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Abstract

One of the major environmental problems in hot and arid locations is the production of dust. This study presents green
slurries based on nanoclay- and blast furnace slag for stabilizing desert sands. The slurries introduced contain bentonite
and kaolinite mineral nanoclays, along with blast furnace slag powder. Unconfined compressive strength, moisture
content, and wind tunnel tests were conducted to evaluate the performance of the compounds in stabilizing sand and
increasing its water-holding capacity. The mass percentages of bentonite nanoclay and blast furnace slag in the
stabilizer slurry were optimized at 1% to 3% and 1% to 5%, respectively. The optimized mass percentages of kaolinite
nanoclay and blast furnace slag slurry were 1%-1% and 3%-1%. The study found that soil stabilized with slurries
increased compressive strength by three times compared to unstabilized soil. Additionally, the addition of stabilizers
improved soil moisture retention by 50%. Sand surfaces stabilized with nanoclays and slag demonstrated excellent
resistance to wind erosion, even at wind speeds of up to 100 km/h. Furthermore, there was no wind erosion observed
at 60 °C. The suggested slurry compounds have shown a strong ability to enhance the mechanical properties of soil,
increase soil water retention, and reduce wind erosion of sandy soil.
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1. Introduction

Annually, 12 million hectares of land are transformed into new deserts (Programme 2006). Currently, more than 30%
of the Earth's landmass is affected by desertification, and the process of turning land into a desert is expanding to
semi-arid regions (Schlesinger et al. 1990). Desertification poses a significant threat to human security and sustainable
development. The rapid expansion of moving sand in desert landforms threatens residential, agricultural, and industrial
areas (Kheirfam and Asadzadeh 2020). Poor-quality soils often have the potential to display undesirable engineering
behaviors, such as low bearing capacity, a high potential for shrinkage and expansion, and a high susceptibility to
moisture (Sharma et al. 2012). The mechanism of soil erosion is commonly known as the interaction between the
tensile strength of fluids (such as wind or water) and the shear strength of the soil (Chang et al. 2015; Chappell et al.
2018).

Wind erosion is a significant problem that affects land systems and human health. Wind erosion is one of the primary
processes linked to land degradation in arid regions and is a significant concern for land managers worldwide
(Duniway et al. 2019).

Dust control chemical methods primarily involve the use of synthetic or natural polymers that are applied by wetting
the surfaces of the soil (Katra, 2020). Chemical soil stabilization is a crucial solution for enhancing soil mechanical
properties and reducing soil erosion (Firoozi et al. 2017; Ghadir and Ranjbar 2018). The chemical stabilization process
involves mixing erodible soil with chemicals or natural substances that can modify its geotechnical properties (Hostler
1964). Chemical soil stabilization refers to altering the soil properties by changing its chemical composition with
various additives such as lime, cement, fly ash, nanoclay, carbonate, blast furnace slag, etc., or by adding chemicals
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and enzymes (Hataf et al. 2018; Pokharel and Siddiqua 2021; Shariatmadari et al. 2021; Yu et al. 2021; Rahman Izadi
et al. 2022). Also by-product materials such as ground granulated blast furnace slag (GGBS) have proven to be a
useful and cost-effective option for soil stabilization (Obuzor et al. 2012).

The cation exchange mechanism, anion exchange, adsorption capacity, formation of new minerals, and hydration of
cement (or slag) are some leading examples that can chemically stabilize the soil by altering the chemical structure of
the soil matrix (Majeed and Taha 2013; Bagheri et al. 2023). Conventional chemical soil stabilizers, such as Portland
cement, typically work by utilizing hydration reactions to stabilize the soil (Firoozi et al. 2017; Ghadir et al. 2021).
Arora and colleagues (2019) investigated the potential of incorporating nanosilica, nanoalumina, and nanoclays into
cementitious materials like lime, cement, and pozzolans to enhance soil properties. The results showed that the
addition of nanoparticles to the soil significantly increased its compressive strength and to some extent reduced its
liquid limit. Also, by increasing the compressive strength of the soil, the rate of soil erosion was decreased (Arora et
al. 2019).

Drawbacks and problems are also present in other stabilizers. Stabilizers such as petroleum mulch, cement, and
cementitious compounds damage the structure and composition of the soil, posing harm to the environment and
ecosystem of the region (Chang et al. 2016a; Smitha and Rangaswamy 2020; Nouri et al. 2022; Kannan et al. 2023).
Soil bio-stabilization refers to systems in which biological activities control and manage chemical reactions in the soil,
resulting in alterations to the geotechnical properties of the soil (Harutyunyan and Lasareva 2023). Biological activity
plays a crucial role in soil stabilization as it regulates the timing, speed, and spatial distribution of chemical reactions
in the soil (Dejong et al. 2013).

In a study, the researchers investigated the effect of sodium alginate biopolymer with enzyme-induced carbonate
precipitation (EICP) on the stabilization of desert sand against wind erosion. The results showed a significant reduction
in wind erosion rate of up to 100% (Almajed et al. 2020). Anhydrous sodium metasilicate powder was demonstrated
in a study to be useful in the creation of a geopolymer binder, which could lead to its application in soil stabilization
(Pokharel and Siddiqua 2021). The geopolymerization process involves dissolving silica and alumina in an alkali
activator and hydrating insoluble particles. This creates a gel, hardening the polymer structure, with an aluminosilicate
gel network that includes tetrahedral AlO4 bonded to SiO4 through shared oxygen atoms (Aredes et al. 2015; Miraki
et al. 2022).

Soil stabilization has limitations to the microbiologically-induced carbonate precipitation (MICP) method (Miftah1 et
al. 2020). Factors such as soil type, environment, and the complex conditions of bacterial growth in soil are among
these limitations. Bacteria and microbes remain in the soil after stabilization, and therefore, some of them, which are
harmful to the environment, can have serious consequences (Ivanov and Stabnikov 2017a, b). The EICP also has
limitations, such as the formation of sediments on the surfaces and the lack of hydration reactions to stabilize the soil
(Harkes et al. 2010), the high cost of enzymes (Almajed 2017), and the production of side products that are harmful
to the environment (Miftah1 et al. 2020). Also, the EICP method can lead to ineffective deposition of CaCOs in the
soil pores (Almajed 2017).

Biopolymers, which are commonly used in soil bio-stabilization, are organic polymers synthesized by biological
organisms. They are formed through bonding between monomeric units (Yang et al. 2009; Babatunde et al. 2023; Lee
et al. 2023). The use of biopolymers also has limitations, such as low viscosity, which ultimately results in low soil
strength (Chang et al. 2017), low durability over time and are expensive materials (Chang et al. 2016b; Pokharel and
Siddiqua 2021).

It was found that chemical and biological soil stabilizers have economic and environmental limitations. A good
stabilizer does not harm soil microorganisms or vegetation, alter soil color, texture, or chemical composition, or
interfere with plant root aeration. It is crucial to consider soil structure, composition, texture, moisture retention, and
geotechnical factors. The aforementioned factors motivated the authors of this study to investigate and introduce an
environmentally-friendly soil stabilizer. For this purpose, nanoclays and blast furnace slag (BFS) are being used for
the first time. The hypothesis for this idea is as follows: Nanoclays are commonly found aluminosilicate compounds
in the earth, and therefore, they do not introduce harmful chemicals into the soil. Nanoclays have a layered and porous
structure, which results in a very high surface area. This structure enhances water retention and increases the water
absorption capacity. The BFS exhibits latent hydraulic properties, generating calcium-silicate-hydrate gels upon
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contact with moisture through hydration reactions. The gel produced can act as an inorganic adhesive and stabilize
loose sand. The water required for BFS hydration can be provided from the water stored in the layered structure of
nanoclays. Such a stabilizer can not only stabilize the soil and reduce fine dust but also increase the water retention
capacity of the soil for a long time. Additionally, it can enhance vegetation in the short and long term by providing
necessary ionic nutrients. Moreover, it is easy to use by spraying it on the soil.

This study first focuses on the preparation of slurry stabilizers using bentonite and kaolinite nanoclays and BFS. It
then evaluates their effectiveness in stabilizing sandy soil through unconfined compressive strength tests, wind erosion
tests in a wind tunnel, water retention tests, and soil characterization.

The investigation and tests for this study were conducted in November 2021 at the Research Laboratory of Inorganic
Chemical Process Technologies, School of Chemical Engineering, Iran University of Science and Technology in
Tehran.

2. Materials and methods

2.1. Materials

Generally, sand is defined as particles that are usually less than or equal to 2 mm in diameter. In this study, sand was
obtained from the deserts around Qom, Iran, at latitude 34° 55' 47" and longitude 51° 03' 22".

Tehran tap water was used as the dispersant for nanoclays and blast furnace slag. Bentonite is a fine-grained clay that
contains at least 85% Montmorillonite clay. This nanoclay has a layered structure with a low interlayer force, making
it easily dispersible in water. Bentonite particles in an aqueous medium can absorb water and swell up to twenty times
their volume in a week. They can also dry out without losing their swelling properties (Laftah et al. 2011). Sodium-
type bentonite was supplied by Pars Drilling Fluids Company in Tehran, Iran. The other nanoclay used in this study,
Kaolinite, was purchased from Kaolin Zettlitz, Czech Republic. Kaolinite, with the chemical formula Al,SiOs(OH)a,
offers several attractive advantages, including an ultra-high specific surface area, a uniform layered structure, and an
ultra-high water absorption capacity (Al-Husseiny and Ebrahim 2021).

Blast furnace slag (BFS) was provided by Sepahan Cement Company in Isfahan, Iran. Due to the compatibility
between its constituent elements and soil, as well as its latent hydraulic properties, BFS can be utilized as an
environmentally-friendly material in the production of a green stabilizer for sandy and loose soil.

2.2. Preparation of stabilizer samples

Initially, the sand was dried completely for 24 h in an oven at 110 °C. Afterward, the desired slurries were prepared
by incorporating the specified percentages of nanoclays and BFS (all percentages are calculated based on the dry mass
of sand). The amount of water required was determined to be 14% of the dry soil mass based on the compaction test
using the modified Proctor method (ASTM D1557).

In the next step, the distinct method was used to stabilize the desert quicksand. Integrated slurries are prepared using
varying proportions of nanoclays and water as dispersants. Due to the presence of nanoclays with a high water
absorption capacity, these slurries can retain significant amounts of water, ultimately enhancing the soil's moisture
retention capacity. In this method, the dry BFS was mixed with sand, and finally, the prepared nanoclay slurries were
sprayed or deep-mixed into a dry BFS-sand mixture.

2.3. Characterization

X-ray fluorescence (XRF) spectroscopy (PHILIPS, Netherlands) was used to characterize the elemental composition
of the starting materials. Field emission scanning electron microscopy (FESEM) analysis was employed using the
TESCAN Mirra II instrument from Czech Republic to survey the microstructure of the materials. The device can
provide high-resolution images at magnifications ranging from 10x to 300kx, with infinite visual depth at a scale of 1
to 0.5 nanometers, operating at 15 kV. A particle size analyzer (HORIBA PSA LA 960v2, Japan) was also used to
determine the particle size distribution of the prepared slurries. Standard soil classification analyses, including the
determination of soil specific gravity (ASTM D854), soil size distribution (ASTM D422), and modified compaction
(ASTM D1557), were also conducted in this study. These analyses aimed to determine the size distribution of soil
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particles, the specific gravity of soil particles, the soil Atterberg limits, and the relationship between moisture content
and soil dry specific gravity (density curve). The specific gravity of soil grains was calculated using Equation (1).

Gs =M,/ (Mo + (Ma - My)) (1)

where My represents the mass of an empty balloon, M, represents the mass of a balloon filled with water, and My
represents the mass of a balloon filled with water and sand.

2.4. Measurement techniques

2.4.1. Determination of soil moisture content

In this study, the moisture content of sand was determined according to the ASTM D2216 standard. In this experiment,
the soil moisture is represented as a percentage of its dry mass to determine the percentage of moisture in soil relative
to the mass of dry grains. After measuring the mass of the wet soil sample and, finally, the mass of the dry soil sample,
the amount of soil moisture was calculated using Equation (2).

W (Mcws — MCS) 100 (MW) 100 5
= —_— % = *
Mcs — Mc Ms @)

Where W represents the percentage of moisture, Mcws (in g) represents the total mass of the container and the wet
substance, Mcs (in g) represents the total mass of the container and the dried substance, Mc (in g) represents the mass
of the container, Mw (in g) represents the mass of water, and Ms (in g) represents the mass of the dried substance.

2.4.2. Unconfined compressive strength

According to the ASTM D2166 standard, this experiment provides a method for determining the unconfined
compressive strength of soils. This test can only be performed on cohesive soils, such as clay soils or cemented soils.
An automatic uniaxial apparatus was used to analyze the compressive strength of the samples. The gearbox motor and
digital display of the used machine (model: SO 636) were made in Japan and Taiwan, respectively. The force load
cell capacity of this device was 5 kN with an accuracy of £2.5 N. The standard diameter and height of the samples for
this test were 38 mm and 76 mm, respectively. First, the final stabilized soil samples were placed in traditional molds,
and several firm strikes were applied on top of the pieces. The loading speed of this device ranges from 0 to 8 mm/min.
In this study, a loading speed of 1 mm/min was used.

2.4.3. Wind tunnel tests

A wind tunnel test was used to measure soil wind erosion by simulating the effect of wind speed on the soil surface.
The wind tunnel consisted of a spacious chamber where the airflow moved at a controlled rate. Wind tunnel tests allow
for the study of wind erosion under controlled conditions, including wind-exposed areas, soil surfaces, wind speed,
wind direction, and wind turbulence. This device was of the blower type, in which a centrifugal fan directs the air into
the room. After passing through the filters installed in the middle section, the air enters the cross-section of the
chamber. It then passes through a converging nozzle with an area ratio of 9:1. The specifications for the end opening
of the chamber were 0.9 m * 0.9 m. The wind tunnel device provided a maximum speed of 153 km/h. The percentages
of wind erosion (E) were calculated using Equation (3).

E(%) = (11:/1/[_:,) £ 100 3)

Where M, is the lost mass obtained from the subtraction of the specimen mass after the test (M.) from the initial
specimen mass (Ma,).

3. Results

3.1. Characterization of starting materials

In the beginning, the results of the physical properties of the prepared sand, including the specific gravity of the soil
grains and the distribution of soil sizes, are presented here. The specific gravity of the soil grains was calculated to be
2.62 g/cm?, as determined by equation (1). According to the results of the repeated standard experiments, the soil used
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in this study can be considered non-plastic. The soil size distribution diagram (a) and the compaction diagram obtained
from the modified Proctor method (b) are shown in Fig. 1.
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Fig. 1. The soil granulation diagram (a) and the compaction diagram obtained from the modified Proctor method (b)

Fig. 1a illustrates a quantitative method for determining the distribution of grain sizes in soil using numbered sieves.
According to the particle size distribution results, it was revealed that 10%, 50%, and 90% of the sand particles are
0.409 pm, 6.523 pm, and 27.407 um in size, respectively. In Fig. 1b, the results of the soil compaction test are
presented as a diagram, illustrating the soil moisture percentage in relation to the dry density of the soil. The results
showed that the optimal water content, which corresponds to the dry density of the soil, is approximately 13% by
weight. As indicated by the diagram, this soil falls within the sandy soil category and contains a mixture of silty clay.
The results of the X-ray fluorescence spectroscopy (XRF) analysis of the materials used in this study are presented in
Table 1.

Table 1. The results of the XRF analyses for the starting materials (wt%)
Elements | Na;O  MgO | ALO3 | SiO: | Fe:03 | Mm20s3 | TiO: | K:O | CaO Cl SOs; | LOI

Sand 3.86 | 2.30 | 10.15 | 41.41 | 10.81 - 1.08 | 1.45 | 16.96 - - 12.0
Bentonite | 4.49 | 2.23 | 12.68 | 60.30 | 3.11 - 0.33 | 0.72 1.77 | 0.80 | 0.61 | 13.0
Kaolinite - 35.15 | 50.01 0.27 - 0.61 | 0.28 | 0.18 - 13.5

BFS 0.65 | 7.80 | 11.00 | 36.50 1.00 1.50 1.50 | 0.80 | 38.50 | 0.03 | 0.30 | 0.5

According to Table 1, the sand constituents with the highest mass percentage are silica, followed by calcium oxide,
iron oxide, aluminum oxide, sodium oxide, and magnesium oxide. Some trace amounts of other oxides, such as
titanium dioxide, may be present in the sample.

The bentonite and kaolinite are two types of nanoclays that are used. These materials are aluminosilicates and have a
total Al,O3-SiO, content of 75-85 wt%. As shown in Table 1, the BFS exhibits an aluminocalcium silicate
composition, encompassing the entire CaO-Al,03-SiO; range, which accounts for approximately 86 wt%.

The particle size distribution analysis results of bentonite and kaolinite show that bentonite has a particle size
distribution ranging from 2.5 pm to 35 pm, with an average particle size of 8 um. In comparison, kaolinite has a
particle size distribution ranging from 1 pm to 27 um, with an average particle size of 7 pm.

The FESEM micrographs of bentonite and kaolinite are depicted in Fig. 2.
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Fig. 2. The FESEM micrographs of bentonite (a) and kaolinite (b)

As shown in Fig. 2a, the layered structure of the bentonite is quite evident. The van der Waals force holds these layers
together. However, this weak interlayer force makes them readily dispersible in water. Moreover, bentonite has a wide
range of particle sizes, ranging from smaller than 100 nanometers to several micrometers. Due to its small particle
size, bentonite has a large specific surface area, which results in a high water retention characteristic.

Fig. 2b shows a typical layered structure of kaolinite. The particle size of kaolinite layers varies from nanometers to
micrometers. The thickness of the layers is in the range of nanometers. According to the FESEM images, there are
some negligible particles with octagonal and quadrilateral shapes. Also, due to its smaller size, kaolinite should have
a higher specific surface area than bentonite.

3.2. Unconfined compressive strength

The unconfined compressive strength (UCS) experiments were first performed on sandy soil specimens stabilized
using bentonite nanoclay slurry, kaolinite nanoclay slurry, and pure water. These experiments were conducted as
preliminary tests, and the optimal results obtained from this stage were used to determine the control specimens for
the subsequent steps. These tests were carried out at ambient humidity and three different temperatures: ambient
temperature, 60 °C, and 110 °C. Also, binder contents of 0, 1, 3, and 5 wt.% were applied for both nanoclays. The
results obtained from the UCS tests conducted under the mentioned conditions are illustrated in Fig. 3. The standard
deviation of the results was less than 4.3%.
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Fig. 3. The UCS test results in terms of various binder contents of the bentonite slurry and kaolinite slurry at three
different temperatures: ambient temperature, 60 °C, and 110 °C

According to the results, the slurry systems containing 3 wt.% of bentonite nanoclay and kaolinite nanoclay exhibited
the highest UCS. By comparing the results in terms of the binder percentage of the nanoclays, it can be understood
that the slurry systems containing 1 wt.% of the nanoclays have exhibited significantly higher UCS results than those
containing 5 and 0 wt.% of the nanoclays. The slurry systems containing 1 wt.% of the nanoclays are the closest
systems to the slurry with 3 wt.% of nanoclays. On the other hand, it is believed that increasing the amount of nanoclay
slurry can lead to an increase in compressive strength (Persoff et al. 1999)(Cheraghalikhani et al. 2023). The
ineffectiveness of percentages higher than 3 wt.% can be attributed to the clumping and pasting of the slurry, as well
as improper distribution in sandy soils. The addition of nanoclay (Arora et al., 2019) increases the compressive
strength and decreases the plasticity index. At 60 °C, the amount of UCS is significantly higher than the corresponding
UCS with nanoclays in exact percentages. This result can be of great importance because the research focuses on
desert sand, and the temperature in deserts is approximately between 50-60 °C. The UCS test continued by adding the
BFS to the sandy soil, followed by the addition of the nanoclay slurry to the sandy soil. The binder percentages of 0,
1, and 3 wt% were applied for both types of nanoclays, while the binder percentages of 1, 3, and 5 wt% were used for
the BFS. The UCS results were plotted against the number of curing days under different conditions. These conditions
included laboratory humidity ranging from 13% to 42%, and temperatures of ambient temperature, 60 °C, and 110
°C. Additionally, the results were plotted for the saturated humidity at ambient temperature. A curing time of 3 months
was considered under ambient temperature conditions. The results of the UCS versus curing time are presented in Fig.
4 for two stabilizing systems: the bentonite nanoclay slurry-BFS powder and the kaolinite nanoclay slurry-BFS
powder, under laboratory conditions. The standard deviation of the results was less than 4.8%.
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Fig. 4. The UCS results versus curing time for (a) kaolinite nanoclay slurry (1 and 3 wt.%) - BFS and (b) bentonite
nanoclay slurry (1 and 3 wt.%) - BFS, under laboratory humidity (13-42%) and temperature conditions, along with
control specimens

As shown in Fig. 4, the higher UCS values are related to the stabilizing systems containing (1%-3%) and (1%-1%)
nanoclay and BFS during the early stages of the curing process. In the bentonite nanoclay system (Fig. 4b), the binder
percentages of (1%-1%) and (1%-3%) have shown the highest UCS after 14 and 28 days, demonstrating even better
performance than the control specimens. It is notable that by increasing the curing time to 56 and 90 days, the
nanoclay-BFS with a concentration of 3%-5% showed better UCS values. That is due to the latent hydraulic property
of the BFS (Tiwari et al. 2016). The highest UCS results of the kaolinite nanoclay-BFS systems were obtained for the
percentages of (1%-1%) and (1%-3%). Increasing the UCS in the nanoclay-BFS systems can be attributed to the
enhanced water supply necessary for the hydration of the BFS by nanoclays. Also, due to the prolonged curing time
of 3 months, sufficient hydration of the BFS results in an improved UCS. Thus, it is the adhesion forces that hold the
soil particles together (Ayeldeen et al. 2018) (Nguyen and Phan 2021). Fig. 5 shows the results of the UCS for
laboratory humidity conditions at 60 and 110 °C. The curing time for the bentonite slurry-BFS powder and kaolinite
slurry-BFS powder was 1 and 7 days, respectively. The standard deviation of the results was less than 3.7%.
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Fig. 5. The UCS results versus the percentage of BFS for the kaolinite nanoclay slurry (1 and 3 wt.%) and the
bentonite nanoclay slurry (1 and 3 wt.%). The curing temperature is 60 °C and 110 °C.

Fig. 5 depicts the UCS diagrams for the sands stabilized with varying percentages of nanoclays and BFS powder.
What is quite apparent is the higher UCS values obtained by the stabilizer containing 1 wt% nanoclay bentonite.
According to Fig. 5, the utilization of bentonite and kaolinite nanoclays individually at low percentages (i.e., 1%) has
demonstrated a significantly more favorable impact compared to higher percentages. As revealed by the FESEM
images of the nanoclay particles, their high uniformity and specific surface area contribute to their significant
dispersibility. This, in turn, allows for better mixing with sand and results in enhanced compressive strength. But an
excessive increase in the binder percentage can also reduce the compressive strength (Qureshi et al., 2017). In more
detail, the hydration reactions of the blast furnace slag are significantly enhanced when the kaolinite nanoclay and
bentonite nanoclay are present as a source of water supply. This leads to an increase in mechanical strength. However,
as shown in Fig. 5, at higher temperatures and shorter curing times, the necessary humidity for the blast furnace slag
is lost, resulting in poor hydration reactions. Therefore, it reduces the compressive strength. Optimal behavior in
improving the compressive strength of soil is achieved when the blast furnace slag and activators are used to accelerate
the hydration process of the slag (Yi et al. 2015). This is because the blast furnace slag is rich in calcium silicate, while
the aluminum kaolinite is rich in silicate. However, bentonite is highly rich in silica. Calcium tends to react with
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aluminum compounds much more readily than with silica compounds. Improving the soil strength is achieved through
the adhesion of soil particles by combining cementitious materials and crystals. These crystals are directly related to
the curing time and form after the stabilizer is added to the mixture (Darwish and Tangri 2019) (Sharma and Singh
2021). Microstructural and chemical analyses can demonstrate how the pozzolanic reaction affects the mineralogical
and morphological components of stabilized organic soil (Pokharel and Siddiqua 2021 The results of the unconfined
compressive strength test on a dry mix of blast furnace slag and sand are shown in Fig. 6. The test was conducted
under saturated humidity conditions (above 95%) and at the laboratory temperature. The standard deviation of the
results was less than 4.1%.
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Fig. 6. The UCS results versus curing days for two types of nanoclay slurry: kaolinite (1 and 3 wt.%) (a) and
bentonite (1 and 3 wt.%) (b) and with the addition of blast furnace slag powder (1, 3, and 5 wt.%) as a dry mixture at
the presence of control specimens at laboratory temperature and under saturated humidity conditions (95%).

As shown in Fig. 6, high mechanical strength values are associated with humidity levels above 95%. These values
were obtained at three different curing times: 28, 56, and 90 days. From the diagrams, it can be seen that the highest
strength growth is related to the combined percentage of 3% and 5%.

There is a significant increase in the compressive strength of sand. The use of nanoparticles increases the compressive
strength of the clay matrix through the interaction and adhesion between the nanoparticles and the clay matrix (Khalid
et al. 2015) (Barman and Dash 2022).

3.3. Soil moisture content

The soil moisture content was calculated using the standard method for measuring soil moisture. Firstly, the results of
the preliminary test are presented. This test was conducted on a slurry consisting of nanoclays and pure water mixed
with sandy soil. After obtaining the results for further analysis, moisture diagrams were created to represent different
percentages of the nanoclay.

The results of the soil moisture for the nanoclay slurry (bentonite nanoclay and kaolinite nanoclay) and blast furnace
slag powder, when mixed with sand, are provided in this section. In the present study, the experiments were conducted
at three different temperatures: room temperature, 60 °C, and 110 °C. The curing time ranged from 7 to 90 days, with
intervals of 7, 14, 28, 56, and 90 days. Notably, all the experiments were conducted under controlled laboratory
humidity. The results for two combinations of the bentonite nanoclay slurry-blast furnace slag powder and kaolinite
nanoclay slurry-blast furnace slag powder, in the presence of the control specimens, are illustrated in Fig. 7. The
standard deviation of the results was less than 2.2%.
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Fig. 7. The soil moisture versus curing time for a period of 3 months, for the combination of bentonite nanoclay
slurry (1 and 3 wt.%) (right) and kaolinite nanoclay slurry (1 and 3 wt.%) (left), along with the presence of blast
furnace slag powder (1, 3, and 5 wt.%) in control specimens at laboratory humidity and three different temperatures:
laboratory temperature (a, b), 60 °C (c, d), and 110 °C (e, f)

The moisture value declared for each sample in Fig. 7 is reported from the average moisture value of three measured

samples. As can be observed in Fig. 7(b, d, f), the moisture loss in the soil is more pronounced for lower combined
percentages of the bentonite nanoclay slurry. Due to the samples being dried at 110 °C for less than 24 h, therefore,
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the horizontal axis in Fig. 7(e, f) is presented in hours. At higher percentages of bentonite nanoclay (i.e., 3 wt.%), the
decrease in moisture retention is less significant in almost every diagram, and more moisture is retained over a specific
curing time. The best combined percentages, which have shown less moisture loss, are 3%-3% and 3%-1%. The
moisture loss in all percentages of the combined kaolinite nanoclay slurry and blast furnace slag powder (a, ¢, e) is
approximately the same and similar. It seems that better performance in preserving soil moisture will be achieved for
a specific curing time at the combined percentages of 1%-1% and 3%-1%. In general, it can be said that there is a
close similarity in the positive performance of increasing the water retention capacity in several combinations of the
kaolinite nanoclay slurry and blast furnace slag powder. By increasing the number of stabilizers, which have smaller
particle sizes compared to sand, the sample achieves a higher vacuum ratio, resulting in an increased moisture retention
rate (Arora et al. 2019). The critical point is that the blast furnace slag, when adequately moist, can form gel networks
within a specific timeframe. This process enhances the water-holding capacity and soil stabilization. Nano clay added
to the soil increases its moisture content and extends its shelf life in the soil matrix (Majeed et al. 2014). Nanoclays
serve as a water source for the blast furnace slag and contribute to the formation of the C-S-H gel structure by the
blast furnace slag. As the two most important properties of bentonite nanoclay, its high density and increased water
retention can be mentioned (Aboushook et al. 2012). By increasing the concentration of nanoclay particles in the soil
composition, the liquid and plasticity limits of the soil will increase (Safarzadeh et al. 2019).

3.4. Wind tunnel test

This experiment was performed under ambient humidity conditions to replicate the natural environment as closely as
possible. Before conducting the wind tunnel test, tests were performed to determine the viscosity and pH of the
prepared slurry. The main reason for performing viscosity measurements is to determine the viscosity of the previously
prepared optimal slurries before using them in the wind tunnel test. This is done to assess the feasibility of spraying
them on the sand. Another purpose of pH measurements is to determine changes in soil pH in order to reduce potential
environmental damage and ensure optimal plant growth. A wide range of viscosities has been obtained. Adding a
small percentage of BFS to both samples containing bentonite and kaolinite reduced the viscosity. Thus, BFS can also
serve as a thickness modifier in the proposed soil stabilizer. The results of the viscosity and pH measurements
performed on the selected slurries are shown in Table 2.

Table 2. Results of the viscosity and pH measurements performed on the selected slurries

No. Stabilizer sample Viscosity (mPa-S) pH
1 Nanoclay Bentonite (0.5%) 38 8
2 Nanoclay Bentonite (1%) 250 8
3 Nanoclay Kaolinite (1%) 8 7
4 Nanoclay Kaolinite (3%) 70 8
5 Nanoclay Bentonite- Blast furnace slag (1%-0.5%) 28 8
6 Nanoclay Bentonite- Blast furnace slag (1%-1%) 80 9
7 Nanoclay Kaolinite- Blast furnace slag (1%-0.5%) 12 9
8 Nanoclay Kaolinite- Blast furnace slag (1%-1%) 14 9

The prepared specimens for this experiment were processed at two temperatures: the laboratory temperature and 60
°C, for 14 and 7 days, respectively. The experiment was conducted at three wind speeds: 50, 75, and 100 km/h, and
at frequencies of 13, 20, and 28 Hz, respectively. The experiment lasted for 9 minutes and was performed in the same
manner for all samples. In more detail, the sample was traveling at 50 km/h for the first 3 minutes, at 75 km/h for the
second 3 minutes, and at 100 km/h for the third 3 minutes. Indeed, the velocity for each specimen was increased at 3-
minute intervals to observe the erosion process of each specimen. Because the slurries have low viscosity, wind tunnel
test specimens were prepared by spraying them onto the sample surface. The penetration depth of the slurries reached
up to 0.5 cm from the surface of the specimens. The number of specimens used in the experiment is as follows: five
control specimens (specimens containing nanoclay and specimens without additives), and four specimens in the form
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of a dry mixture of blast furnace slag and nanoclay slurry. Four samples were selected for the integration of nanoclay
slurry and blast furnace slag. The binder percentage for both nanoclays was 0, 1, and 2% by weight, while the loading
percentage for blast furnace slag was 0.5, 1, and 1.5% by weight. Taking into account two temperature modes, namely
laboratory temperature and 60 °C, a total of 26 specimens were prepared. Table 3 represents the results of the wind
tunnel tests obtained using water as a control specimen, which was the sole stabilizer used to stabilize sandy soil.

Table 3. The results of the wind tunnel tests performed on water-stabilized sandy soil

Laboratory temperature T=60°C
Frequency | Wind | Time | Specimen | Erosion | Frequency | Wind | Time | Specimen | Erosion
(Hz) speed | (min) | mass (g) | percent (Hz) speed | (min) | mass (g) | percent
(km/h) (%) (km/h) (%)
0 0 0 498.03 0 0 0 0 549.05 0
13 50 3 417.91 16.08 13 50 3 548.98 5.47
20 75 3 397.45 21.19 20 75 3 468.87 14.60
28 100 3 296.86 40.39 28 100 3 348.75 36.48

The erosion in the processing mode under wind speeds of 100 km/h and at laboratory temperature and 60 °C reached
40.39% and 36.48%, respectively. This indicates that the sandy soil currently present is susceptible to wind erosion,
and relying solely on water is not enough to effectively stabilize it. With further evaluation, it is worth mentioning
that more erosion occurred at the curing lab temperature. So, at desert temperatures and with low humidity, sandy soil
has less stabilizing power. At 60 °C, there is also a significant amount of wind erosion. Given the proximity of 60 °C
to desert temperatures, these results are not promising.

Fig. 8 shows the results of the wind tunnel test on sandy soil at two temperatures: the laboratory temperature and 60
°C. The test was conducted using bentonite and kaolinite nanoclay slurries, as well as blast furnace slag. The standard
deviation of the results was less than 5.2%.
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Fig. 8. The results of the wind tunnel test on sandy soil treated with nanoclay slurries and blast furnace slag powder
as a dry mixture at two different curing temperatures: laboratory temperature (a, b) and 60 °C (c), for the kaolinite
nanoclay slurry (a) and bentonite nanoclay slurry (b, c)

The diagrams in Fig. 8 show the percentage of sandy soil erosion as a function of wind speed. The horizontal axis
indicates three wind speeds: 50, 75, and 100 km/h. The wind erosion of the kaolinite slurry and blast furnace slag
powder, when mixed together as a dry mixture at 60 °C, is negligible. No significant changes or effects have been
observed in this case. Thus, in all the combined percentages and at all three wind velocities shown in the graph, the
amount of soil erosion is 0%. In practice, when comparing these two nanoclay slurries, it can be observed that the
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kaolinite nanoclay slurry has demonstrated superior performance in mitigating wind erosion. Overall, the erosion rates
are low, ranging from 0.01% to 1%. Additionally, when the specimens were cured, there was less erosion observed at
60 °C. This is important because 60 °C is close to the temperature in the desert. By applying the nanoclay slurry onto
the sandy soil surface, the adhesion force of the nanoclay and blast furnace slag, along with their natural affinity to be
positioned alongside soil grains, enhanced the stability and strength of the sand surface. The placement of the nanoclay
and blast furnace slag between the soil grains creates an electrostatic force between them and the soil particles. As a
result, the soil grains adhere to each other (Shariatmadari et al. 2020).

In Fig. 9, the results of the wind tunnel tests on sandy soil are shown at two temperatures: the laboratory temperature
and 60 °C. The tests were conducted on two types of integrated blast furnace slag nanoclay slurries and a high kiln
slag nanoclay integrated slurry. The standard deviation of the results was less than 5.4%.
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Fig. 9. The results of the wind tunnel tests conducted on sandy soil treated with integrated nanoclay slurries and
blast furnace slag powder at two different curing temperatures: laboratory temperature (a,b) and 60 °C (c), for the
kaolinite nanoclay slurry (a) and bentonite nanoclay slurry (b,c)

The graphs provide the percentages of sandy soil erosion in relation to wind speed. The columns compare the control
specimens, which include samples containing nanoclay slurries (bentonite or kaolinite), the specimen containing pure
water, and the combined specimens. The results show that the erosion levels were not taken into consideration, and
the combinations of slurry resulted in acceptable outcomes. Accordingly, the erosion percentages in both graphs are
small and less than 0.2%. At 60 °C, the most favorable outcomes are achieved with the kaolinite nanoclay slurry and
blast furnace slag. These results show that soil erosion is 0% at all three wind speeds and combined percentages.
Therefore, there is no need to depict a graph in these cases. The slurry of bentonite nanoclay and blast furnace slag (c)
also exhibited 0% soil erosion at 60 °C and low wind speeds. In slurries, viscosity is a dominant factor affecting soil
stabilization and flow. As the percentage of the stabilizer increases, the viscosity and flow rate also increase, resulting
in an enhancement of the shear strength of sandy soil. These outcomes will ultimately reduce sandy soil erosion (He
et al. 2008)(Komaei et al. 2023).

3.5. Microstructural study by FESEM and EDS results

The FESEM analysis was performed on the samples that yielded the most desirable results from the wind tunnel
experiments. The FESEM images in Fig. 10 show sand stabilized by different substances: pure water (1), a slurry of
kaolinite nanoclay (3%) (2), an integrated slurry of kaolinite and blast furnace slag (1%-1%) (3), and a slurry of
bentonite and blast furnace slag (1%-3%) in the form of a dry mixture with sand (4).
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Fig. 10. The FESEM images of sand stabilized by water (a), sand stabilized by a 3% kaolinite nanoclay slurry (b),
sand stabilized by an integrated slurry of 1% kaolinite and 1% blast furnace slag (c), and sand stabilized by a slurry
of 1% bentonite and 3% blast furnace slag in the form of a dry mixture with sand (d)

As can be seen from the microstructure shown in Fig. 10, sand particles are attached via the calcium silicate hydrate
(C-S-H) and calcium aluminate hydrate (C-A-H) gels, which are the byproducts of the hydration process. By
increasing the amount of cohesive compound, as shown in Fig. 10 (a-d), the microstructure in the sand becomes
denser, increasing the likelihood of the formation of C-S-H and C-A-H gels in this scenario.

The C-S-H and C-A-H gels are the main factors that contribute to the increase in mechanical strength in samples
containing blast furnace slag. Additionally, the degree of hydration process plays a significant role (Ghadir and
Razeghi 2022). The hydration products have unique appearances. The C-S-H has a gelatinous and circular shape
(Wang et al. 2018), while the C-A-H has a cubic shape. Calcium hydrate (C-H) can also be formed due to the presence
of blast furnace slag and further stabilize sand. It has a hexagonal or tetrahedral shape (Yi et al. 2015).

To evaluate the samples more accurately, the results of the EDS analysis performed on the samples corresponding to
the FESEM images are depicted in Fig. 11.
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Fig. 11. The EDS analyses performed on sand stabilized by water (a), sand stabilized by a 3% kaolinite nanoclay
slurry (b), sand stabilized by an integrated slurry of 1% kaolinite and 1% blast furnace slag (c), and sand stabilized
by a 1% bentonite and 3% blast furnace slag slurry in the form of a dry mixture with sand (d)

15



Stabilizers based on nanoclay and blast furnace slag to reduce wind erosion of sandy soil green stabilization of sandy soil

From Fig. 11(a), the spectrum of pure sand indicates the presence of conventional compounds and elements, as
expected. From Fig. 11(b), which is related to sand stabilized by the kaolinite nanoclay slurry, the intensity of the Ca,
Fe, Al, and K peaks decreased compared to the Si element (especially the stabilizing agent of Ca). This decrease can
be attributed to the chemical composition of the kaolinite nanoclay, which primarily consists of O, Si, Ca, Al, Mg,
and Fe, with a small amount of K element. Considering that the EDS analysis is a localized analysis, the detection
probe of the device may have probed a point in the microstructure that is rich in kaolinite. The presence of the blast
furnace slag and bentonite nanoclay slurry can also be observed, as shown in Fig. 11d, by the changes in the intensities
of the Si, Ca, and Al peaks. These results can be verified based on the chemical composition of these substances and
the findings from the XRF analysis. In the reported diagrams, the amount of silica (SiO,), calcium oxide (CaO), and
aluminum oxide (Al>O3) is more important than other compounds. This is because these compounds are present in
high quantities and have a stabilizing effect on sand. The blast furnace slag causes the formation of the initial stage of
hydrated calcium silicate, which is a result of the alkaline activation of the blast furnace slag. According to the results
of analyses and tests, samples c (a slurry of kaolinite and blast furnace slag (1%-1%)) and d (a slurry of bentonite and
blast furnace slag (1%-3%)), from Fig. 10, have shown the highest compressive resistance and wind erosion of
approximately zero percent. According to the corresponding EDS results shown in Fig. 11, a relatively uniform
distribution of the Ca, Al, and Si elements can be observed. These elements in the cohesive compounds cause the
formation of C-A-H and C-S-H gels between sand particles, resulting in a denser structure.

According to the images depicted in Fig. 10, the order of (a) to (d) demonstrates an increase in compressive strength
and a decrease in wind erosion. These changes can be attributed to longer curing time and higher amounts of blast
furnace slag. As can be seen in the specific figure, the formation of the C-S-H gels increases progressively from Fig.
11(a-d), respectively. The peaks depicted in Fig. 11 show a lower percentage of Si, while the percentage of Al and Ca
increases significantly.

4. Discussion

More than 35% of the Earth is composed of arid regions, and approximately 17% of the global population resides in
these areas. Hence, soil erosion is an environmental challenge on all continents (Lal 2003). Iran, located in the Middle
East, has experienced agricultural and meteorological droughts, as well as dust storms, in recent years (Darand and
Sohrabi 2018). More than 60% of this country is covered with arid and semi-arid lands, primarily located in the eastern
half of Iran (Modarres and Sadeghi 2018). Two general procedures were used in this study for stabilizing sandy soil:
(1) using nanoclay slurries (bentonite and kaolinite slurries) and blast furnace slag powder in the form of a dry mixture
with sand, and (ii) using an integrated nanoclay slurry and blast furnace slag. Worth mentioning is that the nanoclay
slurries and sole water were initially used as individual sand stabilizers and later served as reference samples for the
subsequent steps. The unconfined compressive strength of sandy soils mainly depends on the compressive strength of
the adhesive material (Ghadir and Ranjbar 2018). Also, the strength of sandy soil is primarily dominated by the friction
force between particles. Therefore, the inter-particle friction force can be enhanced by increasing the cohesion of soil
particles through greater inter-particle adhesion (BUSSCHER 1994).

As mentioned earlier, the combination of nanoclays and blast furnace slag produces an adhesive slurry that is capable
of enhancing the cohesion of soil particles. The effects of adding water, kaolinite nanoclay slurry, integrated bentonite
nanoclay, and blast furnace slag to sandy soil are depicted in Figs. 12a-c, respectively. The depth of penetration of the
adhesive slurry into the sandy soil particles is shown in Fig. 12d.
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Fig. 12. The optical microscope photos of the (a) a mixture of water and sand, (b) a mixture of kaolinite nanoclay
slurry and sand, (c) a dry mixture of bentonite nanoclay-blast furnace slag slurry and sand, and (d) a cross-section of
sand stabilized with the integrated slurry of nanoclay and blast furnace slag

As shown in Figs. 12a-c, the particles of the adhesive materials are uniformly distributed in the pore spaces between
the sandy soil particles. As a result, increasing the adhesion between sandy soil particles will increase the inter-particle
friction force, leading to increased cohesion and shear strength of the soil particles. The sandy soil particles have
porous structures in which the inter-particle pore spaces are filled with air. Hence, applying additional pressure to the
sandy soil particles can quickly force them to move. The primary reason for this phenomenon is the weak resistance
of these particles to shear and tensile stresses. Their strength against stresses increases when the inter-particle pore
spaces are filled with mineral adhesive fillers, which enhances the adhesion between particles. As a result, more power
is needed to break the physical bonds between the sandy soil particles (Dove et al. 2006).

Fig. 13 shows the schematic views of the potential forces that impact sandy soil particles in the untreated soil samples.
Samples stabilized with the nanoclay-blast furnace slag binder and a schematic view of possible stabilizing
mechanisms for the nanoclay-blast furnace slag stabilizer.
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Fig. 13. The schematic illustrations of forces on sand in three different cases: (a) water as the stabilizer, (b)
nanoclay-blast furnace slag slurries as the stabilizer, and (c) potential stabilizing mechanisms for the nanoclay-blast
furnace slag stabilizer

The surface of sandy soil particles is influenced by various forces from different sources, including airflow, soil
friction, cohesion, and gravity. According to Figs. 13a and 13b, the forces acting on a particle can be categorized as
the aerodynamic drag force (Fq), aerodynamic lifting force (FL), gravity force (F,), and interparticle cohesive force
between sandy soil particles (F¢) (Ravi et al. 2006; Erosion 2008). Both aerodynamic forces originating from the
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airflow are unalterable. However, the forces that stabilize the sand can be modified. According to Fig. 15a, there is no
adhesive effect in untreated soil samples, and pure water is the only stabilizing agent that causes slight adhesion
between sand particles. From Fig. 13b, the nanoclay and blast furnace slag slurry were applied to sand particles, which
not only significantly increased the adhesion forces between particles but also increased the gravitational force by
increasing the weight of the particles after the slurry uptake. Also, adding the sticky slurry creates a connecting
network between sand particles, which helps prevent wind erosion. Overall, the addition of the nanoclay-blast furnace
slag adhesive to sandy soil has multiple effects. Not only does it increase the shear strength of the soil, but it also
increases its gravitational force, as determined by Ayeldeen et al. in 2018.

According to Fig. 13c and the obtained results, the addition of adhesive slurry will increase the compressive strength
and the moisture content of sandy soil. In addition, incorporating adhesive materials into sand can enhance the
mechanical properties of soil, resulting in long-term durability when compared to untreated soil (Ravi et al. 2006). By
adding adhesive compounds to soil particles, various forces, such as electrostatic adsorptive forces, Van der Waals
forces, and forces resulting from strong chemical bonds, can stabilize sand particles (Fatehi et al. 2018). The primary
force that stabilizes sandy soil particles is the electrostatic adsorptive force. Embedding the nanoclay and blast furnace
slag among soil particles creates an electrostatic force between the soil particles (Shariatmadari et al. 2020). As
discussed earlier, the addition of adhesives increases the adhesion force between particles of sandy soil. Most studies
indicate that the process of particle adhesion involves four main steps: wetting, adsorption, curing, and mechanical
adhesion (Zang et al. 2015). By incorporating adhesive slurries between sand particles, the cation particles in the slurry
and sand surfaces will function as the positive and negative poles, respectively. The adsorption force formed between
the cationic particles and the surfaces of sand promotes adhesion between sand particles. Also, the interparticle
repulsion force between sand particles will decrease, causing them to come closer together (Meng et al. 2017).

5. Comparative study
Table 4 presents a comparison of various soil stabilization methods, including the method introduced in the current

study.

Table 4. Comparison of soil stabilization methods with the method introduced in the current study

Stabilizer Advantages Disadvantages Reference
-Increasing the amount of water
retention and the water absorption . .
Nanoclay and | capacity The effect. of this stab.lhzer
BFS slurry | -Reducing the wind erosion of sandy on certain geotechnlcal This study
soil parameterg of thc? soil needs
-Improving the mechanical properties to be investigated.
of soil
Cre?ltes a bal?lnced Ca.- Si and C a-Al The scope of this study still (Khalid et
Wheat straw | environment in the soil, resulting in has some limitations al. 2023)
and silica cementing compounds such as CSH . ’ )
fume and CAH, strong connections, and Lack of available resources | (Khan et al.
improved mechanical responsiveness. for raw materials. 2022)
Bacteria can be found almost . . .
. . Microbial ~ grouting  can
everywhere, so it requires less cost for | . .
. ) . . . increase the pH  of | (Almajed et
Bacteria and | incorporation. Bacteria can modify roundwater  to  hichly | al. 2021
Microbes their environment by utilizing groun ey o ’
. . . alkaline levels, which can | Dejong et
enzymes like urease to induce calcite L.
S . lead to significant | al. 2014)
precipitation. This process leads to the . .
. . environmental issues and
formation of calcite crystals on the disrunt ecosvstems
surface of grains, which in turn creates P Y )
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cementation links between particles.
As a result, soil permeability is
reduced and compressive strength is
increased.

The transportation,
cultivation, and fixation
performance of bacteria are
challenging.

application techniques.
-More study is needed to
determine its efficacy in

- Abundant in nature -Susceptibility to  water
- Low carbon footprint presence (Fatehi et
- Increased soil unconfined | -Lack of standards in | al. 2021)
Biopolymer | compressive strength laboratory procedures (Shrivastav
- Does not require the cultivation of | - Higher concentrations led aetal
microorganisms in the soil, unlike | to a decrease in the strength 2022)
MICP. of UC at higher temperatures.
-Inexpensive material Damage to the structure and | (Manzoor
Lime -Easily available source composition of the soil is | and Yousuf
-High uniaxial compressive strength of | harmful to the environment | 2020)(Yu
soil and ecosystem of the region. | et al. 2016)
The wuniaxial compressive
strength of the soil-cement (H;glest .al.
Inex . il sample  decreases  with ’
pensive materia ) . . Zhang
_Available source increasing sulfate ions and Dingwen et
Cement . . curing time. With the
-Improved  uniaxial = compressive | . . al. 2013;
. increase in the amount of .
strength of soil . Horpibulsu
cement, the effective stress
. ket al.
and shear strength of the soil 2012)
have decreased.
- Cost-effective Inadf.:quate information
- Faster than conventional methods of proYlded by. r.nar.1ufacturers (Mekonnen
soil stabilization can impose limitations on the et al. 2020;
Bio-enzymes | Non-toxic applications of their M. and ’
- Bio-enzymes are often sold as ggg:cf; te AWAreness amon Shivhare
concentrated solutions that are diluted -od 1 gf 2023)
with water on site engmeers and alack o
' consistent data.
Liquid limit, plastic limit,
and plasticity index decrease | (Paya et al.
BFS -Soil compaction with increasing BFS | 2020)(Rajal
-Improved soil strength percentage. axmi 2010;
-Inexpensive material The UCS wvalue decreases | Pathak et
with the further addition of | al. 2014)
BFS.
limited number of
investigations have assessed. (Komaei et
Alkali- -Strength of the formed increased Liquid limit and plasticity al. 2023)
activated slag | - decrease in wind erodibility index decreases with the ’
further addition of Alkali-
activated slag.
-Not easy to implement in
the field. (Alzaidy
Eggshell -Economical TOZI(I)iL?;de
%%V der -Pozzolanic interactions -More exploration may be Aratio et
p -Available All around the world done to create new field al. 2 (J)Zl)
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determining the hydraulic
parameters of expansive soil.
-More research is needed to .
clearly explain its impact on (Indiramma
-Easily applicable ex an};ivepsoil shear sI:ren th et al. 2020;
Stone Dust | -Environmental friendly P £ Sajad and
. o as well as morphology .
-High permeability . . . Singh
-Available in certain
. 2022)
countries
-Easily applicable (mixing with soil is . . . (Abdelkade
. -Available in certain retal.
not difficult) .
Marble Dust . . countries 2021; Ror
-Environmental friendly et al. 2022)
-Economical ’

Bio-based materials in the soil matrix offer benefits such as geographic availability and abundant bacteria, making

them easily accessible and usable worldwide. These materials enhance the mechanical and dynamic qualities of soil,
but they also have drawbacks (Liu et al. 2018; Osinubi et al. 2020). Bio-enzymes were found to significantly improve
the soil's behavior and stability mechanism. Similar to other stabilization strategies, this approach offers both benefits
and drawbacks. The advantages of this biomaterial include reduced carbon emissions from conventional stabilizers,
which contribute to environmental pollution, as well as savings in terms of time, energy, and money (Mekonnen et al.

2020).

Typically, mechanical techniques are employed to increase soil shear strength through the use of water drainage

systems or reinforcing features. Chemical treatments are used to prevent soil failures by employing chemical bonding

between soil particles. Adding materials such as lime, cement, and natural and industrial wastes, including volcanic

ash, rice husk ash, coal fly ash, bottom ash, blast furnace slag, foundry sand, powdered GGBS, and cement kiln dust,

is a chemical method of stabilizing soil. Lime and Portland cement are used to stabilize most types of soil. The energy-
intensive process of manufacturing these stabilizers also emits a significant amount of carbon dioxide, which has
detrimental effects on the environment. It is therefore essential to propose techniques and materials that provide

enhanced resistance while also being environmentally friendly (Hataf et al. 2018; Sadeghian et al. 2020).

Because biological macromolecules are of a biochemical nature, biopolymers are also commonly found within them.

Biopolymers consist of many small, identical subunits joined together by covalent bonds to form a long chain. They

do not harm the environment and are biodegradable. They can, therefore, be used to improve the characteristics of the

soil (Jang 2020; Fatehi et al. 2021).

6. Conclusions

In the present study, we report the successful fabrication of sandy soil stabilizers using nanoclay and blast furnace
slag powder. Various physicochemical measurements and microstructural characterizations were performed on the
samples. These included measuring the soil moisture content, unconfined compressive strength, viscosity and pH of
the slurries, as well as conducting FESEM/EDS analysis. Additionally, the performance of the prepared slurries in
stabilizing soil was evaluated in the wind tunnel test. According to the obtained results, the prepared materials have
demonstrated robust performance in enhancing mechanical strength, increasing water uptake, and improving moisture
retention in soil. Remarkable results were also obtained in reducing wind erosion of sandy soil, which holds promise
for utilizing these materials to mitigate dust formation and desertification in arid regions. The developed soil stabilizer
is notably cost-effective because of the low costs of the raw materials. The stabilizer preparation method is also facile,
requiring no complex or high-tech equipment. The prepared stabilizer exhibited high adhesion performance,

effectively operating in multiple wet-dry cycles to stabilize the sand surface.
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