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Experimental Studies on an Embedded Soil-Structure Interaction in
a Case of Hard Supporting Ground

Tomoyuki Inukai
Research Engineer, Takenaka Corporation, Japan

Tamio Imazawa
Research Engineer, Takenaka Corporation, Japan

SYNOPSIS : In order to
of reactor buildings,
scale test model
obtained from the forced vibration tests,
tics of soil-structure interaction systenm,
and so on.

a series of tests

INTRODUCTION

With regard to unclear reactor buildings,
a part or the greater parts of the building
are usually embedded in the ground due to
the condition of the site, or the layout of
the plant. It is an iImportant subject from
the view point of a seismic design to ac-
curately understand how the embedment of the
building has an influence upon the vibration
characteristics. The embedment effects on
dynamic soil-structure interaction are as

ollows: " increase of radiational damping",
“increase of soil spring constant” and
"variation of effective Input motion".

In recent vyears, the experimental and

analytical studies regarding the embedment
effects have been forwarded and the basic
data necessary for a seismic design are
accumulated. However, there have been few
examples 1in which a study concerning the em-
bedment effects through forced vibration
test or earthquake observation using a large
scale model constructed on actual ground isc
onduc ted.

Both the forced vibration tests and the
earthquake observations were planned and
carried out since 1986 using a large-scale
test model constructed on actual ground. The
obgectives of the test arc understanding the
embedment effects on dynamic soi 1-structurc
interaction problem and accumulating the
data required for the improvement of earth-
quake-proof performance. This paper will
report on the results obtained from the
forced vibration tests completed.

TESTING METHOD

Test Model and Soil Conditions

The Hlarge-scale test model 1is a reinforced
concrete frame structure with shear walls
constructed on the hard rock site with a
shear wave velocity 0O&k) of about 1000m/sec.
This test model with a height of 10m was
designed as a model of the PWR type reactor
buildings constructed in Japan. The non-
dimensional frequency a. for the foundation
width of b is approximately 0. 5 (a» "b/Vs

constructed on hard ground.
for the following
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investigate the embedment effects exerted on the vibration behavior
is being carried out employing the use of a

large-
This paper describes the embedment effects
items; D dynamic characteris-

2) dynamic ground impedance, 3) soil pressure
t N
TEST D1
Supporting Ground
! N (Vs=1000m/sec )
TEST D2

Fig. 1 D-Test Models

where @, :natural circular frequency of soil-
structure interaction systemq). The total
weight of this test model 1is about 920 ton.
In order to 1iInvestigate the embedment
effects. Test D1 which was not embedded was
conducted in 1988, and Test D2 employing the
same model embedded iIn a depth of 5m was
conducted next year. Figure 1 shows the
test mode is. The backfill work was carried
out by hopper, spread uniformly by hand and
subjected to compaction. Each layer thick-
ness for once work 1is 15 cm and the target
shear wave velocity is about 130 m/sec (125-
135m/s ec).



Forced Vibration Test

As the forced vibration test, sinusoidal
wave steady-state excitation was _conducted
b?]/ each frequency through use of exciter.
The frequency range for excitation was form
1Hz to 33Hz, and the frequency pitch was set
to 0. 1-0. 2 Hz. The eccentric moment of ex-
citer was properly set within 60~400kg*cm_ so
that the backfil soil and the surrouding
ground were within linear condition. The
exciter was 1installed on the top floor of
the model (RF-excitation) or the upper side
of the foundation (BF-exc itation) .

Fig. 2 Location of Displacement
Measurin oints
(D2 - RF - NS >
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Measuring Method

The measurements were carried out iIn order
to obtain the following data:
Displacement of the test model
Displacement of the backfill soil and

the surrounding ground

Soil pressure of both the bottom and the
side of the foundation
Acceleration in the backfill
the surrounding ground

The measurements 1iIn a steady-state were made
for the response amplitude and the phase-la
from the exciting force. The Jlocation o
the measurement points 1is mapped in Figure 2
to Figure 4. Table 1 shows the number of
the measurement point.

3
4

soil and

(b ) Surrounding Ground

Fig -3 Location of Acceleration
Measuring Points
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Fig. 4 Location of Soil Pressure Measuring Points

Table 1 Number of Measuring Point (Test D2 )

Accelerat ion

Location Di rect ion Displacement Soil a
Test of of (Mode 1 & Ground ) Pressure Surrounding Backfill Total
Exc iter Excitation Soil Soi 1
NS EW UD Bottom Side NS ub NS
RF NS 15 7 19 22 24 10 6 13 116
D2 BF NS 15 7 19 22 24 10 6 13 116
RF m 7 15 19 10 0] 0] 6 0 57

Table 2 Dynamic Characteristics at Natural Frequencies

Test Locgtion Direction order Fl;l%tural 'Eganaptin Contribution Ratio
Exc i‘ter Exci€at ion quency acto Me es. Rocking De”~rm
(34 Point SV
N S 1st 1o 19 RF 206 7 9 41 50
B F 3918 47 53
RF H50.0 5 25 70
D 1 R F . ist a4d 11 5E 600 “ o
Embedment ond 30 9 13 RF a4 —
0Om B F Z6 -
R F 30 1 9 41 50
B F N S 1st 1.0 19 B E 7 5 47 53
R F 83 0 10 38 52
NS Ist s 44 B F 15 9 49 51
RF 346 0 5 21 74
D 2 R F . 1st a 65 15 B E 35 g 49 51
Embedment R F 6 3
5 2nd 3. 2 Z5 B E 70 o
R F 15 3 10 39 51
B F N S 1st n 3 45 B F 30 50 50
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Fig. 5 Resonance Curves of Displacement at Center of Bottom
(Comparison between DI and D2

TEST RESULT
Rcsponce of the Test Model

Table 2 shows the vibration characteristics
at the natural i
obtained from the horizontal

of the test model
the resonance curve at RF.

the model foundation base,

Figure 5,
Test D2)

ot F

sway-rocking
base.

model

mentioned above:

The

which

frequencies
component of
resonance
curves of the displacement at the center of
is shown
indicate the difference of the
test results obtained from the embedded case
and the non-embedment case
Figure 6 shows the comparison of the
ratio at the center of the
For the embedment effects exerted 3
upon the vibration behaviors of the test
supported on the hard rock site.
followings can be clarified from the results

(Test

increases.

predominate
The test model
is supported on_the hard ground.

D The resonance amplitude of the model for
a unit force decreases to a
in both NS and EW directions.
the natural
action system does not change so much.

in 2 Due to the fact that the

damping effect
of the model
damping factor at the natural

large extent
[ _However,
frequencies of this inter-

radiational
is added from the side wall
in the embedded case, the
frequencies
This tendency 1is found to be
in NS direction.

used iIn the D-test series

And the

the contribution ratio of the super-structure

guency

800

elastic deformation at the natural
is high.

fre-

Therefor, the change in
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the displacement contribution ratio at the
top of the model induced by embedment is
sma 11

The differences of the sway-rocking ratio
at the model bottom caused by embedment,
are found only at the imaginari/ part.

In the vicinity of the natural frequency,
the gradient of the phase-lag curves be-
come gentle coresponded to that the damp-
ing ratio increase due to the embedment
effects.

In the embedded case, some elastic waves
propagate through the backfill soil. Due
to this, the resonance curves of the test
model change slightly depending on the
frequency.

Dynamic Ground Impedance

Figure 7 shows the comparison of the dynamic
round iImpedances between Test D1 and Test
- The comparison is made in the case of
the NS direction excitation at RF. From the
figures, the followings are clarified:

D With regard to the impedance, it iIs rec-
ognized that the stiffness increases with-
in low frequency range in both the hori-
zontal and rotational component due to the
binding effect of backfil soil. However,
due to the wave propagation through the
backfill soil, there are a few cases
where the stiffness becomes rather small
compared with the non-embedment case.

The 1imaginary part, which indicates the
radiational damping effect, increases
because of the embedment. This tendency

is outstanding in the horizontal component
of the impedance.

g/anviton
D1 : Bottom D2 : Bottom

Fig. 8 Staic Soil Pressure Distribution



Static and Dynamic Soil Pressure

Figure 8 shows the static soil pressure dis-
tribution on the bottom and side of the test
model in the case of D1 (non-embcdment® and
D2 (embedded 5rh). The soil pressure on the
bottom obtained from the total weight of the
model, under the assumption of homogeneous
distribution is 1440g/cm2. The simple aver-
age values obtained from the results of D1
and D2 tests were 578g/cm2 and 67 8g/cm* re-
spectiveli/. The values don” t correspond
very wel to each other due to inevitable
difficulty for installation of soil
cell in the hard ground. The distribution
shapes of the static soil pressure are close
to that of the rigid plate assumption, and
the value is small at the NW corner. The
static soil pressure value on the side of
the test model has to increase accordingly
to the depth. The side soil pressure at
a depth of 5m comes to 450g/cm2, as the
static soil pressure coefficient is fixed at
0. 5. However, the value obtained from the
result of D2 is 303g/cm2 at a maximum which
is relatively small.

pressure

Figure 9 indicates the comparison of
the resonance curves of the vertical compo-
nent of the dynamic soil pressure on the
bottom between D1 and D2. The dynamic soil
pressure distributions of the bottom and the
side at the natural frequency for D1 and D2
are shown in Figure 10.

Fig -9 Resonance Curves of
_ Soil Pressure
(Comparison between D1 and D2 )
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From the results mentioned above, it is
recognized that the difference of the dynam-
ic soil pressure distribution shapes on the
bottom caused by the embedment is smal 1
although the response amplitude decrease

according to the vibration behavior of the
test model. The shapes of the dynamic soil
pressure distribution at the natural fre-

quency 1is close to that of the rigid plate
assumption. The dynamic soil pressure dis-
tribution on the side has a tendency to
become large near the surface of backfill
soil in accordance with the rocking motion.
Since the test model is directly supported

on the hard ground, the soil pressure re-
action for the total inertia force of the
model induced at the natural frequency is
shared mostly by the vertical component on
the bottom
g/t
L 4
/ rn
7~/ U
.C&~
D2 : Horizontal D2 : Vertiacl

Fig. 10 Dynamic Soil Pressure Distribution
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Backfill Soil and Surrounding Ground

Figure 11 shows the comparison of the accel-
eration resonance curves of the surrounding
ground between D1 (non-embedment) and D2
(embedded 5r. Figure 12 indicates the res-
onance curves of the backfill soil and the
surrounding ground in the case of D2. In
these figures, @ shows a trend in vertical
direction according to the measuring dis-
position and @ shows the horizontal direc-
tion respectively. The vibration modes are
shown in Figure 13, where the values of the
displacement amplitude are converted from
the measured acceleration amplitude.

From those results, the followings can

be made clear:

The response tendency of the ground just
below the test model corresponds to that
of the model bottom behavior. And due to
the embedment effects, the amplitudes of
the ground at the resonant frequencies de-
crease.

2 The resonant frequency of the top of the
slope at about 30Hz becomes high due to
the binding effect of the backfill soil.

3 The amplitudes of the backfill soil in-
crease as It nears the surface. And at
nearly 20Hz, some peaks of the resonance
curves caused by the resonance of backfill
soil appear.

CONCLUSIONS

From the results obtained from the forced
vibration tests through the use of the large
scale test model constructed on the actual
hard ground, the foilwing conclusions have
come to light as the embedment effects which
exert an i1nfluence upon the vibration be-
havior of the stucturcs.

D When a structure is supported on hard
ground and the vibration behavior of the
uEper structure becomes prominent, the
change of the natural frequencies by the
embedment effects is small. However,
the amplitude for the unit excitation
force at the resonant frequencies
greatly decreases due to the embedment
effects.

2 The real part of the dynamic ground im-
pedance, which represents the stiffness,
increases within the low frequency range
due to the embedment effects. While the
imaginary part indicating the radiation-
al damping effects increases due to the
embedment. This tendency 1is remarkable
in the horizontal component.

In the case of the structure construct-
ed on the hard ground, the total inertia
force of the structure at the natural
frequency 1is shared mostly by the verti-
cal component of the soil pressure at
the structure bottom
4 The distribution shapes of both the

static and the dynamic soil ?ressure are

close to that of the rigid plate assump-
tioa

3

In the Tfuture, in order to reflect the
embedment effects which exert influence upon
the dynamic ground 1iImpedance on a seimic
design, an analytical study for the forced
vibration tests, described in this paper,
will be carried out.
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