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Abstract Desaturation of in-situ saturated sandy soils
is emerging as a new cost effective and environment
friendly liquefaction mitigation technique. In the present
study, stress controlled undrained cyclic triaxial tests have
been conducted on air injected-desaturated sandy soil and
various important issues such as number of cycles
required for initial liquefaction, cyclic strength of desat-
urated sand, modes of failure, evolution of pore pressure,
have been explored in detail. Number of cycles required
for initial liquefaction increased exponentially with
decrease in degree of saturation. Cyclic strength of
desaturated sand with degree of saturation of 80% is found
to be twice that of saturated sand, for relative density of
40%. Assessment of performance of desaturated sand
under various earthquake records revealed that desatu-
rated sand with degree of saturation of 70% can prevent
liquefaction during moderate to strong earthquakes
having peak ground acceleration as high as 030 g.
Further, sample with high degree of saturation underwent
cyclic mobility failure. In samples with low degree of
saturation, two types of cyclic softening failures demar-
cated by two distinct phase transformation trends were
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observed. A pore pressure model proposed by Konstadi-
noun and Georgiannou (2014) has been modified to
predict the pore pressure evolution in desaturated sand.
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Abbreviations

amax  Peak horizontal acceleration at the ground
surface;

Skempton’s pore pressure parameter;
Relative density of the sample;
Gravitational acceleration;

Bulk modulus of soil skeleton;

Bulk modulus of water;

Number of loading cycles;

Number of cycles required for initial
liquefaction;

Porosity of the sample;

Effective mean stress;

Deviatoric stress;

Pore pressure ratio;

Degree of saturation of the sample;
Absolute pore fluid pressure;
Effective confining pressure at the end of
consolidation;

oy Total vertical pressure;

o'y Effective vertical pressure
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1 Introduction

Liquefaction of the soil has been one of the challeng-
ing areas of research in the field of geotechnical
earthquake engineering. Over period of time many
techniques such as deep dynamic compaction, com-
paction grouting, explosive compaction, deep soil
mixing etc. have evolved as effective means to check
the liquefaction of the soil (Idriss and Boulanger,
2008).

Over the last couple of years, induced desaturation
of soil has been emerging as a new cost effective and
environment friendly liquefaction mitigation tech-
nique (Ishihara et al. 2003; Pietruszczak et al. 2003;
Yegian et al. 2007; Takemura et al. 2009; Zeybek and
Madabhushi 2016, 2017a, b). In this technique air/gas
is injected/generated into the originally saturated
sandy soil (Okamura et al. 2011; He et al. 2013).
The presence of air in the voids makes pore fluid
compressible (Kokusho 2000; Okamura and Soga
2006). This, in turn, enhances the liquefaction resis-
tance of the soil.

Shaking table and Centrifuge studies carried out on
desaturated sandy soils had shown that initial lique-
faction was prevented in such soils (Yegian et al.
2007; He et al. 2013). Furthermore, significant reduc-
tion in the settlement of shallow footings resting on
desaturated sandy soils had also been observed
(Takemura et al. 2009; Marasini and Okamura
2015a, b; Zeybek and Madabhushi 2016). He et al.
(2014), performed monotonic undrained triaxial tests
on microbially desaturated loose clean sand and found
that reduction in the degree of saturation even by 5 to
10% doubled the undrained shear strength of the soil.

Zeybek and Madabhushi (2017a) assessed durabil-
ity of the entrapped air bubbles under hydrostatic,
upward and downward flow and lateral shaking and
found that there was very small change in the degree of
saturation. Similar study was conducted by Eseller-
bayat et al. (2013). They found that under hydrostatic
condition, degree of saturation increased from 82% to
84% over the period of 115 weeks (i.e., 2.4 years).
Further, they subjected specimens to upward hydraulic
gradient in the range of 0.01 and 0.52 and observed
that degree of saturation remained unaltered during
upward flow. Zeybek et al. (2020) performed dynamic
centrifuge tests on models comprising shallow foot-
ings resting on air desaturated sand beds. It was
observed that footings resting on the saturated sand
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bed underwent excessive settlements in comparison
with those resting on desaturated sand bed.

Marasini and Okamura (2015b) simulated cen-
trifuge models of shallow footings resting on desatu-
rated sand bed employing coupled finite element
program LIQCA-2D. It was inferred that desaturation
was effective to mitigate liquefaction. Kato and Nagao
(2020) simulated a series of large shaking table tests
for saturated and desaturated condition employing
software LIQCA2D17. The degree of saturation was
in the range of 80% to 100%. It was found that pore
pressure dissipation and volumetric strain altered the
degree of saturation, during shaking.

Though noteworthy research has been carried out,
in past, on liquefaction resistance of desaturated sandy
soil, some of the important issues such as: (1) modes of
failure of desaturated sandy soil subjected to cyclic
loading (2) relationship between the number of cycles
required for initial liquefaction and degree of satura-
tion (3) cyclic strength (4) effect of desaturation on
evolution of the pore pressure (5) assessment of
performance of desaturated sand under various earth-
quake records, are yet to be explored.

To the authors’ knowledge, present study is the first
attempt to desaturate the triaxial specimen by air
injection and performing cyclic triaxial tests on air
injected-desaturated triaxial specimens.

In the present study, a systematic experimental
investigation has been carried out to understand
abovementioned issues. The degree of saturation
considered in the present study varies from 70% to
99%, as this represents the degree of saturation
achieved in field by air injection desaturation tech-
nique (Okamura et al. 2011). Tests have been
conducted at effective confining pressures of 50 kPa
and 100 kPa; and relative densities of 30%, 40% and
60%. The stress controlled undrained cyclic triaxial
tests have been conducted with a sinusoidal loading
having frequency of 0.1 Hz and cyclic shear stress
ratio (CSR) of 0.175, 0.250, 0.300 and 0.400.

2 Material Used

The original sand was collected from bed of Sabarmati
river near IIT Gandhinagar campus, Gujarat (India).
Fraction of the sand passing through 2 mm IS sieve and
retained on 75 micron IS sieve has been used in the
present study. The gradation curve for this sand is shown
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Fig. 1 Gradation curve of sand used in the present study

in the Fig. 1. It is poorly graded sand with coefficient of
uniformity (C,, 2.14 and coefficient of curvature (C,)
0.95. Other characteristics of the sand used in this study
have been given in the Table 1. Further, the scanning
electron microscope (SEM) image of the sand at two
different resolutions is shown in Fig. 2. It is observed
that most of the particles are angular.

3 Experimental Program

3.1 Sample Preparation

The sample (50 mm diameter x 100 mm height) was
prepared by dry deposition method, which is one of the

Table 1 Index properties of the sand used in the present study

most widely used methods (Ishihara 1996; Sze and
Yang 2014; Xin et al. 2016), using a split mould. Oven
dried mass of sand was deposited into the sample
preparation mould in five layers. To deposit sand mass
a funnel with spout was used. Throughout the depo-
sition, drop height was maintained to be zero. After
each layer little tamping was done with the help of
funnel spout. At the end of the fifth layer little side
tapping was also done.

3.2 Saturation of the Sample

To begin with, two different methods of saturation
were tried. In the first method CO, gas was passed
through the sample for 30 minutes followed by
percolation of 1000 ml of distilled water. This is one
of the conventional methods adopted to saturate the
sample (Lade 2016). The degree of saturation
achieved at the end of water percolation was found
to be around 98%. This much high degree of saturation
was achieved because sample was made of clean sand.
To further increase the degree of saturation, back
pressure of around 350 to 400 kPa was applied. On the
application of this much high back pressure, the
degree of saturation achieved was around 99%. It was
also observed that keeping the sample under a back
pressure of 400 kPa for even 3 days did not cause any
further increase in the degree of saturation. It is worth

Gs Cmax Cmin pmax(grn/cc) Pmin DlO D30 DSO D60 Cu Cc
(gm/cc) (mm) (mm) (mm) (mm)
2.65 0.84 0.45 1.83 1.44 0.14 0.20 0.27 0.30 2.14 0.95

Fig. 2 Scanning Electron Microscope image of sand used in this study at two different resolutions
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to note that a back pressure in the range of 700 kPa-
1400 kPa is usually required to achieve full saturation
of the sample when adopted conventional method
(Rees 2017; ASTM:D5311/D5311M-13 2013; Lade
2016).

In the second method, CO, gas was passed in two
stages: a) under a vacuum of 20 kPa for 10 minutes b)
without vacuum for next 20 minutes (total 30 min-
utes), followed by percolation of 1000 ml of distilled
water. It was observed that the degree of saturation
achieved by second method was as high as 99%.
Similar approach was adopted by Rad and Clough
(1984) to saturate the sample at low back pressure.
Black and Lee (1973) suggested that a sample with
S of 99% can be considered as fully saturated sample
from practical point of view. Therefore, in the present
study, sample with S of 99% has been considered as a
fully saturated sample. Further, for all the experiments
in this study, second method was adopted to saturate
the sample.

3.3 Desaturation of the Sample

Once the full saturation of the sample was ensured, a
pipe supplying back pressure was disconnected from
the back pressure valve at base of the triaxial cell and
was replaced with a pipe supplying air as shown in
Fig. 3a. Air under a very small pressure of around
2 kPa was injected into the sample from the base of the
triaxial cell as shown in Fig. 3a. As air went in, it
started pushing pore water out. The pore water coming
out was collected in a small cup from the drainage
valve as shown in Fig. 3b. Once the desired quantity of
water was collected, air supply was stopped and
drainage valve was closed. Then air supply pipe was
replaced with the back pressure pipe. This back
pressure pipe contained water at pressure of around
2 kPa. Next, back pressure valve was opened so that
water from back pressure pipe could go in under small
pressure of around 2 kPa. This condition was main-
tained for 10 minutes so that water and air could get
adjusted in the sample. Next, Skempton’s pore pres-
sure parameter B was measured in conventional way
and from that degree of saturation was computed as
discussed in next section.
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3.4 Selection of the Air Injection Pressure

It was suggested by Ishihara et al., (2003), from their
centrifuge studies, that to inject the air into the
saturated soil mass, the air injection pressure at the
injection point has to be around 1.4 times the
hydrostatic pressure at that point. Further, it was
found by Okamura et al., (2011), from in-situ desat-
uration, that air started flowing into the soil mass when
air injection pressure exceeded 1.1 times hydrostatic
pressure at the injection point.

It should be noted here that initial pore water
pressure in the triaxial specimen in the present study
was just equal to hydrostatic pressure, as samples were
saturated at zero back pressure, employing the second
method discussed in Sect. 3.2. The height of the
specimen in the present study is 100 mm. Therefore,
the hydrostatic pressure at the base of the sample was
just 1 kPa (i.e.,0.1 m height x 9.81). Further, as per
the findings of Ishihara et al., (2003) and Okamura
et al, (2011), air injection pressure required to
desaturate triaxial specimen in the present study
should be greater thanl.l kPa. Therefore, in the
present study air injection pressure was kept greater
than 1.1 kPa (around 2 kPa).

3.5 Hydraulic Gradient During Desaturation

Initial pore water pressure in the specimen was 1 kPa.
Air was injected at around 2 kPa. Thus, there was
hydraulic head, Ah = 2—-1 = 1 kPa. It should be noted
that 1 kPa of hydraulic head is equivalent to 0.1 m
height of water column. The specimen heightis 0.1 m.
This implies that there was hydraulic gradient of Ah/
L =0.1/0.1 = 1. This hydraulic gradient was respon-
sible for the injection of air into the specimen.

3.5.1 Computation of the Degree of Saturation (S)

In the present study degree of saturation of the sample
has been computed from Eq. (1), which had been
widely used by other researchers as well (Sherif et al.
1977; Yoshimi et al. 1989; ; Ishihara et al. 2001a, b;
Yang et al. 2004; Celestino and Kenneth 2012).

1
B =
<1 + nK[S/K, +

= S>/uu1> M
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Fig. 3 Desaturation of the
triaxial sample: a triaxial
cell along with air injection
pipe b enlarged view of
encircled part (water
collection) from figure (a)
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Back
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where, B is Skempton’s pore pressure parameter
which is defined as Au/Adc. (Skempton 1954), u, is
the absolute pore fluid pressure (i.e., atmospheric
pressure + back pressure + Au) at the end of cell
pressure increment Acg, (Lade 2016), S is the degree of
saturation of the sample, n is the porosity of the
sample, K is the bulk modulus of the soil skeleton, K,,,
is the bulk modulus of the pore water
(2.23 x 10° kPa). Further, K, was determined from
the isotropic compression of the saturated specimen.

Values of K, for relative densities used in this study are
given in Table 2. It should be noted that above
mentioned values are consistent with the values
recorded in the literature for clean sands with dry
density and index properties close to present study
(Sherif et al. 1977).

Determination of Bulk modulus (K) of soil skele-
ton: Bulk modulus of the soil skeleton is given by
K= AO’% /Ae,, where 6; is the isotropic effective
confining pressure and ¢, is the volumetric strain (Lade

@ Springer
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Table 2 Bulk modulus of samples of various densities

Relative density (D,) Void ratio (e) Porosity (n)

Dry density (pq) (gm/cc) Bulk modulus (K,) (kPa)

30 0.723 0.419
40 0.684 0.406
60 0.606 0.377

1.54 7.8 x 10°
1.57 1.0 x 10*
1.65 1.2 x 10*

2016). The procedure adopted for the determination of
bulk modulus in the present study is elaborated below:

For relative density of 40%: Sample was saturated
by applying back pressure of 350 kPa. The corre-
sponding cell pressure was 370 kPa. It should be noted
that while applying back pressure, care was taken to
maintain difference between cell pressure and back
pressure to be 20 kPa. In other words, effective
confining pressure of 20 kPa was maintained through-
out. Once sample was saturated i.e., B parameter
above 0.93, then cell pressure was slowly increased to
450 kPa keeping the drainage valve open. This
resulted in drainage of 1.50 cm® of pore water. In
other words, when cell pressure was increased from
370 to 450 kPa, specimen volume got changed by 1.50
cm’. The initial volume of the specimen was 196.35
cm’. Initial effective confining pressure was 20 kPa
(370 kPa—350 kPa), final effective confining pressure
was 100 kPa (450 kPa — 350 kPa). Thus, increment in
isotropic confining pressure Aa/3 of 80 kPa (100-20)
was associated with a change in the volumetric strain
Ag, of 0.006213. This implies that bulk modulus of
soil is 1.0 x 10* kPa. Similar approach was adopted
for relative density of 30% and 60%.

In the present study, B-parameter has been mea-
sured at two instants: 1) during saturation 2) after
desaturation. The degree of saturation corresponding
to measured B-parameter was then computed from

Eq. (1).
3.5.2 Verification of Eq. 1

In the present study, few tests were also conducted to
determine degree of saturation S from measurement of
water content w. The purpose behind these tests was to
assess the accuracy of the degree of saturation
S obtained from Eq. (1). In Fig. 4, the degree of
saturation obtained from Eq. (1) is compared with that
obtained from measurement of water content w. There
is reasonably well agreement between S obtained from
Eq. (1) and that from water content. This finding
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Fig. 4 Verification of S obtained from Eq. (1) with S obtained
from water content (D, 40%)

supports the use of Eq. (1) to obtain degree of
saturation from Skempton’s pore pressure parameter
B.

3.6 Application of the Cyclic Loading

In this study, stress controlled undrained cyclic triaxial
tests have been conducted using a servo controlled
cyclic triaxial test set up at IISc Bangalore. A
sinusoidal load with a frequency of 0.1 Hz was
applied to the sample. Tests were conducted at cyclic
stress ratio (CSR) of 0.175, 0.250, 0.300 and 0.400.
CSR is the ratio of maximum cyclic shear stress and
initial effective confining pressure. Initial effective
confining pressure used in the study was 50 kPa and
100 kPa.

4 Desaturation and Initial liquefaction

4.1 Quantity of Water Ejected Versus Degree
of Saturation

Air injected into the specimen pushes the pore water
out. The amount of water ejected depends upon the
amount of air injected into the specimen which
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Table 3 Volume of water Relative density

Volume of water ejected (ml)

Degree of saturation (S) %

ejected and corresponding D. %

degree of saturation .
30
40
60

25
5
5.5
7
11
12
2.5

55

97.0
94.4
94.1
91.9
86.6
87.2
96.6
93.1
924
88.6
81.4
69.2
94.1
91.9
83.6

depends on time period for which air injection is
continued. Typical values of quantity of water ejected
and corresponding degrees of saturation are mentioned
in Table. 3. When 2.5 ml of water was ejected it
resulted into S of 97% and 96.6% for sample of D,
30% and 40%, respectively. From Table 3 it can be
observed that higher the relative density, smaller is
quantity of ejected water to achieve the same degree of
saturation. This is so because the volume of voids is
lower in sample of higher relative density.

4.2 Number of Cycles Required for Initial
Liquefaction (N;)

In this section, number of cycles required for initial
liquefaction (N;) of desaturated samples of different
degrees of saturation (S) as a function of relative
density, initial effective confining pressure and CSR
are discussed in detail. It should be noted that in the
present study, pore air pressure is assumed to be equal
to the pore water pressure. That is, pore water pressure
and pore air pressure were not measured separately.
This is so because, for the type of sand used in the
present study and for the range of degree of saturation
considered, matric suction is negligible i.e., around
3—4 kPa (Okamura and Soga, 2006; Unno et al.,
2008; Likos and Jaafar, 2013). It should be noted that
similar approach was adopted by Okamura and Soga
(2006).

Samples with relative density of 30%, 40% and
60% were tested. Tests were conducted at CSR of
0.175, 0.250 and 0.300 and initial effective confining
pressure of 50 kPa and 100 kPa. Experimental work
was started with sample of D, 40%, CSR 0.175 and a’c
100 kPa. Around 11 tests were conducted for this case
and results are plotted in Fig. 5. To understand the
trend between N; and S, different trendlines were fit for
this data. The trendlines along with R-squared value
and fitting equation are shown in Fig. 5. It is observed
that linear and logarithmic fits result into negative
number of cycles for S 99 which is absurd from
practical point of view. Exponential, power and
polynomial trendlines results into positive N; at all
S. However, R-squared value of exponential curve is
larger than other two. Therefore, it can be inferred that
exponential curve is best possible fit between N; and
S. Thus, N; increases exponentially with decrease in
the degree of saturation (§) of the sample.

4.2.1 On the Exponential Correlation Between N;
and S

It is a well-established fact that regression and
correlation are two different things. While former is
used to compute numerical value of dependent vari-
able from independent variable, later is used to study if
there exists any correlation between two variables. To
see if there exists exponential relationship between Ni

@ Springer



1858 Geotech Geol Eng (2022) 40:1851-1872
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and S, the exponential equation N; = 1E12 x ¢~ 02645

was converted into logarithmic one, InN; =
In(1E12) — 0.264S and correlation coefficient was
evaluated for a plot between InN; and S as shown in
Fig. 5f. It is observed that the correlation coefficient is
-0.97. This implies that there is very strong exponen-
tial correlation between S and N, Negative sign
implies that as degree of saturation decreases, N;
increases. Once the trend was ascertained, relatively
small number of tests were conducted for other cases.
From Fig. 6 it can be concluded that N; increases
exponentially with decrease in the degree of saturation
(8), irrespective of initial effective confining pressure,
relative density and CSR.

@ Springer

Degree of saturation, S %

Theoretically, as the degree of saturation (§)
reduces, the number of cycles required for initial
liquefaction () should increase in such a way that for
degree of saturation (S) of 0%, N; should be infinity. In
other words, S versus N; curve should be an asymptote
to the N; axis. Practically speaking, there would be a
certain value of S (other than 0%) for which N; would
be infinitely large. The exponential nature of the S-N;
curves observed in this study is in agreement with
theoretical argument and practical consideration.
Further, N; at S 75% is predicted from the respective
fitting curve / trend line equations and is given in
Table 4 for various combinations of D,, CSR and ¢.
From Table 4 it is clear that all three factors i.e.,
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Fig. 6 Degree of saturation #Dr 30 CSR 0.250 6'c 100 mDr 30 CSR 0.250 6'c 50 #Dr 40 CSR 0.175 6'c 100 W Dr 40 CSR 0.250 6'c 100
(S) versus number of cycles 40 - Dr 40 CSR 0.300 6'c 100 ® Dr 40 CSR 0.250 6'c 50
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liquefaction (V;) % 2; 30 A . T 250 \ D, 40
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Degree of saturation S % Degree of saturation S %
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g2 150 A \
22 o
S 100 - L
o= A
sE ] ~ K
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T 0 . . :
Z 70 80 90 100
Degree of saturation S %
Table 4 Slope M of S— Relative density D,  Initial effective confining pressure ¢’.  CSR N; M
Log (N;) curves and
predicted N; at degree of 30 100 0.250 28 0.058
saturation of 75% 50 0250 180 0.072
40 100 0.175 2518 0.114
100 0.250 55 0.060
100 0.300 10 0.038
50 0.250 283 0.077
60 100 0.250 34,112 0.125
50 0250 4.4 x 10" 0.447

relative density, CSR and initial effective confining
pressure, have significant effect on N; at § 75%.

4.3 Effect of CSR and Relative Density on N;

In this section effect of CSR and relative density on N;
is investigated. The variation between CSR and N; for
given S, keeping relative density (40%) and initial
effective confining pressure (100 kPa) constant is
shown in Fig. 7a. The values of N; for given S are
computed from the exponential equations obtained in
Sect. 4.2. Logarithmic scale is used for V; axis to show
all plots effectively. As observed in the figure, as CSR
increases, there is reduction in the N; for given S. The
best fit curve with highest R-squared value is found to

be exponential. It should be noted here that being
shown on semi-log scale, exponential plot appears to
be a straight line. Further, effect of relative density on
N;, keeping CSR (0.250) and initial effective confining
pressure (100 kPa) constant is shown in 7b. It is
observed that as relative density increases N; also
increases. The best fit curve is found to be exponential.

4.4 Mechanism Behind Increase in N;
on Reduction in §

It is worth noting here that increase in N; with
reduction in S is owing to the compressibility of pore
fluid i.e., air—water mixture, and not due to matric
suction. This is so because in case of clean sand with
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Fig. 7 Effect of CSR and relative density on N;

degree of saturation in the range of 70% to 99%,
matric suction is negligible. It was found by Okamura
and Soga (2006) that for a fine clean sand matric
suction was at most 4 kPa for S of as low as 70%.
Further, Likos and Jaafar (2013) found that for clean
river sand with porosity 0.38 and S 60%, matric
suction was just 3 kPa. Thus, in such case, increase in
N; is mainly due to increase in compressibility of pore
fluid. The mechanism behind significant increase in N;
on desaturation is explained below:

When sample is fully saturated, in present study
S 99%, pore fluid comprises of water which is almost
incompressible. Owing to incompressibility of water,
pore pressure shoots up fast and initial liquefaction
occurs in just few cycles. On desaturation, pore fluid is
no more just water but air—water mixture. The
presence of air makes the pore fluid compressible. In
such a case, during loading, the pore fluid may
undergo: 1) compression 2) dissolution. Both of these
responses are pressure and temperature dependent. For
given temperature, higher is the pressure, more is the
compression and dissolution. Out of these two
responses, latter needs very high pore pressure and it
is time dependent as well (Black and Lee 1973;
Fredlund and Rahardjio 1993). Total mean pressure
applied, during cyclic loading; in the present study is
in the range of 41.66 kPa to 126.66 kPa (i.e., absolute
pressure in the range of 142.98 kPa to 227.98 kPa).
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The pressure to which entrapped air is subjected may
be less than or equal to this total pressure. Further,
volumetric coefficient of solubility of air into water at
this pressure range and at temperature of 25°c, is in the
range of 0.0161 to 0.0387. Moreover, coefficient of
diffusion for air in water at 25°c is around 2 x 107
m?/s. This implies that amount of air dissolved into
water during loading might be negligible. Further,
compression of the air bubbles is an instantaneous
process and happens at relatively low pressure (Black
and Lee 1973). Thus, as the loading continues, the
degree of saturation of the sample increases due to
compression of the pore air. With subsequent loading,
a stage may be reached where the air bubbles attain
minimum possible size under given load intensity. At
this stage, pore fluid act as almost incompressible fluid
and further loading of the sample causes rapid increase
in the pore pressure resulting into initial liquefaction.

As lower is the initial degree of saturation (S) of
desaturated specimen, higher is the compressibility of
the pore fluid and more is the number of cycles
required to compress the air bubbles to minimum
possible size. This increase in compressibility results
into significantly high N; at low S as observed in
Fig. 6.

4.5 Slope of S-Log (N,) curve

Semi-log plots of degree of saturation (S) versus
number of cycles required for initial liquefaction (V;)
are shown in Fig. 8. It is observed from this figure that
all plots are straight line irrespective of relative
density, CSR and initial effective confining pressure.
It is worth to note that the combined effect of degree of
saturation, relative density, CSR and effective confin-
ing pressure is captured by position and slope of these
lines. Higher slope implies that the rate of increase in
N; is higher for given relative density, CSR and
effective confining pressure. Slope M of all these lines
is given in Table 4. It is observed that M has largest
value at D, 60, CSR 0.250, ¢’,. 50 kPa and smallest
value at D, 30, CSR 0.25, ¢’ 100 kPa.

5 Cyeclic Strength of Desaturated Sand

Cyclic strength, also called as Cyclic Resistance Ratio
(CRR), is defined as CSR required to attain specific
strain in specific number of uniform loading cycles
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0.15 worth to note that in case of D, 60%, 0'2, 100 kPa, the
0.10 degree of saturation corresponding to CRR of 0.250 is
0.05 98.96%. Further, number of cycles required to reach
0.00 double amplitude axial strain of 5% is found to be 20

Degree of saturation S (%)

Fig. 9 Cyclic strength of desaturated samples of D, 40% at ¢’
100 kPa

(Ishihara 1996; Kramer 1996; Vaid and Sivathayalan
1996; Boominathan and Hari 2002). In this study CRR
is defined as the CSR required to attain double
amplitude axial strain of 5% in 10 uniform loading
cycles. Cyclic strength curve for sample of D, 40% at
effective confining pressure of 100 kPa is shown in
Fig. 9. From this figure it is observed that CRR for
sample with degree of saturation of 95%, 84% and
77.4% is 0.175, 0.250 and 0.300, respectively. Thus,
CRR at degree of saturation of 84% and 77.4% is 1.42
times and 1.71 times, respectively, that of S 95%.
Values of CRR at S 100%, 90% and 80%, obtained
from extrapolation and interpolation of the exponen-
tial fitting curve, are 0.150, 0.205 and 0.280, respec-
tively. Thus, CRR at S of 90% and 80% is 1.37 times
and 1.87 times that of S 100%. This implies that in

(> 10) in case of S 99, D, 60 and ¢/ 50 kPa. This
implies that cyclic strength of dense sand is signifi-
cantly high and even small reduction in degree of
saturation may result into significant increase in cyclic
strength. Similarly, in case of D, 40%, tests were
conducted at initial effective confining pressure of
50 kPa and CSR 0.250. Degree of saturation at CRR
0.250 for D, 40, aé 50 kPa is found to be 93%.
Cyclic strength, for D, 40, o’c 100 kPa, normalized
with respect to cyclic strength at S 100% is shown in
Fig. 10. Normalized cyclic strength from some of the
previous studies for partly saturated sand is also shown
in this figure (Goto and Shamoto, 1987; Yoshimi et al.,
1989; Huang et al., 1999; Yasuda et al., 1999; Ishihara
et al. 2001a, b). It is observed that in all studies,
normalized cyclic strength increases on reduction in
degree of saturation. Further, normalized cyclic
strength from the present study is close to that from
Goto and Shamoto (1987). The difference in the
normalized cyclic strength from various studies could
be due to: 1) relative density 2) different gradation.
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Table 5 CRR and

Relative density D, Initial effective confining pressure o’ S CRR
corresponding degree of
saturation 30 100 82.77 0.250
50 91.50 0.250
40 100 95.00 0.175
100 84.00 0.250
100 77.40 0.300
50 93.00 0.250
60 100 98.96 0.250
“ND means cannot be 50 ND? 0.250

defined

B Goto and Shamoto 1987 x Yasuda et al 1999
Yoshimi et al 1989 Huang et al 1999

® Present study

A Ishihara et al 2001
3.0

2.8
2.6
2.4
22
2.0 [
1.8
1.6
1.4

Normalized cyclic strength

1.0
70

75 80 85 90 100

Degree of saturation S %

95

Fig. 10 Comparison of normalized cyclic strength

The tests conducted by Huang et al., (1999) were at
relative density of 40% to 70% and o, 98 kPa.
Yoshimi et al., (1989) conducted study on sample of
D, 60% and ¢/ 98 kPa. Yasuda et al., (1999) con-
ducted study at D, 85% and ¢’. 98 kPa. Moreover, all
past studies were conducted on partly saturated sand
prepared by conventional method.

6 Liquefaction Resistance of Desaturated Sand
under Various Earthquake Records from India

In this section, liquefaction resistance of desaturated
sand has been assessed against some earthquake
records from India. Earthquake records along with
peak ground acceleration and magnitude are given in
Table 6. As per the study of Iwasaki et al. (1984)
liquefaction usually occurs at a depth of 10 m or less.
Therefore, in this study soil element at depth of 10 m
has been considered. Factor of safety against lique-
faction (FS;,) of saturated and desaturated sand of D,
40% at various degrees of saturation is computed and
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given in the Table 6. The procedure adopted to
compute FSy;, is briefed below:

6.1 Computation of Nggq

The equivalent number of uniform stress cycles (N,,)
imparted by the given earthquake record is read from
an updated m versus N,, chart proposed by Idriss
(1997).

6.2 Computation of CSR. for given earthquake
record

The equivalent cyclic shear stress ratio CSR,, for
given earthquake record is computed from the follow-
ing expression (Seed and Idriss 1971).

CSR., = 0.65 <Z—> <“‘Zj‘"> ra

where, ¢, and ¢’,, are total vertical stress and effective
vertical stress at depth z respectively, a,,,, is the peak
horizontal acceleration at the ground surface, g is the
gravitational acceleration, r, is the shear stress reduc-
tion coefficient at depth z.

For computation of CSR,,, sandy soil used in the
present study, with D, 40%, is assumed to exist at site
as well. Water table is assumed to be at ground surface
as this represents the worst possible site condition. For
computation of g,, ¢’, and r; a soil element at a depth
(z) of 10 m is considered. The value of r; at 10 m
depth is 0.92 (Seed and Idriss, 1971). The saturated
unit weight of the soil is 19.42 kN/m’. The effective
vertical pressure at 10 m depth is 96.1 kPa which is
very close to initial effective confining pressure of
100 kPa applied in the laboratory study.

(2)
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Table 6 FS;;, of saturated and desaturated sand under various earthquake records

Earthquake Magnitude N,, PGA (g) CSR., F'S;;, at following degree of saturation
m 100 95 84 774 70 65

Bhuj/Kachchh 2001-01-26 03:16:40 UTC 7 10 0.08 0.095 0.87 184 262 3.15 393 458

0.11 0.127 0.65 138 198 237 296 345

Chamoli 1999-03-28 19:05:11 UTC 6.6 7.5 0.20 0238 0.39 082 1.17 140 1.75 2.04

—036 —0430 021 045 065 077 097 1.13

India-Burma Border 1995-05-06 01:59:07 UTC 6.4 6.6 0.10 0.122 0.79 1.67 239 2.87 359 4.8

0.08 0.096 1.00 2.13 3.04 3.64 456 531

Uttarkashi 1991-10-19 21:23:15 UTC 7 10 —0.25 — 0295 028 0.59 085 1.02 127 148

0.25 0302 0.27 0.58 083 0.99 124 145

10 —024 —028 029 061 087 1.04 130 1.51

0.31 0.371 0.22 047 0.67 081 1.01 1.18

India-Burma Border 1988-08-06 00:36:25 UTC 7.2 12 —-022 —-0268 029 0.62 089 106 133 1.55

0.15 0.180 043 092 132 158 197 230

12 —-034 —0411 0.19 040 058 0.69 0.87 1.01

—030 —0360 022 046 066 0.79 099 1.15

6.3 Conversion of CRR;,, to CRRy¢1q

It has been suggested by Seed and Idriss (1971) that
laboratory cyclic resistance ratio (CRR,,;) obtained
from cyclic triaxial test should be converted into
corresponding field cyclic resistance ratio (CRR.1q)
by using following formula

CRRfieia = C,(CRRyap) (3)

where, C,is a correction factor. The value of C, used in
the present computations is 0.55 which corresponds to
the relative density of 40% (Seed and Idriss, 1971).
It is worth to note that the correction factor C,
recommended by Seed and Idriss (1971) is available
only for saturated samples. To date there is no such
correction factor available for desaturated samples. In
authors’ opinion using same correction factor for
desaturated samples may underestimate the cyclic
resistance of such samples. Therefore, in the present
study, C, of 0.55 is applied to saturated samples only
and for desaturated samples it is assumed to be 1.

6.4 Computation of Factor of Safety Against
Liquefaction, FSy;q

FS;, is the ratio of CRRg,,; and CSR,,. For FS;,
greater than 1 soil is safe against liquefaction. FSy;, at
different degrees of saturation is given in Table 6. In

this study, CRR,,, corresponds to N 10, which
represents the equivalent loading cycles imparted by
earthquake of magnitude 7. Therefore, in computation
of FS,,, for earthquake of magnitude other than 7,
appropriate magnitude scaling factor (MSF) were
applied to the CRR;,;, (Idriss 1999). The MSF applied
to earthquake of magnitude 6.4, 6.6 and 7.2 is 1.17,
1.11 and 0.95, respectively.

Further, CRR;,;, for § 100%, 70% and 65% are
obtained by extrapolation from the cyclic strength
curve for D, 40%. It is observed from Table 6 that at
S 70% FS,, is greater than 1 for earthquake records
with peak ground acceleration up to 0.3 g. Further, at
S 65% FS,;, is greater than 1 for earthquake records
with peak ground acceleration as high as 0.36 g. It can
be concluded from this discussion that desaturation up
to S 70% is adequate to prevent liquefaction under
moderate to strong earthquakes.

7 Failure Modes

From present study it is observed that desaturation not
only affects the liquefaction resistance but also
patterns of stress strain curve and effective stress
path. Depending on S, CSR, D, and 6;,, three distinct
stress strain curves are observed in this study. These
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are herein called as failure modes. A detailed discus-
sion on failure modes is held in the following section.

7.1 Cyclic Mobility

Cyclic response of saturated (S 99%) and desaturated
samples (S 89.2%) of relative density of 30% at initial
effective confining pressure of 100 kPa and CSR 0.25
is shown in Fig. 11.1It1is clear from this figure that both
saturated and desaturated samples undergo typical
cyclic mobility failure. In this type of failure, sample
reaches a dense of critical state during both compres-
sion and extension stage of loading; which is indicated
by the peaks in stress strain curve as seen in Fig. 11. It
should be noted here that at degree of saturation of
89.2% smoothened peaks on extension side of stress
strain curve are observed.

Smoothened peaks indicate that, in this case,
sample reaches dense of critical state at slower rate
than their saturated counterparts thereby undergoing
relatively large axial straining. This inference can be
justified from the stress strain curve of this sample
shown in Fig. 11. From Fig. 11 it is observed that
saturated sample of D, 30% undergoes axial straining
from -7 to -10.5% i.e., net axial straining of 3.5%, over
last two cycles whereas sample with S 89.2% under-
goes relatively large straining from -7 to -13% i.e., net
axial straining of 5% > 3.5%, over last two cycles.
Similar response was observed for samples of relative
density of 40% and 60% but for brevity not shown.
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7.2 Cyclic Softening-CE

In this study it is found that samples at low degree of
saturation mostly below 75%, if fails depending on
CSR, D, and 6;,, undergoes failure different from
cyclic mobility. Failure of a sample of degree of
saturation 74% and relative density of 30%, at initial
effective confining pressure (0';,) of 100 kPa and CSR
0.25, is shown in Fig. 12. The stress strain curve
observed in this case is completely different from
stress strain curve of cyclic mobility. Sample under-
goes deformation on extension side as opposed to
relatively symmetric deformation observed in cyclic
mobility. The maximum pore pressure ratio attained
during loading is 0.95. Though pore pressure ratio is
well below 1, sample undergoes large deformation due
to cyclic softening. The double amplitude axial strain
(DA), in this case, is as high as 21.26%. From the
effective stress path it is clear that sample undergoes
phase transformation during both compression and
extension stage of loading, over last few cycles. This
phase transformation has been shown by two lines,
PTL-C and PTL-E drawn on effective stress path,
where, PTL-C stands for phase transformation line
during compression and PTL-E stands for phase
transformation line during extension. In the present
study, this type of failure is entitled as cyclic
softening-CE. It is worth to note that in this case
sample did not attain r, of 1. However, it developed
significantly high pore pressure, r, 0.95, which
reduced the stiffness of sample which eventually
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Fig. 12 Cyclic softening- 5
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resulted into failure. Similar, response was also
observed for samples at low degree of saturation of
relative density of 40% and ¢’.. 100 kPa.

7.3 Cyclic Softening-E

Few tests were conducted on samples of relative
density of 60% at CSR of 0.4 and initial effective
confining pressure (¢’.) of 100 kPa. The response of
saturated sample (S 99%) and sample with S 83.6% is
shown in Fig. 13. From the stress strain curve and pore
pressure ratio evolution plot it is clear that saturated
sample undergoes cyclic mobility failure and develops
negative pore pressure during extension stage of the
loading. It should be noted that saturated sample of
same relative density subjected to CSR of 0.25 and
initial effective confining pressure (c’;) of 100 kPa
showed reduction in the pore pressure during exten-
sion stage of loading but it never attained negative
pore pressure value. This finding implies that for a
saturated sample, dilative tendency is more intense at
higher CSR, during extension stage of loading, than at
lower CSR.

It is observed that in spite of having very low degree
of saturation, sample with S 83.6% underwent signif-
icantly large axial deformation on extension side due
to cyclic softening as seen in Fig. 13b. From the
effective stress path and pore pressure ratio plot it is
clear that this sample undergoes phase transformation
during extension stage of loading only. Therefore, in
present study it is named as cyclic softening-E.

40 60 80 100
Effective mean stress (kPa)

20

Further, the maximum pore pressure ratio attained in
this case was just 0.46. The large straining of the
sample observed at this low pore pressure ratio and
CSR 0.4, has been explained as follows: When sample
is saturated and it tries to dilate, during compression or
extension stage of loading, surface tension develops in
the pore water which in turn reduces the pore pressure
significantly as seen in Fig. 13a. This reduction in the
pore water pressure increases the effective confining
pressure which in turn increases the stiffness of the
sample. This increase in the stiffness prevents large
deformation of the sample during corresponding stage
of loading.

In case of sample with S 83.6%, significant amount
of air is present in the voids along with water. The
presence of large amount of air makes pore fluid
highly compressible. This compressibility prevents
generation of high pore water pressure during com-
pression stage of loading as shown in Fig. 13b. As
pore pressure is low, stiffness of the sample remains
high compared to its nearly saturated counterpart,
during this stage of loading. Therefore, sample
undergoes very small deformation on compression
side. As deformation is very small, dilative tendency
does not develop during this stage of loading. The
absence of dilative tendency is supported by absence
of phase transformation line on compression side
(PTL-C) in Fig. 13b. When sample is subjected to
extension stage of loading, sample tries to dilate. But
due to presence of air, surface tension in pore water
does not develop to the extent it got developed in its
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Fig. 13 Cyclic mobility and
cyclic softening observed at
CSR 0.4 for D, 60% at ¢’
100 kPa: a Cyclic mobility,
S$99% b Cyclic softening-E,
S 83.6%
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saturated counterpart. Therefore, during this stage of
loading pore water pressure reduces but not to the
extent observed in saturated sample. It means that
stiffness of the sample remains low during this stage of
loading which in turn results into large axial defor-
mation on extension side. Further, the alternate
dilative and contractive tendency observed during
extension stage of loading gives rise to a phase
transformation line (PTL-E) as shown in Fig. 13b.

Typical stress strain curves observed during various
failure modes are summarized in Fig. 14. It should be
noted that middle flat portion AB at zero deviatoric
stress observed in cyclic mobility is absent in Cyclic
softening-CE and Cyclic softening-E.
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Effective mean stress (kPa)

(b)
8 Pore Pressure Model for Desaturated Sand

In this study, an attempt has been made to propose
pore pressure model for desaturated sand. In authors
knowledge, pore pressure model for desaturated sand
is yet to be developed. However, there are quite a few
pore pressure models for saturated sand (Booker et al.
1976; Seed and Lysmer 1976; Ishibashi et al. 1977;
Ishibashi et al. 1982; Konstadinou and Georgiannou
2014). A comprehensive model that takes care of
stress history, loading cycles, shear stress amplitude,
density and effective confining stress is one developed
by Konstadinoun and Georgiannou (2014). Based on
their extensive study, they proposed an equation,
along with some constants, to predict the pore pressure
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build up. However, this model does not incorporate
effect of partial saturation/desaturation on pore pres-
sure build up. In present study, this model has been
modified to take care of desaturation.

The equation proposed by Konstadinoun and
Georgiannou (2014) is given below:

—|—C4.C1:|

Ci
' {N G 4+ C3.N
(4)
where, (Ar,)y is the incremental residual pore
pressure ratio at the end of N loading cycle, (r,)y_, is
the residual pore pressure ratio at the end of (N-1)™
loading cycles, 1y, is torsional shear stress, py, , is the
effective mean stress at the end of (N-1)™ cycle, p; is
the initial effective mean stress at the end consolida-
tion, p, is the atmospheric pressure, f(e)=
(2.17 — €%) /(1 +e), e is the initial void ratio of the
sample, n =24 for (rgz/p;v_l) < 0.6(rgz/p/)PTL/lL
and n=68 for (tp./py_;)> 0.6(rgz/p’)PTL/1L;
(rgz / p’) PIL/IL is the ratio corresponding to phase
transformation line or instability line. d = 0.632

In(N)—3 0.87; ¢ =—0.034 N + 0.68 for N < 20 and
¢ =0 for N > 20; C, C; and C, are sand independent

constants having values 1.8, 2.0 and 0.015 respec-
tively. C; is the sand dependent constant. For more
details readers are referred to Konstadinoun and
Georgiannou (2014).

In the present study, Konstadinoun and Georgian-
nou (2014) model has been modified to incorporate
desaturation effect. In their study, CSR was in the
range of 0.109 and 0.25; and initial mean effective
stress was in the range of 100 kPa and 320 kPa. In the
present study, this equation has been modified for CSR
of 0.175 and 0.25 for samples of D, 40% at o',
100 kPa. After careful study of Konstadinoun and
Georgiannou (2014) model it was realized that this
model needs to modify for two effects: 1) modification
to incorporate CSR effect 2) modification to incorpo-
rate desaturation effect, as explained below.

8.1 Modification for CSR effect:

To begin with, pore pressure measured for S 99%, CSR
0.175 and ¢, 100 kPa is compared with that predicted
by Konstadinoun and Georgiannou (2014) model as
shown in Fig. 15. Value of C; was chosen to be 52.
This is so because, this value corresponds to mean
particle size (Dsp) of 0.29 mm from Konstadinoun and
Georgiannou study, which is very close to mean
particle size (Dsp) of 0.27 mm from the present study.
Other constants were taken as it is, suggested by
Konstadinoun and Georgiannou. From Fig. 15 it is
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observed that number of cycles required to reach
initial liquefaction are 15 in case of Konstadinoun and
Georgiannou model whereas experimentally mea-
sured cycles are just 6. Thus, number of cycles
predicted by Konstadinoun and Georgiannou model is
2.5 times number of the observed cycles. On careful
study of Konstadinoun and Georgiannou model, it was
realized that main cause of this discrepancy is the way
CSR is defined in Konstadinoun and Georgiannou
study and present study. Konstadinoun and Georgian-
nou conducted tests on hollow cylinder torsional shear
tests and present study tests were conducted on cyclic
triaxial test. This results into different definitions of
CSR. In torsional shear test, shear stress applied
directly on the horizontal plane is considered in
definition of CSR whereas in cyclic shear test shear
stress induced on the 45° plane is considered for CSR.
It should be noted that in Eq. (4), n parameter takes
care of CSR. Therefore, in present study this parameter
was altered so that measured and predicted pore
pressure match well. From several trials it was found
that when n was chosen to be 2.05, there is excellent
agreement between measured and predicted pore
pressure as seen in Fig. 15.

8.2 Modification for Desaturation Effect

For given relative density, desaturated sample takes
more N; than its saturated counterpart. Similarly,
saturated sample of higher relative density takes more
N; than saturated sample at lower relative density.
Thus, desaturation of given sample is analogous to
increase in its relative density. In Konstadinoun and
Georgiannou (2014) model, void ratio function f{e),
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raised to exponent d, takes care of the density effect on
evolution of pore pressure. In present study, the
exponent d has been modified to take care of
desaturation; in such a way that there is good
agreement between measured and predicted pore
pressure. While doing so, the constant term 3.87 of
d = 0.632 In(N)—3.87, has been modified with respect
to degree of saturation. In present study, d is defined as
d = 0.632 In(N)—d”, where d” is the constant which is
function of degree of saturation. In addition to this,
n parameter was also required to change from 2.05 to 1
after reaching critical stress ratio. Critical stress ratio
is the ratio (‘c / p;v_l) at critical cycle, N.,iic.;, Where, T
is the amplitude of cyclic shear stress which is half of
cyclic deviatoric stress. N,,sica» 15 the cycle at which
residual pore pressure changes from Stage 2 to Stage 3
as shown in Fig. 16. In Stage 1 pore pressure increases
with decreasing rate, in Stage 2 pore pressure increases
with constant rate and in Stage 3 pore pressure
increases with increasing rate. To understand Stage
1-3, plot of incremental residual pore pressure ratio
evolution shown in Fig. 16 should be referred to.

In Fig. 17, pore pressure evolution for S 91%, D,
40%, CSR 0.175 and ¢’ 100 kPa is shown for various
conditions. Here, d” is 9.8. Predicted pore pressure is
shown for two cases: Case 1) n 2.05 throughout
loading cycles and Case 2) n 2.05 up to critical stress
ratio and there onwards n 1.0. Also shown is the
measured pore pressure evolution. It is clear that when
n 2.05 is used throughout, predicted pore pressure
evolution fails to capture rise in pore pressure in Stage
3. On the other hand, when n is changed to 1 on
reaching N_,i;icq» TiS€ in pore pressure in Stage 3 is
captured very well. Moreover, there is excellent
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Fig. 17 Effect of n on evolution of pore pressure ratio, S 91%,
CSR 0.175, D, 40% and ¢’ 100 kPa

agreement between measured and predicted pore
pressure (with Case 2) as seen in Fig. 17.

Variation of d” and critical stress ratio with degree
of saturation is shown in Fig. 18. It is observed that
both parameters increase with decrease in S. In case of

Fig. 18 Variation of d” and
critical stress ratio with
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Number of loading cycles (N)

N, critical

CSR 0.175, critical stress ratio spans from 0.255 to
0.33 whereas in case of CSR 0.250 it spans from 0.28
to 0.33. The average critical stress ratio is found to be
0.29 and 0.30 for CSR 0.175 and 0.250, respectively.

Moreover, comparison between predicted and
measured pore pressure for desaturated samples of
various degrees of saturation is shown in Fig. 19.
Predicted pore pressure is computed after incorporat-
ing above mentioned modifications to Konstadinoun
and Georgiannou (2014) model. It is observed that
there is very well agreement between predicted and
measured pore pressure. However, authors feel that
further study is required in this direction, to propose
more generalized pore pressure model for desaturated
sand.
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Fig. 19 Comparison of
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Fig. 20 Variation in the degree of saturation (S) of the
desaturated sample with time

9 Longevity of Entrapped Air

Longevity test had been conducted to assess the
change in the degree of saturation of the desaturated
sample over the period of 7 days. In this test, sample
was first desaturated and B parameter was measured at
different intervals of time, from which degree of
saturation was computed. Two tests were conducted
on desaturated samples with initial degree of satura-
tion of 89.7% and 88.6%, respectively. It was
observed that the change in the degree of saturation

@ Springer

Number of loading cycles (N)

of both samples was just 1% at the end of 7 days, as
shown in Fig. 20.

It was found by other researchers that the entrapped
air bubbles could survive as long as 26 years (Oka-
mura et al. 2006). They found a degree of saturation as
high as 92% even at the end of 26 years at a site which
in past had been desaturated during construction of
Sand Compaction Piles (SCP). It was further claimed
by them that if the degree of saturation on desaturation
is below 90%, desaturation condition can survive for a
long time.

10 Conclusion

In this study, response of desaturated clean sand
subjected to cyclic loading has been investigated in
depth with large number of tests. Various issues such
as cyclic strength, modes of failure, pore pressure
evolution, number of cycles required for initial
liquefaction (V;) etc. have been explored. In addition
to this, performance of desaturated sand under some
earthquake records from India has also been assessed.
Major findings from the present study are summarized
below:

a) Number of cycles required for initial liquefaction
(N;) increased exponentially with decrease in the
degree of saturation, irrespective of the initial
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effective confining pressure, relative density and CSR.
It is observed that for given S, keeping relative density
(40%) and initial effective confining pressure
(100 kPa) constant, N; decreased exponentially with
increase in CSR. Further, for given S, keeping CSR
(0.250) and initial effective confining pressure
(100 kPa) constant, N; increased exponentially with
increase in relative density b) There is significant
increase in the cyclic strength of the sand on desat-
uration. Cyclic strength of the desaturated sample of
relative density of 40% at degree of saturation 80% is
found to be twice that of saturated sample. c)
Desaturation up to degree of saturation of 70% is
adequate to prevent liquefaction of clean sand under
moderate to strong earthquakes having peak ground
acceleration as high as 0. 30 g. d) Samples with high
degree of saturation underwent cyclic mobility failure
whereas sample at low degree of saturation underwent
either cyclic softening-CE or cyclic softening-E. e)
Evolution of pore pressure in desaturated sand can be
predicted by modifying Konstadinoun and Georgian-
nou (2014) model for CSR effect and desaturation
effect. f) It has been found that there is negligible
change in the degree of saturation of the desaturated
sample at the end of 7 days. This implies that the
entrapped air bubbles in the sample do not dissolve
into the pore water over the period of time.
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