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ABSTRACT: The objective of this study is to identify the deformation characteristics and
pore water state of unsaturated soils during dynamic loading. In this study, Laboratory tests
have been carried out to understand the liquefaction behavior of unsaturated soil with the
varied pore water state. To change the moisture condition in the unsaturated soil air entrain-
ing agent was added into the unsaturated soil sample to forcibly change the state of the pore
air and pore water and to imitate the condition of soil during mudflow slope failure due to the
earthquake. As the test results, it is concluded that the dynamic deformation behavior of
unsaturated soil is not determined only by the amount of water but also greatly depending on
water state (pore air and pore water).

1 INTRODUCTION

1.1 Background and objective of the study

Based on recent earthquakes in Japan, mudflow type slope failures occurred in gentle slope
fills and most of the failures were surface failure, and the sediment of failure was probably in
unsaturated condition (S. Nakamura et al., 2014). Figure 1 show the condition of the slope
after earthquake. Recent studies have shown that a shaking disturbance affects the moisture
state of soil, and that the liquefaction potential of unsaturated soil can be evaluated by taking
the volume compressibility of the soil particle structure, the degree of saturation and the con-
fining pressure into account (Uzuoka et al., 2005, Kazama et al., 2006). Based on this concept,
further experiments have been carried out to understand the liquefaction behavior of unsatur-
ated sandy soil (Unno et al., 2008 & 2017).

Figure 1. Mudflow failure during the 2008 Iwate-miyagi earthquake
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The objective of this paper is to identify the deformation characteristics and water state of
mudflow unsaturated soils during an earthquake. Based on this concept, in this study, further
experiments have been carried out to understand the liquefaction behavior of unsaturated soil
with the varying pore water state. Air-Entraining Agent was added into the soil mixture to
imitate the condition of soil during mudflow slope failure due to the earthquake, which is
watery and slurry as shown in Figure 2.
The cyclic shear test was carried out to clarify the relationship between shear behavior, such

as Liquefaction resistance, and pore air and pore water by adding Air-Entraining Agent to the
unsaturated soil sample to forcibly change the pore water state.

2 TEST SOIL AND TEST APPARATUS

2.1 Soil specimen and Air Entraining Agent

The types of soil used in this study are the sandy soil, as shown in Figures 3 & 4. Figure 3
shows the grain size distribution curve of tested materials. Table 1 summarizes the physical
characteristics. Experiments have been done using the mixture of Industrial Quartz powder
and Silica sand with a mass ratio of 1:1. Figure 4b) shows a scanning electron microscope
(SEM) image of the mixture of test sample with magnifications of x1400. Based on the SEM
image, the test samples has smooth soil particle surfaces and fewer irregularities.
The objective of this paper is to observation of the pore air effect to shear behavior at unsat-

urated soils. The cyclic shear test was carried out to clarify the relationship between shear
resistance and pore air by adding Air Entraining Agent to the unsaturated soil sample to for-
cibly change the state of the pore air. When the AE agent is added, the state of the pore air
changes to air bubbles in soil samples in the same as the air-enhanced concrete. Due to this air

Figure 2. Unsaturated soil sample highly flowed by adding an AE agent

Figure 3. Grain size distribution and Physical Proper-

ties of testing soil sample

Table 1. Physical properties of test sample
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bubble, it was expected that the ball bearing effect will be demonstrated and the shear resist-
ance will be small like a high-flow concrete. Here, the air bubbles between the soil particles
play a role of a roller, such as ball bearing. Types of chemical substances used in this study are
Air-Entraining Agent A (Product name: MasterPozzolith 78P Air-Entraining Water Reducing
Agent ®, BSAF) and Air-Entraining Agent B (Product name: MasterAir 303A Air-Entraining
Agent ®, BSAF). The two agents are a liquid Air-Entraining Water Reducing Agent, standard
type (type I) of JIS A 6204 “Chemical Admixture for Concrete”. In order to understand the
reason behind the usage of the Air-Entraining agent in this paper, Mixture of Quartz powder
and Silica sand under 80% degree of saturation was prepared. As you shake the beaker in
Figure 2a), the mixture stays still and does not turn into watery or slurry state. For this
reason, Air-Entraining Agent was added into the soil mixture to imitate the condition of soil
during mudflow slope failure due to the earthquake such as Figure 2c), which is watery and
slurry as shown in Figure 2b).
In this study, two agents are used to clarify the effect due to the presence or absence of AE

agent. At the time of this study submission, we have not been able to confirm the size of bub-
bles in the sample with AE agent added. For that reason, Differences in effects of two AE
agents are not discussed in detail at this paper.

2.2 Test apparatus

Figure 5 shows the schematic diagram of testing apparatus for cylindrical specimens 50 mm in
diameter and 100 mm in height. A glass fiber filter and ceramic disk with an AEV of 50 kPa
installed at the top and bottom of specimen, respectively. Bellofram air cylinder is used for
strain-controlled cyclic loading, and the volume change of the whole specimen was measured
directly from the differential pressure meter between the inner cell and outer water head, and
its measurement capacity is 25 % volumetric strain. Continuous measurements of the pore
water and air pressure are taken to obtain the soil suction. The pore air pressure during cyclic
shear was measured by the air transducer attached directly above the specimen. Besides that, a
solenoid valve is attached in order to avoid the effect of air compressibility in the pipeline. All
specimens used wet method. In other words, for a mixture of Quartz powder with Silica sand,
70 cm3 of water (or 10% AE agent solution) was measured beforehand, corresponds to about
85 % saturation in the case of Dr0=85 %, and about 25 % water content when the soil sample
is put in (Figure 6). Next, the soil is mix with the water thoroughly before being pour into the
mold. In the consolidation process, the confining pressure is applied stepwise. Because of the
difficulty in controlling the air pressure to achieve the prescribed initial degree of saturation,
we controlled the drained water volume from the initial condition (i.e. through the drying pro-
cess) by controlling the air pressure to achieve suction at the pre-scribed value. That is, when
the target degree of saturation was achieved during the consolidation process, as shown in
Figure 7. In order to study the cyclic behavior of unsaturated sand from various initial suction
conditions, several series of strain-controlled cyclic triaxial tests were conducted under the
undrained condition. Because the permeability of pore air is generally smaller than that of
water under the full saturation condition, this assumption is considered reasonable. After
simulating the initial isotropic stress condition described above, the cyclic axial strain was

Figure 4. Quartz Powder and Silica sand
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applied. Figure 8 shows the cyclic shear history used. These tests were under step loading each
axial strain single amplitudes of the sinusoidal wave were 0.2, 0.4, 0.8, 1.2, 1.6, and 2.0 with
every 10 cycles. The frequency of the sinusoidal wave is 0.005 Hz. This loading rate is slow
enough to achieve an equilibrium condition between air and water pressure. With this loading,
not only saturated specimens but also unsaturated specimens will be liquefied sufficiently.

2.3 Liquefaction evaluation of unsaturated soil based on effective stress

In general, the state of liquefaction occurs when the effective stress of soil is reduced to essen-
tially zero, which corresponds to a complete loss of shear strength. In this paper, when the
effective stress become lower than 5%, the soil specimen is considered to reach liquefaction.
It is well known that there are many definitions of an effective stress for unsaturated soils.

For instance, in this study, we have used Bishop’s proposed equation (Bishop et al., 1963) to
evaluate the effective stress, as shown in Equation [1].

σ
0
m ¼ ðσm � uaÞ þ χðua � uwÞ ð1Þ

s ¼ ua � uw ð2Þ

From the equation, ua, uw and χ represent the pore air pressure, the pore water pressure, and
the material parameter, respectively. The suction s is defined by Equation [2]. Several defin-
itions of the parameter χ have been proposed by many researchers (e.g. Bishop et al. 1963;

Figure 5. Cyclic triaxial testing apparatus Figure 6. Mix diluted AE-agent with soil

samples

Figure 7. Time history of cell and pore air pres-

sure, and drained water volume

Figure 8. Time history of axial strain during

cyclic loading process
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Vanapalli et al. 1996; Gallipoli et al. 2002). In this study, parameter χ adopts the degree of
saturation Sr/100. The definition of the parameter has been proposed by many researchers.

By using the above definition, the effective stress reduction ratio during the cyclic shear can
be defined as follows:

Effective stress reduction ratio ¼ 1� σ
0
m=σ

0
m0 ð3Þ

Where σ′m0 is the initial mean effective principal stress. This index indicates the degree of
effective stress loss ranging from zero to unity, when the effective stress reduction ratio is
0.95~1.00, the specimen becomes complete liquefaction state due to cyclic shear. Therefore,
liquefaction resistance can be evaluated with this value.

3 CYCLIC TRIAXIAL TEST FOR SATURATED SOIL

The following is the classification of the tests in this study.

• SERIES A: Quartz powder and Silica sand (No addition)
• SERIES B: Quartz powder and Silica sand + Air Entraining Agent A
• SERIES C: Quartz powder and Silica sand + Air Entraining Agent B

Before proceeding with cyclic triaxial test for unsaturated soil, first, we need to determine
whether the Air-Entraining Agent used in this study has no other effect on the specimens such
as soil cohesion. The initial soil conditions the initial degree of saturation (100 %), the net
stress (σnet0 = 20 kPa in target value, same as unsaturated cyclic triaxial test). Figure 9a)
shows the effective stress path of both Series A, Series B and C during cyclic triaxial test. The
stress-strain relationship between both of the series are indicated in Figure 9b). Based on
Figure 8, the effective stress path and the stress-strain loop of both series are almost identical.
Thus, it can be concluded that, the Air Entraining Agent has no effect on the specimen when
the specimen under saturated condition (no pore air presents).

4 CYCLIC TRIAXIAL TEST FOR UNSATURATED SOIL

4.1 Initial condition of water state and consolidation

Table 2 depict the initial conditions of the triaxial tests after the consolidation process (after
the pore water valve and solenoid valve were closed, i.e. just before the cyclic shear process)
for each series respectively. The initial soil conditions described in the Table 2 were the testing
parameters: the initial degree of saturation (0-100 %), the net stress (σnet0 = 20 kPa in target
value) and the suction (0-50 kPa). Here, the test conditions of Series A (A-1 ~ -12), Series B
(B-1~ -9) and Series C (C-1~ -7) are indicated.

Figure 9. Cyclic shear test results of saturated samples
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Soil water characteristic curve (SWCC) is the relationship between the initial degree of sat-
uration and the soil water potential (suction). The soil water characteristic curve (SWCC) can
be seen in the Figure 10, which the initial degree of saturation Src (before cyclic loading) is
plotted against the suction. This figure shows the initial water state of specimen.
At suction close to zero, a soil is close to saturation, and water is held in the soil primarily

by capillary forces. Sandy soils will involve mainly capillary binding, and will therefore release
most of the water at higher potentials, the water holding capacity of any soil is due to the
porosity and the nature of the bonding in the soil particle.
Based on the test result, Series A has an Air Entry Value of about s=15.0 kPa, with a degree

of saturation Src=75 % while Series B has an Air entry Value of about s=15.0 kPa at the
degree of saturation Src= 80%. On the other hand, Series C has about s=15.0 kPa, with degree
of saturation Src=75%.

Table 2. Initial conditions after consolidation process of test series

Figure 10. Initial water state (the soil water characteristic curve)
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4.2 Stress-strain relationship, effective stress path and suction behavior during cyclic shear

Figure 11 illustrates cyclic shear behavior of the selected specimen in Series A (A-10) and
Series B (B-7) and Series C(C-5) during cyclic loading. In these samples, the initial void ratio,
degree of saturation and initial suction are almost the same value. This figure shows the typ-
ical examples of the effective stress paths, the stress-strain relationships and time history of
pore air and water pressure during cyclic shear, respectively. According to test result of speci-
mens with hight suction (s = 20 kPa) from each Series, a gradual decrease in the peak of the
deviator stress occurred with increasing strain amplitude, the stiffness decreased with each
loading cycle. The difference between ua and uw, represents suction. Suction decreased during
cyclic shear in many test cases and the suction of some specimens reached zero or nearly zero.
If we look at the detailed suction behavior shown in figures, the pore water pressure and the
pore air pressure in each case increased during cyclic loading.
To be remarkable, the mean effective principal stress reached zero in Series C with AE-

agent. Series A (Non AE-agent) doesn’t reach to zero. As well as a gradual decrease in the
peak of the deviator stress with increasing strain amplitude, the stiffness decreased with each
loading cycle. It is likely that the suction decreases with almost direct proportionality to effect-
ive stress loss. Consequently, the mean effective principal stress reached zero. It is noteworthy
that, even in cases with a considerably small degree of saturation, the soil particle skeleton is
degraded by the cyclic shear and reaches a zero effective stress state, thereby causing a failure
in the microstructure and engendering the reduction of the soil shear strength.
The relationship between range of initial degree of saturation and effective stress reduction

ratio of each test series is depicted in Figure 12. According to the figure, Series A reached
liquefaction when the initial degree of saturation ranges from Src= 70 ~100 %. While for
Series B, the range of initial degree of saturation when ESRR reached 0.95~1.00 is between
Src= 65~100 %. On the other hand, Series C specimens liquefied when the initial degree of
saturation range between Src= 58 ~100 %. The initial degree of saturation in which the effect-
ive stress reaching zero for test specimens without Air Entraining Agent from Series A is
much higher than the specimens with Air Entraining Agent from Series B and Series C. It can

Figure 11. Effective stress paths, Stress-strain relationships and Time history of pore air and water pres-

sure during cyclic shear
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be concluded that, the range of degree of saturation when Effective Stress Reduction Ratio
reached 0.95~1.00 varies from each test series. Reduction of stiffness from cyclic loading is
also the same result. Figure 13 shows the relationship between the normalized secant shear
stiffness (the value obtained by dividing the secant stiffness of 60 th wave i.e. last cyclic wave
by the initial secant stiffness) and the initial degree of saturation. In Series C, secant shear
stiffness is remarkably lowered even at low saturation level as compared with Series A.
This suggests that, the degree of saturation in which the effective stress reaching zero for

test specimens without Air Entraining Agent from Series A are much higher than the speci-
mens with Air Entraining Agent from Series B and Series C.
Thus, when Air Entraining Agent was added into the mixture of Quartz powder and Silica

sand (Series B & Series C), the soil specimen became weak and easily liquefied compared to
the mixture without the Air Entraining Agent (Series A) even under the same initial degree of
saturation. This is presumed to be due to the “bearing effect” of pore air bubbles in the soil
adding AE agent. As the results, it is concluded that the dynamic deformation behavior of
unsaturated soil is not determined only by the amount of water but also greatly depending on
water state (pore air and pore water).

5 CONCLUSIONS

Further experiments have been carried out to understand the liquefaction behavior of unsatur-
ated soil with the varying pore air and water state. The cyclic shear test was carried out to
clarify the relationship between shear resistances, pore air and pore water by adding Air
Entraining Agent. The use of Air-Entraining Agent to the unsaturated soil sample to inten-
tionally create air entrainment of tiny air bubbles and forcibly change the pore air and pore
water state. The conclusions from this study can be summarized as follows:

• Based on the test result of cyclic shear test for saturated soil, the effective stress path and
the stress-strain loop of both series with or without Air Entraining Agent are almost identi-
cal. It can be concluded that, the Air Entraining Agent has no effect on the specimen when
the specimen under saturated condition (no pore air presents).

• The suction of unsaturated specimens decreased during cyclic loading. If the initial suction
is lower than the AEV, the effective stress of the specimens becomes zero or an extremely
small value, the stiffness decreased. In contrast, if the initial suction is higher than the AEV
of the soil-water characteristic curve, then stiffness does not decrease.

• The effective stress reduction ratio for a specimen from Series A is about 0.70, but the
effective stress reduction ratio for specimens from Series B and Series C at this same initial
degree of saturation are about 0.90~0.95. Thus, when Air Entraining Agent was added into
the mixture of Quartz powder and Silica sand (Series B and Series C), the specimen became
less resistance to liquefaction.

• When Air Entraining Agent was added into the mixture of Quartz powder and Silica sand
(Series B and Series C), the effective stress reduction ratio became higher, the soil specimen

Figure 12. Effective stress reduction ratio

versus initial degree of saturation

Figure 13. Normalized secant shear stiffness versus

initial degree of saturation
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loss its strength and easily liquefied compared to the mixture without the Air Entraining
Agent (Series A).

As the results, it is concluded that the dynamic deformation behavior of unsaturated soil is
not determined only by the amount of water but also greatly depending on water state (pore
air and pore water).
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