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Abstract
The usage of locally available soil for construction purposes is a wise choice for enhancing its engineering properties. 
Depending on the size of the particles, the silty and clayey soils possess voids at the nano level. Generally, clay soil is affected 
by increased settlement, decreased stability and altered soil structure due to the increased plasticity index. Hence, it is neces-
sary to enhance the soil properties using various additives. In recent days, nanomaterials have been increasingly utilized for 
improving soil stability and strength in various geotechnical engineering applications. This paper deals with the effect of 
nano-clay on the various geotechnical properties of three different silty and three different clayey soil samples. The influence 
of the wet–dry cycles on the unconfined compressive strength (UCS), coefficient of permeability (k) and settlement were 
discussed. Furthermore, the UCS and California bearing ratio (CBR) of the nano-clay-treated soil were predicted by using 
multiple regression analysis based on the index properties. Test results revealed that the optimum dosage of nano-clay was 
found to be 0.4%, 0.35%, 0.35%, 0.25%, 0.25% and 0.2% for three different silty soil samples and three different clayey soil 
samples, respectively. The UCS and CBR values were enhanced significantly irrespective of the nano-clay content and the 
soil type, due to the formation of CSH gels that effectively bonds the soil particles and facilitates the improvement of UCS 
and CBR and thus reduces the ‘k’ and settlement of soil samples. The predicted UCS and CBR values by regression analysis 
are in line with the experimental results in both treated and untreated conditions. As a result, this amorphous nano-clay is 
recommended for stabilizing weak soils irrespective of the type of soil.

Keywords  Nano-clay · Soil stabilization · Unconfined compressive strength · California bearing ratio · Multiple regression 
analysis

Introduction

Lately, building construction has increased worldwide, 
especially in urban areas. Due to this, land scarcity is grow-
ing, and engineers are expected to construct buildings in 
undesirable soils. So, soil improvement is necessary to aid 
the construction of structures in such soil conditions. The 
particle size of silty soil and clay soil samples ranges from 
2 to 75 μm and 1 nm to 2 μm [1]. Due to the presence of 
nano-level void spaces, the shear strength, compaction and 
consolidation characteristics of these soils are affected [2]. 
The prime geotechnical issues associated with these soils 
are low water-holding capacity, presence of soft minerals 
and elevated bulk density [3]. Various traditional materi-
als (i.e., cement, lime and fly ash) were utilized to address 
these issues over the past decades in the construction indus-
try as these materials were used to fill the voids. However, 
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a micro-level void filling has negligible influence on the 
above-mentioned characteristics [4]. As a result, stabilizing 
these soils using novel technologies and nanomaterials was 
initiated in recent days, to fill these nano-level voids [5]. 
This procedure enhances the geotechnical properties by fill-
ing and reinforcing minerals with nanoparticles. Also, utiliz-
ing these nanomaterials proved to be cheaper, as it enhances 
the various geotechnical properties of the problematic soil 
at very low content [6].

The practice of using nanoadditives such as nanocarbon, 
nano-clay, graphene oxide and other nanoparticles owing 
to the advent of nanotechnology for soil enhancement is 
increased by researchers [4, 6–11]. In various studies, 
nanomaterials like Terrasil, nano-silica, and nano-clay were 
utilized to enhance the geotechnical properties of locally 
available weak soil. It shows the attention of civil, geotechni-
cal and geoenvironmental engineers toward the application 
of nanotechnology and nanomaterials in soil stabilization 
[12]. From their perspective, nano-clay, a natural sustain-
able material, is preferred for soil stabilization to overcome 
environmental concerns.

Literature shows that the admixing of nano-clay with 
clayey soil provides better index properties and shear 
strength parameters when compared to the untreated soil at 
a very low content (i.e., 0.5%) of nano-clay [13]. It enhances 
the shear strength of the soil and thus reduces the plasticity 
index of the clayey soil sample.

A few authors studied the effect of nano-clay on enhanc-
ing the geotechnical properties like permeability, swelling 
and UCS characteristics of the raw clay of a compacted 
clay liner was investigated. The authors reported that the 
4% addition of nano-clay reduced the order of permeabil-
ity of the clay soil from 10–9 to 10–11 cm/s and increased 
the compressive strength by 36.28% due to the formation 
of nano-clay clusters in the void spaces which decreases the 
interlayer spacing [14].

Few researchers investigated the efficacy of nano-clay 
mixed with two different silty soils of low plasticity and high 
plasticity in nature. They stated that the addition of nano-
clay to the silty soil increased the liquid limit (LL) and plas-
tic limit (PL) of the silty soil and a noticeable change in the 
shear parameters of the silty soil was observed [2]. Similar 
results were noticed by the researchers, when the nano-clay 
was treated with a field clay soil collected from Rasht City, 
Iran [15]. They found that the optimum content of nano-clay 
for treating this field clay soil was 1.5% and they observed 
that the final compressive strength was decreased when the 
nano-clay content was raised from 1.5 to 2.5%.

Researchers conducted the UCS and California bearing 
ratio (CBR) test on soil admixed with nano-clay by varying 
the weight percentage (0.5%, 1%, 1.5% and 2%) of nano-
clay and the results showed that the liquid and plastic limit 
of soil was increased by increasing the nano-clay content 

[16]. Also, the addition of 1.5% of nano-clay increased the 
soil resistance. Similarly, the nano-clay was used along with 
the cement for stabilizing the sand. It was reported that the 
2% of nano-clay along with the 7% of cement to the dry 
weight of the soil increased 47% elastic modulus of the soil 
in tension after 28 days of curing [1]. In a study, researchers 
performed an investigation to study the effect of nano-clay 
in varying percentages (i.e., 0.5–3% to the dry weight of the 
soil) on the collapsibility and dispersivity behavior of the 
loess soil. The addition of nano-clay decreased the cohesion 
and increased the angle of internal friction, thus increasing 
the shear strength of the loess soil along with the other geo-
technical properties [12].

Even though some previous studies are available for 
enhancing the various geotechnical properties of the silty 
and clayey soil samples using nano-clay, the effect of nano-
clay with these soils under wet–dry conditions is very lim-
ited. Kanigiri City is a rapidly developing city in India and 
is well connected to the national highways. In this study, 
three different silty soils and three different clay soils were 
selected from this city, as the silty and clay soils tend to have 
poor load-bearing capacities, which can result in settlement 
issues and structural instability for buildings. The optimum 
dosage of nano-clay for the stabilization of these different 
soil samples was found and the effect of wet–dry cycles 
on the UCS and permeability was discussed. A prediction 
model for the nano-clay-treated soils was also developed 
using multiple regression analysis, to estimate the UCS and 
the CBR based on the laboratory and field measurements.

Materials and Characterization

Soil Samples

The soil samples used in this study were collected from vari-
ous locations in Kanigiri City, India. The three different silty 
soil samples, namely, S1, S2 and S3 and three clayey soil 
samples, namely, S4, S5 and S6 were collected at a depth of 
1 m from the ground level. The latitude and longitude of the 
soil samples of S1, S2, S3, S4, S5 and S6 are 15° 24′ 22.9′′ N 
79°  31′  05.3′′  E, 15°  24′  42.1′′  N 79°  29′  40.7′′  E, 
15°  24′  05.3′′  N 79°  29′  41.5′′  E, 15°  24′  34.3′′  N 
79°  30′  58.4′′  E, 15°  24′  20.5′′  N 79°  29′  53.8′′  E and 
15° 24′ 03.1′′ N 79° 30′ 58.3′′ E, respectively. It is also 
shown in Fig. 1. These soils are not suitable for construction 
as the layers are so soft. The various geotechnical proper-
ties of the collected samples are given in Table 1. All the 
collected six soil samples were oven-dried at 110 °C and 
pulverized for performing the various soil tests.

The percentage of silt, clay and organic contents pre-
sent in the collected soil samples and their soil classifi-
cation are listed in Table 1 as per IS standard. The soil 
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samples S1, S2 and S3 are classified as Inorganic silts of 
high (MH), medium (MI) and low plasticity (ML), respec-
tively. Similarly, samples S4, S5 and S6 are classified as 
inorganic clay of high (CH), medium (CI) and low plastic-
ity (CL).

Based on the UCS values of the collected soil samples, 
the consistency of soil samples S1, S2, S5, and S6 soils 
are medium stiff. S3 soil is stiff, but S4 soil is soft due to 
its 8% organic content and the lowest UCS value. Based 
on the CBR values of the collected soil samples the soil 
quality for performance as subgrade seems to be very poor 
irrespective of the soil samples. The collected soil sam-
ples were typically having low permeability values and 
the final settlement of the soil samples is also listed in 
Table 1. The settlement, compressibility and low com-
pressive strength of these collected soil samples show that 
these soil samples seem to be weak and are necessary for 
soil stabilization.

Nano‑Clay

The nano-clay used in this study was purchased from the 
local market of Bangalore (see Fig. 2a). It is creamish in 
color and amorphous in nature (see Fig. 2b). The particle 
size of this nano-clay is less than 100 nm [17]. It has a unit 
weight of 2.49 kN/m3 and a molecular weight of 550 g/mol. 
The oxide chemical composition of the nano-clay is shown 
in Table 2.

Methods

Sample Preparation

All the collected soil samples were mixed with the nano-
clay in dry form of powder in varying percentages of 
0.05%, 0.1%, 0.15%, 0.2%, 0.25%, 0.3%, 0.35%, 0.4%, 

Fig. 1   Geological locations of the collected six soil samples

Table 1   The geotechnical 
properties of the collected silty 
and clayey soils

OMC optimum moisture content, MDD maximum dry density

Properties S1 S2 S3 S4 S5 S6

Silt (%) 78 59 66 22 36 44
Clay (%) 20 40 33 70 62 53
Organic content (%) 2 1 1 8 2 3
OMC (%) 26 22 19 19 18 16.2
Liquid limit (%) 60 45 34 63 46 30
Plasticity index (PI) 28 17 8 34 22 17
MDD (kN/m3) 14.5 15.8 15 16.4 17 17.6
UCS (kN/m2) 86 99 124 46 61 84
CBR (%) 3.4 3.1 5.5 1.47 2.1 2.5
k (cm/s) 4.9 × 10–4 6 × 10–5 1 × 10–6 3.6 × 10–7 2 × 10–7 1.9 × 10–6

Final settlement (mm) 3.1 3.5 4 4.3 4.8 5
IS soil classification MH MI ML CH CI CL
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0.45% and 0.5% by dry weight of the soil. After thorough 
mixing in dry conditions, the samples were added to the 
distilled water and mixed again to attain a homogeneous 
mixture. These nano-clay mixed soil samples were used 
for further investigation such as compaction test, perme-
ability test, unconfined compression strength test, wet–dry 
test and consolidation test. The range of minimum and 
maximum dosage of nano-clay for each soil sample was 
found using the trial and error method in the laboratory 

based on its workability. The sample images of the soil 
sample preparation for the UCS test are shown in Fig. 3

Experimental Investigation

The preparation of soil samples was done according to the 
IS 2720 (Part I)—1983 [18]. The soil classification of soil 
samples was found using IS 1498 (1970) [19]. The liquid 
limit and Plastic limit were determined as per IS: 2720 

Fig. 2   Additive image: a nano-clay and b SEM image of nano-clay

Table 2   Chemical composition 
of nano-clay

Oxides SiO2 Al2O3 Na2O CaO H2O Others

Percentages 44 17.9 2 1.2 34.9 0.08



International Journal of Geosynthetics and Ground Engineering (2024) 10:8	 Page 5 of 12  8

(Part V)—1985 [20]. The light compaction test, Unconfined 
compression strength test and California Bearing Ratio test 
were performed based on the IS: 2720 (Part VII)—1980, 
IS: 2720 (Part II)—1973 and IS: 2720 (Part XVI)—1987 
[21–23]. IS 2720 (Part XVII)—1986 was employed for the 
determination of the coefficient of permeability for untreated 
and nano-clay-treated soil samples [24]. The wetting and 
drying test of the soil with and without nanomaterial was 
investigated based on the outlines given in IS: 4332 (Part 
IV)—1968 [25]

Development of Regression Models 
for the Prediction of UCS and CBR Values 
for Nano‑Clay‑Treated Soils

To estimate the UCS and unsoaked CBR values in terms of 
index and compaction properties, regression models, both 
simple linear and multiple linear, were created in this work. 
This experiment looks at data on soil parameters like fines 
(silt, clay), LL, PL, MDD, OMC and free swell (FS). These 
parameters are used to make models that estimate UCS and 
unsoaked CBR values. Using a wide range of fine-grained 
soils, models are made to predict the values of subgrade soil 
and the foundation of any building. The UCS and CBR pre-
diction processes are done by simple linear regression analy-
sis (SLRA) and multiple linear regression analysis (MLRA).

Fines (silt, clay), LL, PL, MDD, OMC and FS depend on 
untreated soils, whereas UCS and unsoaked CBR values are 
independent variables. For treated soils, MDD, OMC and 
percentage of nano-clay are all dependent factors, whereas 
UCS and unsoaked CBR values are independent variables. 
This model’s coefficients of correlation (R) and determina-
tion (R2) are the greatest, and its standard error is the lowest. 
There is a difference between correlation and linear regres-
sion. Using correlation, we may determine how closely 
connected two variables are linked. There is no association 
if R is zero (0.0). An excellent relationship exists when R 
equals 1. R2 in the upper case indicates the quality of fit in 
linear regression. The R2 value means how effectively the 
model can predict future events. Correlations with an R2 
value greater than or equal to 0.80 are considered the best 
matches. Models 5, 1, 7, 2, 4 and 3 may be identified by the 

decreasing order of their R and R2 values. So, both simple 
and multiple linear models are used to estimate the UCS and 
un-soaked CBR values in terms of index and compaction 
properties.

Results and Discussions

Determination of Optimum Dosage of Nano‑Clay 
for the Stabilization of Collected Soil Samples

The optimal amount of nano-clay in soil depends on com-
paction parameters (MDD and OMC), UCS and CBR values. 
The above-mentioned geotechnical tests were performed for 
the prepared untreated and nano-clay-treated soil samples in 
the laboratory and their results are shown in Table 3. The 
nano-clay-treated soil mixture which has the highest UCS 
and CBR value was chosen as the optimum dosage of each 
soil sample. From the test results it is seen that the optimum 
dosage of nano-clay for the silty soil samples (S1, S2 and 
S3), are 0.4%, 0.35% and 0.35%, respectively. For the clayey 
soil samples (S4, S5 and S6), it is noted as 0.25%, 0.25% and 
0.2%, respectively. For the clayey soil sample, the percent-
age of nano-clay required for the soil stabilization is less 
when compared to the silty soil samples due to the presence 
of less void ratio in clay soil samples.

Determination of Maximum Dry Density 
and Optimum Moisture Content

The standard proctor compaction test was performed for 
all six soil samples with the addition of nano-clay in vari-
ous percentages ranging from 0.05 to 0.5%. It is observed 
from Table 3 that the maximum dry density is increased by 
increasing the percentage of nano-clay up to the optimum 
content irrespective of all untreated silt and clayey soil 
samples. Almost 26.83%, 21.05% and 27.19% of dry unit 
weight was increased by adding 0.4%, 0.35% and 0.35% of 
nano-clay to the silty samples (i.e., S1, S2 and S3) from its 
initial value. Similarly, for clayey samples (i.e., S4, S5 and 
S6), it is increased to 12.77%, 12.37% and 10.20% after 
adding 0.25%, 0.25% and 0.2% of nano-clay to the clay 

Fig. 3   Nano-clay-treated soil samples for UCS test at varying concentrations
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soil samples. It is seen that the percentage of increase in 
MDD is lower for clay samples when compared to the silty 
samples at their optimum dosages. Clay soil, due to its 
compact and dense nature, might exhibit a comparatively 
limited response to the introduction of nano-clay, result-
ing in a less pronounced increase in maximum dry density 
when compared to the more porous and loose structure 
of silty soil samples. It is also seen that there is a sudden 
drop in the O.M.C from 26%, 22%, 19%, 19%, 18% and 
16.2% to 9%, 8%, 7%, 16%, 15% and 15% for the nano-
clay-treated soil samples by adding a minimum percent-
age of 0.35%, 0.25%, 0.25%, 0.15%, 0.15% and 0.05% to 
the weight ratio of soil, respectively. The optimum mois-
ture content of the silty soil samples S1, S2 and S3 was 
decreased by 65.38%, 63.64% and 63.16%. Similarly, it 
is 15.79%, 16.67% and 16.67% decreased for clayey soil 
samples S4, S5 and S6 at the above-mentioned lower nano-
clay contents, respectively. Further addition of nano-clay 
seems to increase the O.M.C. value moderately. Authors 
observed a similar trend of M.D.D and O.M.C by adding 

the nano-clay to the silty as well as clayey soils in the 
previous studies [2, 12].

Unconfined Compression Strength Test and CBR Test

The nano-clay-treated soil specimens were prepared for 
the UCS test and CBR test at their respective MDD and 
O.M.C and the test results are shown in Table 3. From UCS 
test results, it is seen that the maximum UCS for S1 was 
achieved to be 329 kN/m2 (untreated 86 kN/m2) by the addi-
tion of 0.4% of nano-clay, similarly S2 achieved 381 kN/m2 
(untreated 99 kN/m2) at 0.35% of nano-clay, S3 achieved 
451 kN/m2 (untreated 124 kN/m2) at 0.35% of nano-clay, 
S4 attained 186 kN/m2 (untreated 46 kN/m2) at 0.25% of 
nano-clay, S5 attained 237.6 kN/m2 (untreated 61 kN/m2) at 
0.25% of nano-clay, and for S6 it was 318 kN/m2 (untreated 
84 kN/m2) at 0.2% of nano-clay.

From the test results it is seen that the addition of nano-
clay to the collected soil samples at their optimum content 
increased the UCS strength by almost 73.86%, 74.02% and 
72.51% for silty soils (i.e., S1, S2 and S3) and 75.27%, 

Table 3   Optimum dosages of 
nano-clay from compaction, 
UCS and CBR test results

Type of soil Nano-clay (%) OMC (%) MDD (kN/m3) UCS (kN/m2) CBR (%)

S1 0.35 9.00 18.10 295.00 10.80
0.40 11.00 19.80 329.00 12.20
0.45 13.00 19.40 310.00 11.50
0.50 14.00 19.00 300.00 11.00

S2 0.25 8.00 17.10 346.00 11.00
0.30 10.00 17.70 365.00 12.00
0.35 12.00 20.00 381.00 13.40
0.40 13.00 19.10 360.00 12.00

S3 0.25 7.00 17.80 378.70 11.90
0.30 8.00 20.30 391.30 13.00
0.35 10.00 20.60 451.00 15.10
0.40 12.00 19.40 420.00 12.00
0.45 14.00 18.60 400.00 10.00

S4 0.15 16.00 17.40 172.25 6.76
0.20 15.00 18.20 180.70 6.99
0.25 14.00 18.80 186.00 7.40
0.30 13.00 18.20 181.00 7.00

S5 0.05 18.00 17.80 160.00 6.90
0.15 15.00 18.00 195.00 7.40
0.20 14.00 18.80 225.00 8.00
0.25 13.00 19.40 237.60 9.00
0.30 12.00 18.60 220.00 8.50

S6 0.05 15.00 17.90 235.00 8.60
0.10 14.00 18.40 271.00 9.30
0.15 13.00 18.90 289.00 10.00
0.20 12.00 19.60 318.00 11.30
0.25 10.00 19.30 299.00 10.50
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74.33% and 73.58% for clayey samples (S4, S5 and S6) 
when compared to its initial UCS values of untreated soil 
samples, respectively (refer Fig. 4a). Nano-clay has nano-
sized particles with 44% of SiO2, forming strong bonds 
and making a CSH gel because of the gel’s tight link 
between soil particles and the decreased number of nano-
voids. Nano-clay improves pozzolanic activity as well as 
soil particle binding strength. It provides the maximum 
strength to the soils after stabilizing with the nano-clay.

Researchers witnessed that the addition of 3% of nano-
clay to the sandy clay of intermediate plasticity increased 
the unconfined compressive strength by 15% to its ini-
tial value [26]. It is attributed to the presence of a large 
surface area in the nano-clay and it was readily reacted 
with the soil sample and increased the strength of the soil. 

Similarly, a few authors in their research found that there 
is a significant increase in the cohesion of the nano-clay-
treated soil samples and a slight decrease in the friction 
angle of the soil sample [12]. Thus, the previous study 
results are in line with the present study.

It is seen from Fig. 4c, when treating the collected soil 
samples with nano-clay at their optimum content, the CBR 
value for silty soil samples S1, S2 and S3 was increased 
from 3.4 to 12.2% (i.e., 3.59 times), 3.1 to 13.4% (i.e., 
4.32 times) and 5.5 to 15.1% (2.75 times), respectively. 
Similarly, for clay samples S4, S5 and S6, it was increased 
to 7.4% from 1.47% (i.e., 5.03 times), 9% from 2.1% 
(i.e., 4.29 times) and 11.3% from 2.5% (i.e., 4.52 times), 
respectively. This improvement in CBR value is due to 
the formation of more resistant bonding between the soil 

Fig. 4   Untreated soil test results vs optimum percentage of nano-clay-treated soil test results. a UCS, b Consolidation, c CBR value
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grains and the nano-clay. In previous studies, it is reported 
that the addition of 2% of nano-clay to the sand tends to 
increase the CBR value by 33.17% when compared to the 
CBR value of untreated soil [13]. These results coincide 
with the present study.

Permeability and Consolidation Test

The falling head permeability test was used to determine the 
permeability of both untreated and nano-clay-treated soil 
samples. It was observed that there was no water movement 
in the stand pipe of the permeability apparatus while con-
ducting the falling head permeability test. It is attributed to 
the formation of nano-clay gels in the void spaces which 
arrest the movement of water and thus decrease the perme-
ability of soil. In the previous study, the effect of nano-clay 
on the hydraulic properties of kaolinite was investigated and 
it was seen that the coefficient of permeability was decreased 
from the order 10–5 to 10–10 cm/s which is the almost imper-
meable state that coincides with the present study results 
[27].

A consolidation test was performed on soil samples 
before and after treatment with the nano-clay. Test results 
show that similar to the other tests the final settlement value 
of all the six soil samples was decreased when compared to 
the untreated soil samples at their optimum dosage. From 
Fig. 4b, the final settlement was controlled for both silty and 
clay soil samples. For instance, its value was decreased to 
1.36 mm, 1.2 mm and 1 mm from its initial value of 3.1 mm, 
3.5 mm and 4 mm for S1, S2 and S3. Similarly, for S4, S5 
and S6 it was decreased from 4.3 mm, 4.8 mm and 5 mm 
to 1.76 mm, 1.56 mm and 1.4 mm, respectively, when the 

soil samples were treated with nano-clay at their optimum 
dosages. In addition, few researchers in the previous study 
reported that nano-clay stabilization decreases the soil 
erosion, collapsibility and dispersion behavior of the soil 
deposit [12].

Effect of Wet–Dry Cycles on the UCS and Coefficient 
of Permeability of Untreated and Nano‑Clay‑Treated 
Soil

It is important to study the effect of wet–dry cycles on the 
strength characteristics of the soil. The untreated soil sam-
ples and nano-clay-treated soil samples at their optimum 
content were prepared and exposed to continuous wet–dry 
cycles to study the effect of nano-clay against wetting and 
drying conditions. The UCS test and permeability test were 
performed for the first wet–dry cycle and eighth wet–dry 
cycles and the results are reported in Table 4. The mois-
ture flow was regulated during wet–dry cycles. The wetting 
process may lead to the loss of soil structure on the sur-
face and in the interior section of the soil structure. On the 
other hand, the drying process causes a decrease in moisture 
content, leading to cracks and rapid failure. To measure the 
permeability and UCS of the produced samples, they were 
subjected to W–D cycles and then tested. The test results are 
shown in Table 4.

It is observed that the untreated soil samples were more 
permeable after W-D cycles, and the cracks in the soil 
expanded as water levels fluctuated. Drying the soil sam-
ples with continuous cracks also became more challenging 
since the water flow channel became longer. Soil samples 
were subjected to W–D cycles with an unconfined load in a 
UCS test. When wet–dry cycles were increased, UCS values 

Table 4   Effect of wet–dry 
cycles on the coefficient of 
permeability value and UCS 
value of the untreated and nano-
clay-treated soil

‘Nil’ indicates the impermeable condition of soil samples

Type of soil Wet–dry 
cycles

Coefficient of permeability (cm/s) UCS (kN/m2)

Untreated soil Nano-clay-treated soil 
at optimum dosage

Untreated soil Nano-clay-treated 
soil at optimum 
dosage

S1 1 4 × 10–3 Nil 75 319
8 7.5 × 10–2 5 × 10–9 0 201

S2 1 1 × 10–4 Nil 81 364
8 8 × 10–2 4.8 × 10–8 0 185

S3 1 1.1 × 10–4 Nil 110 429
8 1.8 × 10–2 8 × 10–7 0 237

S4 1 2.1 × 10–5 Nil 45 169
8 3.5 × 10–3 3 × 10–8 0 88

S5 1 1.7 × 10–4 Nil 54 217
8 1.9 × 10–2 9 × 10–7 0 105

S6 1 9.2 × 10–3 Nil 74 295
8 2.21 × 10–2 1.2 × 10–7 0 130
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decreased to zero, as seen in Table 4. Soil samples were 
soaked in water to make them wet, which increased their 
volume. Also, deep cracks were observed during the drying 
cycle of the test. Exposure of foundation soil to wet–dry 
cycles could cause severe damage to buildings, and the 
excessive settlement of buildings beyond the permissible 
limits. Hence the effect of nano-clay was investigated in 
wet–dry conditions of the collected soil samples and shown 
in Table 4.

After the nano-clay treatment, the soil voids were 
clogged and seemed to have less or no voids when com-
pared to untreated soil samples. During wetting phenomena, 
the water absorption was minimized and the formation of 
cracks was reduced when drying the nano-clay-treated soil 
sample. The final settlement was more tightly controlled 
under wet–dry cycles with more nano-clay. It is seen that the 
wet–dry cycles affect the permeability and the UCS values 
of the nano-clay-treated soil samples but still, the values are 
higher than the untreated soil. It is due to the formation of 
silica gel (CSH) which protects the soil from wet–dry cycles. 
The nano-clay was unaffected by the several wet–dry cycles. 
As a result, nano-clay has the potential to reduce surface 
erosion and moisture loss.

Prediction Models

Prediction Models for Untreated Soils

The R value of 1 and the R2 value of 1 mean that the 
MLRRA may be better than the SLRA for getting the most 
important results. To put it another way, UCS and unsoaked 

CBR values may be estimated using the model. The tradi-
tional F-test method determines if the suggested model for 
estimating UCS and CBR values that have yet to be treated is 
good enough. In addition, an analysis of variance (ANOVA) 
was used to examine the significance of regressions. Equa-
tions 1 and 2 are untreated soils whose geotechnical proper-
ties can be used to figure out their UCS and CBR values.

where MDD—maximum dry density (kN/m3), OMC—opti-
mum moisture content (%), Ip-plasticity index (%), PL—
plastic limit (%), LL—liquid limit (%), Or—organic content 
(%), C—clay (%) and S—silt (%).

For CBR and UCS prediction, this test uses an F-distribu-
tion with a d.o.f. of 8. It was decided to use a 95% confidence 
level in this test. If the computed F value is greater than the 
tabulated F value, which means that the null hypothesis is 
wrong, there is a real relationship between the dependent 
and independent variables. Table 5 shows the comparison 
between the expected and actual values of UCS and CBR 
values of untreated soils. As a result, the model may be con-
sidered legitimate.

(1)
UTPredUCS = 0.01MDD + 3.033OMC + 0.01Ip + 3.415PL

− 3.44LL + 4.42Or + .01C + 0.44S + 60.98,

(2)
UTPredCBR = 0.01MDD − 0.399OMC + 0.01Ip + 0.218PL

− 0.08LL + 0.322Or + .01C + 0.1023S + 3.148,

Table 5   Comparison between 
the expected and actual UCS 
and CBR values of untreated 
soils

Description Actual UCS
(kN/m2)

Predicted UCS
(kN/m2)

Actual CBR
(%)

Predicted CBR
(%)

S1 86 86.5 3.4 4.19
S2 99 99.63 3.1 3.95
S3 124 124.47 5.5 6.14
S4 46 47.16 1.47 2.88
S5 61 64.98 2.1 2.85
S6 84 84.80 2.5 3.46

Table 6   Comparison between 
the predicted and actual UCS 
and CBR values of treated soils 
with nano-clay

Description Actual UCS
(kN/m2)

Predicted UCS
(kN/m2)

Actual CBR
(%)

Predicted CBR
(%)

S1 329.00 366. 14 12.20 12.44
S2 381.00 344.38 13.40 12.02
S3 451.00 392.03 15.10 13.56
S4 186.00 262.60 7.40 9.47
S5 237.60 293.60 9.00 10.56
S6 318.00 305.14 11.30 11.00
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Model Validity Tested for Untreated Soils

A few researchers reported that the suggested model for pre-
dicting UCS and CBR values was correct and is almost simi-
lar to the experimental values [28, 29]. Table 6 compares 
the expected and actual values of UCS and CBR values of 
untreated soils. A regression model was built using the equa-
tion to estimate the UCS and CBR values. Observed soaked 
CBR values and anticipated soaked CBR values have a high 
degree of similarity. Therefore, subgrade soil’s soaking CBR 
may be determined quickly and cost-effectively using the 
suggested approach if it is used with sound judgment and 
technical expertise.

The proposed model is based on multiple nonlinear poly-
nomial regression analyses. Fines (silt, clay), LL, PL, MDD, 
OMC and FS are dependent factors, whereas UCS and 
unsoaked CBR values are independent variables. Figure 5 
represents the model validity for UCS and CBR of untreated 
soils. It is observed from Fig. 5 that the coefficient of deter-
mination (i.e., R2 value) is obtained to be 0.9973 and 0.9844 
for UCS and CBR of untreated soils. The predicted UCS and 
CBR values are almost equal to the experimental results.

Prediction Models for Treated Soils with Nano‑Clay

R value of 0.8 and R2 value of 0.64 for UCS and R value of 
0.86 and R2 value of 0.74 for CBR value of nano-clay-treated 
soil samples imply that the greatest results may be attained 
by using the multiple linear regression analysis (MLRA) 
rather than the simple linear regression analysis (SLRA). 
Analysis of variance (ANOVA) was used to examine the 
significance of regressions. Equations 3 and 4 are treated 
soils predicted UCS and CBR values with nano-clay based 
on the geotechnical properties.

where P is the percentage of nano-clay (%).
For CBR and UCS prediction, this test uses an F-distri-

bution with d.o.f. is 3. It was decided to use a 95% confi-
dence level in this test. There is a true relationship between 
dependent and independent variables if the computed F 
value exceeds the tabulated F value and hence rejects the 
null hypothesis. As a result, the model may be considered 
legitimate.

Model Validity Tested for Treated Soils with Nano‑Clay

A few researchers’ data on soil parameters confirmed the 
validity of the suggested model for predicting UCS and CBR 
[28, 29]. Table 6 compares the actual UCS and CBR val-
ues of treated soils with nano-clay. The proposed model is 
based on multiple nonlinear polynomial regression analyses. 
MDD, OMC and percentage of nano-clay are dependent fac-
tors, whereas UCS and unsoaked CBR values are independ-
ent variables. There is an R value of 0.8 and an R2 value of 
0.64 for UCS, an R value of 0.86 and an R2 value of 0.74 for 
the CBR coefficient of determination. The proposed model is 
based on multiple nonlinear polynomial regression analyses. 
UCS and unsoaked CBR values are regarded as dependent 
factors, whereas MDD, OMC, and P are independent vari-
ables. The predicted UCS and CBR values are almost equal 
to the experimental results. Figure 6 represents the model 
validity for UCS and CBR of treated soils with nano-clay.

From Fig. 6, it is observed that the coefficient of determi-
nation (i.e., R2 value) is obtained to be 0.8473 and 0.9283 
for UCS and CBR of nano-clay-treated soils. The predicted 

(3)
PredUCS = 23.92MDD − 16.65OMC + 197.8P − 3.45,

(4)PredCBR = 1.03MDD − 0.47OMC + 3.52P − 4.19,

Fig. 5   Model validity for untreated soil. a UCS and b CBR
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UCS and CBR values are almost equal to the experimental 
results.

Conclusions

The study investigated the effect of nano-clay on various 
silt and clay samples and came to the following conclusion 
based on geotechnical factors and nano-clay stabilization.

Based on the compaction, UCS, and CBR tests, the 
optimal content of nano-clay for the collected soil sam-
ples S1, S2, S3, S4, S5 and S6 were found as 0.4%, 
0.35%, 0.35%, 0.25%, 0.25%, and 0.2%, respectively.
The addition of nano-clay to the collected soil samples 
at their optimum content increased the UCS strength 
by almost 73.86%, 74.02% and 72.51% for silty soils 
(i.e., S1, S2 and S3) and 75.27%, 74.33% and 73.58% 
for clayey soils (i.e., S4, S5 and S6) when compared to 
its initial UCS values, respectively.
When treating the collected soil samples with nano-
clay at their optimum content, the CBR value for silty 
soil samples (i.e., S1, S2 and S3 was increased 3.59 
times, 4.32 times and 2.75 times, when compared to the 
untreated soil samples, respectively. Similarly, for clay 
samples (i.e., S4, S5 and S6), it was 5.03 times, 4.29 
times and 4.52 times increased when compared to the 
untreated soil samples, respectively.
The coefficient of permeability value of all the col-
lected soil samples was reduced and became imperme-
able when it is treated with nano-clay at their optimum 
dosages irrespective of the soil type. Similarly, the set-
tlement of the soil samples also decreased moderately.

The UCS and Coefficient of permeability of all soil 
samples were diminished when exposed to wet–dry 
conditions and the cycle is increased from 1 to 8, but it 
is still high when compared to the untreated soil values.
It is also observed that the absorption of water and the 
formation of cracks were reduced during the wetting 
and drying cycles of nano-clay-treated soil samples. In 
addition, the final consolidation settlement was more 
firmly controlled in wet–dry cycles with more nano-
clay. Based on these findings, we may say that the silica 
gel (CSH) produced with soil is resistant to wet–dry 
cycles. Further, the increased silica concentration in 
treated soils improved all geotechnical properties.
The predicted UCS and CBR values are almost equal to 
the experimental results even if untreated or treated with 
nano-clay in regression analysis.
The above results justify that the addition of nano-clay at 
a very small percentage improves the geotechnical proper-
ties of the soil without harming the environment and can 
be used as a sustainable soil stabilizer. Further tests are 
required to know the practical difficulties in stabilizing the 
soil in the field when treating the soil in mass quantity using 
the nano-clay.
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