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SUMMARY

The liquefaction tests for comparatively large specimen are performed
using a shaking table. In this paper, the following three subjects are in-
vestigated and the results are reported. 1) Comparison of liquefaction test
results obtained by this shaking table test with those obtained by other
tests. 2) Reliquefaction characteristics of soils. 3) Liquefaction charac-
teristics under drainage condition.

INTRODUCTION

Generally, the liquefaction tests are performed by dynamic triaxial test
apparatus or dynamic simple shear test apparatus. On the other hand, a few
liquefaction tests using shaking table are carried out for comparatively
large specimen (Ref. 1), 3), 4)).

The liquefaction test apparatus used in this studies is shown in Fig.l.
A size of specimen is 60 cm in diameter and 4 cm in height. To similar to
shear deformation of ground during earthquake as simply as possible, polyvi-
nyl chloride rings having smooth surface are stacked around the specimen.
Because the diameter of the specimen is large, it is considered that lique-
faction tests can be performed for not only sand, but also for soils such as
gravel and Masado (the decomposed granite soil) consists of large grain size.
Experiments are performed to clarify the reliquefaction characteristics of
saturated soils mentioned above, and liquefaction characteristics of saturat-
ed sand under drainage condition. The results obtained by the former experi-
ments are compared with those obtained by other tests.

EXPERIMENTAL APPARATUS

Experimental apparatus is shown in Fig.l. This apparatus is made up
shearing box fixed on a shaking table(:>and equipment for measuring drainage
volume. The bottom plate of the shaking table is made from a stainless steel
plate, having 5 mm in thickness, and rim @D, having 60 cm in outer diameter
and 3 cm in height welded to the base plate. Four polyvinyl chloride rings
are stacked around the specimen, having 60 cm in diameter and 4 cm in height
covered by rubber membrane. A size of each ring is 1 cm in thickness, and
inner- and outer diameters are 60.6 cm, 76.0 cm, respectively.

Vertical stress is applied to the specimen by weight of loading plate
(2.5 kN), and its magnitude at surface of the specimen is 8.8 kN/m?. Cyclic
shear stress is applied to the specimen by horizontal inertia force of load-
ing plate, specimen and rings during shaking.
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SOILS

Soils used in this experiments are Toyoura sand, Shingu sand, Masado
(decomposed granite) and gravel. The grain size distribution curves and the
physical properties for each soil are shown in Fig.2 and in Table 1, respec-
tively. Toyoura sand, Shingu sand and gravel are uniformity in grain size,
but a uniformity coefficient of Masado is equal to 8.9.

SPECIMEN AND EXPERIMENTAL PROCEDURE

(1) SPECIMEN

The saturated specimen, having about 50% relative density (Dy) gv for
each sample was prepar-
ed. The saturated
specimen is prepared by
carefully pouring wet
sample into water
stored in a rubber mem-
brane fixed around a

rim. Subsequently the — @@ 7 SRS/ G 1
specimen is compacted @ ‘ @ @
by a'tatélpzr tc')tobtazn 2 1@ Base plate@ Polyvmyl chloride ring
iiqulie d.ens:Llyteem‘ (3) Loading plate Stopper@Rubber membrane
en loading pla 1s Shaklng table m @ @Pore water pressure cell

set on the specimen. (8) Accelerometer (9) Displacement transducer

The specimen thus pre- g4 _
pared is 60 cm in dia- Spec1men @ Rim @ Rib plate @ O-ring

meter, and 4 cm in @, @Valve @ Weighting gauge @ Vessel
height which causes the . .
cubstantial shear de— @, @, @ Porous stone @ Drainage pipe
formation. The coeffi-

cient of pore pressure

B was above 0.95 after consoli-

/@ @ 2

Fig.l Test apparatus.

dation. 2 100_ —-O-—m—
“ 80+ © Toyoura sand

(2) RELIQUEFACTION TEST g r @ Shingu sand

The specimen obtained by Nl 60: 0 Masado
above method was subjected to = 40} © Gravel
sinusoidal acceleration with 8w r
constant amplitude and frequency :En 20
(£)=3.1 Hz under undrained con- oY . o— -0+ 8
dition. After pore pressure B 00'001 0.0 0.0
generated in the specimen became Graln size (mm)
equal to effective vertical Fig.2 Grain size distribution ‘curves.
stress, vibration of
about 20 pulses was ap- Table 1 Physical properties of samples.
plied to the specimen.
Subsequently shaking Toyoura sand [Shingu sand|Masado |Gravel
table was stopped, then Gg 2.63 2.64 2.63 | 2.76
pore water was drained Dpax (mm) 0.84 2.00 5.66 | 5.66
from upper surface of - [D50(mm) 0.27 0.83 1.75 | 4.40
the specimen for 15 Ue 1.6 Siled 8.9 2.1
minutes. After the emax .1.028 i 0.890 1.062; 0.853
drainage completed, the emin 0.678 10.540 0.597| 0.638

144



vibration having required acceleration was applied to the specimen to cause
liquefaction again. Thus the liquefaction tests were carried out for the
same specimen three times by same procedure.

The acceleration of the shaking table, pore pressure at three positions
of the specimen and amplitude of shear deformation of the specimen were meas-
ured. These measured values were recorded in pen-written oscillograph.

(3) LIQUEFACTION TEST UNDER DRAINAGE CONDITION

In contrast with the liquefaction tests under complete undrained condi-
tion, the liquefaction tests under drainage condition were performed. Hori-
zontal seismic coefficient (kp) was nearly 0.05, 0.08 and 0.10, and frequency
(f) was changed to 1.5 Hz, 3.1 Hz and 5.1 Hz for each kp. Drainage volume of
pore water during the vibration was controlled by a valve in advance.
The drainage volume was stored in a vessel and was measured by weighting
gauge . Other measurements are the same as reliquefaction test.

RESULTS AND CONSIDERATIONS

(1) COMPARISON OF TEST RESULTS OBTAINED BY SHAKING TABLE TESTS WITH
THOSE OBTAINED BY OTHER TESTS ' .

In this paper, occurrence of liquefaction was defined as a point of
state where the amplitude of shear strain increased rapidly as shown in Fig.9.
Number of cycles of acceleration to cause liquefaction was designated by ny.

In this shaking table, as the required acceleration cannot be displayed
from first pulse functionally, corrected pulse np been equivalent to the re-
quired acceleration was obtained from Eq.1 (Ref. 5)).

np=(kn)i-ni/kn (1)
in which (kp)i: the horizontal seismic coefficient, nj: the number of cycles
during increase of acceleration, kp: the required horizontal seismic coeffi-
cient.

Specimen

Vertical stress (oy)p was calculated from Loading plate
Eq.2 by referring to Fig.3. Rings
(0y)m=(0y)o—M-c/21 (2)
in which (oy)y: vertical stress distributed on (ov )% !
a bottom of specimen without considering rota- . . Base plate:
tional moment, M: moment occurred by the load- ‘ (a)
ing plate and the specimen, I: moment of iner-
tia, c: diameter of the specimen. Shear
stress (1) was calculated from Eq.3. q$§
T=khW/A (3 Mc Mc
in which W: the sum total of weights of speci- - 71 + 21
men, loading plate and rings, A: cross- (b)
sectional area of the specimen. } )
Result obtained by this shaking table (ov)m E‘ﬁi
test was close to that obtained by De Alba et (c)

al. (1976). Fig.4 shows the relation between

stress ratio 1/(0y)} and ny for each sample. Fig.3 Vertical stress dis-
Similar results obtained by the dynamic tri- A " tributed on a bottom
axial test and the dynamic simple shear test of specimen under
‘etc. are shown in this figure. It is Seen in shaking.
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This study (Shaking table test)

—-—]| Toyoura sand((Dy)y=51.8%) |—|Masado((Dy)gay=51.3%)
___[ Shingu sand ((Dy)ay=48.1%) |—-—|Gravel((Dy)ay=52.5%)
Other studies e
. o | (aD,(0
Author Test apparatus Material |Dy(%) ((Eﬁymg)

-0-0| O-hara et al. |[Dynamic triaxial|Shingu sand | 40.8 49

| O-hara et al. |Simple shear Shingu sand | 42.3 24
- 0 Yoshimi et al. Ring torsion Niigata sand| 50.0 ‘98
2 <—| Finn et al. Simple shear Ottawa sand | 37.0 | 196
= . P Sacrament
N - o Seed et al. Dynamic triaxial River sand 38.0 98
w 0.3 ¢4
° ‘\\\\\\\. Yoshimi et al.
nE
’-; 0.2+ ~g ® (1973) Seed et al.
L etiee— N (1966)
= Find et al.jf — \"-§=* —~— —
>

0.1F  (1971) \g:.\@\\\?\ 9
O-hara et al TSI -~
§1981)
0 I | J
1 5 10 50 100 500
ny,

Fig.4 Comparison of results obtained by shaking table tests with
those obtained by other tests.

Toyoura sand
O First liquefaction (Dy)av=51.8%
| ® Second liquefaction (Dy)ay=66.1%
(63.4-68.9)
o 00\162 ® Third liquefaction
0. 129\\ o~.. (Dr)av—74 1%
@ . (73 1-75.4)
kh= Oo.\‘\. . \_.
L 0.128 \o\\'\. \Q"\O:%[i

-
-~

this figure that the stress
ratio (the resistance to li-
quefaction) for saturated
soils measured by the shaking
table tests is a little smal-
ler than those obtained by
the dynamic triaxial test ap-
paratus or the dynamic simple
shear test apparatus etec..
Also, it is note worthy that
the resistance to liquefac-
tion of gravel is the most

o
w

o
.
[

Stress ratio 1/(ov)n
o
N

111 1 [ T 1 1 1

1
5 10 50 100 500
Number of cycles to cause initial lique-

smallest. i
faction n1,
(2) RELIQUEFACTION Fig.5 Reliquefaction test results obtained
CHARACTERISTICS by shaking table test.

Fig.5 shows an example
of reliquefaction test re-
sults. Sample is Toyoura sand. The symbols O, @ and () represent first-,
second-, and third liquefaction test results, respectively. The horizontal
seismic coeffient written on both ends in each curve indicate those maximum
and minimum values. It is clarified in Fig.5 that the resistance to relique-
faction increases with increasing a relative denmsity by drainage after lique-
faction.

Fig.6 shows the reliquefaction test results for Toyoura sand performed
by the dynamic triaxial test. A size of the specimen is 5 cm in diameter and
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about 12 cm in height. o3, og
represent initial effective
stress and amplitude of repeated
deviator stress, respectively.
In this dynamic triaxial test
result, the resistance to second
liquefaction is larger than the
resistance to first liquefaction,
and this result coincides with
result of the shaking table test
shown in Fig.5. It is noticed
that this result differs from
that of Finn et al. (1971).

Finn et al. obtained the result
that resistance to liquefaction
of the specimen after liquefac-
tion is smaller than that of the
specimen before liquefaction in
spite of increasing density.
Though detail of the dynamic
triaxial test method by Finn et
al. is not clarified, we per-
formed the triaxial tests by re-
moving a constriction induced on
upper part of the specimen by
liquefaction.

(3) COMPARISON OF RESIST-
ANCE TO RELIQUEFACTION WITH OR-
DINARY RESISTANCE TO LIQUEFAC-
TION

Fig.7 shows the relation
between stress ratio 1/ (o), and
nl, for Toyoura sand specimen re-
liquefied and not liquefied.
Relative density for each speci-
men is 66.1% and 67.2%, respec-—
tively. The former is the spec-
imen having initial relative
density 51.87% before liquefied.

It is seen in this figure
that the resistance to relique-
faction of specimen subjected
to large strain such as 10%
during first liquefaction is
almost coincident with that of
the virgin specimen which has
almost same relative density.

Fig.8 shows the results of
second and third liquefaction
tests for specimens shown in
Fig.7. It is noticed that the

o
e}
o~
~
o
o

t/ (oy)m

Toyoura sand
0.3 o First liquefaction (Dy)av=45.1%
L. ® Second liquefaction(Dy)ay=82.1%
- (76.7-87.7)
0.2r ’*~~_,_,%?
- “o~___§:‘~ > . 00
. 50§ o -0
A "o~
| Dynamic triaxial test
(03=49 kN/m?)
0 ] L L 11 bratl
2 5 10 50 100 200

Fig.6 Reliquefaction test results obtain-

0.

0.

oL

ed by dynamic triaxial test.

Toyoura sand
O0First liquefaction((Dy)av=67.2%)
'@ Second liquefaction

° P ((Dr)av=66-1z)

e Curve for first
©oq. ® liquefaction

o

3

1 >—0.g—o0_
°

OLitay ) Lol I L1
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Fig.7 Comparison of stress ratio for

specimen liquefied once with that
for virgin specimen.

Toyoura sand

oThird liquefaction (Dy)av=74.17%
((Dy)av)o=51.8%

eSecond liquefaction (Dy)av=77-5%

i o ((Dr)av)o=67.2%

o Curve for third
liquefaction

((Dy)av)o:initial relative density
Lot 1 11

50 ;100

[ 1 1 !

10

5

Fig.8 Comparison of stress ratio for spec-

imen liquefied two times with that
for specimen liquefied three times.
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resistance to reliquefaction of both specimens are almost indentical. The
same results as mentioned in Figs.7 and 8 were also obtained for Masado which
considerably differs with Toyoura sand in grain size distribution. Accord-
ingly, it is concluded from this studies that the resistance to liquefaction
should be determined by a relative density of the specimen irrespectively
whether the specimen has reliquefied or not previously.

(4) EFFECT OF DRAINAGE ON RESISTANCE TO LIQUEFACTION

To use a convenient index representing degree of drainage, we defined
the following index v¢ obtained by Eq.4.

v=(AV/Vy) /n (4)

in which AV: drainage volume of pore water from the specimen during shaking,
Vy: initial volume of pore water contained in the specimen, n: number of cy-
cles. n is defined by nj, described previously in a case of the specimen 1li-
quefied as shown in Fig.9, otherwise defined by number of cycles of shear
stress until pore pressure reaches to maximum value. The reason for use of
Vi instead of initial volume of the specimen is that the effect of density omn
results shown later may be
igno r ed . Toyoura sand

kn=0.065, y¥0=9.51 KN/M?, T/ (@ Y=0.075
Dr=49.7 X, (AV/Vy)/n=9.65x10™°

Fig.9 shows a typical
test record performed with : .iqf.i
Vt=9.65><10—6 and frequency RN ey - ;iccelerutlon <.a' ;mklnlg c:qn;é -
of 3.1 Hz. The record B S O O Y Y A
lines represent accelera- N O O A
tion of shaking table, l@@ﬁ“’”ﬁ?*(@)
pore pressure, shear [ f*f "fj“'“”“

O o ot o
@
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o
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strain and drainage vol-
ume of pore water, in oder. Pore water pressure ((3))
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Before the liquefac-
tion tests are carried out,
the effect of frequency on
the resistance to lique-
faction was examined under
undrained condition. Fre-
quencies are 1.5 Hz, 3.1
Hz and 5.1 Hz. As shown Fig.9 Typical record of liquefaction test
in Fig.10, the resistance under drainage.
to liquefaction is not af-

ined condition. is resu = = 9
agrees with the result obtained o © £=1.5Hz, (Dp) 4v=50.5%

E L/
2 0.2 o £=3. , =51.4%
by ring torsional test by Yoshimi > 0 ®® g5 igi Egrgav=§é 7;
et al. (1980). NS q@g -1Hz, (Dr) av=>0.7%
=

A} £
0.1 SR,

=
o

u(kN/m?)
5
mrm rrrri TTTT
i
—t
i
i

e
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Fig.10 Relation between stress ratio
and number of cycles to cause
liquefaction.

Fig.1l1l shows the relation
between pore pressure ratio
u/(0v)o and number of cycles n at 0
each drainage vi. Here, u repre-
sents pore pressure. vV¢=0 means
undrained condition. Each curve
shows average curve obtained by
three tests carried out under
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almost same conditions.

It is seen in this figure Dr(%) | t/(oy)Vn (Av/vw%/n
that liquefaction does not Toyoura sand (<10 )
occur when vy is larger o] 51.4 | 0.057 9
than a certain value. . o} 52.0 0.057 0.228
Same results are obtained kp=0.05 e | 50.7 0.061 1.361
by experiments with fre- f=3.1Hz a| 50.2 0.058 2.500
quency of 1.5 Hz and 5.1 o] 52.5 | 0.056 1.457
Hz. l'OE /A“M /‘*. /D“D—D
Test results are 0'8_ [ ° /F

plotted in relation be- 22 // /

- 5>0.6[ 4 o
tween T/(oy)p and vt in s Fa o~
Fig.12. For test at each S 0.4 ‘/ ‘/‘ /D,/U
frequency, solid and open L 4 ‘// o-0-0
symbols represent the re- 0.2k 2@9090&‘6~A‘A‘A_A
sult liquefied and not li- 0—8—0—040 —8—b-b-0_o 8
quefied, respectively. It 0 | [ 0~9790-Q-0—Q-0—0-0—@——0

is interesting to note
that there exist lower
boundary for stress ratio
which liquefaction occurs
under drainage conditiom.
Also, the effect of drain-
age on liquefaction is ir-
respective of frequency.
Same results were also ob-
tained for Shingu sand
shown in Fig.13. Both

0 50 100 150 200 250 300 350 400

n

Fig.1ll Relation between pore pressure ratio
and number of cycles.

0.15

straight lines shown in >§
Figs.12 and 13 almost agree. © .10
S~
CONCLUSIONS "
The main conclusions aa Toyoura sand
obtained in this investiga-
tion are as follows. T3 fied l.szB.leS.le
(1) The resistance to li- 0.05 Nzgu;iziefied 2 ; ;
quefaction for satu- >
rated sand obtained (Pr)avﬂf) l 51.Z 51.? 51.7
by this shaking table 0 2.0 4.0 6.0 8.0 10.0 12.0

test is close to that
for saturated sand

obtained by the shak-
ing table test by De

(av/vy) /n (x1073)

Fig.12 Lower boundary for stress ratio which
liquefaction occurred under drainage.

(2)

(3)

Alba et al. and is a

little smaller than those obtained by the dynamic triaxial test or the
dynamic simple shear test etc..

The resistance to reliquefaction for sand, gravel and Masado (the de-
composed granite soil) which increased a relative density by drainage
after liquefaction is larger than the resistance to first liquefactiom.
The maximum shear strain during liquefaction is restricted to about 107
in this test.

The resistance to reliquefaction of the specimen liquefied once or
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twice is equal to the
resistance to lique-
faction of the virgin 0.15
specimen having same
relative density.

(4) It is shown that the N
lower boundary for
stress ratio which g
liquefaction occurs >;
under drainage condi- 5, 10 a
tion is able to be >
represented by a
straight line in re-
lation between stress

Shingu sand

ratio and drainage. 1.5Hz|3.1Hz|5.1Hz
Drainage is able to o~ |Liquefied a ° [ ]
be defined by a vol- 0.05 o Non liquefied Iy o &)
umetric strain of the (Dr) av (%) 51.3| 50.6| 50.6
pore water per unit . | | ! L ]
cycle. 0 2.0 4.0 6.0 8.0 10.0 12.0

(&v/vy) /n (x1075)
ACKNOWLEDGMENTS

Fig.1l3 Lower boundary for stress ratio which

The writers would like liquefaction occurred under drainage.

to express their gratitude
to T. Oka, T. Ogushi, Y. Kondo and H. Murota, the former students at the
Yamaguchi University, for their helps during the experiments.

REFERENCES

1) De Alba, P., Seed, H. B. and Chan, C. K. (1976), '"sand Liquefaction in
Large-Scale Simple Shear Tests', Journal of the Soil Mechanics and Founda-
tions Division, ASCE, Vol. 102, No. GT. 9, pp. 909-927.

2) Finn, W. D. L., Pickering, D. J. and Bramsby, P. L. (1971), "Effect of
Strain History on Liquefaction of Sand", Journal of the Soil Mechanics and
Foundations Division, ASCE, Vol. 96, No. SM6, pp. 1917-1933.

3) Finn, W. D. L. (1972), "Soil Dynamics-Liquefaction of Sands', Proceeding
of International Conference on Microzonation for Safer Construction Research
and Application, Seattle, Wash. , Vol. 1, pp. 87-111.

4) O-hara, S. and Suzuoka, N. (1972), "The Results of Experiment on the
Liquefaction of Saturated Sands with a Shaking Box: Comparison with Other
Methods", Soils and Foundatioms, Vol. 12, No. 4, pp. 85-94 (in Japanese).

5) O-hara, S. (1973), "An Experimental Study on the Liquefaction of Satu-
rated Soil, Using Shaking Table', Technology Reports of the Yamaguchi Univer-
sity, Vol. 1, No. 2, pp. 261-270. '

6) Seed, H. B. and Lee, K. L. (1966), "Liquefaction of Saturated Sands dur—
ing Cyclic Loading", Journal of the Soil Mechanics and Foundations Division,
ASCE, Vol. 92, No. SM6, pp. 105-134.

7) Yoshimi, Y. and Oh-oka, H. (1973), "A Ring Torsional Apparatus for Sim—
ple Shear Tests", Proceeding of the 8th International Conference on Soil
Mechanics and Foundation Engineering, Vol. 1.2, pp. 501-506.

8) Yoshimi, Y. (1980), '"Liquefaction of Sand Deposits", Giho-do Press (in
Japanese).

150





