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ABSTRACT:

A series of shaking table tests of scaled soil-pile-building(SPB) models were

performed in order to study effects of plastic deformation of soil on dynamic characteristics

of the SPB interaction system.

Results show that

ratios of lateral forces applied to the

piles and the inertial force caused by a.building vere in proportional to the inertial force.
Stiffness and damping factors for swaying motion determined using an analytical method were
compared with those obtained using the shaking table in order to check the accuracy of the

analytical model. Stiffness obtained by
tests. However,

embedment.

1 INTRODUCTION

Many experimental studies have been conducted
in order to evaluate the effects of plastic
deformation of soils in the soil-foundation
or soil-rigid structure interaction system
(Henke et. al. (1983), Vaughan et. al.
(1983), etc. ). These experiments were
conducted with the structure resting on the
ground either under harmonic loading on the
shaking table or under impulse loading.
Experiments involving soil-pile system or an
embedded rigid structure have also been done
(Goto et. al. (1978), Hakuno et. al. (1972)).
These experiments were conducted with the
structures embedded in the sand ground either
under the harmonic loading on the shaking
table or by an actuator. Experimental
studies that involve soil-pile-building
interaction system using plastic material as
an artificial soil are very limited
(Yoshikawa et. al. (1982)).

In order to estimate the effects of plastic
deformation of ground soils on the natural
frequency and force applied to piles, the

shaking table tests were carried out on 1/30
scale soil-pile-foundation-building models
using plastic soil materials. The rigidity

and damping factor of the artificial soil can
be changed by adjusting the amount of oil

contained in the plastic material. In order
to check the accuracy of the analytical
models, stiffness and damping factor for

svaying motion obtained by the shaking table
vere compared to those determined by the
analytical model.
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the analytical method overestimates the

analyses agreed well with those obtained by the

damping factors of piles and
2 PLASTIC MATERIAL FOR GROUND MODEL

The plastic material for the artificial
ground model used in this study was made of

Plasticine and oil. Plasticine being a
mixture of calcium-carbonate and oil, has
been used as a model material for plastic
deformation processing of steel, since it has
restoring force curves similar to high-
temperature steel ( Cook (1953)).

Figure 1 shows the soil characteristics,

strain-shear modulus and strain-damping

ec Gg/ea] 0.5 1.0
PLASTICINE [CONPRESSION A o
TORSIONAL 497198

a =TT

RS DA AL I
’G&}I.OW, T
08
0.6]{ == seed-1driss  (1920)
e lara 193)
o LH—— Nishigakl (1971) —_—
| ——— Tayloc-Pacten  (1972) [\,
e Lshlhara, ot al{197)
0'21 247 Aderson (1974)
e o
qo‘ 10 10* 10? 10? ¢ shear strain
thS g
o ——— Tayloc-Parton (1973) /
(%) s
—eos Hata (1973) PN o
D ~.— Ishihara,et al {1975) v A
|| sesteraeten o) Wm 7
5 Compression an 8T a [ /
"¢ p >y D/ 7
V. .
5 |Teratons

'010‘ 10° 10 10° 0t

Shear Strain

Figure 1. Soil characteristics



relationships, for actual cohesive
and the plastic soil material used in
the shaking table tests. The initiag shear
modulus (strain being 1.0 x107°), the
shear modulus at larze strain levels, Gs. and
damping factor, wvere obtained by tri-
axial compression gests and hollow cylinder
torsional shear tests, in which ambient
stresges were kept at either 0.5 or 1.0
kg/cm“. Shear modulus of the plastic soil
material, Plasticine, had similar strain
dependency as actual cohesive soils. The
damping factors for Plasticine, obtained by
the compression tests, were 2 to 3 times
lager than those for the cohesive soils;
strain dependency for Plasticine was similar
to that obtained for the cohesive soils. The
damping factors for Plasticine, obtained by
torsional shear tests, were comparable to
those for the cohesive soils v&en strain
levels were larger than 1.0x10 greater
than those for the cohesive soils the
strain levels were less than 1.0x10~ Shear
modulus ratio, GS/G , and the damping factor,

factor
soils

zhen

h,, of Plasticine did not fluctuate greatly
for different ambient stresses.

3 OUTLINE OF SHAKING TABLE TESTS

3.1 Similarity

The similarity of Buckingham was used in
modeling the building and the ground soils.

The scale factors calculated from this theory
are summarized in Table 1. This similarity
is applicable to non-linear soil dynamics
when the soil model material has a shear
modulus-strain and a damping factor-strain
relations similar to those of the
prototype(Kagawa (19817)). Under these
conditions, the ratio of shear forces in the
model and the prototype were kept
approximately equal to that of the damping
forces for wide strain levels .

3.2 Building and ground model and

measurement apparatus

and 24-story
single-degree-
transverse
natural
Hz, for
building,

unit, 11, 14,
wvere modeled by a
system in the
Their fixed-base
frequencies were 2.2, 1.3, and 0.6
the 11, 14, and 24-story
respectively. The top mass and foundation
vere made of steel weight and steel box,
respectively, and the building columns were
made of steel plates, on which rubber plates
were attached in order to produce the
damping effects of the building. Piles were
made of steel plates hinged at both ends.
Table 2 shows the natural frequency and
damping factor of each of the building
models. The fixed-base natural frequency,
fy. for  model | (the 1l-story building)
was higher than the predominant natural
frequency of the ground nmodel, fg, it was
comparable to f_, for model § (the I4-story
building) and lower than f_ for model 6 (the
24~story building). 5e1 had no
embedment, and model §C had no embedment and
also had a gap between base of the foundation
and the ground surface. These two models have
a same superstructure as model 5 had
Water-saturated urethane form was set around
the cylindrical ground model in order to
absorb the propagating wave from the building

dwelling
buildings
of~freedom
direction.

foundation. The central part of the upper
layer of the ground model was made fronm
Plasticine and oil. The remaining portions

of the model were composed of polyacrylamide
and bentnite, and remained elastic throughout

the tests.
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SECTION
Figure 2 shows a outline of the building and
the ground models together with the location Figure 2. Test model and measurement
of the measurement apparatus. Each scale apparatus
Table 1. Scale factors . .
le £ r Table 2. Dynamic characteristics of building models
LTEX RAT1O(MODEL/PROTOTYPE CITRACTERISTICS OF
DENSTTY X
i iadld 7 :/30 * FOUNDATION BUILDING | FIXED-BASE
ACCELERATION \ i SPECINEN | RELATION BETYEEN . BUILDING |
Dl PL 77 730 [, AND £, SIZE | YEIGUT | WIGNT | WEIGHT | FREQ. | DANPING
1n At | 1/(2.38x109) ol s (co) | Chg) |Cem) | (kg) | (llz) (x)
::EARB=330LUS 540 A | 1/28.5 :gdzl : y> 1, 27.0 3.7 | 12.2 | 11.62 0.91
EQU ) V30
YELOCITY W 1730 gg [N X 6.9 35.4 12.0 6. 65 0.99
Hins Unx 17265 mode] § <7, I8 4] 1971 358 | T1.29

1 1
*S0il density of prototype is L.5 g/cm

f v:Fixed-base Natural Freq. of Building f ,:Predominant Freq. of Ground (7.32 fiz)
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Table 3
density
The shea
free
measurem
of 20 ac
4 on the

shows the shear wave velocities and
of each part of the ground model.
r wvave velocities were obtained from
torsional vibration tests. The
ent system (see Figure 2) consisted
celerometers (9 buried in the ground,
surface and 7 in  the building), 2

displacement transducers for measuring the
displacement of the shaking table with one of

the transducers placed between the
foundation of building model and the shaking
table, and 6 strain gauges placed on the
pile. Two earth-pressure meters vere set on
valls of the embedment of the foundation.
Table 3. Characteristics of Ground model

|TeN | UPPER LAVER _T'LOVER

CENTER DGE__| LAYER

Vs 1. 8% 4.9 25

h . 90% 4.48 .8

0 .1 .07 . 34

Vs: S-vave Velocity (u/s)
h : Damping Factor (%)

p ¢ Densi
% Shear

ty (g/cm®)
Strain 7= 5.0 x10°*

Table 4. Test strategy
E TNPUT _VAVE ¥AX. ACC. (gal) |

0 :GROUND | H : HACHINOHE EN 1968 | S : 100

1 :MODEL 1 | M : MURORAN EY 1968 | L :400

5 :MNODEL § (OFF TOKACHI EARTHQ.) | L L : 800

5B : MODEL 5B | P : PACOINA DAM ST4Y 1971

5 C : MODEL 5C| E : EL CENTRO NS 1940

6 :MODEL 6 | S : SYEEP

TEST NUMBER :
E1HS 1: Nodel 1, HACHINOHE EV, where the max.

acc. is 100 gal.
SPECIMEN

INPUT VAVE

MAX. ACC.

P N

6
0 20

Figure 3.
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3.3 Tests strategy

The test strategy is shown in Table {.
Together with the sweep wave, four earthquake
records, in which the time length was
corrected according to the similarity of
Buckingham, were used for the input ground
motions : Hachinohe EW , Muroran EW (1968 Off
Tokachi Earthquake), Pacoima Dam S74W (1971
San Fernando Earthquake) and El1 Centro NS$
(1940 Imperial Valley Earthquake). The sweep
vave contained the frequency components
between 0 and 30 Hz with a duration 30 sec.
The maximum acceleration of input wave were
set at 100, 400 , and 800 gal on the shaking
table.

4. TEST RESULTS

4.1 Natural frequency of the interaction
system

Figure 3 shows the natural frequency ratios,
t,/f, where f is the natural frequency of
soil-pile-building systems in the shaking
table tests and fe is the natural frequency
obtained from the free vibration tests, for
the different maximum accelerations measured
at the bottom of the model ground (Gl in
Figure 2). Since the maximum acceleration at
the top of the building model in the free
vibration tests was so small ( 50 gal), f

vas considered to be the natural frequency o?
soll-building system within the elastic
range.

As shown in Figure 3, f_ was decreased by,
at most, 20% for modef 1, by 15% for
model 5, and by 10% for model 6; the smaller
the height-width ratio is, the greater the
decreases in the natural frequency. This |is
caused by the fact that the piles prevented
rocking motion significantly.

4.2 Lateral force ratios

Prediction of the lateral force applied to
piles 1s quite important for an earthquake
resistance design of piles in the case of an
embedded foundation with the piles. A
prediction method was proposed in an Japanese
reconmendation (The Building Center of Japan

(1989)), but was mainly derived by studies
for the case when base shear coefficient of a
building was 0.2; the method to estimate the
lateral force, when base shear was larger
vas not clarified.

The model piles in this study had a hinged
head, so that lateral force applied to the
pile head was not measured directly. The
lateral force was estimated; by first
filtering the time history of moments along a
pile. Lower and higher frequency of the
band-pass filter was O.Sfp. and l.lfp
respectively, vhere fp is the natural
frequency of the interaction system. Next,
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the 1lateral force applied to the pile head
was estimated by the moment distribution at a
certain time along the pile. This method was
an application of Chang’'s theory (1937). By
this method, the lateral force caused by the

inertial force of the building was mainly
evaluated.

Figure 4a shows the lateral force ratio,
Qp/Qi. where input motion is Hachinohe EW,

for models 1,5 and 6, Q, is the force applied
to the pile head, and Qi is the inertial
force caused by the mass of the building and
the foundation, when acceleration at top of
the building is at a maximum. Results show
that the lateral force ratio was proportional
to the inertial force. When Q; wvwas less than
30 kg, the lateral force rat}o for models §
and 6 were 1.5 to 2 times as large as those
for model 1.

Figure 4b shows the lateral force ratio,
Qe/Q . where Q,, the earth pressure, is the
applied force to the walls of the embedment.
It is apparent that this ratio was inversely-
proportional to the inertial force, Qi' The
ratios for models 1 and § 1is larger than
those for model 6, when Q; was less than 30
kg. In this range of inertial force, maximum
acceleration at the ground surface was ranged
from 200 to 1000 gal. Therefore, in a
realistic range of acceleration fgr an actual
earthquake, the smaller the -height-width
ratio, the larger the lateral force ratio of
the earth-pressure.
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Figure 4b. Lateral force ratios of
earth-pressure

5. EQUIVALENT STIFFNESS AND DAMPING FACTOR
5.1 Theoretical model

Dynamic stiffness and damping factor of a
embedded foundation, proposed by Novak
(1974), and that of a pile, proposed by
Novak and Nogami (1977)., were enmployed in
this study. Dynamic stiffness of bottom of
foundation proposed by Kobori et. al.(1970)
vas employed also. Applicability of Kobori's
method to evaluating the stiffness and
damping factor for soil-building interaction
system has previously been examined (Tamori
et. al. (1987)). In this study, the dynanmic
stiffness of soil-pile-foundation system was
calculated by root sum square of the dynamic
stiffness of the piles and that of the
embedded foundation.

Equivalent shear modulus, Gs' and damping
factor, h_, of the soil were determined by
the torsional shear tests according to the

folloving equation modified by the Hardin-
Drnevich model(Hardin and Drnevich (1972)):
G 1
S . — (1)
Gy 1+ 1 1(rg/r,)
hg = 0.150( 1 - Gs/Gt) + 0.070 (2)
vhere G, is the initial shear modulus of the
soil, rg is the shear strain of soil, and_ r,
is the standard shear strain (1.7 x 1079)°
The soil strain vas estimated from
acceleration at the foundation and beneath
the foundation: accelerometers G5 and G6,
respectively shown in Figure 2. Dynamic

stiffness of the embedment and the piles were
calculated by determining shear modulus and
equivalent damping factor of the soil. The
dynamic stiffness has frequency dependence,
so that those at the natural frequency of the
interaction system, f_, were employed

In order to estimate dynamic stiffness and
damping factor for the tests, a simple
approximation of soil-pile-building system ,
vhich had a sway-rocking spring beneath a
building foundation, was used. Time history
of the force and displacement, represented by
a hysteresis loop as shown 1in Figure 35,

P dw=E3
w =0
-
£ C‘_
— G2k 6
> 9
By = |
* dr- ¥

Figure §. Hysteresis loop
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occurring at the swaying spring, vere used to
calculate the stiffness and damping factor
for swaying motion. The band-pass filter, as
lfientioned previously, was also incorporated
in this process.
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5.2 Results of analyses

Figure 6 shows the stiffness and damping
factors of swaying for model SC. This model
had no embedment and also had a gap between
base of the foundation and the ground

surface, so that horizontal resistance was
cased by the piles only. The theoretical
stiffness and the experimental stiffness
agreed vell with gach other ¥hen soil strain
was from 1.0 x10™° to 1.0 x10 “. However. the
damping factor was over estimated by the
analyses. The larger the strain of the soil,
the larger the difference between the tests
values and the theoretical values.

Figure 7 shows the stiffness and damping
factors of swaying for model 5B. This model
had no embedment, so that horizontal
resistance was caused by the base of the
foundation and the piles. The stiffness
determined by the analyses and those by the
tests agreed well with each other. Again the
damping factor was overestimated by the
analyses vhen the gtrain of the soil was
larger than 4.0 x107°.

Figure 8 shov examples of the stiffness and
damping factor of swaying for model 5, which
had the embedded foundation with piles.
Relation between the theoretical test
values can be summarized as follows:

1. The stiffness obtained by the
and those by the tests agreed well with
other.

2. In the case of the damping factor, the
larger the soil strain, the larger the
difference between the test values and the
theoretical values. The theoretical values

and

analyses
each
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Figure 8. Dynamic stiffness and
damping factor(model 5,El Centro NS)
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2 times as large as the test values in
In the case

vere
larger strain levels of the soil.
of mat foundation (Tamori et. al. (1987)),
the damping factor was not so greatly
overestimated as in this case. Therefore, the

damping factor of the embedment and piles
vwere overestimated by the analyses.

6 CONCLUSION

This study involved performing shaking table

tests on elasto-plastic soil material to
investigate the soil~pile-building
interaction system. Along with these tests
an analytical method, that incorporates
Novak's and Kobori's method, were used to
determine stiffness and damping factors for
swvaying motion, and then compared the
resulting analytical values to those obtained
by the shaking table tests

The shaking table tests showed that the
natural frequency was decreased 10 to 20 X by
plastic deformation of soils; the smaller the
height-width ratio, the more the natural

frequency decreased. This is due to the fact
that the piles prevented rocking motion
significantly.

The shaking table tests also showed that the
lateral force ratios applied to the piles and
the inertial force caused by the building and
the foundation were changed from 30X to 90%,
and were proportional to the inertial force
of the building and the . foundation; the
larger the height-width ratio, the larger the
lateral force ratios.

Lastly, stiffness of svaying motion obtained
by the analyses and those by the tests were
agreed well. However, damping factors of
swvaying motion were overestimated by the
analysgg vhen soil strain was greater than
4.0x10 °. These last results vere caused by
overestimation of the damping factor of the
embedment and the piles

ACKNOWLEDGMENTS

All the tests were made using the shaking

table at the Building Research Institute,

Ministry of Construction. The authors would

like to express their thanks to Mr. H.

Mizuno, BRI for his valuable advises and Mr

T. Kashima, BRI, Mr. R. Nitta, Dr. T. Inoue,

and Mr. N. Yoshimura, Hazama-gumi Co., Ltd.,

for their cooperation in conducting shaking

table tests

REFERENCES

Cook, P.M. 1953. Forging research - use of
plasticine models, Metal Treatment and
Drop Forging 20: 534.

Chang, Y.L. 1987. Discussion on “Lateral
pile-loading test”™ by Feagin, Trans.,
ASCE: 272-278.

Goto, H., Kitaura, M. and Miyawaki, K. 1973,
Experimental study on the dynamic behavior
of the structure foundation embedded in
sand layer, Proc. of Japan Society of Civil
Engineering 219: 1§-28.

Hakuno, M., Yokoyama, K. and Sato, Y. 1972,
Real time dynamic test on a model pile
foundation, Proc. of Japan Society of Civil

Engineering 200: 85-91.

Hardin, B.O0. and Drnevich, V.P. 1972. Shear
modulous and damping in soils: Design
equation and curves, Journal of Soil Mech.
and Foundation Div., ASCE 98(SMT): 667-692.

Henke, A.M., Richart, F.E. and Woods, R.D
1983. Nonlinear torsional dynamic response
of footing, Journal of Geo. Eng. of ASCE
109: 72-88.

Kagawa, T. 1987. On the similitude in model
vibration tests of earthquakes, Proc. of

Japan Society of Civil Engineering 275: 69-
117 .

Kobori, T. and Suzuki, T. 1970. Foundation
vibration on a viscoelastic multi-layered
medium, Proc. of the 3rd Japanese
Earthquake Engineering Symposium: 493-500.

Novak, M. 1974. Dynamic stiffness and damping
factor of piles, Can. Geotech. J. (11):
574-598.

Novak, M and Nogami, T. 1977. Soil-pile
interaction in horizontal vibration
Earthquake Engineering and Structural
Dynamics 5: 263-281.

Tamori, S., Kitagawa, Y. and Mizuno, H. 1987,

Shaking table tests of elasto-plastic soil-

building 1interaction system, Proc. of The
Pacific Conference of Earthquake
Engineering 3: 95-106.

The Building Center of Japan. 1989.
Jishinryoku ni taisuru kisono sekkei
shishin.

Yaughan, D.K. and Iseberg, J. 1983. Non-
linear Rocking Response of Model
Containment Structure, Earthquake Eng. and
Struct. Dynamics: 275-296.

Yoshikawa, M. and Abe, I. 1982. Model
Vibration Test of Tower-pile Foundation-
Soil System, Proc. of the 6th Japan
Earthquake Engineering Symposium: 1705~
1711.

1816



