
observation of structures in future'.

7. CONCLUSIONS

The dynamic responses of an embedded founda-
tion on a soft ground were experimentally ex-
amined with a special attention to the nonlinear
responses under strong earthquakes. The depth of
embedment of the foundation was varied to
examine its dynamic responses to a wide range of
vibrations corresponding to small and large strains
in the ground. The experimental results were
simulated by the axisymmetric finite element

" analysis to make the equivalent linear analysis.

Moreover, the range of the effects of the secondary
nonlinear responses was examined on the basis of
the calculated strains in the ground.

The findings of this study are summarized as
follows: .

(1) The resonance of the ground and that of the
soil-foundation system were induced by different
frequencies. The resonant frequency of the
soil-foundation system was higher than that of the
ground under the conditions of our experiments.
The resonance of the soil-foundation system was
due to the natural vibration (sway and rocking
vibrations) of the coupled system.

(2) The maximum acceleration at the top of the
foundation induced by seismic wave excitation
showed a tendency to decrease with the backfill
around the sides of the foundation, although the
depth of installation of the foundation was kept
constant. This tendency, however, was not very
conspicuous. The reason is that the response of the
foundation was dominated by the vibration mode
of the entire ground.

(3) The foundation and the ground were
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excited with seismic wave input of various ampli-
tude. The amplification ratio of the foundation per
unit acceleration decreased with the increase in the
exciting acceleration; the effects of the nonlinearity
of the ground were conspicuous. The transfer
functions of the foundation and the ground
indicated the drop in the natural frequency of the
coupled system and the decrease in the amplifica-
tion ratio with the increase in the exciting
acceleration.

(4) Numerical simulations of the model vibra-
tion tests were made. It was confirmed that changes
in response characteristics due to the nonlinearity
of the ground can be assessed satisfactorily, in
terms of the maximum acceleration distributions
and transfer functions, provided the assessment of
the dynamic deformation characteristics of the
ground is appropriate.

(5) Concerning the case of half embedment,
the decrease ratio of rigidity of the ground was
estimated from the strain distribution of the
ground. A zone of which rigidity was not more than
one half of the initial rigidity was observed in the
backfill under the seismic wave excitation of up to
320 Gal. On the basis of this finding, a simple
assessment method was developed. It approxi-
mates the slackness due to the stiffness degradation
of the soil around the foundation.
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