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Test Cases
(1)Basic Characteristics Tests

In these tests, the ground model was excited
by the shaking table to know its vibration
characteristics. In addition, ground-
foundation interaction tests, setting the

foundation model in the pit of the ground

model, were conducted by shaking table and
hammering with an impulse hummer.
(2)Building Characteristics Tests
In these tests, the building model was sub-

jected to hammering excitation to know its vi-
bration characteristies. In addition, ground-
building interaction tests, setting the build-
ing model mounted on rigid foundation in the
pit of the ground model, were conducted by
shaking table and hammering.

Interaction tests mentioned above were carried
out on both non-embedded case and embedded case
to investigate embedment effect of the founda-
tion. In the embedded cases, tests were carried
out with back fill up to 18em surrounding the
foundation. Softer silicone rubber with a
Young's modulus 3kg/cm2 was used as the back
fill material.

Test Methods
The following two tests were applied.
(1)Hammering test

Hammering test was carried out to obtain vi-
bration characteristics of building model, and
to evaluate vibration characteristics of
ground-foundation and ground-building interac-
tion systems. A impulse hammer equipped with a
load-cell on contact surface was used for ex-
citation.

In the hammering test, transfer function (ac=-
celeration/excitation force) of the vibrating
system is derived. In order to remove the ef-
fect of the boundary, transient data analysis
is also worked out using the excitation force
and acceleration wave form.

In the basic characteristics tests, rigid
foundation excitation was carried out at three
levels of excitation positions; lower position
of foundation (5.5cm high from the bottom of
foundation), top of foundation (18em high from
the bottom of foundation) and top of excita-
tion attachment above foundation (38em high
from the bottom of foundation).

In the building characteristic tests, building
excitation was applied horizontally at central
part of building top (roof floor).
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(2)Shaking table test

Shaking table test was carried out applying
sinusoidal (stationary) seismic wave and pulse
wave., The shaking table used here has a sur-
face dimension of Uimxim which is capable of
tri-axial excitation.

In the sinusoidal excitation, acceleration was
fixed at 20Gals and frequency was changed
stepwisely from 1Hz to 50Hz with frequency in-
tervals 0.1Hz.

In the seismic excitation, time axis was mul-
tiplied by 1/3 and excitation duration was set
as 8.33 seconds considering the scaling factor
of model. Figure 3 illustrates the time histo-
ry of acceleration and its response spectra.
Input wave to shaking table was multiplied by
transfer function obtained in the hard ground
test to generate wave shape and spectra illus-
trated in Fig.3 at ground surface.

In the pulse excitation, because of its flat
characteristies in frequency range, similar
transfer function as that of sinusoidal exci-
tation can be obtained in short time. Half of
a cycle of sinuscidal wave, whose period is
0.04 seconds was employed for pulse wave. At
of input wave was set as 0.002 seconds and the
duration 4.096 seconds. Excitation was carried
out four times continuously.

(GAL)
100
0
_Vnnl i
0.00 1.00 2.00 3.00 4,00 5.00 6.00 7.00 8.3

Time(sec)

(GAL) Damping factor:5%

Loo
A\
AT,
200 \.‘
N
M
0
0.02 0.05 0.1 0.2 0.5 1.0 2.0 (sec)

Fig.3 Time History of Acceleration and
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TEST RESULTS

Ground Excitation Test

Figure 4 shows the transfer functions of the
ground model obtained by sinusoidal excitation.
In the figure, conspicuous peak are observed
around 8Hz, 25Hz and 43Hz, which are considered
corresponding to the first, second and third
modes respectively. The measured data at the
center have slightly larger number of peaks
than those at the wedge. This 1is considered
owing to vibration modes other than the basic
ones mentioned above. The phenomena can be ex-
plained that the effect of restraint bar 1is
less effective at the center part of the ground
model than at the edge, and the transfer func-
tion is affected by the modes due to the irreg-
ularity caused by the pit at the center of
ground model. In the transfer function measured
at the bottom of the pit, the first peak also
exists near 8Hz. On the other hand, the peak
amplitudes of second and third mode decrease to
the same amplitude level as those of the modes
caused by the irregularity of ground model.

Ground-Foundation Interaction Test

In order to obtain vibration characteristies of
the ground-foundation interaction system, ham-
mering and shaking table test were carried out.

(1)Hammering test

For the case of excitation at the top of exci-
tation attachment, horizontal displacement
transfer function at upper level (1F) and ver-
tical displacement transfer function at the
edge of foundation model is shown in Fig. 5.
Both in X direction and Z direction, decrease
of amplitude due to embedment effect is ob-
served.

(2)Shaking table test

Pulse excitation results will be explained
here. In Fig. 6, horizontal acceleration
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transfer function at upper level (1F) and ver-
tical transfer function at the edge of founda-
tion model are shown. Average motion of five
points at the bottom of excavation in ground
vibration test was employed as the reference.
Decrease of amplitude is observed above 20Hz.
Variation of transfer function shape caused by
embedment is rather complex. This might be due
to the fact that input to foundation changes by
embedment, and average of five points at bottom
of excavation in ground vibration test is no
longer sufficient to express input to founda-
tion with embedment effect.
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(3)Impedance function

Since the ground had S wave veloecity 25 m/s,
approximately 0.04 seconds (=0.52x2/25) is re-
quired for the S wave generated by the founda-
tion to come back to the foundation after be-
ing reflected at the surface of steel table.
It takes about 0.08 seconds for the S wave to
travel twice between the bottom of the founda-
tion and the surface of the steel table. A
transfer function, therefore, was obtained by
the use of the wave forms of the following
three durations:

1)T=0.04(sec):excluding all reflected waves

2)T=0.08(sec):including the first reflected

wave

3)T=2.00(sec):including all reflected waves
Equation of motion of the foundation model can
be written as follows:

m; mihgi Uy KHH KHR||[uji Fj
ot = i=B,T(1)
mihgy I l¢i] (KRH KRR||9pi] [Fibri
where, mj:
Ii:
}IG i!

foundation mass
rocking inertia
height of center of gravity
hpi: excitation height
KHH, KHR=KRH, KRR: 1impedance function
u;: horizontal displacement
?i’ angle of rotation
i{: excitation force
B,T: corresponds to excitation at bot-
tom or top of the foundation

With respect to three unknown values KHH,KHR
and KRR, Equation (1) is rewritten as follows:

Ug ¢ O - Fp-mplip-mphgRéB
0 s gs|f 17 -w2 ) Fghpp-mghgpip-Tpés
ur g 0| Fp-mplip-mThGréT (2)
- . RR . .
0 Ut ¢t Frhpr-mrhgrlr-ITdT
Concerning the three unknown parameters, Equa=-
tion (2) contains four equations. Solving

Equation (2) by the least square method,
can obtain dynamic impedance functions.

one

Impedance functions for the embedded case are
shown in Fig. 7 together with test results for
the non embedded case. Impedance functions
here were derived from transfer function of
2.00 seconds duration.

In each component of horizontal and rotation,
real and imaginary part of impedance function
exceed those of non-embedded case as frequency
increases, and they show restriction effect
and increase of radiation damping effect. How-
ever, at higher frequency, an abrupt decrease
is observed.

(4)Foundation input motion

To obtain foundation input motion defined at
the center of the bottom surface of foundation

from the response displacement, it is neces-
sary to remove the mass effect. The foundation
input motion 1is obtained from the equation

given as:

{U*(@)}={U(0)}~02[K ()]}~ {U(w)} (3)

where

REAL (KG/CM)

IMAG (KG/CM)

PHASE (DEG.)

AMPLITUDE (GAL/GAL)

{U(w)}: response displacement at the
center of the foundation bottom

[K&w)]: impedance function matrix

{U*} : foundation input motion

Foundation input motion for full embedded case
is shown in Fig. 8 together with the test re-
sults for non-embedded case. Average motion of
excavation bottom in ground tests is used as
reference.

Although there 1is 1little difference in low
frequency area, input motion of full embedded
case tends to decrease above 20Hz.
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Ground-Building Interaction Test

In order to obtain vibration characteristics of
ground-building interaction system, top vibra-
tion test by hammering and shaking table exci-
tation were carried out.

(1)Hammering test

Horizontal displacement transfer functions of
each position against excitation force are
compared in Fig. 9. Fundamental natural fre-
quency of the ground-building interaction sys-
tem is shifted from around 15.5Hz to around
17Hz by embedment, reflecting the restraining
effect of the embedment. Peak is split around
16Hz in both cases, which is due to the exis-
tence of a natural mode of the ground model at
this point.
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Fig.9 Displacement Transfer Functions for X directional
Hammering Test
(Ground+Building, Non-embedment, Full-embedment)

(2)Shaking table test

Acceleration transfer function and bottom soil
pressure transfer function obtained by shaking
table pulse excitation are compared in Fig. 10
and Fig. 11. The peak around 16Hz, which must
be the fundamental natural frequency of the
ground-building interaction system, 1s de-
creased by embedment and the frequency 1is
shifted to-higher side. Several peaks observed
in the region above 20Hz in non-embedded case,
which are considered to be due to the excava-
tion, are not visible in embedded case. This
tendency is more prominent at Z direction ob-
servation points.

Figure 12 compares acceleration response spec-
tra by seismic excitation. The figures were
calculated with damping factor 5%. It is obvi-
ous that, at each floor of the building, the
peak shifts to shorter period side and the
peak amplitude decreases to about 1/2 by em-
bedment.
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(3)Natural frequency and displacement mode 1a-
tio

In Table 1, fundamental natural frequency in X
direction and displacement mode ratio obtained
by hammering test are compared. The system
identification was carried out by spectrum
fitting of multi-degree-of-freedom system.
Displacement mode ratio was derived from am-
plitudes of each point when the phase lag is
-n/2 at the top of the building model.



The fundamental natural frequency of ground-
building interaction system increases from
15.6Hz to 17.1Hz due to the restraining ef-
fect of embedment. The elastic deformation
ratio of the building tends to increase by
embedment.

Table 1 Displacement Mode Ratio at the Top of Test Model

{Ground+building)
. Elastic
Frequency Sway Rocking :
Embedment Deformation
(Hz)* (%) (%)
Non-
Embedment 15.6 6 20 T4
Full-
Embedment 7. 2 17 81

*Frequency when the phase reaches -n/2
for the first time

ANALYSIS AND EVALUATION FOR NON-EMBEDDED CASE

Qutline of analysis

Simulation analysis of test results for non-
embedded case was carried out. First, the model
constants of ground model and building model
were defined by results of ground tests and
building tests. Next, by using these model con-
stants, impedance function was calculated by
wave-propagation theory (point-load solution of
a thin layered medium) and axi-symmetric FEM.
Foundation input motion, transfer function of
building and ground and earth pressure were
also calculated by axi-symmetric FEM.

Impedance function

(1) Study by wave-propagation theory

Impedance functions for half space ground were
obtained by point-load solution of a thin lay-
ered medium. They are compared with the test
results in Fig. 13. Although the excavation
cannot be taken into consideration 1in this
method, fairly good agreement can be seen. The
point-load solution of a thin layered medium
evaluates the imaginary part of the horizontal
and rotational impedance function slightly
larger. It can be seen that their agreement
are not so good in the lower frequency range
under 10Hz. It 1s considered because of the
low value of S/N ratio of accelerometer.

(2) Study by axi-symmetric FEM
Half space axi-~symmetric FEM model is shown in

Fig. 14. Calculated impedance functions are
compared with the test results in Fig. 15.
Both the real part and imaginary part are

quite in good agreement with the test results.
In this case, axi-symmetric FEM showed better
results in 1imaginary part compared to the
point~load solution of a thin layered medium.

Foundation input motion

Foundation input motion was studied by axi-
symmetric FEM model shown in Fig. 14, where
average motion at pit of the ground model was
taken as the reference. Calculated results are
compared with the test results in Fig. 16.
There are dips near 50Hz both in horizontal
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components and rotational components of test
results, while they are not visible in analyt-
ical results. Horizontal components are in good
agreement except for low frequency range and
around 50Hz. As for the real part of rotational
component, test result has dips near 20Hz and
50Hz, but analytical results has only slight
undulation.

Transfer function

Figure 17 shows an axi-symmetric FEM model of
finite ground with building. Transfer functions
of building on finite ground by hammering test
are compared in Fig. 18. Though analytical re-
sult has a higher primary peak and a little
difference can be seen in phase, fairly good
agreement could be obtained. These difference
are related to that of impedance functions of
test and analysis.

Transfer function of building by shaking table
test is shown in Fig. 19. Comparing tests and
analysis, it can be said that simulation is
reasonably good, though there are some differ-
ence 1in peaks around 16Hz and around 25Hz.
These are due to the difference of foundation
input motion around 16Hz and 25Hz.

Analytical transfer functions of building on
half infinite ground are compared with test re-
sults in Fig. 20 for top hammering and in
Fig. 21 for shaking table test. The test re-
sults in the figures were derived by using im-
pedance function and foundation input motion
for half infinite ground. Comparing analytical
results by axi-symmetric FEM with test results,
transfer functions by hammering test are in
good agreement since impedance function values
of test and analysis are almost identical.

Transfer functions by shaking table test have
some difference in 1F vertical vibration above
YQHz, since there is difference in foundation
input motion between test and analysis. Fre-
quei.cies of coupled p. imary, and coupled secon~
dary vibrations are i: good agreement.
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Analytical results by axi-symmetric FEM
Analytical results utilizing impedance function
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Natural frequency, displacement ratio and damp-
ing factor derived from transfer function by
hammering test are shown in Table 2. Tests and
analyses are in fairly good agreement, and it
can be seen that displacement at the top of
building includes large elastic deformation and
the damping factor is small. As the damping
factor of building is 0.3% and that of ground
model is 1.0%, the damping factor obtained by
hammering test 1is considered to include radi-
ation damping.

CONCLUSIONS

Vibration tests were carried out on embedment
effect, utilizing hard ground model made of
hard silicone rubber and structural model made
of aluminum which is embedded by soft silicone
rubber. And simulation analysis of tests in
non-embedded case were carried out by method
based on wave propagation theory and axi-
symmetric FEM,

From the transfer functions obtained by shaking
table tests and hammering tests, impedance
function and foundation input motion were cal-
culated. In the case of full embedment of foun-
dation, increase of the stiffness and radiation
damping were observed. And processing the data
using impulse response was proven to allow us
to obtain a smooth impedance function and foun-
dation input motion. And from ground-building
interaction tests, it turned out that embedment
increases natural frequencies, the ratio of
elastic deformation of the building and radi-
ation damping, and decreases sway component at
foundation bottom.

In the analysis of axi-symmetric FEM,
lar excavation 1is replaced by a circular cut-
out, but is in fairly good agreement with test
results. Change of impedance functions obtained
by two methods of analysis is not visible for
uniform half space, and it was found that the
excavation in this ground model has little ef-
fect on impedance function.
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Fig.21 Transfer Functions of the Building for Shaking Table
test (Uniform half spaoce, Axi-symmetric FEM)

(Reference is the averaged motion on the pit bottom)

Table 2 The First Natural Frequency of an Interaction System,
Displacement Ratio at the Top of Building Model and
Damping Factor

Damping ~—_};Lastic
Embedment Frequency factor Sway Rocking peformation
{Hz) (%) (%) (%) (%)
Analytical Results Utilizing
Impedance Function 5.7 2.4 9 10 81
Analytical Results by
Ax{-symmetric FEM 15.6 3.0 5 12 83
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