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Abstract
The current study presents the laboratory investigation on the use of nano-silica (0.2, 0.4, 0.8 and 1.0%) and polypropylene 
fiber (0.25, 0.50, 0.75 and 1.0%) in problematic clayey soil to enhance the shear strength and compaction characteristics. 
From the Transmission electron microscopy (TEM) analysis, it is observed that the diameter of nano-particles used in this 
study was in the range of 10–20 nm. The nano-particles have a spherical shape and amorphous in nature. Extensive laboratory 
tests such as the standard Proctor compaction test and unconfined compressive strength test have been conducted on untreated 
and polypropylene fiber along with nano-silica treated clayey soil. The outcomes showed that the addition of polypropylene 
fiber in poor soil, increase the maximum dry density and reduce the optimum moisture content of the soil. Whereas, the 
addition of nano-silica to the clay soil results in reduced maximum dry density and increased optimum moisture content. 
Unconfined compressive strength of clay soil is increased with the addition of polypropylene fiber and nano-silica to the clay 
soil. The optimum dosage of polypropylene fiber and nano-silica added to the poor soil was 0.75% and 0.8%, respectively. 
The Young’s modulus of clay soil was increased with the addition of polypropylene fiber and nano-silica. The microscopic 
analysis confirmed that C–S–H gel was the main cementitious product, and the inclusion of nano-silica can contribute to a 
denser packing of soil particles.
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Introduction

Due to increasing urbanization, land for construction is get-
ting limited, and now, it is vital to utilize even the undesir-
able land [15]. In addition, the construction of pavement 
generally pacts with issues linked to the deficient resource 
of large-quality materials for pavement structure (subgrade, 

sub-base and base) at construction field that creates a hike in 
transportation cost [23]. For centuries, humankind shocking 
at the weakness of earth materials, especially clay soil with 
poor soil properties. Clay soils are hard in summer or dry 
seasons, and they are weak in winter or rainy seasons. Clay 
soils always make the problem for moderately loaded super-
structures by changing volumetrically along with seasonal 
moisture variations. Ground alteration due to the combined 
swelling and shrinkage of clay soil create severe damage to 
the structures constructed on such soils which include pave-
ments, basement, foundations, etc., Even when attempts are 
developed to enhance clay soil, the inadequacy of convenient 
technology sometimes results in volumetric change that is 
liable for huge dollars devastation each year. A wide area of 
Central and South India has been masked with swelling soils 
[24, 30]. To enhance the engineering behavior of clay soils, 
the most viable solution is the soil stabilization technique [7, 
8, 26]. Soil stabilization methods are generally done by add-
ing chemicals, recycled materials, natural binding materials 
and solid wastes to soils [3], 14, 24, 25.
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Changizi and Haddad [7] summarized that the inclusion 
of recycled fiber enhances the shear strength of soils. Shear 
strength and stiffness, ductility and the crack minimiza-
tion capacity of the clay soil improve significantly with the 
addition of fiber reinforcement [16]. When fiber is added 
to the problematic soil, swelling, settlement, and volume 
change behavior of clay soil are also found to reduce [22, 
27]. Fiber-reinforced soil tends to improve the compressive 
and tensile strength of the soil [2, 6]. The flexural property 
of soil improves with increment in polypropylene fiber addi-
tion [18]. Tang [29] explained that the reinforcing effect of 
fibers could offer more contribution in cemented soil rather 
than regular soil.

Foad Buazar [5] observed  that the conventional soil 
stabilization methods such as lime, flyash and cement 
stabilization have several permanent disadvantages like a 
huge cost for maintenance, poor soil structure, secondary 
chemical pollution and unfavorable environmental impacts 
related to construction. Therefore, nano-particles due to 
their unique properties were proposed as an effective alter-
native stabilizer to overcome the detriments of conventional 
soil stabilization methods. From the past research studies, 
it can be concluded that nano-particles lead to observable 
changes to physical, chemical and mechanical properties of 
stabilized soil. For example, Ferric Oxide nano-particle is 
engaged as filling material to pack the soil void spaces and 
strengthen soil and concrete. And also, Ferric Oxide nano-
particle along with fly ash cementing material enhances 
the mechanical properties of concrete. In addition to that, 
inorganic nanomaterials such as Aluminium oxide, Copper 
oxide and clay nano-powder efficiently enhanced the engi-
neering properties of the problematic soils. Foad Buazar [5] 
demonstrated that increasing  SiO2 nano-particles improves 
unconfined compressive strength and generates denser pack-
ing of cured loess soil. Silica nano-agents were encourag-
ing prospective material for problematic soil stabilization 
due to cost-effectiveness, high durability characteristics 
and reliable stabilization. With the inclusion of nano-silica, 
the maximum dry density and shear strength of soil was 
improved [8]. The shear strength of clay soils is compara-
tively less due to their shrinkage and swelling behavior. In 
addition, with the usage of nanomaterials, the swelling and 
shrinkage strain is reduced. Thus, a conclusive influence on 
the swelling and shrinkage behavior of the clay soil is sup-
ported by a handful of studies with the inclusion of nano-
material [28]. Pham and Nguyen [21] conducted a series of 
laboratory tests on clay soils by mixing nano-materials and 
concluded that the inclusion of nano-materials reduces the 
swelling index of soil.

Table 1 lists the previous studies involving nano-materials 
for soil stabilization. It is clear that the studies are mainly 
focused on the stabilization of low compressible clayey (CL) 
soil using nano-materials. In this current research, the 

admixtures like polypropylene fiber and nano-silica are used 
as additives to stabilize high compressible clayey soil. The 
experimental test variables were the type of admixtures and 
dosage of admixtures added to the clay soils. The standard 
Proctor compaction and unconfined compression strength 
tests were carried out for both untreated and treated soil 
specimens and the experimental results were compared.

Materials and methods

Material properties

Soil sample

Soil particles used in this current study was extracted from 
Kolapparakadu, Meenakshipuram Post, Chittur Taluk, Pal-
akkad District, Kerala at a depth of 2 m. The collected soil 
was air-dried and processed to conduct the basic tests. The 
geotechnical characteristics of soil samples were decided by 
Indian standard (IS) codes and the test results are listed in 
Table 2. Based on the laboratory test results, the soil sam-
ple was classified as high compressible clay (CH) as per 
the Indian soil classification system (ISCS). In addition, the 
presence of the chemical compounds in the soil sample was 
evaluated and their amount in the soil are listed in Table 3.

Nano‑silica

Nano-silica used in this research was commercially pur-
chased from Modern Scientific Chemicals, Coimbatore, 
India. The basic characteristics of nano-silica were evalu-
ated and reported in Table 4. In addition, the pictorial view 
of nano-silica along with the soil sample is shown in Fig. 1.

Polypropylene fiber

Polypropylene fibers were used due to their chemically inert 
nature and hydrophobic, which does not consume or perform 
with soil moisture or leachate. The fiber utilized in this cur-
rent study was commercially available polypropylene (PP) 
fiber of length-10-mm and diameter-37-micron meter. The 
polypropylene fiber was purchased from Kalyani Polymers 
Pvt. Ltd, Bangalore, India. Figure 2 shows the photographic 
view of the polypropylene fiber used in this study. The physi-
cal properties of polypropylene fiber are listed in Table 5.

Test details

Compaction test

Standard Proctor compaction test was executed as per Indian 
Standard of IS 2720-Part 7 (1980). Proctor compaction test 
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was implemented to discover the inter-relationship between 
optimum moisture content (OMC) and maximum dry den-
sity (MDD) of treated and untreated soil specimens. Firstly, 
the compaction test was carried out to determine the OMC 
and MDD of the untreated clay soil. Secondly, the clay soil 
was treated with various admixtures such as nano-silica and 
polypropylene fiber to carry out the compaction tests. In the 
sample preparation process, the soil and admixtures were 
thoroughly mixed until the mixture has a uniform color. 
After that, the water was added to the soil-admixture sample 
to expedite the mixing and compaction processes.

Unconfined compressive strength test

The Unconfined Compressive Strength (UCS) test of clay 
soil was carried out following IS 2720-Part 10. The test 
specimens were prepared as per the following procedures 
mentioned in the standard guidelines. First, the soil sam-
ple was air-dried at room temperature, and the admixtures 
were mixed thoroughly with the dry soil. Then, the OMC 
(corresponding to the mix proportion) amount of water was 
added to the soil and properly mixed to get a uniform paste. 
The UCS soil samples were prepared by making the sample 
preparation on the dry side of optimum to attain 95% of 

Table 1  Studies involving nanomaterials for the stabilization of clayey soil

S. No Name of the study Admixtures used Soil type Test results

1 Choobbasti et al. [10] Nano calcium powder of 0.4%, 0.8% and 
1.2% + Carpet waste fiber of 0.2%, 0.4% and 
0.6%

CL The shear strength and stiffness of soil increased 
with increasing the nano-calcium and carpet 
waste fibers

Atterberg’s limits of soil decreased with the 
addition of nano-calcium and carpet waste 
fibers

2 Kalhor et al. [12] Nano-SiO2 of 1%, 2%, 3% and 4% CL The plasticity index of CL soil decreases with 
increase in nano-SiO2

The dry unit weight of soil decreases and opti-
mum moisture content of soil increases with 
increase in nano-SiO2

The strength of the soil increased with increas-
ing nano-SiO2 content up to 2% by weight

3 [7] [8] Nano-SiO2 of 0.5%, 0.7% and 1.0% CL Increase in nano-SiO2 content contributes to 
increase in the maximum dry unit weight and 
the optimum moisture content of soil stabilized

The angle of internal friction and cohesion of 
CL soil increases with increase in nano-SiO2

The secant elastic modulus of CL soil increased 
by increasing the nano-SiO2 content

4 Ghavami et al. [11] Nano-SiO2 of 0.5%, 1.0% and 2.0% + Silica 
fume of 5%, 10% and 15%

CL The UCS of CL soil increased with increasing 
the nano-SiO2 content up to 1%The CBR of 
CL soil was improved with the addition of 
nano-SiO2

5 Kulanthaivel et al. [15] Nano-silica of 3%, 5%, 7% and 9% + White 
cement of 3%, 5%, 7% and 9%

CI The UCS of CI soil increased with increasing 
the nano-silica content up to 7%

The permeability of CI soil reduced by the addi-
tion of nano-silica

6 Bahmani et al. [4] Nano-silica of 0.2%, 0.4%, 0.8% and 
1.0% + White cement of 4%, 6% and 8%

CL Addition of nano-silica increased the compres-
sive strength of CL soil

The inclusion of nano-silica increases the 
C-S–H gel formation which results in reduced 
porosity

The addition of nano-silica increases the OMC 
and decrease the maximum dry density of CL 
soil

7 Lang et al. [17] Nano-silica and nano-Al2O3 of 2%, 4%, 6%, 
8% and 10%

Dredged soil The UCS of soil increased with increasing the 
nano particles content up to 8%

The composite nano-modification is more effec-
tive than single nano-modification
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MDD. The prepared soil samples had a length to diameter 
ratio of 2.0 with a diameter of 38 mm and a length of 76 mm. 
The vertical load was enforced at a fixed rate of 1.25 mm/
min applied on the soil specimens.

Table 2  Index properties of clay soil

Description Units Soil sample

Gravel (G) % 1.53
Sand (S) % 16.78
Silt and clay (M & C) % 81.69
Free swell index (FSI) % 34
Specific gravity  (Gs) – 2.56
pH 7.3
Liquid limit  (wL) % 52
Plastic limit  (wP) % 31
Shrinkage limit  (wS) % 15
Plasticity index % 21
Optimum moisture content (OMC) % 18.2
Maximum dry density (MDD) g/cc 1.44
UC strength  (qu) kPa 90
Indian standard soil classification (ISCS) – CH

Table 3  Chemical composition of clay soil

Compounds Chemical 
composition 
in %

Silicon dioxide 54.26
Calcium oxide 4.74
Aluminium oxide 15.98
Ferric oxide 7.88
Magnesium oxide 4.76
Sodium oxide 2.11
Potassium oxide 4.25
Sulfur oxide 0.81
Loss on ignition 4.42

Table 4  Basic characteristics of nano-silica

Property Values

Nano material Nano-silica
Specific gravity 2.42
Purity 98.9%
Particle size 10–13 nm
Specific surface area 599–790  m2/g
Bulk density 0.53 g/cc
Color White

Fig. 1  Pictorial view of nano-silica along with soil

Fig. 2  Pictorial view of polypropylene fiber

Table 5  Physical characteristics of polypropylene fibers

Property Polypro-
pylene 
fiber

Length (mm) 10
Diameter (µm) 37
Tensile strength (MPa) 400
Young’s modulus (MPa) 2.5
Density (kg/m3) 910
Melting Point (ͦ C) 165
Elongation (%) 6
Specific Gravity 0.91
pH value 8.45
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Microstructural study

Transmission Electron Microscopy (TEM) is a technique 
that uses an electron beam to image a nano-particle sam-
ple, giving much higher resolution than other light-based 
imaging techniques. TEM analysis of nano-silica was pre-
sented in Fig. 3a, b. TEM analysis certified that the nano-
particles used in this study have a spherical shape. In addi-
tion to that, the nano-particles were found to be amorphous. 
Most of the nano-silica particles have an average particle 
size of 20 nm. Taking into account the high surface energy, 

the silica nanoparticles exhibit arbitrary aggregations, thus 
leading to the generation of larger particle clusters with poor 
dispersivity. In addition to that, the XRD analysis for nano-
silica particles was done. The XRD test result was shown 
in Fig. 4. XRD analysis is used to determine the crystal-
lographic structure of a material. By the interpretation of 
XRD analysis, it was identified that the intensity of O and 
Si elements were in a higher percentage since they are the 
main elements in nano-silica particles. The percentage of 
Oxygen and Silica components in the nano-silica particles 
was 37.45% and 18.6%.

In addition, the microstructure of clay soils was deter-
mined using Scanning Electron Microscope (SEM) analysis. 
At room temperature, the soil samples were dried and gold 
coated with the arc discharge method. Then, the prepared 
samples were tested at accelerating voltages 20 kV by scan-
ning electron microscope for both treated and untreated soil 
samples.

Results and discussions

Effect of compaction on nano‑silica treated soil

The effect of compaction on the various dosages of nano-
silica treated soil samples is shown in Fig. 5. The addition of 
nano-silica to the clay soil was done in various percentages 
such as 0.2%, 0.4%, 0.8% and 1.0% to the total weight of 
the dry soil. From Table 6, it has been found that the OMC 
improves with increment in dosage of nano-silica up to opti-
mum level and after that, it decreases. The MDD reduces 
with increment in the percentage of the nano-silica to the 
soil up to optimum level and after that, it increases. The clay 
soil mixed with different dosages of nano-silica powder has 
a high specific surface area, and the water absorption capac-
ity of nano-silica was high. The water absorption capacity 
of nano-silica was high which increases the OMC of soil 
if the dosage of nano-silica mixed into the soil increases. 
Due to the low specific weight of nano-silica, the combina-
tion of clay soil treated with different dosages of nano-silica 
decreases the MDD upon increasing the dosage of nano-
silica added to the soil.

Kalhor et al. [12] concluded that low compressible clayey 
soil treated with 1%, 2%, 3% and 4% of nano-SiO2, the OMC 
of clay soil enhances with increasing the nano-SiO2 content 
whereas the MDD of clay soil decreases with increasing 
the nano-SiO2 content. The current study agrees with the 
statement given by Kalhor et al. [12]. In the current study, 
increasing the nano-silica content increases the OMC and 
reduces the MDD of high compressible clay soil.

Fig. 3  a TEM micrograph of nano-silica particles in 10  nm size. b 
TEM micrograph of nano-silica particles in 100 nm size
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Effect of compaction on polypropylene fiber mixed 
soil

The effect of compaction on the various dosage of polypro-
pylene fiber mixed clay soil is shown in Fig. 6. From the 
graph, it can be noted that the MDD of clay soil increases 

with increment in polypropylene fiber and decreases the 
OMC of clay soil by increasing the polypropylene fiber 
content. The reason behind that was the pore spaces of soil 
particles gets filled with help of water which results in soil 
particles bonds together in closer packing responsible for 
increasing the dry density. After OMC, further addition 
of water content is not responsible for decreasing the air 
voids but increase the total voids which ultimately decrease 
the overall weight of soil. Thus, the dry density of the soil 
reduces gradually with the increment in fiber content.

From the Table  5, it has been found that the OMC 
decreases with increment in the percentage of polypropylene 

Fig. 4  XRD micrograph of nano-silica particles

Fig. 5  Effect of compaction on nano-silica treated soil

Table 6  Compaction characteristics of soil samples with different 
admixtures

S. No Admixture name Admixture 
dosage (%)

OMC (%) MDD (g/cc)

1 Nano-silica 0.2 18.8 1.42
2 0.4 19.2 1.41
3 0.8 20.3 1.36
4 1.0 19.6 1.38
5 Polypropylene fiber 0.25 17.9 1.39
6 0.50 17.4 1.41
7 0.75 16.8 1.44
8 1.00 17.3 1.42
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fiber up to optimum level and after that, it increases. The 
reason behind that was the water holding or water absorption 
capacity of polypropylene fiber is less, therefore the OMC 
decreases with an increase in polypropylene fiber content. 
It is noticed that beyond 0.75% inclusion of polypropylene 
fiber to the clay soil increases the water content of the soil. 
Hence, the optimum dosage of polypropylene fiber was iden-
tified as 0.75% in this compaction behavior.

Meena et al. [19] examined that increasing the wheat 
straw fiber content decreases the MDD and improves the 
OMC of intermediate compressible clay soil, but the result 
variations are marginal only. In the current research, it was 
noticed that enhancing the polypropylene fiber content 

reduces the OMC and increases the dry density of high com-
pressible clay soil. The difference could be due to the higher 
moisture consumption capacity of natural fiber (wheat straw) 
when compared to polypropylene fiber.

Unconfined compressive strength of nano‑silica 
treated soil

The effect of nano-silica on the unconfined compressive 
strength of clay soil is shown in Fig. 7. Four different pro-
portions of nano-silica (0.2%, 0.4%, 0.8% and 1.0% by dry 
weight of soil) were mixed into the clay soil. When com-
paring the different percentages of nano-silica added to the 
soil sample, 0.8% inclusion of nano-silica gives higher shear 
strength of 226 kPa than other dosages of nano-silica. It 
was observed that up to 0.8% of nano-silica to the clay soil, 
the unconfined compressive strength gradually increases. 
With the further addition of nano-silica to the clay soil, the 
strength decreases. The maximum strength improvement 
attained for 0.8% nano-silica is 2.52 times higher than the 
strength of untreated soil. Accordingly, 0.8% nano-silica was 
the optimum dosage to enhance the unconfined compressive 
strength of clay soil.

From the Fig. 7, it is also observed that, at a fixed amount 
of moisture content added to the soil, due to the consumption 
of water by nano-silica, the clay soil becomes less compress-
ible which was deteriorated by improving the nano-silica 
content. This can be the inference for the clay soil having 
less strength with 1.0% nano-silica in comparison with clay 
treated with 0.8% nano-silica. In addition, when nano-silica 
was mixed into the soil, due to cation exchange capacity 
and pozzolanic reaction the soil samples undergo floccu-
lated structure and build larger particles compared to raw 
soil particles.

Changizi and Haddad [7] reported that the low compress-
ible clay soil treated with 0.7% nano-SiO2 grants the maxi-
mum UC strength of 1.1 MPa. In the current study, the high 
compressible clay soil treated with 0.8% nano-silica grants 
the maximum unconfined compressive strength of 226 kPa. 
This variation in results could be attributed to the difference 
in soil type, treatment procedure and difference in nano-
silica. Similarly, Choobbasti and Kutanaei [9] reported that 
the Babolsar sand treated with 8% nano-silica particles and 
cement grants the maximum unconfined strength of 880 kPa, 
for 7 days of curing. When compared with the current study, 
the high compressible clay soil treated with 0.8% nano-silica 
grants the unconfined compressive strength of 226 kPa, for 
7 days of curing period. The difference was caused mainly 
because of the variation in the soil type and admixtures used 
in both studies.

Fig. 6  Effect of compaction on polypropylene fiber mixed soil

Fig. 7  Effect of nano-silica on strength of clay soil
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Unconfined compressive strength of polypropylene 
fiber mixed soil

The variation in unconfined compressive strength of clay 
soil mixed with various dosages of polypropylene fiber is 
shown in Fig. 8. Four different dosages of polypropylene 
fiber (0.25%, 0.5%, 0.75% and 1% by dry weight of soil) 
were mixed into the oven-dried clay soil. From the graph, it 
is found that the 0.75% inclusion of polypropylene fiber to 
the soil, gives a higher compressive strength of 174.24 kPa 
than other dosages of fibers to the clay soil. It was observed 
that, up to 0.75% inclusion of polypropylene fiber, the com-
pressive strength of soil sample gradually increases and 
beyond that, it decreases. The strength improvement attained 
for 0.75% content of polypropylene fiber is 1.94 times higher 
than the compressive strength of untreated soil. Therefore, 
0.75% polypropylene fiber was the optimum dosage to 
enhance the unconfined compressive strength of clay soil. It 
was indicated that usage of more than a convinced amount 
of fibers results in a decrement of the effectiveness of the 
increase in unconfined compressive strength. This peculi-
arity can account for the reason that, with enhancing the 
polypropylene fiber content, the fiber merges to one another 
and cannot interact with soil particles effectively.

Tang et al. [29] investigated that low compressible clay 
soil treated with 0.05%, 0.15% and 0.25% of fiber content 
gives the maximum unconfined compressive strength in the 
range of 0.25 MPa, 0.26 MPa and 0.29 MPa, respectively, 
for the curing time of 28 days. In the present study, the high 
compressible clay soil treated with a polypropylene fiber 
content of 0.25%, 0.50%, 0.75% and 1.00% gives the maxi-
mum strength of 125.10 kPa, 161.39 kPa, 174.24 kPa and 
135.66 kPa, respectively, for 7 days of curing period. The 

slight difference caused in strength mainly due to soil type 
and strength of fiber used in both the studies was not the 
same.

Changizi and Haddad [7] expressed that the low com-
pressible clay soil treated with a recycled fiber content 
of 0.1%, 0.3% and 0.5% grants the maximum unconfined 
compressive strength in the range of 110 kPa, 122 kPa and 
130 kPa, respectively. In addition, Changizi and Haddad [7] 
examined that the optimum content of fiber to treat the soil 
was 0.3%. In the present study, the high compressible clay 
soil treated with a polypropylene fiber content of 0.25%, 
0.50%, 0.75% and 1.00% grants the maximum unconfined 
compressive strength of 125 kPa, 161.4 kPa, 174.2 kPa and 
135.7 kPa, respectively. The optimum dosage of fiber con-
tent in the present study was 0.75%. A slight inequality of 
strength improvement occurred in both studies due to the 
reason that the fiber and type of soil used in both studies 
were different. Hence, it could be reasonable to study the 
0.75% polypropylene fiber mixed in the different dosages of 
nano-silica on the clay soil.

Unconfined compressive strength of polypropylene 
fiber and nano silica mixed soil

The unconfined compressive strength of 0.75% polypropyl-
ene fiber with various percentages of nano-silica is shown 
in Fig. 9. The optimum percentage of polypropylene fiber 
which is 0.75% by dry weight of the soil and four differ-
ent dosages of nano-silica (0.2%, 0.4%, 0.8% and 1.0% by 
dry weight of the soil) was added to the clay soil individu-
ally and the uniform mix was carried out. It was observed 
that up to 0.75% PP Fiber + 0.8% nano-silica content, the 

Fig. 8  Effect of polypropylene fiber on strength of clay soil Fig. 9  Effect of polypropylene fiber and nano-silica on strength of 
clay soil
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unconfined compressive strength gradually increases and 
beyond that, it decreases. The maximum unconfined com-
pressive strength obtained in this study was 249 kPa when 
the clay soil was treated with 0.75% PP Fiber + 0.8% nano-
silica. The strength improvement was 2.78 times higher 
than the unconfined compressive strength of untreated 
soil. Therefore, 0.8% addition of nano-silica to 0.75% PP 
Fiber was the optimum dosage to enhance the unconfined 
compressive strength of clay soil. It may be notable that an 
increment in polypropylene fiber content is correlated with 
a reduction in brittleness of stabilized clay soils. By mixing 
nano-silica, the failure of clay soils took place suddenly, but 
with improving the content of polypropylene fiber, the fail-
ure mechanism of stabilized clay soil specimen has changed 
from brittle to ductile behavior. 

Changizi and Haddad [7] declared that the low compress-
ible clay soil treated with 0.3% recycled fiber content and 
1% nano-silica content grants the maximum unconfined 
compressive strength of 2.0 MPa. In the present study, the 
high compressible clay soil treated with 0.75% polypropyl-
ene fiber content and 0.8% nano-silica grants the maximum 
unconfined compressive strength of 249 kPa. The difference 
pertained in both studies may be due to the difference in soil 
type and also the untreated strength of clay soil used in the 
current study was 89.54 kPa and in Changizi and Haddad [7] 
study the untreated strength of clay soil used was 0.7 MPa.

Young’s modulus of treated soil

The Young's modulus of high compressible clay soil treated 
with different dosages of nano-silica (0.2%, 0.4%, 0.8% and 
1.0%) was in the range of 2880 kPa to 5120 kPa which is 
shown in Fig. 10a. Changizi and Haddad [7] reported that 
the Young's modulus of low compressible clay soil treated 
with 0.5%, 0.7% and 1% nano-silica particles were in the 
range of 12.3 MPa, 14 MPa and 18.9 MPa, respectively. 
The difference identified in both these cases were the type of 
soil used and the admixture dosage added to the soil. In the 
present study, high compressible clay soil was used and in 
Changizi and Haddad [7] study, low compressible clay soil 
was used. In addition to that, Oluwatuyi et al. [20] concluded 
that low compressible clay soil stabilized with cement-lime 
content 5% to 20% the Young's modulus values increased 
from 3.12 MPa to 3.8 MPa. Oluwatuyi et al. [20] study give 
slightly less Young's modulus value when compared to the 
current study due to the fact that the type of soil, type of 
admixture and amount of admixture added to the soil was 
different.

The Young’s modulus of high compressible clay soil 
treated with 0.25% to 1.00% of polypropylene fibers was 
in the range of 2700 kPa to 4690 kPa which is presented 
in Fig. 10b. Changizi and Haddad [7] recorded that the 
Young's modulus of low compressible clay soil mixed with 

Fig. 10  a Young's modulus of clay soil treated with nano-silica. 
b Young's modulus of clay soil mixed with polypropylene fiber. c 
Young’s modulus of clay soil treated with polypropylene fiber and 
nano-silica
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0.1% to 0.5% recycled fibers was in the range of 10.8 MPa 
to 11.5 MPa. The difference was generated due to the reason 
that the strength of fibers used in both these studies was not 
the same. In the present study, the tensile strength of fibers 
used was 400 MPa and in Changizi and Haddad [7] study, 
the tensile strength of fibers used was 200–400 MPa.

The Young's modulus of high compressible clay soil 
treated with a fixed amount of 0.75% polypropylene fibers 
and different dosage of nano-silica (0.2% to 1.0%) was in the 
range of 2600 kPa to 5770 kPa which is shown in Fig. 10c. 
[7] investigated that the maximum Young’s modulus of low 
compressible clay soil treated with 0.5% recycled fibers and 
1% nano-silica was 35 MPa. Choobbasti et al. [10] studied 
that low compressible clay soil stabilized with nano cal-
cium carbonate of different dosages (0.4% to 1.2%) along 
with a constant amount of 0.2% carpet waste fibers gives 
the Young’s modulus in the range of 37 MPa to 55 MPa. 
The differences caused in the present study, Changizi and 
Haddad [7] and Choobbasti et al. [10] was mainly due to 
the strength of fibers, type of soil and dosage of admixtures 

used in these studies were different. Amini and Ghasemi 
[1] demonstrated that clayey sand stabilized with a constant 
dosage of 20% magnesium slag along with a different dos-
age of cement content in the range of 2% to 6% gives the 
Young's modulus of 4.3 MPa to 6 MPa. While comparing 
Amini and Ghasemi [1] and current studies almost similar 
results were found.

Microstructural analysis

The microstructure of untreated and nano-silica treated 
clay soil was demonstrated by the help of scanning elec-
tron images which is shown in Fig. 11a, b, respectively. 
The untreated clay soil sample SEM photograph shows the 
smaller particle packing (see Fig. 11a). By comparing the 
SEM photograph of untreated and treated clay soil, the crys-
tals developed on the surface of the treated soil particles 
were more uniform, larger and more compact than those 
observed in untreated clay soils and the bonding structures 
were stronger after cementation. The treated clayey soil (see 
Fig. 11b) with nano-silica and optimum amount of water, the 
clay soil particles bonded together because of water as well 
as the nano-silica, results in the formation of large particle 
packs and compacted soil matrix.

Conclusions

This research aims to identify the influence of nano-silica 
and polypropylene fiber on the strength characteristics of 
clay soil. The effects of nano-silica and polypropylene fiber 
on clayey soil were studied based on the unconfined com-
pressive strength test results. From the experimental results 
presented in this research, the following conclusions can 
be drawn:

The OMC of clay soil is decreased with increasing poly-
propylene fiber, and OMC of soil is increased with increas-
ing nano-silica. In addition to that, the MDD of soil is 
increased with increasing polypropylene fiber and the MDD 
of soil is decreased with increasing nano-silica.

The unconfined compressive strength of high compress-
ible clay soil was improved with the inclusion of nano-sil-
ica materials. The optimum dosage and maximum strength 
achieved in nano-silica treated clay soil was 0.8% and 
226 kPa, respectively. The strength improvement was 2.52 
times greater than untreated soil.

With the inclusion of polypropylene fiber in high com-
pressible clay soil, the strength of the soil was improved. The 
optimum percentage and maximum unconfined compressive 
strength identified in polypropylene fiber treated soil was 
0.75% and 174 kPa, respectively. The strength improvement 
was 1.94 times higher than untreated soil.Fig. 11  a SEM image of untreated clay soil. b SEM image of nano-

silica stabilized clay soil
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The addition of both polypropylene fiber and nano-sil-
ica to clay soil enhances the strength of high compressible 
clay soil. The maximum unconfined compressive strength 
achieved in polypropylene fiber and nano-silica treated clay 
soil was 249 kPa when the clay soil stabilized with 0.75% 
PP fiber + 0.8% nano-silica and the strength improvement 
was 2.78 times greater than untreated soil.

The maximum Young’s modulus of high compressible 
clay soil was attained as 5770 kPa when the soil stabilized 
with 0.75% PP fiber mixed with 0.8% nano-silica.

From this research, it was concluded that the method 
of clay stabilized with nano-silica and polypropylene 
fiber could be significantly adopted as a technique for soil 
improvement that enhances the strength and Young’s mod-
ulus of clay soil. Based on this, it enhances the stability of 
pavement structures and lightly loaded infrastructures on 
the clay soil. So, this soil treatment method can be adopted 
as a technique for the stabilization of clay soil in pavement 
projects with practical considerations.
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