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ABSTRACT: In literature, there have been many studies on the liquefaction of soil; however,
most of them are to study the liquefaction of saturated soil and it is necessary to have more
results on the liquefaction of unsaturated soil. In this study, a series of triaxial test on both
saturated and unsaturated samples was carried out to have better understand of the liquefaction
of unsaturated sand in very dense state. All the samples were reconstituted using wet tamping
method at a relative density of 83%. After wetting and consolidating, the samples were subjected
to cyclic loading with stepping Cyclic Stress Ratio (CSR). The results show that the saturation
degree affects significantly liquefaction potential of soil. The decrease of saturation degree
results on the decrease of liquefaction potential of soil. Besides, the effects saturation degree on
the friction angle and the slope of failures lines at the liquefaction state were also considered.
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I. INTRODUCTION

In geotechnical engineering and soil mechanics domain, it has been well known that the saturation
degree affects significantly the characteristics of soil. The liquefaction in the 1964 Niigata
earthquake has attracted many studies on this phenomenon; however, most of studies has focused
on the liquefaction of saturated soil. The initial researches on the liquefaction of unsaturated soils
were carried out with the aim to evaluate the errors of saturated tests due to the appearance of air
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bubbles and to study the behaviour of some soils not saturated in natural condition. Recently, due
to some reasons, there have been more and more studies on the liquefaction of soil with saturation
degree lower than 100% (Arab et al. 2016). The first reason is that there is more solid proof for the
appearance of air bubble below water table and some investigations have pointed out that the soil
in liquefied area is not fully saturated. Mase et al. (2019) took the undisturbed samples from area
which had been liquefied during the earthquake in Kobe in 1985. The result shows that the sample
is not saturated. Another reason is that the Induced Partial Saturation (IPS) technique is now
feasible as a very effective technique to mitigate the liquefaction potential of soil (He et al. 2013).
This method is implemented by generating air bubbles in the soil to reduce its saturation. Although
having achieved many results in studying the liquefaction of unsaturated soils, there are some
points not clearly mentioned in literature and needed to be clarified such as: (i) the cyclic
liquefaction behaviour of unsaturated soil in very dense state; (ii) the effect of the saturation degree
on the cyclic behaviour of different soil types (Iran et al. 2021). This study is to answer a part of
these issues.

II. MATERIAL AND APPARATUS

In this study, the fine clear RF Hostun sand was used to reconstitute the samples, this material is

also widely used in literature to investigate the liquefaction phenomenon. This material has the

specific gravity of 2.65g/cm? the maximum grain size of 0.6mm and the minimum grain size of

0.12mm. Other parameters are shown in table 1 and the picture of the sand in figure 1.

TABLE 1. Material parameters.

Dso (pum) D1o (um) Deo (pum) €max €min
300 200 400 1.041 0.648

- D1, Dso, Deo are the particle size distributions of RF Hostun sand

- emax and emin are the maximum and minimum value of void ratio

FIGURE 1. RF Hostun sand in different scales

The Cyclic Triaxial Testing System used in this study is also the apparatus presented in Tran et al.
2021. This apparatus can perform cyclic loading at a given value of deviator stress. The axial strain
is measured by a transducer fixed on the piston. The load is measured by a load transducer put
between the piston and the sample top cap. Maximum value of cell pressure is 900 kPa.
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IV. TESTING STEPS

A. Reconstituting the samples

There are some methods usually used to prepare the sample in liquefaction test and the effect of
sample preparation on the results of tests is sometimes controversial (Tran et al. 2021). In this paper,
the wet tamping method is chosen to reconstitute the samples. This method is done by compacting
layer by layer of the samples. For each layer, the compaction finish when reaching the desired void
ratio. In this study, all the sample is prepared at the relative density of 83% or void ratio of 0.73.
The sample dimensions are 140 mm in heigh and 70 mm in diameter.

(a) Five parts of samples (b) Sample compaction (c) Sample in triaxial cell

FIGURE 2. Sample reconstituting by the wet tamping method

B. Sample wetting and saturation degree estimation

There are three techniques usually used to saturate partly or completely the samples reconstituted
by the wet tamping method as mentioned in Tran et al. (2021). In this study, the samples were
initially wetted using de-aired water for circulation. After that is the increase of back pressure and
cell pressure to dissolve the remaining air bubbles inside the samples.

One method which is usually used to evaluate the sample saturation degree in triaxial test is using
Skempton coefficient parameter B. In isotropic pressure condition, this parameter is calculated as
equation (1) (Skempton 1954). In fully saturated sample, because the water is considered as
uncompressible material the B value is theoretically equal to 1. However, in practice, with sand, the
samples can be considered fully saturated if B is higher than 0.96. In this study, the sample is fully
saturated if B > 0.97. This value is also presented and well explanted in Tran et al (2021). After B
measurement, the samples were consolidated by an effective stress of 100 kPa.

B =" (Eq. 1)

Aos

Ao is the increase of cell pressure in B measurement; Au,, is the increment of pore water pressure
caused by the Ao .
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B. Loading condition

In liquefaction test, one important parameter is Cyclic Stress Ratio (CSR). This parameter is
calculated following equation (2). In this study, in one test, the value of CSR was chosen initially of
0.15, after 100 cycles of loading, the CSR was increased to higher level (0.2, 0.25, 0.3, and so on). This

loading protocol is better to liquefy the unsaturated samples in very dense state (Tran et al. 2021).

CSR = 2 (Eq. 2)

!
2.03

q is the maximum deviator stress. o3 is the initial effective stress (effective stress before cyclic
loading or isotropic consolidation effective stress).
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FIGURE 3. Cyclic loading with stepping CSR

V. RESULTS AND CONCLUSION

The results of tests are summarized in table 2, the saturated test with B of 0.97 was liquefied after
222 cycles at the CSR of 0.25 while the unsaturated test with B value of 0.6 liquefy after 432 cycles
at the CSR of 0.35. Figure 4 shows the behaviour of saturated sample for the last 10 cycles (cycles
from 212t to 222t%). In figure 4a, the axial strain develops rapidly each time the deviator stress passes
zero and in figure 4b, it can be seen that the stress path is butterfly form, a characteristic of cyclic
mobility phenomenon. Figure 5 shows the behaviour of unsaturated samples for the last ten cycles
(cycles from 422t to 432t). It can be seen that the failure line in both cases have the same slope of
1.5 for the upper lines and -1 for the low lines. It means that the slope of the failure lines does not
depend on the saturation degree. These slopes of the failure lines correspond to the friction angle
@it = 37° following the equations 3 and 4.

— 6sinberit.

= sinfg (Compression) (Eq. 3)
_ 6.5inDrip .
= SreinOop (Extension) (Eq. 4)
TABLE 2. Test results
Test | B Numbers of cycles Total number of
CSR=0.15 | CSR=0.2 | CSR=0.25 | CSR=0.3 | CSR=0.35 cycles
Test1 | 0.97 | 100 (NL) | 100 (NL) 22 (L) - - 222
Test2 | 0.6 | 100 (NL) | 100 (NL) | 100 (NL) | 100 (NL) 32(L) 432

NL: No Liquefaction observed at the end of loading; L: Liquefaction at the end of loading
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FIGURE 4. Last ten cycles of saturated test (B = 0.97) with CSR of 0.25
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FIGURE 5. Last ten cycles of unsaturated test (B = 0.6) with CSR of 0.35
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