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Wind erosion is one of the significant natural calamities worldwide, which degrades around one-third of
global land. The eroded and suspended soil particles in the environment may cause health hazards, i.e.
allergies and respiratory diseases, due to the presence of harmful contaminants, bacteria, and pollens.
The present study evaluates the feasibility of microbially induced calcium carbonate precipitation (MICP)
technique to mitigate wind-induced erosion of calcareous desert sand (Thar desert of Rajasthan province
in India). The temperature during biotreatment was kept at 36 �C to stimulate the average temperature of
the Thar desert. The spray method was used for bioaugmentation of Sporosarcina (S.) pasteurii and
further treatment using chemical solutions. The chemical solution of 0.25 pore volume was sprayed
continuously up to 5 d, 10 d, 15 d, and 20 d, using two different concentration ratios of urea and calcium
chloride dihydrate viz 2:1 and 1:1. The biotreated samples were subjected to erosion testing (in the wind
tunnel) at different wind speeds of 10 m/s, 20 m/s, and 30 m/s. The unconfined compressive strength of
the biocemented crust was measured using a pocket penetrometer. The variation in calcite precipitation
and microstructure (including the presence of crystalline minerals) of untreated as well as biotreated
sand samples were determined through calcimeter, scanning electron microscope (SEM), and energy-
dispersive X-ray spectroscope (EDX). The results demonstrated that the erosion of untreated sand in-
creases with an increase in wind speeds. When compared to untreated sand, a lower erosion was
observed in all biocemented sand samples, irrespective of treatment condition and wind speed. It was
observed that the sample treated with 1:1 cementation solution for up to 5 d, was found to effectively
resist erosion at a wind speed of 10 m/s. Moreover, a significant erosion resistance was ascertained in
15 d and 20 d treated samples at higher wind speeds. The calcite content percentage, thickness of crust,
bulk density, and surface strength of biocemented sand were enhanced with the increase in treatment
duration. The 1:1 concentration ratio of cementation solution was found effective in improving crust
thickness and surface strength as compared to 2:1 concentration ratio of cementation solution. The
calcite crystals formationwas observed in SEM analysis and calcium peaks were observed in EDX analysis
for biotreated sand.
� 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Sandstorm is a serious global natural calamity as it causes land
degradation in arid and semi-arid areas which results in the erosion
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of loose sand and fugitive dust particles. Nearly 41% of the Earth’s
land surface is covered by deserts. Approximately 38% of the
world’s population gets affected due to this disaster (Miao et al.,
2020a, b). Desertification is a threat to an ecosystem that declines
economic development and stability in arid and semi-arid regions
(Le Houérou, 2001).

Northwestern part of India is severely affected by desertifica-
tion. Out of 32 million hectares of hot and arid land in India,
Rajasthan province shares the maximum 62% of the desert,
ting wind erosion of calcareous desert sand using spray method for
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Fig. 1. Grain size distribution curve for desert sand.
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followed by 19% in Gujarat, 10% in Karnataka and Andhra Pradesh,
and 9% in Punjab and Haryana (Moharana et al., 2016). The Thar
desert is located 27�N latitude and 71�E longitude between the
Aravali mountain range in the East and the Indus river in the West.
It covers 170,000 km2 land area which is approximately 5% of the
total geographic area of the country. It is the 20th largest desert and
the 9th largest hot subtropical desert in the world. Despite extreme
temperatures in summer (50 �C) andwinter (�4 �C), the population
density of Thar is around 83 people per km2 comprising about 40%
of the total population of Rajasthan. Approximately 70% of the
Rajasthan area is seriously affected by wind erosion (Roy and
Singhvi, 2016).

Mitigation of sandstorms and controlling land degradations are
one of theworldwide challenges (Miao et al., 2020a). The techniques,
which are conventionally used for wind erosion control to prevent
desertification, i.e. vegetation, sand fences, barriers, chemical stabi-
lization, and engineering approaches are likely to be ineffective with
time (Goudie and Middleton, 2006). There are performance and
application limitations associatedwith each conventionalmethod. In
the case of vegetation, roots help to keep soil particles intact through
reinforcement and soil matric potential, but non-availability of
suitable soil temperature and nutrient conditions is the major issue
of vegetation (Gadi et al., 2016). The fences and barriers cannot be
reset and moved according to the condition of sand accumulation
and the surface formed in the field (Miao et al., 2020a). The chemical
stabilizers create environmental issues mainly related to ground-
water contamination as it releases toxic and synthetic materials,
hence their usage are banned for ground improvement (Karol, 2003).
Engineering methods are not feasible as they require a lot of
manpower and material resources (Verdoodt et al., 2009; Deléglise
et al., 2011; Zomorodian et al., 2019).

In recent years, the microbially induced calcite precipitation
(MICP) method has arisen as a potential technique for strength-
ening soil properties (Chou et al., 2011; Sun et al., 2019; Sharma
et al., 2021a) as compared to various other ground improvement
practices, which uses agricultural waste, industrial waste, ashes,
and fibers (Tiwari et al., 2020a, b, c, 2021a; Tiwari and Satyam, 2019,
2020, 2021). MICP is developed as an effective strength enhance-
ment approach not only for sand but also for clay (Tiwari et al.,
2021b). Moreover, the treatment methodology should be
different due to the lower permeability of clay. MICP process
essentially inducedmetal ions to bind with acid radical ions to form
calcium carbonate minerals (Mitchell and Santamarina, 2005;
DeJong et al., 2006; Sun et al., 2018). The hydrolysis of urea by
introducing highly active urease-producing bacteria (e.g. Spor-
osarcina pasteurii and Bacillus megaterium) is one of the most
popular methods to induce carbonate precipitation (DeJong et al.,
2006; Soon et al., 2013; Sharma et al., 2021b). In the MICP tech-
nique, calcium carbonate crust formation strengthens the soil and
protects it against wind impact. Hence, it is well explored that
carbonate precipitation has significant potential as an effective
method for biomineralization (Sharma et al., 2019, 2021a, c).
Moreover, the cost of this method can be optimized by regulating
the nutrient and cementation solutions. A study on the optimiza-
tion of cementation solution was conducted by Sharma et al.
(2021b), which showed that the injection or spraying frequency
of 0.5 pore volume cementation solution every 24 h resulted in
effective calcite precipitation and strength improvement. Agricul-
tural grade urea and lower-grade calcium chloride dihydrate can
also be used to achieve economy in the MICP method (Gowthaman
et al., 2021a). The nutrient broth used in the MICP method for
bacterial growth is more expensive, however, few studies applied
the substitute of nutrient broth such as corn steep liquor, vinasse
and molasses, which leads to economic biotreatment (Maleki et al.,
2016; Nikseresht et al., 2020).
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The MICP technique has been used by various researchers in
different environmental conditions for strengthening the sandy
soil. It was found effective for enhancing stiffness, liquefaction
resistance, bearing capacity, slope stabilization, and contamination
immobilization (DeJong et al., 2006; Mwandira et al., 2017;
Simatupang et al., 2018; Gowthaman et al., 2019a, b; Sharma et al.,
2020). The MICP technique is not likely to cause environmental
pollution as compared to the traditional methods that use lime, fly
ash, and cement (Wang et al., 2018; Sharma et al., 2021d). Some
recent studies have also demonstrated that the calcite precipitated
sand shows sandstone-like properties and durability against
various environmental conditions, i.e. freezing-thawing, wetting-
drying, and ageing (Gowthaman et al., 2020, 2021b; Sharma and
Satyam, 2021; Sharma et al., 2021e, f, g).

The treatment of the top layer of the sand surface by bacteria
and cementation solution through the MICP technique made an
integrated thin stiff layer, which covered up dust and prevented
wind erosion. However, untreated particles lying below the layer
are not integrated, which consequently results in the displacement
of a thin layer in presence of water and increases the chances of
erosion (Poulsen et al., 2020). Wang et al. (2018) tested the MICP
treated sample (at temperature of 20 �C) in the wind tunnel and
found that the erosion rate was less than 0.4%. A study on wind
erosion rate was performed by some of the researchers; however,
the surface strength of crust and thickness of the layer are under
explored (Sun et al., 2018; Wang et al., 2018). Hence, the surface
strength of crust and thickness of the layer should be explored to
investigate the effectiveness of treatment beyond maximum wind
speed.

The objective of the present study is to study the intactness of
the surface soil layer induced due to MICP for minimizing the wind
induced erosion. The experimental study was conducted in the
laboratory for the treatment of the top layer of sand to control wind
erosion. The spray method for MICP treatment was used with
different cementation solution concentration ratios (2:1 and 1:1)
and at a constant temperature of 36 �C to simulate field conditions.
Cementation solution of 2:1 indicates that the concentration of
urea was 0.5 mol/L and calcium chloride dehydrate was 0.25 mol/L,
and in 1:1 cementation solution, the concentration of both urea and
calcium chloride dihydrate was 0.5 mol/L. The wind tunnel test was
conducted to evaluate erosion of untreated and biotreated soils, at
ting wind erosion of calcareous desert sand using spray method for
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Table 1
Mass of each component in 1 L cementation solution.

Series
No.

Material Mass (gm/L)

2:1 cementation
solution

1:1 cementation
solution

1 Urea 30.03 30.03
2 Calcium chloride

dihydrate
36.75 73.5

3 Ammonium chloride 10 10
4 Sodium bicarbonate 2.12 2.12
5 Nutrient broth 3 3
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different wind velocities. The unconfined compressive strength test
was performed to assess surface stiffness (i.e. intactness) of bio-
treated sand samples using a pocket penetrometer. Percentage of
calcite content, crust layer thickness, and bulk density were
measured to analyze the treatment effectiveness. Calcium carbon-
ate precipitated crystals were analyzed using SEM and EDX
methods.

2. Materials and methods

2.1. Properties of desert sand

The desert sand used in this study was collected from Tinwari
village, located in Osian tehsil of Jodhpur district in Rajasthan
province of India. Soil can be classified as poorly graded sand as per
Indian standard IS:1498e1970 (2002). Fig. 1 shows the particle size
distribution curve for desert sand. The mean grain size (D50), uni-
formity coefficient (Cu), and coefficient of curvature (Cc) were
0.212 mm, 1.83, and 1.089, respectively. The specific gravity of sand
was 2.75. The minimum (emin) and maximum (emax) void ratios
were 0.616 and 0.903, respectively.

2.2. Preparation of bacterial solution

Fig. 2 shows the cultivation process of S. pasteurii bacterial cul-
ture which was stored at �20 �C. 25 g nutrient broth powder was
mixed with distilled water to prepare 1 L nutrient broth solution.
The nutrient broth was autoclaved for 20 min at temperature of
121 �C and pressure of 15 psi (1 psi ¼ 6.895 kPa). Inoculation of
strain was performed in a laminar airflow cabinet under sterile
conditions, and to initiate the growth of bacteria, an orbital shaking
incubator was used. The inoculated solution was kept in an incu-
bator at a rotating speed of 200 r/min at 30 �C temperature under
aerobic conditions for 24 h. Cotton plugs were used as a cap for jars
to maintain aerobic conditions. The optical density (OD) value of
1.182 was measured using a spectrophotometer at 600 nm wave-
length (Bu et al., 2018; Sharma et al., 2019).
Fig. 2. Systematic diagram for the p
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The following equation was used to calculate the bacteria cell
concentration (Y) in 1 mL solution, which shows the direct relation
between OD and Y (Sharma et al., 2021d):

Y ¼ 8:59� 107OD1:3627 (1)

The bacteria concentration (Y) was calculated using the above
equation as 1.07 � 1011 cells/L. This proves that the bacteria cell
concentration was significant for successful urease activity in
biogeochemical reactions, as the active range of OD for higher
urease activity is 0.8e1.2 (Okwadha and Li, 2010).
2.3. Components of cementation solution

A cementation solution was prepared using urea, calcium
chloride dihydrate, ammonium chloride, sodium bicarbonate, and
nutrient broth. The mass of each component for different cemen-
tation media concentrations was summarized in Table 1 (Sharma
et al., 2019). Sodium bicarbonate and ammonium chloride act as
a buffer in cementation media (Bu et al., 2018; Sharma et al., 2019).
Two different proportions of urea and calcium chloride dihydrate
were used for analyzing and comparing the effect of concentrations
as shown in Table 1. To replicate field conditions, autoclaving was
not conducted for different components of cementation media.
reparation of bacterial solution.

ting wind erosion of calcareous desert sand using spray method for
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2.4. Sample preparation and biotreatment process

Sand sample of 980 g was filled at 50% relative density (as
observed in deserts) (Fig. 3b) in a polypropylene (PP) plastic
disposable tray, which weighed 13.8 g and had dimensions of
160 mm � 120 mm � 35 mm (Fig. 3a). 200 mL bacterial solution
was sprayed using a spray device for each sample surface at the rate
of 15 mL/min and left for 24 h for bacterial attachment, as pre-
sented in Fig. 3c (Wang et al., 2018). After 24 h of attachment
period, cementation solution (equal to 0.25 pore volume) without
calcium chloride dihydratewas sprayed. Less pore volumewas used
to target treatment of top exposed surface only (Maleki et al., 2016).
The samplewas left again for 24 h and the durationwas termed as a
simulation period (Fig. 3d). The simulation period here refers to the
formation of carbonate ions in the soil matrix during urea hydro-
lysis, as in this period, cementation solution was injected without
calcium source, hence, only urea hydrolysis took place during the
simulation period. After the attachment and simulation period, the
cementation solution was sprayed and calcium ion source reacted
with carbonate ions and calcite precipitation occurred. The sand
was biotreated for 5 d, 10 d, 15 d and 20 d, as shown in Fig. 3e.
Treatment was started with the spraying of cementation solution
with different molar concentrations (solution of cementation me-
dia was prepared every day) and all samples were kept in the oven
for maintaining an average temperature of 36 �C (Gupta, 1986) to
simulate field condition. All sample trays were taken out for
spraying the solution and kept back in the oven at 24 h intervals.
After 5 d of treatment, one-fourth of samples were kept out from
the oven, and treatment for 10 d, 15 d, and 20 d continued. The
same process was followed till 20 d of treatment.
2.5. Wind tunnel experimental setup

Erosion was simulated using a wind tunnel experimental setup
(Fig. 4). Wind tunnel setup has a total length (distance between
upwind entry and exhaust of the tunnel) of 1.5 m, out of which
0.6 m was a working section. The cross-section dimension of the
Fig. 3. Sample preparation an
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duct was 0.3 m � 0.3 m (Maleki et al., 2016; Zomorodian et al.,
2019; Almajed et al., 2020; Miao et al., 2020b). To calculate wind
erosion resistance of the treated and untreated sand samples, wind
tunnel testing was performed at different wind velocities of 10 m/s,
20 m/s, and 30 m/s for a 1-min duration (Miao et al., 2020b). To
achieve different wind velocities in the duct, the flapper position of
the air inlet to blower was adjusted. The air velocity of this com-
plete setup has been measured and verified using an anemometer
(Poulsen et al., 2020). Before starting the test, the sample was
placed and fixed in the test section to avoid the movement of the
tray (Wang et al., 2018). However, the in-house wind tunnel setup
had a few limitations that included poor airflow speeds along with
a challenge to reflect natural wind flow conditions, which could
only be maintained by using an anemometer (Strong et al., 2016).
The tunnel had limitations in the evaluation of the erodibility of
natural soil surfaces and their dust emissions (Van Pelt et al., 2010).
The size of the sample to be used was decided according to the test
section of the wind tunnel to achieve efficiency in results. However,
the spatial variability of the MICP crust regarding the homogeneity
of the treated soil surface in the field could not be captured by the
testing of samples in the laboratorywind tunnel setup (Strong et al.,
2016). In the present study, wind erosion was assessed by mass
difference and visual operation. Pre and post weighing of the
sample was conducted to obtain mass loss that occurred during
wind tunnel testing (Fattahi et al., 2020).
2.6. Surface strength test

The surface strength of the biotreated crust was measured using
a pocket penetrometer, as shown in Fig. 5a. The pocket pene-
trometer was used to determine the penetration resistance of
biotreated sand surface both in the field and in the laboratory. The
instrument is widely used because of its easy operation and instant
results (Cheng and Cord-Ruwisch, 2012; Omoregie et al., 2018; Fick
et al., 2020; Kou et al., 2020). However, the limitation of the in-
strument is its range of measuring strength (0e441.29 kPa). The
least count of pocket penetrometer is 24.51 kPa (0.25 kg/cm2),
d biotreatment process.

ting wind erosion of calcareous desert sand using spray method for
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Fig. 4. (a) Schematic diagram of the wind tunnel setup; and (b) Wind tunnel experimental setup.

Fig. 5. (a) Measurement of unconfined compressive strength using pocket penetrometer; and (b) Five test locations for biotreated sample.
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hence error up to 1/2 division on the scale is permissible. To
measure the unconfined compressive strength of the biotreated
sample surface, a pocket penetrometer was pushed into the top
surface at five different locations (four at corners and one at center),
as shown in Fig. 5b.
Please cite this article as: Dagliya M et al., Experimental study on mitiga
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2.7. Measurement of calcium carbonate content

Calcimeter was used to determine the calcite precipitation
percentage of the treated sand sample obtained from 0.5 cm depth
from the top layer. The amount of carbon dioxide (CO2) produced
ting wind erosion of calcareous desert sand using spray method for
Mechanics and Geotechnical Engineering, https://doi.org/10.1016/
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was measured after completing the reaction between carbonates
and hydrochloric acid. An increase in pressure inside the calcimeter
cylinder was measured using a pressure gage. The pressure reading
was used to calculate the calcium carbonate content (Kalantary
et al., 2019; Sharma et al., 2019; Almajed et al., 2020).

2.8. Bulk density

The weight of each tray of the sand sample was measured after
the completion of each treatment cycle to check for an increase in
the mass of the sample. As volume remains constant, bulk density
was calculated using the following formula (Wang et al., 2018):

r ¼ M �m
V

(2)

where r is the bulk density of sand sample (g/cm3),M is the mass of
treated sand sample including tray weight (g), m is the empty
weight of tray (g), and V is the volume of the tray (cm3).

2.9. Microscale identification analysis

SEM and EDX tests were performed to calculate the amount of
calcite precipitation in the treated soil samples. The precipitation
concentration was more at the top layer due to spraying on the top
surface. Subsequently, the sample was collected from the top layer
(at 0.5 cm depth). A piece from the biocemented sand sample was
obtained for micro-characterization and kept in the oven for 24 h at
105 �C. The dried samplewas grinded to fine powder using an agate
mortar and pestle. For analysis of the presence of calcite precipi-
tation, SEM images of gold sputter-coated samples were taken at
15 kV at different beam intensities (Wang et al., 2018; Sharma et al.,
2019, 2021a). Analytical method EDX was used for the chemical
characterization of materials. The calcium peak of the investigated
samples was obtained from the spectrum, which was the output of
EDX analysis.

3. Results and discussion

3.1. Analysis of treated sample surface thickness

The objective of the study was to minimize wind erosion by
making an integrated layer at the top surface of the sample. The
range of thickness for each sample was measured and is summa-
rized in Table 2. Fig. 6 shows the measured thicknesses of the top
layer with different cementation solutions and treatment times.
The significant crust thickness was achieved in the case of 1:1
cementation solution treatment up to 15 d and 20 d. The crust
thickness ranged in 10e21 mm with an average calcite content of
3.5%e3.8%, which was found effective to control wind erosion in
the biotreated sample. The higher crust thickness shows that the
calcite formation occurred between the sand grains due to deeper
penetration of cementation solution from the top surface. The
samples treated with 2:1 cementation solution for 5 d resulted in
Table 2
Experimental result showing crust thickness, unconfined compressive strength, calcite c

Sample No. Cementation solution Treatment time (d) Crust thickness (mm) U

1 2:1 5 0.5e2.5 0e
2 2:1 10 2e7.5 49
3 2:1 15 3.5e9 49
4 2:1 20 8e17 98
5 1:1 5 2e6.5 24
6 1:1 10 7e12 12
7 1:1 15 10e16 17
8 1:1 20 15e21 19
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minimum thickness up to 2.5 mm, which shows binding of top
surface particles only due to lack of deeper connectivity of particles.
In the 2:1 cementation solution, the molarity of ureawas twice that
of the calcium chloride dihydrate, which resulted in a greater
number of carbonate ions during the urea hydrolysis process and
simultaneously increased the rate of reaction. Due to an increase in
the rate of reaction, the calcite crystal formation occurred rapidly at
the top surface only. On the other hand, treated samples for 5 d
using 1:1 cementation solution showed 6.5 mm crust thickness,
which confirms the effectiveness of solution towards cementation
with the depth as compared to 2:1 cementation solution. Similar
reaction kinetics and non-uniform precipitation of calcite in 2:1
cementation solution treated samples were observed by Sharma
et al. (2019). It can also be interpreted from the results that the
improvement in soil crust thickness with an increase in the treat-
ment time was due to more calcium carbonate precipitation.

A similar range of crust thickness was achieved by Almajed et al.
(2020) using enzyme induced calcite precipitation method. Li et al.
(2018) investigated the bioremediation of aeolian sand using the
MICP technique and observed the formation of bio-crust with
suitable unconfined compressive strength improvement of
0.66 MPa with an average friction angle of 36� after 7 d of treat-
ment. It was concluded that the crust formed after biotreatment of
aeolian sand significantly showed resistance towards wind erosion.
The results of the present study were consistent with the field
study of Meng et al. (2021), which also showed that the crust
thickness up to 12.5 mm resulted in an efficient reduction of wind
erosion. Hence, a similar treatment strategy using 1:1 cementation
solution and treatment up to a minimum of 15 d can be adopted for
field applications.
3.2. Wind erosion resistance analysis

Wind erosion resistance of treated samples was measured in
terms of mass losses at 0.01 g accuracy before and after wind tunnel
testing at varying wind speeds. The weight loss in percentage for
untreated sand was estimated as 8.2%, 34%, and 54.5% at 10 m/s,
20 m/s, and 30 m/s speeds, respectively. An increase in wind speed
has led to more weight loss which was an indication of sandstorm
disaster.

Fig. 7 shows images of the sand sample before and after wind
tunnel testing. No visible changes were observed. It was found that
the biotreated sample had cracks on the top surface, which may be
due to excessive evaporation at the treatment temperature. Table 3
shows the percentage of weight loss after wind tunnel testing at
different wind speeds of 10 m/s, 20 m/s, and 30 m/s during a 1-min
duration. It was observed that the weight loss at 10 m/s speed with
all treatment combinations (i.e. 5 d, 10 d,15 d and 20 dwith 2:1 and
1:1 cementation solutions) was almost negligible. It was also
observed that the maximum loss in the weight was 0.14% at 20 m/s
wind speed and 0.22% at 30 m/s wind speed for 5 d treatment with
2:1 cementation solution. Treatmentwith 1:1 cementation solution
for 5 d resulted in weight loss of 0.01% at 20 m/s wind speed and
ontent, and bulk density of biotreated sand samples.

nconfined compressive strength (kPa) Calcite content (%) Bulk density (g/mL)

24.51 1.76 1.515
.03e73.54 1.89 1.544
.03e122.58 2.17 1.546
.06e147.1 2.46 1.549
.5e49.03 2.1 1.536
2.58e171.62 2.44 1.575
1.62e220.64 3.52 1.583
6.13e269.68 3.84 1.618

ting wind erosion of calcareous desert sand using spray method for
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Fig. 6. Crust thickness formation for different cementation solutions and treatment times: (a) 1:1 cementation solution with 5 d treatment; (b) 2:1 cementation solution with 15 d
treatment; (c) 1:1 cementation solution with 10 d treatment; (d) 2:1 cementation solution with 20 d treatment; (e) 1:1 cementation solution with 15 d treatment; and (f) 1:1
cementation solution with 20 d treatment.
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0.02% at 30 m/s wind speed, which was negligible. Furthermore,
with an increase in the treatment time (i.e. 10 d, 15 d and 20 d with
both cementation solutions), the weight loss was almost negligible
for 20 m/s and 30 m/s wind speeds.

The results of the present study are consistent with that of
Zomorodian et al. (2019), as the MICP treated crust layers were
found stable at the stimulated wind speed of 20m/s at 20 cm above
the surface layer. However, a different treatment method was
adopted as the samples were cured up to 28 d with a single MICP
spray. Meng et al. (2021) also demonstrated that the biotreated
surface was found intact even after the exposure of 30 m/s wind
speed for up to 2 min.

Fig. 8 shows that calcite content increases and wind erosion
reduces (refer to Table 3) with an increase in treatment days. The
2:1 cementation solution for 5 d treatment was useful where the
wind speed was low, but it was not applicable in the case of moving
loads such as vehicles, persons, and animals. In the case of moving
load, higher crust strength was required. For this purpose, a surface
strength test should be conducted as the crust strength cannot be
checked using wind tunnel testing. Consequently, wind erosion
resistance of sand can effectively be improved using the spray
method for the MICP treatment with an increasing number of
treatment cycles.

3.3. Surface strength analysis with the amount of precipitated
calcite

Fig. 8 shows the variation of calcite content at the top and
bottom layers under different biotreatment conditions. It was noted
that the calcite content percentage was greater at the top layer (i.e.
directly treated layer) than the bottom layer. It was also observed
that calcite content (after 20 d) percentage of the bottom layer for
1:1 treatment solution was almost the same as the top layer for 2:1
treatment solution (10 d after treatment). Similarly, the calcite
content of the bottom layer for 2:1 solution (after 20 d of treat-
ment) was almost the same as the top layer for 2:1 solution (5 d
treatment). In summary, the intactness of the top and bottom layers
was enhanced with an increase in the treatment time and treat-
ment ratio. Fig. 8 shows that there is no significant variation in
Please cite this article as: Dagliya M et al., Experimental study on mitiga
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calcite content percent at different locations in the bottom layer for
different biotreatment conditions.

Table 2 and Fig. 9 summarize the values of unconfined
compressive strength and calcite content percentage for different
treatment cycles. As evident from Fig. 9, for the top layer, 2:1
cementation solution after 20 d treatment had an average surface
strength of 117.6 kPa, which was even less in comparison to 1:1
cementation solution after 10 d treatment (152.2 kPa). Interest-
ingly, calcite content at the bottom layer was similar between the
former and the latter as 2.46% and 2.44%, respectively. It could be
due to higher calcite formation during the initial stage, which reacts
fast and achieves more strength. It is reasonable to assume that
calcium chloride dihydrate is similar for 2:1 and 1:1 solutions after
20 d and 10 d, respectively.

Table 2 shows that the upper and lower limits for the calcite
content were overlapping with previous results for both ratios.
For 2:1 solution, the increase in calcite content was 0.13% between
5 d and 10 d of treatment. The increase is mor than twice (w0.28)
between 10 d and 15 d and also between 15 d and 20 d after
treatment. For 1:1 solution, an increase in calcite content was
0.34% from 5 d to 10 d after treatment. However, it increased by
1.08% for 10e15 d and by 0.32% for 15e20 d. The increase in calcite
content was higher during 10e15 d in both treatments. This
proves that an increase in calcite content was much higher in 1:1
solution as compared to 2:1 solution. The result indicates that the
effectiveness of treatment is higher between 10 d and 15 d after
biotreatment. Pocket penetrometer was used to check the effec-
tiveness of treatment for unconfined compressive strength of top
layer under higher strain. Pocket penetrometer was pushed in the
treated sample at five different locations (Fig. 5b) at 1 cm depth to
know uniformity in surface strength. Fig. 10 shows the influence of
various biotreatment conditions on the unconfined compressive
strength at five different test locations. It was observed that there
was no significant difference in strength. It was also observed that
the unconfined compressive strength at the center location was
higher in all the cases. Strength uniformity was observed on the
sample treated with both cementaion solutions for 5 d. However,
as the treatment time increases, the strength variation also in-
creases at different test locations. Further studies are needed to
ting wind erosion of calcareous desert sand using spray method for
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Fig. 7. Images of untreated and biotreated sand samples before and after wind tunnel testing at different wind speeds: (a) Untreated samples; (b) Biotreated sample with 2:1
cementation solution for 5 d; (c) Biotreated sample with 1:1 cementation solution for 5 d; (d) Biotreated sample with 2:1 cementation solution for 20 d; and (e) Biotreated sample
with 1:1 cementation solution for 10 d.
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Table 3
Weight loss after wind tunnel testing at different wind speeds.

Sample Weight loss (%)

10 m/s wind speed 20 m/s wind speed 30 m/s wind speed

Untreated 8.2 34 54.5
2:1/05 days 0 0.14 0.22
2:1/10 days 0 0.05 0.18
2:1/15 days 0 0.03 0.06
2:1/20 days 0 0.02 0.03
1:1/05 days 0 0.01 0.02
1:1/10 days 0 0.04 0.07
1:1/15 days 0 0.02 0.04
1:1/20 days 0 0.01 0.03

Fig. 9. Effect of various biotreatment conditions on unconfined compressive strength
and calcite content of the top layer (i.e. 0.5 cm from the top layer) of biotreated sand
samples.
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investigate the uniformity of treatments, especially in large scale
testing.

The top surface of the treated sample with 1:1 cementation
solution becomes stiffer as treatment days increase due to an in-
crease in calcite content. For 1:1 cementation solution with 20 d of
treatment, average surface strength and calcite content were
240.1 kPa and 3.84%, respectively. The results of the present study
are consistent with that of Nikseresht et al. (2020). Calcium car-
bonate formation is the only factor that results in the formation of
soil surface which provides resistance against penetration.
3.4. Bulk density

The sand samples were treated for 5 d, 10 d, 15 d and 20 d with
different cementation solutions. As the treatment duration was
increased, it was noted that the calcite content also increased and
the maximum value was obtained for 20 d of treatment (Fig. 11). It
was also observed that for 1:1 cementation solution, bulk density
was higher due to more calcite formation as compared to 2:1 so-
lution. The mechanism of improving the bulk density of bio-
cemented sand includes the important role of initial soil density in
calcium carbonate crystal formation between the soil grains. The
initial soil density significantly affects the effectiveness of calcite
crystal formation and strength enhancement in the MICP
Fig. 8. Calcite content variation with different biotreatment conditions for top and
bottom layers of biotreated sand samples.
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technique. The mechanism of crystal formation between sand
grains depends on the initial density of sand. Tsukamoto et al.
(2013) explored the biocementation efficiency with three
different initial relative densities of soil, i.e. 30%, 65%, and 85%. The
results demonstrated higher calcite content at lower relative den-
sities, but lower strength was observed as compared to higher
initial relative density for biocemented samples. A similar influence
of initial density was investigated by Cheng et al. (2014), and it was
concluded that under the same calcium carbonate content, the
samples with high initial density resulted in higher strength than
the biotreated samples with lower initial density. The major reason
behind the higher strength at the high initial density of bio-
cemented sample was the compactness of sand grains. The sand
particles are closed together in compacted sand columns, thus the
Fig. 10. Effect of various biotreatment conditions on unconfined compressive strength
at different test locations.

ting wind erosion of calcareous desert sand using spray method for
Mechanics and Geotechnical Engineering, https://doi.org/10.1016/



Fig. 11. Variation of bulk density and calcite content of the top layer (i.e. 0.5 cm from
the top layer) with different biotreatment combinations.
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calcium carbonate crystal formation occurs for shorter distances
and creats intact bond between the sand grains. This proves that
theMICP crust formation and strength improvement depend on the
initial soil density. The bulk density of biotreated soil rises with the
increase in calcium carbonate content. The results of present study
are consistent with that of Wang et al. (2018), which also demon-
strated the increase of bulk density with calcium carbonate for-
mation in every treatment cycle.
Fig. 12. EDX analysis: (a) Untreat
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3.5. Microscale identification analysis

Figs. 12 and 13 show the micro and chemical characterization of
materials showing the SEM images and peaks of investigated
samples from EDX analysis for untreated and biotreated sand
samples. Untreated sand was calcareous sand as the presence of
calcium was observed in EDX spectra (Fig. 12a). The presence of
calcite content after solidification of the top surface of the sample
was also analyzed on the micro-scale using SEM analysis. After
analyzing the SEM image for untreated sand (Fig. 13a), it was
observed that untreated sand has no bond between the particles
and had a relatively smooth surface. SEM analysis was also per-
formed at 900 � and 1800 � magnifications for treated samples
taken at 0.5 cm depth from the top surface to observe calcite crystal
formation. It was found that pore space was reduced between
particles and bonding was observed among particles in the form of
calcite precipitation, as shown in Fig. 13b.
4. Conclusions

This study focused on using the spray method for MICP treat-
ment to control wind erosion of sandy soil. The treatment was
conducted with 2:1 and 1:1 cementation solutions for 5 d,10 d,15 d
and 20 d. The treated samples were tested for wind erosion resis-
tance, unconfined compressive strength, calcite content, EDX, and
SEM. The following conclusion can be drawn from the present
study:

(1) The spray method for MICP treatment with 2:1 and 1:1
cementation solutions enhanced stiffness at the top layer
and also showed satisfactory results in controlling wind
ed and (b) biotreated sands.

ting wind erosion of calcareous desert sand using spray method for
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Fig. 13. SEM images: (a) untreated sand and (b) calcite crystal formation after biotreatment.
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erosion. The possible mechanism for this is the formation of
calcium carbonate, which was found present between the
sand particles. MICP catalyzed the bonding of particles in a
very firm manner, and hence resulted in the reduction of
wind erosion.

(2) Wind erosion corresponding to 10 m/s wind speed was
nearly negligible for soil treated with 1:1 cementation so-
lution for 5 d. However, for higher wind speeds, 1:1
cementation solution after 15 d was more desirable in con-
trolling erosion. The weight loss percentage at the wind
speed of 30 m/s for untreated sand was more than 50%,
whereas for biotreated sand, it was only 0.22%.

(3) The values of calcite content, crust thickness, and unconfined
compressive strength were enhanced with an increase in
treatment days. It was noted that the result obtained by 2:1
cementation solution with 20 d treatment and 1:1 cemen-
tation solutionwith 10 d treatment at 36 �C temperature was
almost the same. The 1:1 cementation solution was effective
as compared to the 2:1 cementation solution.

(4) It was also observed that as treatment days increased, calcite
crystal formation growth along with bonding between soil
particles also improved. Thus, the spray method for MICP
treatment was effective for the formation of calcite crystals
in the desert soil media to mitigate wind erosion.

It should be noted that the conclusions are based on given
experimental conditions. The soil samples were tested at a short
interval of duration, i.e. 1 min, during the wind tunnel testing. The
performance of biocemented sand while exposed to higher wind
speeds for longer duration needs to be investigated. The current
study does not include the strength of the crust developed for
moving loads such as vehicles, people, and animals. Further studies
are needed for scaling up the technology to the field level.
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