CYCLIC UNDRAINED STRENGTH OF SAND BY TRIAXTAL TEST AND SIMPLE SHEAR TEST
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SUMMARY

This paper, describes the results of cyeclic triaxial tests and cyclic
simple shear tests performed on the same sand at the same initial conditions
to compare the liquefaction behavior of sand tested using two different
laboratory test procedures. The cyclic simple shear test equipment used in
this study confined the specimen in a pressure chamber and thus the specimen
could be back pressure saturated, pore pressure buildup could be measured,
and the effective stress path could be calculated for any stage of the test.
It was found that the cyclic strength of loose to medium demse simple shear
and triaxial cohesionless specimens prepared by pluviation agreed well to-
gether when test results were normalized based on the mean effective consol-
idation stress and shear strain value. Unlike cyclic triaxial test results,
different specimen preparation techniques had almost no effect omn cyclic
strength values from cyclic simple shear tests. Further, cyclic strength of
specimens prepared by wet tamping methods was higher for triaxial tests than
for simple shear tests even when compared at equivalent normalized stress
and strain values.

INTRODUCTION

At present, the easiest and the most popular method used to evaluate
the undrained cyclic strength of sand is the cyclic triaxial test with uni-~
form periodic loading. However, the laboratory stress condition in a cyclic
triaxial test does not match the in situ stress condition in level ground
during earthquake motion. A better stress representation of in situ condi-
tions is achieved in the laboratory cyclic simple shear test and several
different types of cyclic undrained simple shear tests have been performed
(Peacock and Seed, 1968; Finn, Pickering and Bransby, 1971; DeAlba, Seed and
Chan, 1976). However, the horizontal stresses were not measured in any of
these tests, nor could they be controlled independently of the vertical
stress. Therefore, it has been difficult to compare directly test results
obtained from cyclic simple shear tests with test results obtained from cyc-
lic triaxial tests.

On the other hand, cyclic undrained torsional simple shear tests, in
which the horizontal stress could be controlled independently of the verti-
cal stress, have been performed by Ishihara and Li (1972) and Ishibashi and
Sherif (1974). They used initial liquefaction as a failure criteria and
specimens of one-density value were tested. Such limited data makes a de~
tailed comparison of cyclic triaxial and cyclic simple shear data difficult.
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Recently, moreoVer it has been recognized that initial liquefaction is not

necessarily a good criterion for failure especially for demser sands. Fur-
thermore, methods used to prepare samples have a significant effect on cyc-
lic undrained triaxial strength as reported by Ladd (1974) and Mulilis, et

al. (1977). However, these specimen preparation effects have not been ex-

amined for cyclic undrained simple shear tests.

In this study, cyclic undrained simple shear tests were performed in
which the horizontal stress could be controlled independently of the verti-
cal stress. In-addition, specimens with a wide range of density values pre~
pared by two different specimen preparation methods were tested to determine
both cyelic simple shear strength and cyclic triaxial strength. A failure
(liquefaction) criteria defined in terms of double amplitude strain was adop-
ted to analyze the test data. The results of these tests are described in

the following paragraphs.

TEST PROGRAM

Monterey No. O samd, a commercially available washed and sieved beach
sand, was selected for this study. This is a uniform subrounded sand which
has been widely used for liquefaction studies. The specific gravity of this
sand is 2.65, the maximum void ratic is 0.85, the minimum void ratio is 0.56,
the mean diameter Ds¢ is 0.36mm and the coefficient of uniformity is about
1.5.

For cyclic undrained triaxial tests, four different relative density
values were selected: 45%, 607%, 70% and 80%. For cyclic simple shear tests,
three different relative density values were selected: 45%, 607 and 80%.
Each sample was prepared so that the sample had the specified relative den-
sity value after comsolidation. To prepare specimens, two different sample
preparation methods were adopted for both triaxial and simple shear tests:
1) wet tamping and 2) pluviation through air. The wet tamping method is a
method of compacting moist coarse grained material in which the material is
placed in layers with each layer compacted to a prescribed dry unit weight.
The procedures are described in detail by Ladd (1978). This metbod was used
by Silver et al. (1976) to define the cyclic triaxial strength of Monterey
No. O sand through a cooperative soil testing program performed by eight or-
ganizations. Because it has been reported by Ladd (1974) and Mulilis, et al.
(1977) that sample preparation methods have a significant effect on cyclic
undrained triaxial strength of sand, the second preparation method, pluvi-
ation through air was also adopted to reconstitute specimens. The procedure
consists of pluviating air dry sand into a mold from a tube keeping the
height of fall constant. This method is described in detail by Mulilis, et
al. (1977). Many consider that pluviation of sand through air or through
water gives a better representation than wet tamping of the in situ soil
fabric obtained by natural sand deposition such as from fluviation or from
underwater hydraulic f£illing.

The cyclic simple shear apparatus used in this study provides a hydro-
static confining pressure to the vertical face of a circular simple shear
specimen using a pressure chamber (Fig. 1). An unreinforced conventional
rubber membrane was used to confine the specimen. With this equipment, it
was possible to control the total horizontal stress during consolidation,
Furthermore, by knowing both the total horizontal stress and the pore pres—
sure, the effective horizontal stress could be easily calculated at any time
during the test. This is a significant advantage over the NGI-type simple
shear apparatus in which a reinforced membrane is used to enclose the speci-
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men. The simple shear specimen was 70mm in diameter and 20mm high. Grains
of Monterey No. 0O sand were glued to the surfaces of the top cap and to the
bottom pedestal to prevent slippage of the sand.

Specimens were first comsolidated isotropically to Eb55h=40kN/m2 (Gv is
the effective vertical stress and Oh is the effective horizontal stress).
Then, the effective vertical stress was increased to 100kN/m?. After con-
solidating the specimen under this anisotropic stress condition for 2 hours,
a cyclic undrained test was performed. During a cyclic test, the bottom
pedestal was fixed so that it could not move vertically and horizontally, or
rotate. Horizontal cyclic loads were applied to the top cap which was
guided horizontally so that it did not rotate or rock. During a cyclic test,
the total horizontal stress, which was the hydrostatic stress, was kept con-
stant. Since no vertical deformation was possible, total vertical stress
decreased when the specimen began to liquefy. This change in vertical load
was measured with a rigid load cell placed just above the top cap. Since
during the cyclic test, both the vertical strain and the volumetic strain
were zero, the horizontal strain was also zero during cyclic loading. This
is similar to the in situ condition in level ground during earthquake
shaking.

Conventional laboratory test equipment was used for the cyclic triaxial
tests described in this paper and generally accepted procedures were adopted
for the test program (Silver, et al., 1976). Simple shear and triaxial test
conditions are compared in Table 1.

SIMPLE SHEAR TEST RESULT

A typical time history of shear stress, total vertical stress decrease,
horizontal displacement and excess pore pressure obtained for a wet tamped
specimen at a relative density of 60% is shown in Fig. 2. For this test the
initial effective vertical confining pressure, Ove, was 100kN/m? and the
peak horizontal shear stress, T, was 12.4kN/m2 giving a simple shear stress
ratio, T/Gve of 0.124.. It may be seen that under a constant periodic hori-
zontal cyclic shear stress, the total vertical stress decreased and the ex-
cess pore pressure increased until cycle 11 where the excess pore pressure
equaled the initial effective horizontal stress of 40kN/m?. In addition, it
may be seen that in this cycle,the summation of the excess pore pressure and
the total vertical stress decrease equaled the initial effective vertical
stress (100kN/m?). This state is defined as initial liquefaction. It may
be also seen from Fig. 2 that very small cyclic deformations were induced in
the specimen until approximately cycle 10, after which cyclic deformations
built up until 5.6% double amplitude shear strain was measured in cycle 12
and 15.4% double amplitude shear strain was measured in cyclc 14. The form
of this time history trace is typical of the other results obtained in this
study.

The effective horizontal stress, Oh, during the cyclic undrained test
equaled the constant cell pressure value minus the excess porepressure value.
The value of effective vertical stress, Oy, during a test was obtained by
subtracting both the excess porepressure and the total vertical stress
decrease value from the initial effective vertical stress value, Tve.. Fig.
3 gives the time history of Oy and Gp calculated from the trace in Fig. 2
taken when the cyclic horizontal shear stress was zero (at the zero stress
crossing). In Fig. &4 is shown the effective stress path in the terms of Ty
and Gc when the cyclic horizontal shear stresses were zero and a maximum
value. It can been seen from this figure that there is a unique effective
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stress path for simple shear loading irrespective of the valuz of shear
stress. It can also be seen from this figure that this effective stress
path is very similar to that obtained from a Ko rebound test in which hori-
zontal strain is zero while vertical stress decreases. The relationship be-
tween double amplitude shear strain, DA, in percent and the loading cycle,
Nc, obtained from the data in Fig. 2 for T/Gyc=0.124 is replotted in Fig. 5.
Noted on the figure are the numbers of cycles required to reach double am-
plitude strain values of 1.5%, 3%, 7.5% and 15%. It may be seen from the
figure that strain buildup was rapid after some number of loading cycles.
Similar plots for other data from tests performed at different test condi-
tions were also obtained.

COMPARISON OF SIMPLE SHEAR AND TRIAXTAL TEST RESULTS

Test results obtained from undrained triaxial tests and simple shear
tests both for wet tamped specimens and for pluviated specimens were com—
pared at equivalent stress values and at equivalent strain values in the
following way. Cyclic triaxial test results were normalized using the con-
ventional stress ratio odp/25c in which 0gp is the maximum single amplitude
axial stress and Oc is the initial effective isotropic consolidation stress.
Cyclic simple shear test results were normalized using the stress ratio T/
Omes in which T is the maximum single amplitude horizontal shear stress and
Tme is the initial mean consolidation principal stress which equals (Gyvc+
20hc) /3. This simple shear normalization was suggested by Ishihara and Li
(1972) and by Ishibashi and Sherif (1974). It is important to note that Odp
/2 and T are the maximum cyclic shear stress values induced in the specimens
for cyclic triaxial tests and for cyclic simple shear tests, respectively.
In addition, Oc and Omc=(Cyct+20hc)/3 are the mean principal stress values
during consolidation for cyclic triaxial tests and for cyclic simple shear
tests respectively. It can be shown that shear strain values are 1.5 times
axial strain values in cyclic undrained triaxial tests. Therefore, the num-
ber of loading cycles for a specified double amplitude axial strain in a cy-
clic triaxial test were compared with the number of loading cycles for 1.5
times the measured double amplitude shear strain in a cyclic simple shear
test (ie, 10% double amplitude strain in cyclic triaxial tests was equiva-
lent to 15% double amplitude strain in cyclic simple shear tests).

Cyclic triaxial and cyclic simple shear test results for specimens com-
pacted to a relative density of 60% are summarized in Fig. 6 for a double
amplitude shear strain of 15% in simple shear tests and for a double ampli-
tude axial strain of 107 in triaxial shear tests. It can be seen in both
figures that the cyclic triaxial undrained strength obtained for wet tamped
specimens was significantly larger than the strength obtained for specimens
which were prepared by pluviating through air. It can also be seen that
there was no significant difference in cyclic undrained simple shear
strength between wet tamped specimens and pluviated specimens. Since the
number of different sample preparation methods examined was rather limited,
a general conclusion about the effect of sample preparation on cyclic un-
drained simple shear strength can not be derived from the test results re-
ported in this paper. However, it seems apparent that the effect of sample
preparation on cyclic undrained simple shear strength is less than the ef-
fects of sample preparation on cyclic undrained triaxial strength. Finally,
it can be seen from these figures that there was not a significant differ-
ence between cyclic undrained simple shear strength of wet tamped and pluvi-
ated specimens in terms of the simple shear stress ratio T/Omc and the cyc—
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lic undrained triaxial strength of pluviated specimen in terms of the tri-
axial stress ratio 0dp/20c.

Fig. 7 shows the relationship for simple shear and triaxial cyclic
strength versus relative density for failure defined as 15% double amplitude
shear strain in the tenth loading cycle. It is clear in the figure that the
ratio of cyclic triaxial strength for wet tamped specimens and for air-plu-
viated specimens increases with an increase in relative density. It can
further be seen that the difference in cyclic undrained simple shear
strength between wet tamped specimens and air-pluviated specimens is negli-
gible for relative density values ranging from 45% to 80%. It is further
shown in Fig. 7 that, except for relative demnsities greater than Dy=80%, the
difference between cyclic triaxial strength and cyclic simple shear stremgth
is not significant for pluviated specimens.

The data obtained from this study shows that the relationship between
cyclic undrained triaxial strength and cyclic undrained simple shear
strength may not be as simple as suggested in previous papers (Peacock and
Seed, 1968; Finn, et al., 1970; Ishihara and Li, 1972; Seed and Peacock,
1971, and Seed, 1979). The relationship between cyclic triaxial and simple
shear strength is apparently a function of sample preparation method, densi-
ty, failure definition, the number of loading cycles and probably other fac~
tors.

CONCLUSIONS

The following conclusions were drawn from the results of this test pro-
gram:
1) In triaxial tests, specimens prepared by compacting moist sand showed
significantly greater resistance to cyclic undrained shear than specimens
prepared by air pluviation. However, in simple shear tests, specimens pre-
pared by wet tamping and air pluviation showed negligible strength differ-
ences. Therefore, the ratio of cyclic undrained strength under simple shear
test conditions to cyclic undrained strength under triaxial test conditions
is significantly affected by the sample preparation method.
2) It was also found that for loose to medium specimens prepared by air
pluviation, cyclic undrained simple shear strength values were almost iden-—
tical to cyclic undrained triaxial strength values when strength comparisons
were made using a stress ratio defined as the maximum cyclic shear stress
devided by the mean effective principal stress at consolidation.
3) These results showed that the cyclic undrained triaxial strength of sand
prepared by tamping moist soil may give an overestimate of the liquefaction
strength in horizontal sand deposits for which a laboratory simple shear
simulation is an appropriate measure of cyclic strength.
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Table 1. - Sample Preparation, Sample Characteristics and Testing
Procedure for Cyclic Triaxial and Cyclic Simple Shear Tests
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