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The use of hydrophilic bentonite nanoclay to improve the geotechnical
properties of expansive soils was studied. Sonic waves and manual mixing
for two expansive soils (taken from two different locations in Jordan) were
studied; thereafter, a comparison between the results obtained from both
methods was carried out. Different percentages of nanoclay were added to
the two soils: 0, 0.1, 0.3, 0.5, 0.8, 1, 1.5, and 2.5% by dry weight of soil. Their
impacts on compaction, unconfined compression strength (UCS), and free
swell index (FSI) were investigated. For both methods of mixing, adding
nanoclay to the soils resulted in a significant enhancement in strength and a
reduction in swell properties of the soils. The UCS results of sonicated samples
treated with 0.5% of nanoclay addition showed an increase of 27%—-57% and a
reduction in FSI by 41%-46.5%. Nevertheless, the UCS of non-sonicated
samples treated with 1% of nanoclay showed an increase of 19.3-28.5% and
a reduction in FSI by 37.3-44.3%.
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Introduction

Soil is a heterogeneous material that is extremely complex and exposed to many
changes in nature. Properties of soil not only change from one place to another but also
change as a function of depth, climate, and the case of drainage (Gupta and Sharma,
2017), which increase the element of uncertainty and make predicting its behavior in a

Abbreviations: y max is the maximum dry density; %w is the water content; CEC is the cation exchange
capacity; Dp is the average crystallite size; FSI is the free swell index; LL is the liquid limit; NN/ is the
National Nanotechnology Initiative; P/ is the plasticity index; PL is the plastic limit; S% is the swelling
potential; SEM is scanning electron microscopy; Soil A denotes the soil samples taken from Irbid area;
Soil B denotes the soil samples taken from Shmeissani area; SP is the swell pressure; UCS is the
unconfined compression strength; USCS is the unified soil classification system.
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highly demanding proposition, especially when dealing with
expansive soils. Expansive soils are found in arid and semi-
arid regions of the world where there is a change in water content
(%w) over different seasons (Nelson and Miller, 1997) or where
annual evaporation exceeds annual precipitation (Abduljauwad,
1993). Expansive soils are a world-wide problem for civil
engineers because of their unpredictable behavior. These soils
are considered as a high natural hazard, which can cause
extensive damage to structures such as foundations, roads,
highways, buildings, airport runways, and earth dams (Gupta
and Sharma, 2017).

Expansive soil tends to expand by volume upon wetting and
decrease or shrink by volume when the water evaporates. The
increase and decrease in volume as a result of moisture changing
cause instability of foundations that have been built on the
expansive soil (Fattah et al., 2015; Irshayyid and Fattah, 2019;
Sharo and Taamneh, 2020; Sharo et al., 2022).

To overcome the weakness of expansive soils, adding a
foreign agent or using a mechanical stabilization method can be
used to improve the properties of soil through the so-called “soil
stabilization”. Soil stabilization can improve the performance of soil
represented by an increase in strength, bearing capacity, and a
decrease in swell potential (Fattah and Al-Lami, 2017). Expansive
soils always take a big part in researchers’ minds, time, and efforts to
reach to the best applicable stabilization method. However, one of the
rapid, low-cost, eco-friendly, and recent techniques is using
nanomaterials as soil-stabilizing agents (Kajbafvala et al, 2013),
such as nanoclay, nano-CuO, nano-MgO, nano-SiO,, and others,
which belong to the nanotechnology world (Ghasabkolaei et al., 2017).

The idea of nanotechnology was proposed in 1959 by Richard
Feynman in his lecture titled “There’s Plenty of Room at the
1960). At that time, the
“nanotechnology” has not existed yet, but along the years, it had

Bottom”  (Feynman, term
a significant rapid spread. Each branch in science has its own
definition of “nanotechnology”, but the National Nanotechnology
Initiative (NNI) defined it by the control, comprehension, and
reformation matters based on the hierarchy of nanometers to
develop matters with new uses (NSTC, 2007). The main goal of
nanotechnology in geotechnical engineering is to improve soil
properties by adding very small amounts of materials at the
nanoscale, which are called “nanomaterials”. These nanomaterials
are known to be 100 nanometers (nm) lower in terms of their
dimensions (Majeed et al., 2014). Based on this fact, the presence of
these nanomaterials in the soil can influence the physical and
chemical behavior significantly due to the very high specific
surface area, surface charges, and their morphologic properties
(Shahin et al., 2015).

Using nanomaterials in the literature as stabilizing agents for
coarse-grained and fine-grained soils confirmed that using them,
even at low doses, could improve the expansive soil properties.
For example, colloidal silica increased the unconfined
compressive strength (UCS) of the sand soil (Miwa and

Yonekura, 1994) and increased the liquefaction resistance
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(Towhata and Kabashima, 2001; Diaz-Rodriguez and Antonio-
Izarraras, 2004; and Kodaka et al, 2005). However, it decreased
the hydraulic conductivity as noticed by Noll et al, 1992 and
Persoff et al. (1996). Moreover, using nano-AlL,O; to stabilize clay
soil increased the strength properties (Luo et al,, 2012) and decreased
the plasticity index and the swelling potential (Naval et al., 2017).
Additionally, using nanoclay material as a stabilizing agent for clay
soils increased the strength properties as noticed by Arabani et al,
2012, Majeed and Taha (2013), Nikookar et al., 2013, and Zahedi et al.
(2014). It also increased plastic and liquid limit values, which reflected
a decrease in the plasticity index as noticed by Bahari et al., 2013,
Mohammadi and Niazian (2013), and Tabarsa and Hosseini (2015).
Using nanoclay decreased the swelling properties according to the
literature, and this was shown clearly by Sharo and Alawneh (2016)
and Naval et al. (2017).

Bentonite is mainly composed of montmorillonite clay
mineral (Al-Omari et al,, 2016). Because the soil swelling is
considered as a major factor to evaluate the foundation
performance resting on it (Fattah and Al-Lami, 2017), several
attempts aimed to stabilize bentonite were made. Fattah et al.
(2021) and Fattah et al. (2022) reported that the adding of 50% of
sand to bentonite leads to a reduction in the swell percent from
14 % to 2.4%.

Many studies that cover the effect of using nanoclay as a soil-
stabilizing agent are available in the literature, few of which cover
enhancing expansive soil properties using its cause (montmorillonite)
manipulated at the nanoscale. In addition, the literature did not
account for the impact of mixing procedures used in soil stabilization
using nanoclay in field applications. In addition to the effect of
stabilizing expansive soil using nanoclay (treatment with a cause),
the advantages of using the sonic wave procedure, which is usually
used to disperse the interparticles of nanomaterials, over the use of
manual mixing in soil stabilization using nanoclay will also be
elaborated in this study.

This study aimed to investigate the effect of adding of
nanoclay bentonite powder on the engineering properties of
two types of expansive soils in Jordan, Irbid, and Shmeissani
soils. These soils are classified as highly expansive soils. There are
several studies aimed to stabilize Irbid soil by the addition of solid
and liquid chemicals like lime, cement, and cement-lime blend
(Sharo et al., 2019); dehydrated calcium chloride (Sharo et al.,
2018); and disposed formalin aqueous (Sharo and Taamneh,
2020). The stabilizing method presented in this paper is almost
different from the previous methods by treating with a cause.

Materials and experimental program
Soil properties
Two types of soil from different locations in Jordan were

collected: the eastern district of Irbid (Soil A) and Shmeissani
area at the northwest area of Amman (Soil B), as indicated in
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FIGURE 1

Jordan map showing the locations of the collected soil
samples (Amman, Irbid).

Figure 1. Samples were taken from 1.5 m to 2.5 m depth from the
ground surface. Disturbed soil samples were collected in bags and
transported to the laboratory to be prepared to undergo
laboratory testing.

TABLE 1 Properties of natural soils.

10.3389/fbuil.2022.975993

Table 1 summarizes the natural soil properties, while the grain-
size distribution curves for natural soils are shown in Figure 2. The
clay-size fractions were 74.8% and 57.2% for Soil A and Soil B,
respectively. Moreover, the collected soil samples exhibited a plasticity
index of 35.2% for Soil A and 33.9% for Soil B. Referring to Figure 3,
the soils are located above the A-line on the plasticity chart in the zone
of inorganic clay with high-plasticity CH with a high degree of
expansiveness. Based on free swell index (FSI) values, the soils are
classified as “highly expansive soils” according to Chen (1975) as
indicated in Table 2.

Additive properties

The nanoclay used in this study is a light-brown soluble
hydrophilic bentonite powder, with a specific gravity of 2.6 and
an average crystallite size (Dp) of 8.04 nm. It is commercially
available and produced by Sigma Aldrich, Darmstadt/Germany.
The fabric arrangements of nanoclay particles are shown in
Figure 4. Figure 5 shows the X-Ray diffraction pattern of the
additive that indicates a clear presence of the predominant
mineral of montmorillonite, while Table 3 shows the X-Ray
fluorescence analysis of the additive.

Experimental program
Sample preparation and mixing methods
Before applying the additive treatment to the soil, both

collected soil samples were subjected to oven drying and fine
crushing in preparation for their use in the experimental testing.

Parameters Standard used Soil A Soil B
Specific Gravity ASTM D854-02 (2005) 2.75 2.80
LL (%) ASTM D4318 64 61

PI (%) ASTM D4318 35 34
CEC (meq/100g) - 64.5 67.3
pH - 7.58 7.73
Gravel Fraction (%) ASTM D421-85 (2007) 0 3.68
Sand Fraction (%) ASTM D421-85 (2007) 3.12 15.74
Silt Fraction (%) ASTM D422-63 (2007) 22.05 23.42
Clay-Size Fraction (%) ASTM D422-63 (2007) 74.83 57.16
USCS - CH CH
Activity (%) - 47 59
Maximum Dry Unit Weight (kN/m?) Wilson, (1970) 14.85 15.50
Optimum Moisture Content (%) Wilson, (1970) 26.0 25.7
UCS (kPa) ASTM D2166 144.0 173.6
FSI (%) ASTM D4546-08 7.29 593
Swell Pressure (kPa) ASTM D4546-08 35.08 27.53
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FIGURE 2
Grain size distribution for Irbid soil (Soil A) and Shmeissani soil (Soil B).
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FIGURE 3

Location of Irbid soil (Soil A) and Shmeissani soil (Soil B) on the plasticity chart.

TABLE 2 Classification of expansive soils (Chen, 1975).

Degree of expansion Swelling potential (S%)

Low 0-1.5
Medium 1.5-5
High 5-25
Very High >25

Eight percentages of the nanoclay (0%, 0.1%, 0.3%, 0.5%, 0.8%,
1%, 1.5%, and 2.5%) by the dry weight of soil were mixed with the
amount of water required to perform each test. Thereafter, the
solution of water and each percentage of nanoclay was added to the
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soil material passing sieve No. 40, and the blend was then processed
according to test standards. In this study, the remolded specimens,
which were tested for unconfined compression and swelling, were
shaped by adding the optimum water content of the untreated soils
and attaining the maximum dry density as obtained from the results
of the Harvard miniature compaction test.

As the fundamental core of this research is to investigate the effect
of mixing methods on the efficiency of using nanoclay as a stabilizing
agent, two series of experimental testing were carried out by
employing two mixing methods. In the first series, the mixture of
nanoclay and water was stirred manually in a beaker to reach a
relatively distributed state. However, for the second series, the
sonication process was applied to disperse and homogenize the
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FIGURE 4
Commercial nanoclay used in this study: (A) nanoclay, hydrophilic bentonite, in the state of powder and light tan in color. (B) Scanning electron
microscopy (SEM) image of nanoclay.
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FIGURE 5
X-ray diffraction pattern for the used nanoclay.
TABLE 3 X-ray fluorescence analysis for the used nanoclay.
Mineral Si Al Fe Mg Ca Na Cl Ti K
Percentage (%) 60.02 18.69 7.56 558 427 1.45 0.94 0.72 032
Mineral Ba S P Mn Zn Co Cr Ni Th
Percentage (%) 0.12 0.09 0.078 0.061 0.045 0.015 0.012 0.011 0.018
mixture by using a sonicator of a frequency of nearly 20 kHz for about miniature compaction test, unconfined compression test, swell
10 min before adding the solution to the soil subsequently. test, and Atterberg limits tests were carried out following Wilson

(1970), ASTM D2166 (2007), ASTM D4546-08 (2008), and
ASTM D4318 (2000), respectively.

Testing methods The compaction test was conducted on both soils treated
with different proportions of nanoclay to demonstrate the effect

A set of laboratory experiments were performed to judge the of the nanoclay addition on the maximum dry density and the
effectiveness of nanoclay in stabilizing the soil. The Harvard optimum water content. Compaction curves were established for
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FIGURE 6
UCS testing device used in this study.

all cases using sonication and manual methods following
(Wilson, 1970). This compaction method consists of packing
the soil-additive blend into the Harvard miniature mold of
known dimensions (an inner diameter of 3.3 cm and a length
of 7.1 cm) within three equal layers. Each layer was compacted by
25 blows using a spring hammer.

Performing the unconfined compression test was essential in
this research as the test may efficiently indicate the effect of the
nanoclay addition on the strength of the soils studied. Treated by
both sonication and manual mixing, untreated soil specimens
were prepared by compacting the soil-additive blend within three
equal layers using the Harvard miniature mold. Then, the
unconfined molded specimens were vertically subjected to
compression within a constant rate (1.270 mm/min per ASTM
D2166) until failure had occurred, and the compressive strength
was recorded per as the standard. Figure 6 shows the unconfined
compression testing device that was used during this study.

The one-dimensional swelling test was also conducted in this
study to present the impact of the nanoclay addition on the
swell-shrink behavior of the soils. All treated and untreated soil
samples were compacted in a mold of 50 mm in diameter and
20 mm in thickness. Then, the mold was placed on a flexible
oedometer, submerged in water and allowed to swell freely
(Figure 7). The increase in the height as a percentage of the
original thickness of the sample was noted as the free swell
percentage of the sample. The swell pressure was recorded by
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FIGURE 7
Oedometer device used in the study.

loading the swelled soil sample gradually until the soil was once
more compressed to its initial height.

The Atterberg limits tests were conducted on all treated and
untreated soil samples to evaluate the effect of the nanoclay
addition on the plasticity of soils. The tests were performed
following the standards as the liquid limit was obtained by
dropping the brass cup in the Casagrande device with a rate
of 2 rev/sec and the plastic limit was determined by rolling the
soil with a rate of 80 strokes/min.

Results and discussion
Compaction

Figures 8, 9 show the results of the maximum dry unit weight
of soils and the optimum moisture content (OMC) variation
upon increasing the stabilizer quantity.

Figures 8, 9 indicate that the compaction results for the
sonicated sample of Soil A at 0.5% stabilizer exhibited an increase
in the maximum unit weight of 14.5% and a 35% decrease in
OMC compared to natural soil, while for manual mixing at 1%
stabilizer, the increase of maximum unit weight reached 11.6%
with 19.2% decrease in OMC compared to natural soil.

The same figures showed the results of compaction tests of
the sonicated sample of Soil B at 1% stabilizer. Under these
conditions, the maximum unit weight increase reached 13.5%
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FIGURE 9
Optimum moisture content versus % nanoclay for Soil A and Soil B.

with 28% decrease in OMC compared to natural soil, while for
manual mixing at 1% stabilizer, the increase of maximum unit
weight reached 8.1% with 18.3% decrease in OMC compared to
natural soil.

There is an obvious increase in the maximum dry unit weight
values when adding the stabilizer to the soil samples. When
adding the stabilizer to the soil, it enhances the packing density of
soil particles and decreases the space between them; henceforth,
the free water decreases, resulting in an increase in the internal
friction between solid particles (Bahmani et al., 2014). By the
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% Nano-Clay

filling effect of nanoclay, the nanoparticles reduced the porosity
between soil particles and bonded the particles together (Majeed
et al., 2014).

Based on the results, the optimum content of the stabilizer
is 0.5% for sonicated samples and 1% for non-sonicated
samples for Soil A and 1% stabilizer for both methods of
mixing for Soil B. After the optimum content of the
stabilizer, the increase will lead to the agglomeration of
the nanoparticles, which in turn may cause an increase in
the void ratio then a decrease in density and hence an
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increase in water content, especially for manual mixing.
Ferkel (1999), the
agglomeration of nanoscaled powders increases the
number of necks between particles and therefore decreases

According  to and  Hellmig

the density of the associated framework.

Unconfined compressive strength

Figure 10 shows the results of the UCS of the soils and the
variation upon increasing the stabilizer quantity.

The results of the UCS for the soils increased significantly
after the treatment with the stabilizer. For Soil A, there is a peak
present at 0.8% of the stabilizer addition (for sonicated samples
with 47% increase compared to natural soil) and 1% (for non-
sonicated samples with 28.5% increase). However, for Soil B, the
peaks were observed at 0.5% (for sonicated samples with 57.4%
increase) and 1% (for non-sonicated samples with 19.3%
increase).

It can be observed that nanoclay is a very effective
additive for enhancing the strength of soils. Sharo and
Alawneh (2016) referred that to the fact that nanoclay
acts as a fastening agent that ties soil particles together. It
could be that the
under moisture conditions can cause soil stabilization by

summarized nanoclay particles

bonding the particles together. However, the addition of a
than 0.5%

non-sonicated

higher percentage of mnanoclay (greater
1%

samples) led to lower strength gain, which can be

for sonicated samples and for
attributed to the interaction and bonding developed
between nanoparticles with the soft soil matrix (Khalid

et al., 2015).
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One-dimensional swelling

Figures 11, 12 show the results of the FSI, the swell pressures
of soils, and the variation upon increasing the stabilizer quantity.

A distinguished decrease was shown in FSI of Soil A
(Figure 11); at 0.5% stabilizer, the FSI of sonicated samples
decreased by 46% from the natural soil and 21.7% for the
non-sonicated sample. However, for 1% of the stabilizer
addition, the in FSI were 59% and 44%,
respectively. The same figure shows similar behavior for Soil B.

reductions

The influence of nanoclay addition on swell pressure is
shown in Figure 12 for Soil A; for 0.5% of the stabilizer, a
decrease for sonicated and non-sonicated samples was observed
by 36% and 13%, respectively. However, for 1% stabilizer
addition, the decrease was 63% and 41%, respectively. The
same trend was noticed for Soil B as indicated in the same
figure (Figure 12).

A noticeable decrease was shown in the values; this decrease
meant that there was a significant effect when using nanoclay as a
stabilizing agent. Even low doses could improve the expansive
soil properties (Taha, 2009).

The results showed that the addition of stabilizer particles ata
nanoscale level would significantly reduce the amount of swelling
of expansive soils, and this, in turn, reduced the required loads
needed to return the soil to its original state. This behavior could
be explained by the process of filling the intraparticle voids of the
soil by the stabilizer particles, and when adding water to the
mixture, the stabilizer will absorb most of the water and expand
in the intraparticle voids. Therefore, only less amount of water
can reach soil particles, resulting in a slight amount of soil
expansion. Besides, it was also found by Naval et al. (2017)
that when nanomaterials are added to the soil, the nanomaterials
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FIGURE 12
Swell pressure versus % nanoclay for Soil A and Soil B.

fill the tiny pores of the mineral and they allow less water to
penetrate these units and thus decrease the swelling of the
minerals.

Plasticity index
Atterberg limits tests were conducted on soil samples

according to ASTM D4318. Figures 13-15 show the results of
these tests: plastic limit (PL), liquid limit (LL), and plasticity
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index (PI), respectively. The figures indicate that as the stabilizer
content increases, LL and PL increase, resulting in a decrease in
the PIL

It can be seen in the aforementioned curves that upon mixing
1% of the stabilizer with the expansive soils, the PL increased by
42% for Soil A and 41% for Soil B. Moreover, the LL increased by
31% for Soil A and 17% for Soil B compared to the untreated soil
samples.

Figure 15 shows a slight decrease in PI with the increase of
stabilizer content. The PI values decreased by 4.8% for Soil A and
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LL versus % nanoclay for Soil A and Soil B.

1.7% for Soil B. The increase in PL and LL of soils when adding
the stabilizer can be attributed to the ability of its particles to
absorb water due to its high specific surface area, which is in line
with Zhang et al. (2004), who explained that the presence of
nanoparticles with intraparticle porosity in the soil shows more
plastic and liquid limits. Furthermore, Taha (2009) mentioned
that when increasing the specific surface area of nanoparticles,
the water required to cover all the particles also increases.
Furthermore, Majeed and Taha (2013) added explanations
that the presence of nanopores can cause an accumulation of
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water in these pores, resulting in an increase in the available water
capacity in the soil.

This decrease in PI values expresses a predictable improvement
in the behavioral actions of soils, which is beneficial for the
geotechnical structure, for soil liners and fill caps, as stated by
Khalid et al. (2015). It is clear that increasing the stabilizer additive
after being added to the expansive soil resulted in a decrease in the PI,
which led to a lower ability of the soil to expand and shrink,
consequently leading to considerable effects on the performance of
structures resting on these types of soil mixes.

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.975993

Sharo et al. 10.3389/fbuil.2022.975993

36
34 -
B T
& 32
x
Q
i
- 30
g
2
@
g 28 -
== S0il A - Sonicated
= &= = Soil B - Sonicated
26 - —&— 50il A - Non Sonicated
===~ Soil B - Non Sonicated
24 T T T T T
0 0.5 1 1.5 2 2.5 3

% Nano-Clay

FIGURE 15
Pl versus % nanoclay for Soil A and Soil B.

. Volls Filled with,
~~, Nano-Clasy).
>

Natural soil Treated Sonicated

7

Voids filled with.
Nano-Clay )

Natural soil Treated Non-Sonicated Sample Treated Sonicated

FIGURE 16
Comeparison of SEM images for (A) Soil A and (B) Soil B.

Frontiers in Built Environment 11 frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2022.975993

JUSWUOJIAUT 3ING Ul SI3UOIS

4

640°UISIB1UOIY

TABLE 4 Comparison results for Soil A at different percentages of nanoclay.

Soil properties

LL

PL

PI
yd,max
OMC
ucs
FSI

Swell Pressure

LL value

% Increase
PL value

% Increase
PI value

% Decrease
yd, max value
% Increase
OMC value
% Decrease
UCS value
% Increase
FSI value
% Decrease
SP value

% Decrease

*Non-sonicated samples.

**Sonicated samples.

0% (base
value)

64

29

35

14.85

26

144

7.29

35.08

0.1%

Non*

68.47
13.12
34.79
20.80
33.67
4.34
15.03
1.21
25.00
3.85
148.90
3.40
6.77
7.13
34.28
2.28

Sonic**

69.36
15.75
36.68
27.34
32.69
7.14
16.40
10.44
20.50
21.15
159
10.42
6.55
10.15
32.88
6.27

0.3%

Non

69.03
14.78
35.73
24.07
33.30
5.41
15.20
2.36
24.00
7.69
152.80
6.11
6.24
14.40
32.13
8.41

Sonic

71.16
21.03
39.58
37.42
31.58
10.28
16.80
13.13
18.50
28.85
173
20.14
5.30
27.30
30.98
11.69

0.5%

Non

71.43
21.81
37.38
29.79
34.05
3.28
15.60
5.05
23.00
11.54
161.40
12.08
5.71
21.67
30.48
13.11

Sonic

74.07
29.57
44.05
52.94
30.02
14.72
17.00
14.48
16.80
35.38
184

27.78
391

46.36
22.34
36.32

0.8%

Non

72.66
25.44
38.23
32.73
34.44
2.17

15.70
5.72

22.00
15.38
172.3
19.65
4.98

31.69
23.99
31.61

Sonic

76.95
38.04
46.12
60.14
30.83
12.41
17.00
14.48
16.80
35.38

46.53
321

55.97
15.54
55.70

1.0%

Non

74.45
30.68
40.94
4217
33.50
4.83
16.57
11.58
21.00
19.23
185.10
28.54
4.06
44.31
20.69
41.02

Sonic

77.47
39.55
46.69
62.13
30.77
12.58
17.00
14.48
16.80
35.38
201.00
39.58
2.96
59.40
12.84
63.40

1.5%

Non

75.10
32.61
41.54
44.25
33.56
4.67

16.30
9.76

20.00
23.08
175.7
22.01
3.55

51.30
18.79
46.44

Sonic

77.98
41.05
47.60
65.28
30.37
13.71
17.40
17.17
16.90
35.00
192

33.33
242

66.80
12.04
65.68

2.5%

Non

75.08
32.55
42.10
46.19
32.98
6.32
16.08
8.28
20.50
21.15
162
12.50
2.94
59.67
12.79
63.54

Sonic

78.74
43.30
48.15
67.17
30.59
13.09
17.80
19.87
16.50
36.54
159
10.42
1.99
72.70
9.54
72.81
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TABLE 5 Comparison results for Soil B at different percentages of nanoclay.

Soil properties

LL

PL

PI

yd,max

OMC

ucCs

FSI

Swell Pressure

LL value

% Increase
PL value

% Increase
PI value

% Decrease
yd, max value
% Increase
OMC value
% Decrease
UCS value
% Increase
FSI value
% Decrease
SP value

% Decrease

*Non-sonicated samples.

**Sonicated sample.

0% (base 0.1% 0.3%
value)

Non* Sonic** Non

61.2 64.25 64.63 66.16
4.98 5.60 8.10
27.3 30.67 33.02 32.63
12.34 20.95 19.52
33.89 33.58 31.61 33.53
0.91 6.73 1.06
155 15.58 16.70 15.70
0.52 7.74 1.29
25.7 24.50 20.50 23.50
4.67 20.23 8.56
173.61 175.3 202.31 176.25
0.96 16.53 1.52
5.93 5.54 5.13 5.04
6.58 13.49 15.01
27.53 26.09 26.54 25.84
5.23 3.60 6.14

Sonic

66.09
7.99
34.22
25.35
31.87
5.96
16.70
7.74
20.00
22.18
235
35.48
4.28
27.82
22.14
19.58

0.5%

Non

67.81
10.80
33.95
24.36
33.86
0.09
16.43
6.00
23.00
10.51
190.66
9.82
4.75
19.90
23.09
16.13

Sonic

70.07
14.49
40.05
46.70
30.02
11.42
17.00
9.68
19.20
25.29
273
57.35
3.32
44.01
17.69
35.74

0.8%

Non

68.91
12.60
35.33
29.41
33.58
091

16.60
7.10

22.50
12.45
194.9
12.25
427

27.99
21.14
23.21

Sonic

72.14
17.88
41.26
51.14
30.88
8.88

17.60
13.55
18.00
29.96
266

53.37
2.80

52.78
12.84
53.36

1.0%

Non

71.77
17.27
38.46
40.88
33.31
1.71
16.76
8.13
21.00
18.29
207.07
19.27
3.72
37.27
17.74
35.56

Sonic

73.09
19.43
42.37
55.20
30.72
9.35

17.60
13.55
18.50
28.02
256.6
47.79
2.33

60.71
11.19
59.35

1.5%

Non

72.04
17.71
38.36
40.51
33.68
0.62

16.73
7.94

19.10
25.68
196.1
12.97
3.32

44.01
16.34
40.65

Sonic

74.75
22.14
44.12
61.61
30.63
9.62

17.00
9.68

18.30
28.79

35.56
1.85
68.80
9.99
63.71

2.5%

Non

73.02
19.31
39.39
44.29
33.63
0.77
16.30
5.16
19.80
22.96
192
10.74
2.94
50.42
13.29
51.73

Sonic

76.02
24.22
45.28
65.86
30.74
9.29
17.00
9.68
17.50
3191
223
28.63
1.31
77.91
7.35
73.30
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Scanning electron microscopy

The fabric arrangement of soil samples was studied under a
scanning electron microscope. The obtained images (Figure 16)
showed that natural soils were flaky and platy sheets and the
dispersion of the particles had an irregular shape with more open
spacing between them, which is an indication of the presence of
smectite and kaolinite minerals.

The micrographs show a comparison between natural and
treated soils with the stabilizer (nanoclay) material using both
methods of mixing. The nanostructure of the expansive soils
mixed manually with the stabilizer at 0.5% showed that the soil
particles agglomerated like a coherent mass. The stabilizer filled
the pores and coated the soil grains, resulting in a uniform
smooth surface, which increased the density of the treated soils
and provided the desired improvement in soil properties. The
stabilizer produced denser filling, smaller pores, and more
lineament structure in sonicated samples compared with non-
sonicated samples. In addition, from Figure 16, it can be observed
that the nanoclay additive filled the pores within the natural soil.

Statistical analysis

A summary of the statistical analysis of the test results is
shown in Tables 4, 5. The analysis shows the effect of adding the
stabilizer on various soil properties to natural soils at different
percentages (0.1%, 0.3%, 0.5%, 0.8%, 1%, 1.5%, and 2.5% by
weight) using both mixing methods. These tables summarize the
comparison between sonicated samples and non-sonicated
samples for Soil A and Soil B, respectively, for UCS,
maximum dry unit weight, OMC, PI, FSI, and SP, which were
evaluated based on the increase and decrease in absolute percent
between the natural values and modified soil with different
percentages of nanoclay (addition by weight).

For example, it is obvious that when more nanoclay was
added to soil samples, higher improvement occurred in UCS and
maximum dry unit weight. The results showed that the
improvement in soil properties improved when using the
sonicator apparatus for the mixing process. For Soil A, at
0.5% of nanoclay, the UCS through manual mixing resulted in
a value of 161.4 kPa. While using sonication, the value reached
184 kPa with an increase of 27.8%. However, using nanoclay of
1% for non-sonicated samples resulted in UCS of 185.1 kPa with
an improvement of 28.54%.

For Soil B, at 0.5% of nanoclay, the UCS through manual
mixing resulted in a value of 190.7 kPa. While using the
sonication process, the improvement reached 273 kPa with
57.4% increase. However, using nanoclay of 1% for non-
sonicated samples produced a compressive strength of
207.1 kPa with 19.23% increase.
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Conclusion

Stabilizing expansive soil with the nanoclay additive shows
significant effects on the properties. Based on the results of the
study, the following conclusions can be drawn:

1. A controlled additive amount of nanoclay to expansive soil
absorbs water effectively and expands in the pores within the
soil matrix, leading to a reduction in the swelling behavior.

2. Adding nanoclay to expansive soil (<2.5% by weight)
increased the maximum dry unit weight of the soil and
UCS. However, it decreased the corresponding optimum
moisture content, FSI, and swell pressure.

3. Exceeding nanoclay content to certain limits resulted in an
undesirable effect on the mechanical properties of expansive
soil due to the agglomeration of the nanoparticles, resulting in
a reduction of surface free energy by increasing their size and
decreasing their surface area, which led to a decrease in the
maximum dry unit weight and UCS.

4. The additive (nanoclay) optimum content to both expansive
soils was 0.5% for sonicated samples and 1% for non-
sonicated samples.
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