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Abstract. Dust events are among the serious environmental challenges in some countries.
Sustainable solutions can be applied to tackle this problem by considering soil as a
living ecosystem. Biocementation based on the production of carbonates by heterotrophic
bacteria is one of the favorable methods for suppressing the dust from wind erosion,
because this type of bacteria produces calcium carbonate (main product) as well as water
and carbon dioxide (by-products). In the present research, bacterial species of Bacillus
amyloliquefaciens was sampled for analysis. First, bacteria were cultivated to reach a pre-
determined concentration. Next, bacterial cells and nutrients in the form of solution were
sprayed on the soil surface. Then, samples were tested in a closed-circuit wind tunnel. Three
main groups of samples were tested: (1) without sand bombardment and undisturbed soil
surface, (2) with sand bombardment and undisturbed soil surface, and (3) without sand
bombardment and with disturbed soil surface. The results show that the implemented
method for soil stabilization is e�cient. Moreover, based on the results of the second
group of tests, curing duration, amount of water, temperature-water interaction, and water-
bacterial cells interaction were found to be of considerable signi�cance.
© 2019 Sharif University of Technology. All rights reserved.

1. Introduction

Dust events resulting from wind erosion of soil repre-
sent an important source of air pollution and environ-
mental challenge. Dust phenomenon has several e�ects
on human life. First, dust inuences the atmospheric
radiation balance directly or indirectly and, hence,
leads to global climatic variations [1]. Second, it
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causes air pollution and consequential illnesses such as
meningitis, valley fever, and asthma [2]. Third, it is
accompanied by economic aspects such as reduction of
agricultural production, reduction of sight distance and
corresponding dangers, and economic activity halt.

Methods for controlling and suppressing dust
from wind erosion can be categorized into two main
groups. The �rst group focuses on separating dust
from the air, while the second group tries to suppress
particles at the source. The former group su�ers from
some limitations, the most important of which is lack
of e�ciency to control suspended particles. The latter
group tries to stabilize the soil at the source, which is
highly appreciated by researchers.

Stabilization of susceptible soil at the source can
be categorized into the following: correct land use
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(depending on the potential of land), retention of
soil moisture, vegetation, leaving stubble on farm,
windbreak (living and arti�cial), arti�cial covers (such
as gravel and cobble, oil mulch, and resin emulsions),
and use of microorganism [3]. In some methods such
as the three �rst methods and living windbreak, a
minimum of moisture and suitable conditions for plant
growth are necessary. Furthermore, leaving stubble is
restricted to farmlands. When dust is originated from
vast regions, the use of arti�cial covers, such as gravel,
cobble, and �ber, is very expensive and uneconomical.
Today's growing attention to sustainable development
and environmental protection facilitates the use of oil
mulch, resin emulsions, and chemical additives.

In recent years, biotechnology has facilitated the
use of microorganisms to stabilize the soil considering
minimum adverse e�ects on the environment. Appli-
cations of microorganism in dust suppression require a
reasonable amount of moisture, which is simultaneously
available when microorganism is sprayed on the soil.

Microorganism-based methods are able to cover
vast regions in a su�ciently acceptable time using
aircraft sprayers. These methods could improve a
wide range of soil gradation; examples include data
of Maleki et al. [4], Mortensen et al. [5], and Rebata-
Landa [6]. From an economic viewpoint, some of the
previous studies published in the literature have shown
the potential of using microorganisms to compete with
other stabilization methods. For instance, Ivanov and
Chu [7] stated that the cost of raw materials for the
chemical soil grouting is in the range of $2 to $72 per
cubic meters of soil, whereas the cost of raw materials
for the microbial grouting lies in the range of $0.5 to
$9.0 per cubic meters of soil. In addition, Dejong et al.
[8] showed that the actual costs of various improvement
processes were ambiguous because of rare �eld applica-
tions. However, they compared alternative applications
and their potential, considering implementation feasi-
bility, probability of success, cost/viability, and social
acceptance of biogeochemical process in the form of a
table. In this comparison, dust mitigation control using
a biogeochemical process has 18 out of a total score of
20 in general and a score of 4 out of 5 for economic
aspect, which is considered as the highest ranking.

Bang et al. [9], Stabnikov et al. [10], Anderson et
al. [11], Liu et al. [12], Meyer et al. [13], and O'Brien
and Neuman [14] are just a few researchers among
others to study soil stabilization using bacteria for
dust suppression. In addition, there exist other studies
based on which algae, fungi, and enzymes are added to
soil for stabilization. For instance, the data of Cuadros
et al. [15], Neuman and Maxwell [16], Knorr [17], and
Alsanad [18] and Strong [19] are of importance to
consider. These types of crusts have several advantages
such as exibility, as compared to biochemical crusts.
However, the main drawback of these techniques is

their long and repetitive treatments. For example,
O'Brien and Neuman [14] treated samples by Nostoc
Commune cyanobacteria for a �ve-week period, and
the crusts were fed weekly with Bold Basal Medium
and watered daily. The repetition of treatment for
large-scale application is obviously time consuming
and uneconomical. Moreover, based on Strong [19],
the cyanobacteria crusts are weakened in the case of
infrequent, insigni�cant rainfall events, resulting in
an increase in vulnerability of soils to wind erosion.
These restrictions are serious limitations for long-term
and large-scale applications of the above-mentioned
researches. In return, the present method does not
su�er from these limitations.

One of the overlooked aspects of previous re-
searches in the �eld of bacteria application for stabi-
lization of soil and suppression of dust is the problem
of by-products of reactions. For instance, in several
of these investigations, Bacillus spharicus species of
bacteria was used, and the fatal ammonia by-product
was obtained. In addition, cyanobacteria, algae, and
fungi were found to reside deep in the soil pro�le until
su�cient moisture was received [19].

In the present study, Bacillus amyloliquefaciens
bacteria are used. These bacteria produce calcium
carbonate biocementation as the main product and
water and carbon dioxide as by-products as follows:

(CH3COO)2Ca+4O2!CaCO3 #+3CO2 "+3H2O: (1)

It is evident that carbon dioxide is more acceptable
than ammonia by-product. In addition, for the pro-
posed method in this research, the required moisture
will be provided simultaneously while bacteria are be-
ing sprayed. Furthermore, an attempt has been made
to enrich this research by a proper design of experi-
ments to select all signi�cant factors, while the relative
importance and inuence of these parameters on the
mass loss due to wind erosion have been taken into
account. Moreover, the samples have been weighted
continuously during wind erosion tests in wind tunnel
by a 3-component balance to ensure better simulation.

2. Materials and methods

2.1. Materials
Soil was obtained from a critical wind erosion hotspot
located in the south of Iran (Khoormoj 90 km south
east of Bushehr). The gradation curve of soil is
illustrated in Figure 1(a). The soil is classi�ed as SP-
SM based on uni�ed soil classi�cation system and is
originated from carbonate rocks. All soil samples were
autoclaved before treatment to ensure that the changes
in wind erosion potential detected in the tests were
solely derived from biocementation by the speci�ed
bacteria. The exception is a control sample, which was
prepared with unautoclaved soil.
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Figure 1. (a) Soil gradation curve. (b) Bacterial growth
curve.

Silica sand with grain distribution between
425 �m and 595 �m was used for sand bombardment.
Several researchers [20-22] have estimated that sus-
pended moving particles in the air are in the range of
70-500 �m. Therefore, the selected sand bombardment
material lies in a conservative range.

Distilled water was used for soil treatments.
Before sample preparation, water was autoclaved to
ensure no sign of bacteria present in water.

B. amyloliquefaciens bacterium was selected for
this research. This type of bacterium exists naturally
in soil. However, for the present study, the lyophilized
powder of the bacterial biomass, strain PTCC no.
1732 (other collection no. DSM7, ATCC23350), was
prepared from the Iranian Research Organization for
Science and Technology (IROST). This strain is aerobic
with optimum temperature of 30�C for growth. As
stated previously, this type of bacteria has advantages
over other types in terms of its environmental friendly
by-products, and the risk group of B. amylolique-
faciens is 1, which is unlikely to cause disease in
human, animals, plants or fungi, according to the
German Technical Rules for Biological Agents (TRBA)
classi�cation. The bacteria were cultured in Luria-
Bertani (LB) medium, which involves 1% tryptone
(Merckr), 0.5% yeast extract (Merckr), and 0.1%
NaCl (Merckr). Calcium acetate (Merckr) was used
as an energy source.

2.2. Methods
2.2.1. Bacteria culture
B.amyloliquefaciens bacterium was cultured in LB

liquid medium inside a shaking incubator with 110
rpm and at 28�C. Bacterial growth curve is shown in
Figure 1(b). Optical Density (O.D.) of bacteria solu-
tion was determined by a spectrophotometer (Optima
model sp-3000 plus), which was set at a wavelength of
600 nm.

2.2.2. Sample preparation and treatment
Soil specimens were prepared in 200�200�50 mm
boxes made of transparent Plexiglas plates. The
measured in-situ density of soil is about 15.7 kN/m3.
Soil samples were compacted to a density close to
in-situ condition. Initial water content of untreated
soil is 0.5�0.1%. Next, the predetermined amounts
of bacterial cells (O.D.= 0.75 and 1.5 in the form of
40 g solution) and nutrient solution (concentration=
0.05 and 0.1 g/lit , equivalent to 2 and 4 g of nutrient
in 20 and 40 g solution) were sprayed on the surface
of soil samples. All the water sprayed on samples
penetrated in the soil, and no run-o� was observed.
Finally, samples were cured at a designed temperature
and duration. The remaining water contents after
treatment of samples were 0.2 to 0.4%. Due to the
treatment condition of samples, most of added water
was evaporated during the �rst 24 hr of curing time.
After conducting wind tunnel tests, the crust thickness
was set to 1 to 2 cm.

2.2.3. Wind tunnel tests
A closed-circuit tunnel was used to simulate wind
erosion in laboratory. This tunnel is of ISI model
6407 ZAF with 800�800 mm test section, maxi-
mum wind speed of 100 m/s, and total dimension of
18�6.5�3.8 m. The tunnel is equipped with a 3-
component balance that allows the specimen's weight
to be recorded continuously during the test.

Seven spires were designed based on Irwin [23] to
simulate boundary layer and wind velocity pro�le in
the wind tunnel similar to land surface. The spires
were installed 87.7 cm upstream of soil sample. The
generation of desired vertical wind velocity pro�le and
the transversal uniformity of wind pro�le in the test
section were veri�ed by pitot tube measurements at
several points.

In order to conduct a continual measurement of
soil erosion during the wind tunnel test, the sample box
was kept in balance so that the sample weight could
be measured continuously without the inuence of lift
force. Three main groups of tests were carried out: (1)
without sand bombardment and undisturbed soil sur-
face (Group A), (2) with sand bombardment and undis-
turbed soil surface (Group B), and (3) without sand
bombardment and disturbed soil surface (Group C).

Group A tests
In these tests, �rst, wind velocity was raised to 30 m/s;
then, soil samples were exposed to this ow for 10
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Figure 2. Typical wind velocity in di�erent groups of
tests.

minutes. Typical wind velocity graphs for all triple
groups of tests are illustrated in Figure 2.

Group B tests
Several researches have used di�erent mass uxes
for sand bombardment; for instance, Neuman et
al. [24] used 0.007 kg/m/s; Langston and Neuman [25]
0.015 kg/m/s; Rice and McEwan [26] 0.002 kg/m2/s;
Zobeck [27] 0.01, 0.025, and 0.05 kg/m/s; Houser and
Nickling [28] 0.0026 to 0.023 kg/m/s; Neuman and
Maxwell [16] 0.014 kg/m/s. In the present research,
due to selected wind velocity for wind erosion test (14
to 15 m/s), the mass ux of sand bombardment was
considered to be about 0.01 kg/m/s (120 gr/min for
each sample).

As mentioned earlier, the grain diameter of sand
bombardment material ranged between 425 �m and
595 �m. The bombardment was performed by a sep-
arating funnel, a steel tube connector, and a modi�ed
upholstery nozzle. Details of the sand bombardment
system were determined through a few preliminary
tests. In this group of tests, at �rst, wind velocity was
raised to 29 m/s, and the soil samples were exposed to
this ow for 2 minutes. Subsequently, the wind velocity
was lowered to 14 m/s, followed by sand bombardment
for a period of 9 minutes at a wind velocity of 14 to
15 m/s. At the end of sand bombardment stage, the
wind velocity was raised again to 28�29 m/s, and the
soil samples were exposed to this ow for 3 minutes
before the test ends. Variation of wind velocity is
illustrated in Figure 2.

Group C tests
For Group C, wind velocity rates were raised stepwise
to 25, 27, and 29 m/s (see Figure 2). Then, wind
velocity was lowered to zero. A disturbance was created
at the center of sample surface by a pocket vane
shear apparatus (Gilsonr model HM-504A). Finally,
the velocity was raised again in four steps (as shown in
Figure 2), and each step lasted for 2 minutes.

2.2.4. Design of experiments
Five main factors should be considered to evaluate the
performance of biological calcium carbonate precipi-
tation on the soil surface are: temperature, bacterial
population per unit surface area (concentration and
volume of bacterial solution), amount of available
nutrient for bacteria, moisture on the soil surface,
and curing time (available time for calcium carbonate
precipitation by bacteria before soil is exposed to wind
shear force). To determine levels of each factor, the
following considerations should be taken into account:

1. Temperature levels: Optimum temperature for cul-
tivation of B. amyloliquefaciens bacterium is 30�C.
Sources of dust are often located in arid and
desert regions where the temperature may reach a
point higher than the optimum temperature. The
above-mentioned reasons led to two temperature
levels: 28�C (close to optimum temperature of
bacterial growth cultivation) and 37�C. Additional
temperature levels were considered for Group B ex-
periments to study high temperature e�ects (50�C)
and outdoor conditions (7�C to 18�C);

2. Bacterial concentration: Soil samples were treated
at 0.75 and 1.5 levels of Optical Density (O.D.) and
40 cc bacterial solution per sample. As Figure 1(b)
shows, 0.75 O.D. is a concentration level that can be
obtained sooner than one day, and 1.5 O.D. is a level
of concentration in which bacterial concentration is
stable during a considerable period of time. The
former level can be used as an alternative for urgent
use in �eld applications, while the latter level can
be applied when a more stable level in a vast region
is intended;

3. Nutrient: In terms of cost, the most expensive
component is the nutrient (calcium acetate). It
was tried to make this method a more competitive
alternate against other methods by decreasing the
amount of nutrient per unit area. Thus, for treat-
ments of samples, nutrient levels were considered as
low as 0.05 and 0.1 kg/m2 (2 and 4 g/sample);

4. Soil moisture: Water not only facilitates penetra-
tion of bacteria and nutrient into soil pores, but
also prepares an appropriate medium for bacteria
to live. Of note, a huge amount of water can lead to
an uneconomical design in terms of required water
to carry and spray. In some traditional methods
such as oil mulches, 2 lit/m2 is a normal dosage;
thus, the total amount of sprayed water on the soil
surface was selected at 2 levels of 1.5 and 2 lit/m2

(60 and 80 cc/sample);
5. Curing time: The short curing time of treated

samples results in partial stabilization and, �nally,
overestimation of wind erosion. On the other hand,
the long curing time leads to underestimation of



M.M. Mohebbi et al./Scientia Iranica, Transactions A: Civil Engineering 26 (2019) 2665{2677 2669

the amount of laboratory erosion compared to �eld
wind erosion, owing to the controlled temperature
and other conditions in the laboratory. Today, due
to recent advances in meteorology that have made it
possible to forecast weather conditions for the next
7 to 10 days, �eld application can be undertaken
while the probability of occurrence of imminent
strong wind is low. Keeping the above-mentioned
explanation in mind, two levels of 3 and 7 days were
considered to cover all the possibilities.

Based on the afore-mentioned factors and their levels,
a full factorial design of experiments led to 32 tests
in each group. A proper statistical design can reduce
the required tests while ensuring the validity of the
results of the remaining tests. The L12 array of
Taguchi was chosen as an experiment design in this
research. Therefore, the tests were reduced from 32 to
12. Of note, for Group A, only 8 samples were tested
since nominal erosions were observed in this group.
Moreover, for Group B, few lime treated samples were
tested to compare performances of the two methods.

2.3. Complementary tests
In order to ensure that changes in erodibility of tested
soil samples result from biological carbonate cementa-
tion, two sets of tests were carried out on treated and
untreated samples: (1) Calcium Carbonate Equivalent
(CCE) tests based on ASTM-D4373 standard; (2)
Energy dispersive X-Ray Di�raction (XRD) analysis.

Moreover, Scanning Electron Microscope (SEM)
images that can capture a better understanding of
bonding formation between soil particles were adopted.
For this purpose, SEM of Cambridge model S360 was
employed.

3. Results and discussion

Table 1 indicates the results of Group A tests. The

small amount of erosion in these tests (smaller than
0.0125 g/cm2) proves the e�ciency of the proposed
treatments for this group of tests. Remediation is
de�ned as follows:

Remediation(%)

=
Untreated mass loss�Treated mass loss

Untreated mass loss
�100: (2)

By using this de�nition and considering mass loss of
untreated sample as 6.825 g/cm2, remediation percent-
ages are shown in the last column of Table 1.

Table 2 demonstrates the results of wind erosion
tests with sand bombardment (Group B). In this table,
12 main samples (rows 1 to 12), 6 negative control
samples (rows 13 to 18), 7 samples covering di�erent
curing conditions (rows 19 to 25), and 2 samples which
are focused on lime stabilization method (rows 26 and
27) are addressed.

Table 3 lists the analysis of variance (ANOVA)
for 12 main samples and contributors. Based on this
table, among the contributors including �ve treat-
ment factors and two-factor interactions, curing time,
water, temperature-water interaction, and bacteria-
water interaction are signi�cant with p-value less than
0.05. The normal probability plot of residuals is
demonstrated in Figure 3(a). The points on this
plot lie reasonably close to a straight line, lending
support to the conclusion that the above-mentioned
factors and interactions are the only signi�cant e�ects,
and the underlying assumptions of the analysis are
satis�ed. Furthermore, three normality tests, includ-
ing Anderson-Darling, Ryan-Joiner, and Kolmogrov-
Smirnov tests, con�rm quantitatively the normality
hypothesis again. Plot of residuals versus predicted
mass loss, shown in Figure 3(b), is satisfactory, and
the assumption of variance equality is con�rmed.

Each factor is coded according to the equation:

Table 1. Speci�cations and results of Group A tests.

Sample
no.

Treatment
Mass
loss

(g/cm2)

Remediation
(%)

Temperature
(�C)

Bacteria
concentration

(O.D.)

Nutrient
(g/sample)

Water
(g/sample)

Curing
(days)

1 8-1 28 0.75 4 80 7 0.0050 99.9

2 8-2 28 0.75 4 80 7 0.0025 100.0

3 12-1 28 1.5 2 80 7 0.0025 100.0

4 12-2 28 1.5 2 80 7 0.0125 99.8

5 20-1 37 0.75 2 80 7 0.0050 99.9

6 20-2 37 0.75 2 80 7 0.0025 100.0

7 22-1 37 0.75 4 60 7 0.0100 99.9

8 22-2 37 0.75 4 60 7 0.0050 99.9
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Table 2. Speci�cations and results of Group B tests.

Sample
no.

Treatment
Mass
loss

(g/cm2)

Remediation
(%)

CommentTemperature
(�C)

Bacteria
concentration

(O.D.)

Nutrient
(g/sample)

Water
(g/sample)

Curing
(days)

1 18-2M 28 0.75 2 60 3 0.0825 97.6 Main test
2 18-1M 28 0.75 2 60 3 0.0650 98.1 Main test
3 24-2 28 0.75 4 80 7 0.3375 90.0 Main test
4 12-1M 28 1.5 2 80 7 0.1175 96.5 Main test
5 14-1M 28 1.5 4 60 7 0.0050 99.9 Main test
6 15-M 28 1.5 4 80 3 0.3150 90.7 Main test
7 20-1M 37 0.75 2 80 7 0.2250 93.4 Main test
8 6-2 37 0.75 4 60 7 0 100.0 Main test
9 23-M 37 0.75 4 80 3 0.5350 84.2 Main test
10 10-2 37 1.5 2 60 7 0.1025 97.0 Main test
11 27-2M 37 1.5 2 80 3 0.2400 92.9 Main test
12 29-2M 37 1.5 4 60 3 0.5475 83.8 Main test

13 39-1M 37 0 0 80 3 2.4250 28.5 Negative
control

14 39-2M 37 0 0 80 3 3.3900 0.0 Negative
control

15 35-1M 37 0 2 80 3 0.9475 72.1 Negative
control

16 37-1M 37 0 4 80 3 1.0375 69.4 Negative
control

17 44-1M 37 0.75 0 80 3 0.1950 94.2 Negative
control

18 45-1M 37 1.5 0 80 3 0.1375 95.9 Negative
control

19 27H 50 1.5 2 80 3 0.1475 95.6
High

temperature
condition

20 29H 50 1.5 4 60 3 1.1600 65.8
High

temperature
condition

21 27-1F a 1.5 2 80 3 0.2775 91.8 Outdoor
condition

22 27-2F a 1.5 2 80 3 0.2900 91.4 Outdoor
condition

23 29-1F a 1.5 4 60 3 0.5900 82.6 Outdoor
condition

24 29-2F a 1.5 4 60 3 0.4750 86.0 Outdoor
condition

25 27U 37 1.5 2 80 3 0.1250 96.3 Unautoclaved
soil

26 27A 37 0 2b 80 3 5.4600 (-61.1) Lime
treatment

27 29A 37 0 4b 60 3 1.7950 47.1 Lime
treatment

a: Outdoor condition, temperature varying from 7�C to 18�C
b: Lime content for lime treated samples
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Table 3. Analysis of variance (ANOVA) for the main samples in Group B.

Source Sum of squares df Mean square F -value p-value
Prob> F

Signi�cance

Model 0.3741 6 0.0623 18.19 0.0030 Signi�cant
T : Temperature 0.0043 1 0.0043 1.27 0.3114
B: Bactria 0.0039 1 0.0039 1.14 0.3343
W : Water 0.0780 1 0.0780 22.76 0.0050
C: Curing 0.2014 1 0.2014 58.75 0.0006
T �W 0.0565 1 0.0565 16.48 0.0097
B �W 0.1334 1 0.1334 38.91 0.0016
Residual 0.0171 5 0.0034
Lack of �t 0.0170 4 0.0042 27.73 0.1414 Not signi�cant
Pure error 0.0002 1 0.0002

Figure 3. (a) Normal probability plot of residuals of the
main samples in Group B. (b) Plot of residuals versus
predicted mass loss of the main samples in Group B.

�xi =
Xi � (Xi;max +Xi;min)=2

(Xi;max �Xi;min)=2
; (3)

where �xi is the coded value of Xi factor; Xi;max
and Xi;min are the values of factor at maximum and
minimum levels, respectively. Values range from 28�C
to 37�C for temperature (T ), from 0.75 O.D. to 1.5

O.D. for bacteria concentration (B), from 60 g/sample
to 80 g/sample for water (W ), and from 3 days to 7
days for curing time (C).

The following relationship de�nes the role of
contributors in mass loss based on statistical analysis
in terms of coded factors:

mass loss (gr=cm2)

= 0:210 + 0:020� �T � 0:019� �B + 0:081

� �W � 0:15� �C � 0:079

� �T � �W � 0:120� �B � �W; (4)

where �T , �B, �W , and �C are temperature, bacteria
concentration, water, and curing time factors in the
coded form, respectively.

Coded expressing factors have an advantage:
Their coe�cients are meaningful, and their relative im-
pact can be assessed by comparing them directly. The
following points are deduced from this relationship:

1. Curing time factor has the highest signi�cant e�ect
on wind erosion reduction in the present method;

2. Water shows its contributions not only in the form
of a single factor, but also in the form of its
interactions with temperature and bacteria. Thus,
for accurate interpretation of water e�ects, it is
necessary to incorporate interactions:

(a) Figure 4(a) illustrates the temperature-water
interaction graph, which demonstrates that rais-
ing temperature does not have negative e�ect
on soil stabilization, provided that the amount
of applied water is close to its upper limit, as
given in Table 2. On the contrary, increasing
temperature leads to greater mass loss and lower
e�ciency as long as used water is close to its
lower limit;

(b) Bacteria-water interaction is illustrated in Fig-
ure 4(b), indicating that in the case of using
upper range of water factor, increasing bacteria
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causes a decrease in mass loss, while, in the case
of using lower range of water factor, increasing
bacteria also leads to an increase in mass loss;

Negative control tests, including Samples 39-1M and
39-2M in Table 2, that had no bacteria and nu-
trient experienced mass losses of 2.4250 g/cm2 and
3.3900 g/cm2, which are substantially larger than
the mass losses of treated samples. The meaningful
di�erences of wind erosion in treated and untreated
samples can be visualized by redrawing a bacteria-
water interaction diagram, as shown in Figure 4(c).
This �nding reemphasizes the e�ciency of the proposed
approach. Negative control tests, including Samples
35-1M and 37-1M (samples without bacteria), demon-
strated 0.9475 g/cm2 and 1.0375 g/cm2 mass losses,
while negative control tests, Samples 44-1M and 45-
1M (samples without nutrient), showed 0.1950 g/cm2

Figure 4. (a) Temperature-water interaction diagram of
mass loss of the main samples in Group B. (b)
Bacteria-water interaction diagram of mass loss of the
main samples in Group B. (c) Bacteria-water interaction
diagram of mass loss of untreated and the main samples in
Group B.

and 0.1375 g/cm2 mass losses, respectively. These
tests con�rm the results of ANOVA in which bacteria
are represented as a contributing factor, while nutrient
factor is not statistically a signi�cant factor.

Samples 27 H and 29 H were similar to 27-2M and
29-2M, respectively; curing temperature of the former
samples was 50�C instead of 37�C. The amounts of
erosion in Samples 27 H and 27-2M (with a high level
of water factor) were 0.1475 g/cm2 and 0.2400 g/cm2,
while the mass losses in Samples 29 H and 29-2M
(with a low level of water factor) were 1.1600 g/cm2

and 0.5475 g/cm2, respectively. Therefore, with the
higher amount of water, an increase in temperature
gave rise to a reduction in mass loss in Sample 2
7 H, as compared to 27-2M. However, with the lower
amount of water, an increase in temperature led to
an increase in mass loss in Sample 29 H, as compared
to 29-2M. These variations could be expected based
on the interpretation of temperature-water interaction
stated previously.

It is very important to investigate the applica-
bility of the proposed method in the �eld. Thus,
additional experiments were planned, and Samples 27-
1F, 27-2F, 29-1F, and 29-2F were tested. Samples
27-1F and 27-2F are the same as Sample 27-2M;
however, they were cured in the outdoor condition.
In addition, Samples 29-1F and 29-2F are treated in
the same condition as 29-2M, yet under the outdoor
condition. In the outdoor condition, the samples were
exposed to the ambient condition with temperature
varying from 7�C to 18�C. Samples 27-1F and 27-
2F experienced 0.2775 g/cm2 and 0.2900 g/cm2 mass
losses, respectively, as compared to 0.2400 g/cm2 for
Sample 27-2M. This trend was observed in Samples
29-1F and 29-2F as compared to Sample 29-2M. These
experiments also con�rm the potential of the proposed
technique for �eld applications.

As mentioned earlier, soil was autoclaved before
sample preparation in order to ensure that the observed
changes in wind erosion potential were solely derived
from biocementation by the speci�ed bacteria. The
only exception was Sample 27U that was prepared sim-
ilar to Sample 27-2M, except with unautoclaved soil.
The results indicated a mass loss of 0.1250 g/cm2 for
Sample 27U as compared with 0.2400 g/cm2 reported
for Sample 27-2M. This can be an indication of encour-
aging further research to examine the e�ect of di�erent
treatment conditions on unautoclaved samples.

Considering the fact that B. amyloliquefaciens
stabilizes the soil by calcium carbonate crystals forma-
tion, two samples were treated with lime in order to
compare the e�ciency of the two methods. By using
hydrated lime, the following reaction is expected:

Ca(OH)2 + CO2 ! CaCO3 # +3H2O: (5)

Hence, Samples 27A and 29A were treated by spraying
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2 g and 4 g of hydrated lime with 80 cc and 60 cc
of water, respectively (other conditions are illustrated
in Table 2). Wind tunnel erosion tests with sand
bombardment on Samples 27 A and 29 A were per-
formed, and their mass losses were 5.4600 g/cm2 and
1.7950 g/cm2, respectively. This large amount of
eroded soil may have a connection with the di�erence
in the nature of surface biocementation bonding as
compared to hydrated lime bonding.

The results of wind erosion tests with disturbed
soil surface (Group C tests) are illustrated in Ta-
ble 4. This table includes results of 24 main samples
(rows 1 to 24) and 9 negative control samples (rows
25 to 33). This group of tests was carried out
to investigate whether it is feasible to compare the
results of wind erosion tests on samples containing dis-
turbed soil surface (Group C tests) with the results of
tests on undisturbed samples with sand bombardment

Table 4. Speci�cations and results of Group C tests.

Sample
no.

Treatment
Mass
loss

(g/cm2)

Remediation
(%)

CommentTemperature
(�C)

Bacteria
concentration

(O.D.)

Nutrient
(g/sample)

Water
(g/sample)

Curing
(days)

1 1-1 28 0.75 2 60 3 0.2325 92.1 Main test
2 2-1 28 0.75 2 60 3 0.2675 90.9 Main test
3 14-1 28 1.5 4 60 7 0.2500 91.5 Main test
4 15-1 28 1.5 4 80 3 0.1125 96.2 Main test
5 23-1 37 0.75 4 80 3 0.0575 98.0 Main test
6 26-1 37 1.5 2 60 7 0.1625 94.5 Main test
7 27-1 37 1.5 2 80 3 0.2200 92.5 Main test
8 29-1 37 1.5 4 60 3 0.5150 82.5 Main test
9 18-1 37 0.75 2 60 7 0.5425 81.5 Main test
10 4-1 28 0.75 2 80 7 0.0275 99.1 Main test
11 32-1 37 1.5 4 80 7 0.1400 95.2 Main test
12 16-1 28 1.5 4 80 7 0.0625 97.9 Main test
13 1-2 28 0.75 2 60 3 0.6825 76.8 Main test
14 2-2 28 0.75 2 60 3 0.1100 96.3 Main test
15 14-2 28 1.5 4 60 7 0.1100 96.3 Main test
16 15-2 28 1.5 4 80 3 0.0350 98.8 Main test
17 23-2 37 0.75 4 80 3 0.0875 97.0 Main test
18 26-2 37 1.5 2 60 7 0.2150 92.7 Main test
19 27-2 37 1.5 2 80 3 0.1425 95.1 Main test
20 29-2 37 1.5 4 60 3 1.0625 63.8 Main test
21 18-2 37 0.75 2 60 7 0.4175 85.8 Main test
22 4-2 28 0.75 2 80 7 0.1150 96.1 Main test
23 32-2 37 1.5 4 80 7 0.5750 80.4 Main test
24 16-2 28 1.5 4 80 7 0.0250 99.1 Main test
25 U1 { { { { { 2.7575 6.1 No treatment
26 U2 { { { { { 2.9375 0.0 No treatment
27 45-1 28 1.5 { 80 3 0.3225 89.0 Negative control
28 45-2 28 1.5 { 80 3 0.2050 93.0 Negative control
29 44-1 28 0.75 { 80 3 0.0925 96.9 Negative control
30 44-2 28 0.75 { 80 3 0.2375 91.9 Negative control
31 35-2 28 { 2 80 3 2.6800 8.8 Negative control
32 39-1 28 { { 80 3 2.4275 17.4 Negative control
33 39-2 28 { { 80 3 1.3450 54.2 Negative control
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(Group B tests). Unfortunately, considerable variation
in mass loss was observed for identical samples in
Group C. For instance, Samples 1-1, 1-2, 2-1, and 2-
2 (which are the samples with the same treatment)
showed 0.2325 g/cm2, 0.6825 g/cm2, 0.2675 g/cm2,
and 0.1100 g/cm2 mass losses, respectively. This vari-
ation can only be attributed to di�erent disturbance
conditions of soil surface. Consequently, making a
correlation between Group C results and Group B
results sounds di�cult. However, other results can be
inferred from Group C tests as follows:

1. Untreated Samples U1 and U2 with respectively
2.7575 g/cm2 and 2.9375 g/cm2 mass losses experi-
enced the highest erosion in this group of tests. To
compare these values with treated samples in the
same group, it can be concluded that formation of
surface crust from biocementation in the proposed
method prevents enlargement of disturbed area
and, thus, considerably reduces the wind erosion
potential;

2. Samples 35-2 (negative control of bacteria factor)
as well as 39-1 and 39-2 (negative control of
bacteria and nutrient factors) had 2.6800 g/cm2,
2.4275 g/cm2, and 1.3425 g/cm2 mass losses, re-
spectively. These mass losses are signi�cantly
larger than typical mass losses in the main samples
(between 0.0250 g/cm2 to 0.6825 g/cm2). Again,
the e�ciency of the proposed method is con�rmed
in the case of disturbed soil surface.

The formation of calcium carbonate in soil samples was
explored by XRD analysis. The results are shown in
Figure 5 and Figures A.1 and A.2. A comparison of
carbonate peaks (2� = 29.5, 47.6, 48.6) for treated
and untreated samples clearly shows higher calcium
carbonate content in the treated sample.

To further explore the formation of calcium car-
bonate in soil samples, several Calcium Carbonate
Equivalent (CCE) tests were performed. Percentages of
carbonate calcium equivalent were determined as 62.5,
62.75, and 68.5 for Samples 23-1, 14-1M, and 1-1 before
treatment, respectively, and the corresponding values
for the same samples after treatment were 63.25, 64.5,
and 68.75. The results indicated that the treated sam-
ples had relatively higher calcium carbonate content.

Furthermore, Scanning Electron Microscopy
(SEM) was employed to investigate the role of bioce-
mentation and bonding between soil particles. Figure 6
illustrates the images of treated and untreated samples
with �100 and �500 magni�cation. These images
con�rm the formation of carbonate on the surface as
well as at particle contacts.

4. Conclusion

An attempt was made to study the performance of

Figure 5. XRD analysis (a) Example of XRD peaks (
upper: Sample 18-2 before treatment, middle: Sample
18-2 after treatment, lower: reference code of calcite). (b)
Main peak (2� = 29:5) of calcite before and after
treatment for 18-2 sample. (c) two main peaks (2� = 47:6,
48.6) of calcite before and after treatment for Sample 18-2.

biological calcium carbonate cementation as a soil sta-
bilization technique using a heterotrophic bacterium,
B. amyloliquefaciens. The bacterium used in the
present investigation has the advantage of producing
environmental-friendly by-products as compared to
some other bacteria used in the past.

The proposed method was tested on a laboratory
scale using a closed-circuit wind tunnel. Three main
groups of samples were tested: (1) undisturbed soil
surface and without sand bombardment (Group A), (2)
undisturbed soil surface and with sand bombardment
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Figure 6. SEM images of a treated soil sample,
magni�cation: (a) �100; (b) �500 and untreated soil
sample, magni�cation; (c) �100; (d) �500.

(Group B), and (3) with disturbed soil surface and
without sand bombardment (Group C).

Group A tests showed that treated soils were
stabilized against erosion with wind velocities up to
30 m/s. The maximum amount of erosion measured
for this group of tests was about 0.01 g/cm2.

From Group B tests, the following conclusions are
drawn:

1. Generally, the biocement calcium carbonate crusts
preserved their structure under sand bombardment
condition with wind velocities up to 14 m/s to
15 m/s with minor surface erosion. Sand bombard-
ment ux was kept at 120 g/min during all tests.
Therefore, the authors believe that the proposed
technique has the potential of �eld application;

2. Among the �ve factors, temperature, bacteria con-
centration, amount of nutrient, amount of water,
and curing time as well as two-factor interac-
tions, curing time, water, temperature-water, and
bacteria-water were statistically signi�cant factors
and interactions for suppressing wind erosion;

3. In the investigated range of curing times (3 to 7
days), the increase of curing time led to a decrease
in mass loss. Therefore, the �eld application of the
present method will be e�cient if there is a suitable
safe margin of time between treatment application
and possible erosive wind;

4. Two levels for water solution were adopted, and soil
samples were sprayed with water solution of 1.5 and
2 lit/m2, which is equal to 60 and 80 cc/sample.
From test results, the following can be concluded:

(a) In the case of 80 cc water solution, the increase
of temperature had no negative e�ect on per-
formance of the proposed method. However, in

the case of lower amount of water solution (60
cc/sample), an increase in temperature led to
an increase in soil erosion;

(b) By using the upper level for water solution,
soil erodibility was reduced with an increase
in bacteria concentration. In contrary, for
the lower level of water solution, the increase
of bacteria concentration did not improve the
performance of the proposed technique.

5. Negative control tests in this group, which included
bacteria and nutrient negative control, bacteria
negative control, and also nutrient negative control,
con�rmed the results of the main tests, that is,
bacteria contribute as a controlling factor, while
nutrient does not;

6. Results of tests on outdoor treated samples as well
as test results from laboratory samples cured at
temperatures as high as 50�C indicate that uncon-
trolled �eld temperature may not be considered as
a limitation for the proposed method;

7. Mass loss in lime treated samples was very signi�-
cant; therefore, lime treatment was not considered
as an e�ective technique for the soil studied in this
investigation.

Group C tests indicated that surface biocementation
crusts could reduce wind erosion of soil even in the
case of partial disturbance.

To sum up, based on laboratory tests, it is
concluded that the proposed method can serve as a
promising technique to suppress wind erosion and sand
dust in susceptible zones. However, researchers are
encouraged to carry out pilot �eld tests to study the
inuence of ambient condition and long-term duration
on performance of the method.
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Appendix

XRD Analysis Results.

Figure A.1. XRD analysis (upper: Sample 18-1 before
treatment, middle; Sample 18-1 after treatment, lower:
reference code of calcite).
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Figure A.2. XRD analysis (upper: Sample 1-2 before
treatment, middle; Sample 1-2 after treatment, lower:
reference code of calcite).
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