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Abstract
Nanotechnology has played a significant role in the improvement of the problematic soils. This study was to investigate the effect of
the nano-kaolinite concentration on the liquefaction resistance of liquefiable sand from Gorgan, Iran. To examine the influence of the
nano-kaolinite concentration on the liquefaction resistance of nano-kaolinite-sand mixtures, three different nano-kaolinite
concentrations (namely 3%, 6%, and 9%) were prepared. In order to simulate the earthquake impact on the liquefiable sand, cyclic
triaxial tests were conducted on pure sand and nano-kaolinite-sand mixtures. Cyclic triaxial test was repeated two times for each nano-
kaolinite-sandy soil mixture and the mean and standard deviation values of total 24 tests were obtained. Based on the obtained results,
nano-kaolinite concentration has a contradictory effect on the liquefaction resistance of the studied soil. It was found that the influence
of nano-kaolinite concentration on liquefaction resistance of the sand should be evaluated using a critical value of nano-kaolinite
concentration. Below the critical value (under 6% nano-kaolinite content), liquefaction resistance decreases as the nano-kaolinite
concentration increases. Beyond such a value, liquefaction resistance enhances with an increase in nano-kaolinite concentration. The
results showed that the nano-Kaolinite—sand samples with 9% nano-Kaolinite concentrations show liquefaction resistance much more
than untreated soil. It was also observed that at the same cyclic stress ratio, liquefaction resistance and axial strain of samples

decreases as the confining pressure increases.
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Introduction
Liquefaction, a costly geotechnical hazard, results
from a rapid and dramatic strength loss of the
saturated loose sands and deposits, which is caused
by excess pore-water pressure imposed by dynamic
loading. Liquefaction leads to the loss of soil
bearing capacity and soil settlement, as well as
large deformation. This in turn results in the
destruction of structures such as lifeline systems,
harbor facilities, and so on (Erken, 2001; Chu ef al.,
2003; Yuan et el., 2003; Ku et al., 2004; Sonmez et
al., 2008). Several improvement methods have been
developed since the 1964 Niigata earthquake, which
caused serious damages to buildings due to
liquefaction, in order to mitigate the liquefaction
potential of the liquefiable deposits. Dynamic
compaction, vibratory probe, granular piles, deep
mixing, and chemical grouting can -effectively
enhance the liquefaction resistance of the soil
(National Research Council, 1985). These
techniques, however, have limited applications
since they would lead to significant environmental
disturbance. Previous studies have indicated that
clay-sized particles (< 0.002 mm) can effectively
reduce the liquefaction potential of the soil (Chang
& Hong, 2008; Dimitrova & Yanful, 2012; Ku &
Juang, 2012).

In recent years, nano-materials have been

increasingly used to improve the primary properties
of liquefiable soils in the laboratory. Nano-
materials have specific features, including high
surface activity and specifically broad surface area.
The grain size of nanomaterials does not exceed
100 nm (Cao, 2004; Huang & Wang, 2016a). The
application of nanomaterials in geotechnical
engineering reflect their superiority in terms of
price/performance ratio and environmental effects,
in comparison to the traditional techniques (Huang
& Wang, 2016a).

A number of studies have investigated the effect
of various nanomaterials on different properties of
soil (Majeed & Taha, 2012; Mohammadi &
Niazian, 2013; Firoozi et al., 2014; Changizi &
Haddad, 2015; Changizi & Haddad, 2017; Huang &
Wang, 2016b). Three significant mechanisms
through  which  nonmaterials enhance the
liquefaction resistance of the soil include soil grain
cementation, pore fluid solidification, and delay of
pore pressure response. An increase in liquefaction
resistance using colloidal silica (particles size
between 7 and 22 nm) has been documented in
laboratory tests (Gallagher & Mitchell, 2002),
model tests (Gallagher et al., 2007a), and full-scale
field tests (Gallagher ef al., 2007D).

This study aimed to investigate the effect of
nano-kaolinite concentration on the mitigation of
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liquefaction in liquefiable sand samples from
Gorgan, Iran. The main objective of the present
study was to investigate the effect of nano-kaolinite
concentration on liquefaction resistance of sand
using triaxial cyclic test. Moreover, the behavior of
soil under different nano-kaolinite concentration
was to be evaluated.

Material and methodology

Used soil

The Caspian Lowland of Northern Iran is a part of
the Eurasian loess belt. This belt extends from
Central Asia and China to the Northwest Europe.
Dusts and loess accumulated in the northern Iran
during the Pleistocene glaciations (Frechen et al.,
2009). Pleistocene loess transported across a short
distance because these soils possess coarse dust
components (Wang et al., 2017). Previous studies
showed that the deposits in Gorgan are prone to
liquefaction (Majdi et al., 2007; Mostafazadeh &
Ownegh, 2012). Using  geological and
geomorphological maps (Fig. la) and available
boreholes (Fig. 1b), Gorgan’s sedimentary model
was obtained by AutoCAD 2015 software (Fig. 1b).

The results of 61 boreholes were analyzed to reach
this model. The liquefiable soil (SP) was sampled
from Gorgan wusing rotary-percussion drilling
method. Worth to note that disturbed samples were
taken using the SPT sampler. Soil was taken from
SP unit at the depth of 18 m (Fig. 1b). The
maximum depth at which liquefaction can occur is
relatively identical to the maximum depth at which
sands can remain unconsolidated (Stewart & Knox,
1995). The excessive pore water pressures can exist
at depths above 30 m to overcome the stiffness
caused by overburden pressures and to exceed the
liquefaction thresholds. The results of standard
penetration test showed that the N-values changes
from 17 to >50. N-values higher than 50 were
attributed to the presence of boulder and gravel in
this unit. As shown in Fig. 1, CL soil is the main
unit 25 meters below the ground surface. Also GP,
ML and SP soils are available in the sampling area.
Nowroozi and Ahmadi (1986) noted that an
earthquake with a magnitude of 7.5 per century
could occur in the northern and northeastern parts
of Iran, which is one of the most seismically active
areas in Iran.
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Figure 1. Geological map, boreholes position, and sedimentary model of the studied area.
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Gorgan plain is located in a dry to semi-wet area.
Average annual rainfall varies from 250 to 750 mm
which cause in high groundwater table (Yazdani &
Kowsari, 2013).

The gradation (ASTM D6913/D6913M-17), void
ratio, relative density, and unit weight (ASTM
D4254 -16) of the studied soil were measured in the
laboratory. The results showed that the soil could be
classified as poorly graded sand (SP) according to
the unified soil classification system. The physical
properties of soil are listed in Tablel. Grain size

distribution of the studied soil is illustrated in Fig.
2. The sample was studied under scanning electron
microscopy (SEM) in order to determine the grain
shape and the fabric of remolded soil (Fig. 3). The
Sharp corners of the soil particles represent the
short transportation distance.

Kaolinite
Kaolinite was sampled from the quarries of Zonouz
city, located in the Eastern part of Azarbaijan
province.

Table 1. Physical properties of the studied soil.
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2.72 0.57 0.81 15.0

17.3 0 0.216 1.392 0.896

e

80

60

T ——

40

|

Precent Passing (% by Weight)

|

I

0.001 0.01

0.1 1 10

Particle Diameter (mm)
Figure 2. Grain size distribution of studied sand.
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Figure 3. SEM image of the studied soil
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Grain size distribution of the selected kaolinite was
determined using sieve analysis and hydrometer test.
The gradation test result is illustrated in Fig. 4. X-ray
diffraction (XRD) and X-ray fluorescence (XRF) tests
were performed to characterize the mineralogical
components and elemental composition, respectively.
The results of the XRD analysis are illustrated in Fig

5. AL,Osand SiO; are two major elements of kaolinite
clay (Table 2). Plasticity tests were also conducted to
determine the Atterberg limit of kaolinite according to
ASTM D4318-17el (2006). The results of plasticity
tests are presented in Table 3. The mean plastic limit,
liquid limit, and plastic index were found to be 31%,
69% and 38, respectively.

Table 2. XRF test

Composition

Rb

Fe203

CaO

KO

SOs3
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L.O.I
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0.03
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0.34

11.87
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Figure 5. XRD analysis of Kaolinite.
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Nano-kaolinite

Planetary ball mill was used to prepare nano-
kaolinite in the laboratory. To this end, two 250-ml
steel milling jars along with steel grinding balls of
10 and 15 mm diameter were used. Nano-kaolinite
preparation process was performed at different
milling speed and Field Emission Scanning
Electron Microscope (FESEM) was applied to
determine optimum milling speed, time, and ball
diameter (Fig. 6). Optimum performance of
planetary ball mill in producing nano-kaolinite is
presented in Table 4. FESEM image was used to
measure the mean nano-kaolinite particles size
using JMicrovision software. The mean size of
nano-kaolinite particles was estimated to be about
60 nm.

Sample preparation

Liquefaction resistance of the soil treated with nano-
kaolinite was assessed through dynamic triaxial tests.
To evaluate the influence of the nano-kaolinite
concentration on the liquefaction resistance of nano-
kaolinite-sand mixtures, three different nano-
kaolinite concentrations (namely 3%, 6% and 9%)
were prepared in the laboratory. Several sample
preparation methods are proposed in the literature
(Huang & Wang, 2016a). Dry mixing techniques

are found to be the most suitable ones to prepare
nano-kaolinite-sand mixtures. The dry mixing
technique was selected to maximize reproducibility
since the nano-particles completely fill the soil
pores as they dry-mixed (Persoff ef al., 1999). Sand
and nano-kaolinite were dry-mixed by shaking in a
bottle for 5 minutes. The mixtures of sand and
nano-kaolinite were transferred to the plexiglass-
cylindrical container with a diameter of 50 mm.
Sand and nano-kaolinite were dry-mixed by manual
shaking for 20 minutes. The cylindrical container of
plexiglass was then placed on the cylindrical mold
with a diameter of 54mm (Fig. 7). The height of
samples was 120 +5 mm.

The sample saturation procedure consists of the
following stages: 1) flushing the specimen with
carbon dioxide gas (CO,), 2) saturation with water,
and 3) back pressure saturation. Samples were
flushed with carbon dioxide gas at the water pore
pressure maintained in 7-10 kPa for 30 minutes.
Flushing helps in achieving saturation at a faster
rate. Saturation of sample with CO; and water could
lead to the immigration of fines to the bottom of
sample. To deal with this problem, the pumping
pressure of CO, and water are kept in low value (3-
8 kPa). Full saturation occurs as the B-values
reaches >0.96.

Table 4. Optimum performance of planetary ball mill in producing nano-kaolinite

Ball composition

Ball size (mm)

Milling time (h) Spin speed (PRM)

Steel 10 (10 ball)

10 520

200 nm

WD = 8.0 mm

EHT = 20.00 kV

Signal A = SE2
Mag= 50.00 KX

Figure 6. FESEM images of nano—kaolinite.
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Relative density has a large impact on the
liquefaction resistance of soils. Maximum and
minimum unit weights of the prepared samples
were obtained according to ASTM D4253-00
(Table 5). The samples were prepared with relative
density of 45%. Firstly, the samples weighted and
then compacted within the cylindrical container to
achieve a similar relative density.

Triaxial cyclic test
In this study, cyclic triaxial tests (ASTM D5311-
13) were carried out on the samples of liquefiable
poorly-graded sand mixed with different nano-
kaolinite concentrations. All experiments were
performed under undrained conditions in order to
simulate dynamic earthquake loading. Triaxial
cyclic test is costly to perform. For each nano-
kaolinite-sand mixture, two tests were run and the
mean and standard deviation values of the data were
obtained. A Total number of 24 triaxial cyclic tests
were conducted on the samples. Small standard
deviation values were recorded for two repeated
tests.

Cyclic stress ratio (CSR) is one the most
important parameters affecting the liquefaction

resistance of the soil (Polito, 1999, Papadopoulou &
Tika, 2008). It should be mentioned that all
experiments were performed at the same cyclic
stress ratio (CSR=0.25) and different confining
stress of 100, 150 and 200 kPa. Soil consolidation
has a significant impact on the liquefaction
resistance. It is worth to note that all samples were
consolidated at a pressure equal to test confining
pressure. Applying back pressure is the final step
after ensuring the sample saturation. In the present
study, each sample was tested at three different
confining pressures (100, 150 and 200 kPa), and the
samples were consolidated under these pressures.
Consolidation occurred within about 30 min for
pure sand; however, the consolidation of nano-
kaolinite-sand mixture took 3-4 hours or more.

Results and discussion

The mean values of triaxial cyclic tests are
presented in Table 6. The results of triaxial cyclic
tests for untreated sand at CSR=0.25 and confining
pressure of 100 kPa are illustrated in Fig. 8. An
increase in cyclic load under constant CSR led to an
increase in axial strain.

Table 5. Mean values of maximum and minimum unit weights for the prepared samples.

Nj:r?t“l;io(l:zl)te €min €max ¥min (kN/m3) ¥max (kN/m3)
0 0.55 0.81 14.91 17.77
3 0.47 0.79 15.26 18.71
6 0.43 0.77 15.44 19.01
9 0.44 0.79 15.32 18.91

Mould

Figure 7. Sample preparation steps: a) schematic view of prepared sample, b) shaking the bottle containing nano—kaolinite—sand
mixture, ¢) mounting the sample on pedestal, and d) placing plexiglass in cylindrical mold.
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Table 6. Mean of triaxial cyclic test.

C(;l;::)t_ of Number of Confining Cyclic stress Axial strain Excess pore N:n;};e:oof
kaolinite (%) test pressure (kPa) ratio (CSR) (%) pressure (kPa) liquyefac tion

0 2 100 0.25 52+0.07 105.2 £7.02 54+28

0 2 150 0.25 4.8+£042 156.0 £6.13 41 +4.24

0 2 200 0.25 5.1+0.17 207.5+£9.32 37+1.41

3 2 100 0.25 53+0.14 107.1 £5.46 20 +2.82

3 2 150 0.25 5.1+0.11 156.3 £4.78 17 +1.41

3 2 200 0.25 4.8+0.09 210.4£9.27 9 +0.00

6 2 100 0.25 6.1 +0.06 108.3 £3.42 37+4.24

6 2 150 0.25 5.7+0.08 155.0 £7.24 33+2.8

6 2 200 0.25 54+0.10 212.0 £ 6.87 19+14

9 2 100 0.25 6.3 +0.09 110.3£3.17 89 +5.65

9 2 150 0.25 6.1 £0.13 157.4£9.24 67 +4.24

9 2 200 0.25 5.7+0.16 208.6 = 10.01 58 +1.41
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Figure 8. The results of triaxial cyclic tests for untreated soil at CSR=0.25 and confining pressure of 100kPa.

Pore pressure enhanced with increasing the
number of cycles. The pore pressure of untreated
sand increased to reach the confining pressure (100
kPa) in 54 loading cycles. A cyclic stress ratio of
0.25 required 54 cycles in double amplitude axial
strain 5% for the untreated sand under confining
pressure of 100 kPa.

As shown in Table 6 and Fig. 9, the effect of
nano-kaolinite concentration on the liquefaction
resistance is contradictory to some extent. Under

low nano-kaolinite concentration, the liquefaction
resistance decreased with an increase in the nano-
kaolinite content, even though, under higher nano-
kaolinite concentration, liquefaction resistance
increased with an increase in the nano-kaolinite
content. Consequently, the effect of the nano-
kaolinite concentration on the liquefaction
resistance of sand could be evaluated using a
critical or threshold value of the nano-kaolinite
concentration. In this study, the threshold value of
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nano-kaolinite content was assessed to be 7% of the
total dry mass of the sand.

Shear strength (cohesion and internal friction
angle) of soil has a profound impact on the
liquefaction resistance of soil. Below the critical
value, the water sensitive nano-kaolinite particles
seem to act as a lubricant agent for grains
displacement. Consequently, the greater nano-
kaolinite content results in easier grain displacement
and thus higher liquefaction potential. The internal
friction angle of soil is a key parameter controlling
liquefaction resistance of soil. Below the critical
content of the nano-kaolinite, an increase in the nano-
kaolinite content leads to a decrease in the friction

angel of soil and thus lower liquefaction resistance. In
the nano-kaolinite-sand mixtures with high nano-
kaolinite content (above the critical value), a great
portion of the nano-kaolinite particles fill voids
among the sand grains and act as cement. When the
nano-kaolinite particles fill the gaps among the sand
grains, the cohesion (the mutual connection between
heterogeneous particles (nano-kaolinite and sand)
increases; therefore, above the critical values, the
increase of the nano-kaolinite content leads to an
increased cohesion among the sand grains and nano-
kaolinite particles.

A SEM micrograph of nano-kaolinite-sand
mixtures 3% is illustrated in Fig. 10.

—&—(CP=100 KPa --®--CP=150KPa * — CP=200KPa

100

Number of Cycle to Liquefaction (N1.)

Nano-kaolinite Content (%)

Figure 9. Liquefaction resistance of soil versus nano—Kaolinte content.
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Figure 10. Microstructure of nano—kaolinite 3% (critical value) and sand sample.
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Active nano-kaolinite particles are those particles
acting as lubricant in the presence of water, and
inactive particles fill the pores of the soil. Below the
critical nano-kaolinite content, the active particles
result in decreasing liquefaction resistance;
however, inactive nano-particles play no significant
role in liquefaction resistance. In nano-kaolinite-
sand mixtures with high nano-kaolinite content
(above the critical value), inactive nano-particles
become active and would play an important role in
mitigating the soil liquefaction. Moreover, nano-
kaolinite particles can form the bridges among the
larger sand grains, and consequently lead to higher
liquefaction resistance. It seems that these bridges
below the critical values cannot generate; however,
the formation of these bridges reduces the
liquefaction potential above the critical values.
Marto et al., (2016) examined the effect of kaolinite
content on liquefaction resistance of sandy soil and
found that the liquefaction resistance of soil
decreases with increasing kaolinite content below
the critical kaolinite content (22.5%) but above the
critical value; hence, an increase in fine content
resulted in enhancing liquefaction resistance. Guo
and Prakash (1999) expressed that clay content can
effectively increase the plasticity of liquefiable soil
and liquefaction resistance. It seems that as the
nano-kaolinite concentration reaches >6%, the
plasticity of sandy soil increases and causes a lower
liquefaction potential. Chang er al, (1982) also
stated that liquefaction potential of sandy soil
increases when the concentration of fine grained
material with low plasticity reaches 10%. They

reported that liquefaction resistance of sandy soil
increases as fine grained material concentration is
>10%. Huang and Wang (2016b) mentioned that
the main mechanisms through which nanoparticles
mitigate liquefaction potential are pore fluid
solidification, soil grain cementation, and the delay
of pore pressure response.

As it can be observed in Fig. 9, the number of
liquefaction cycles for soil treated with 6% nano-
kaolinite at the confining pressure of 100, 150 and
200 kPa is lower than that of the untreated soil;
therefore, 6% nano-kaolinite content cannot
effectively enhance liquefaction resistance. The
number of liquefaction cycles for the treated soil
with nano-kaolinite 9% at the confining pressure of
100, 150 and 200 kPa was higher than the number
of liquefaction cycles for untreated soil.

The effect of nano-kaolinite content on excess
pore pressure ratio at the confining pressure of 100
kPa is illustrated in Fig. 11. Excess pore pressure has
a huge impact on liquefaction-related phenomena.
Excess pore pressure ratio increases with increasing
the number of cycles of loads. The highest value of
excess pore pressure was observed for sand treated
with 9% nano-kaolinite at the confining pressure of
200kPa (Table 6). Comparison of the time series
shows that nano-particles can delay the pore pressure
response and limit the strain expansion so that the
liquefaction potential of the treated samples
decreases. Axial strain of the samples at the same
CSR of 0.25 increased as the nano-kaolinite
concentration enhanced (Table 6).
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Figure 11. Excess pore pressure ratio versus the number of cycle of loads for nano—kaolinite—sand mixtures at confining pressure of

100 kPa and CSR of 0.25.
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Axial strain values for the treated soil with nano-
kaolinite content 3% is relatively identical to those
of untreated soil, however, axial strain increases
above the critical value of mnano-kaolinite
concentration. As it can be seen in Fig. 12, the
measured number of liquefaction cycles is 54 cycles
for double amplitude axial strain 5% in clean sandy
soil. Increased confining pressure led to a decrease
in axial strain of each mixture (Fig. 12b). The
number of liquefaction cycles decreased at nano-
kaolinite content 3%. The measured number of
liquefaction cycles was 20 cycles in the double
amplitude axial strain 5% for treated sand with
nano-kaolinite 3%. The number of liquefaction
cycles increased at nano-kaolinite 6% and reached
37 cycles, so the number of liquefaction cycles for
treated soil with nano-kaolinite 6% was smaller
than that of clean sandy soil. The number of
liquefaction cycles increased at nano-kaolinite
content 9% and reached 98 cycles. Our results are
in line with Huang and Wang (2016b), who showed

that at the same CSR, the single amplitude axial
strain of the untreated sandy soil was almost 5%,
twice as great as that of the nano-material-sandy
soil 2% (<2%).

The effect of confining pressure on the
liquefaction resistance is illustrated in Fig. 13.
Confining pressure has an inverse effect on the
liquefaction resistance of the soil at the constant
CSR. Increasing the confining pressure leads to an
increase in the axial strain at the same CSR so that
the liquefaction resistance of soil decreases with an
increase in confining pressure. The maximum
number of liquefaction cycles was measured to be 89
cycles for treated sandy soil with nano-kaolinite
content 9%. Treated sandy soil with nano-kaolinite
content 3% and 6% shows lower number of
liquefaction cycles than those of untreated sandy soil.

Increasing confining pressure has an inverse
effect on axial strain of samples treated with the
same nano-kaolinite contents (Table 6, Fig. 14).
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Figure 12. a) axial strain versus the number of cycle loads for liquefiable sand with nano—kaolinite content at confining pressure of 100
kPa and CSR=0.25; and b) axial strain versus nano—kaolinite content under different confining pressure.
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Figure 14. The effect of confining pressure on axial strain for sandy soil mixed with nano—kaolinite 6%.

Soil deformability decreases with an increase in
the confining pressure. The lowest differences
between axial strain at confining pressure of 100
and 200 kPa were observed for the samples treated
with nano-kaolinite 9%.

Conclusion

The influence of nano-kaolinite concentration on
the dynamic behavior of sandy soil was investigated
using triaxial cyclic test. To examine the influence

of the nano-kaolinite concentration on the
liquefaction resistance of mnano-kaolinite-sand
mixtures, three different nano-kaolinite

concentrations (namely 3%, 6% and 9%) were
prepared. The major findings of this study are
summarized as follows:

1: The effect of nano-kaolinite on liquefaction
resistance of sand should be investigated using the
critical value of nano-kaolinite content, which was

found to be 7% in this study. Below the critical
value, increasing the nano-kaolinite content leads to
a decrease in liquefaction resistance of sandy soil.
Above the critical value, liquefaction resistance
increases with an increase in nano-kaolinite
concentration. Below the critical value, the nano-
kaolinite particles act as lubricant at saturated
condition, while the nano-kaolinite particles beyond
this value serve as cementation (nano-kaolinite
particles fill the pores). It is worth noting that
formation of nano-kaolinite bridges reduces the

liquefaction potential at high nano-kaolinite
contents.
2: The nano-kaolinite content to increase

liquefaction resistance of Gorgan liquefiable sand
was found to be >7%.

3: At the same cyclic stress ratio, the confining
pressure has a negative effect on the liquefaction
resistance and axial strain of sandy soils.
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