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Abstract

Biocementation is a biochemical reaction that occurs in soil structures in which insoluble calcium carbonate forms in the
soil pores and ultimately improves the soil stiffness and strength. The present study investigates this process by injecting
and mixing Bacillus pasteurii into clay soils from the Meighan Desert of Iran, which contain specific salt and mineralogical
compounds. Unconfined compressive strength tests were performed to evaluate the strength of the soils after being treated
to a range of bacteria injection and mixing conditions. The plastic properties, pH, and electrical conductivity of the samples
were measured to examine the soil changes after treatment. To address the specific regional and standard culture medium
characteristics, two new culture media were prepared and tested according to the salt composition in the regional soil. Wind
tunnel and flexural strength tests were also conducted to examine the sample changes after bacterial treatment. Scanning
electron microscopy and X-ray diffraction analyses were applied to evaluate the microstructural changes in the samples. The
method of mixing clay with bacteria was found to increase the clay sample strength by 78.5% after 28 days compared with
the untreated sample. This environmentally friendly method can be used to increase soil strength and reduce wind erosion

in geotechnical engineering projects.

Keywords Biocementation - Saline clay - Stabilization - Microstructure - Uniaxial compressive strength - Erosion

Introduction

Geotechnics research has developed new methods to improve
soil properties by combining a variety of procedures, includ-
ing chemical and biological processes. Traditional soil
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improvement techniques include compaction, stabilization,
the mixture of soil with cement, deep mixing, chemical
injection, or freezing within the ground. However, these
approaches have certain disadvantages such as limited sta-
bilization area, high cost, need for heavy equipment, or envi-
ronmental pollution owing to the extraction of raw materi-
als from mines, land degradation, and increased destructive
gases produced during their preparation processes (Briaud
2013; Widjajakusuma and Winata 2017). These disad-
vantages have been addressed during the transition period
toward the use of green technology and reduction of green-
house gases worldwide. The construction industry and geo-
technics should therefore also move in this direction and
integrate new, green, and environmentally friendly technolo-
gies. New and environmentally friendly methods have thus
been proposed, including biogrouting and biocementation.
Carbonate deposition results from the activity of
microbially induced calcium carbonate precipitation (MICP).
Biocementation refers to the natural biochemical reaction that
occurs in soil structures, which produces insoluble calcium
carbonate (i.e., calcium carbonate deposits) as a biological
product (Chu et al. 2012). MICP drives the activities of
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microorganisms in the pores or on the surfaces of soil
particles, and generates larger aggregates in the soil by creating
bonds among particles and improving the soil hardness and
strength. MICP can be applied in the soil stabilization and
strengthening process in geotechnical engineering (DeJong
et al. 2006; Whiffin et al. 2007; Meyer et al. 2011; Mahawish
et al. 2019; Naveed et al. 2020; Fattahi et al. 2020; Ivanov and
Stabnikov 2016). The most common biocementation processes
are carried out using gram-positive ureolytic bacteria, which
involve Sporosarcina pasteurii and Bacillus owing to their
high urease activity and thus strong ability to rapidly produce
large amounts of carbonate (Bang et al. 2011; A’la et al. 2020).
The hydrolysis process of urea to ammonium and carbonate
using these bacteria increases the electrical conductivity (EC)
and pH of the environment, which can be considered indicators
of bacterial function in the environment and the formation of
calcite deposits (Kim et al. 2014; He et al. 2020).

Numerous studies have applied bacterial injection
methods in sandy soils via the MICP process to study the
effects of nutrients, repeated injections of bacterial cells and
nutrients, and injection uniformity in the soil (Ng et al. 2012;
Tamchaturapatr and Piriyakul 2014; Bang et al. 2011; Gomez
et al. 2015; Tian et al. 2018; Mujah et al. 2017). The soil shear
strength has been shown to increase the bacterial sediment
performance in sandy soils. The behavior of soil samples has
also been shown to change from strain hardening to strain
softening. The tendency for general shear failure therefore
changes to local shear failure (Montoya and Dejong 2015).
Modified specimens have a higher flexibility than specimens
stabilized using other methods (Wani and Mir 2020).

Unconfined compressive strength (UCS) tests are
commonly performed in geotechnical engineering to evaluate
the increase of soil strength owing to biocementation (Whiffin
et al. 2007; Van Paassen et al. 2009; Harkes et al. 2010; Al
Qabany et al. 2012; Cheng et al. 2013; Nafisi and Montoya
2018; Mahawish et al. 2019). Uniaxial compressive strength
tests are conducted in this study to investigate the effect of
bacteria and cementation on the resistance changes of clay
from the Meighan region of Iran, which includes a group
of saline and alkaline soils. Different processing times were
investigated to assess the effect of curing duration on the
strength of the modified samples (Baghbanan and Razani
2016). The UCS values of the bacterial-modified soils obtained
under different conditions range from 150 to 34,000 kPa. The
relationship between the amount of calcite deposition and UCS
values is also established (Wani and Mir 2020).

Various methods of bacteria injection and mixing with
soil are investigated (Stocks-Fischer et al. 1999; van Paassen
et al. 2010; A’la et al. 2020; Harkes et al. 2010; Ng et al.
2012; Shahrokhi-Shahraki et al. 2015). The results of Cheng
et al. (2019) showed that the use of equal molar quantities
of urea and CaCl, can prevent biological obstruction and
reduce ammonia gas production by 90%, which is considered
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an environmental issue. Hence, equal molar quantities of the
cementation solution compounds were used.

The samples were prepared from clay collected from the
Meighan Desert region in Iran. The samples were subjected to
the microbial modification process following a variety of injec-
tion and mixing methods. The implementation of the MICP
method can be a difficult task for modifying fine-grained soils
(e.g., clay soils) and several aspects of this process remain
obscure. The modification of clay soils is considered an engi-
neering challenge because in addition to the pore size of clay
soils, other parameters such as scale and mineral type in the
soil can also affect the stabilization process and uniformity of
the calcite sediment distribution using the injection method
(Miiller and Défago 2006; Chen et al. 2009).

Other issues that affect the stabilization process of this
soil type include the presence of various salts in the region,
especially sulfate salts. Previous studies demonstrated a
reducing effect of salts on the uniaxial compressive strength
of soils owing to excessive swelling under the influence of
cement and lime (Dingwen et al. 2013; Firoozi et al. 2017).
Recent studies showed that sulfate-containing soils over-
swell when treated with lime or cement.

This study is dedicated on the special aspects of the microbial
modification process based on the environmental importance of
the region. This study also includes unique plants in the saline
areas and their regional importance as a habitat for migratory
cranes. Injection and biological mixing techniques have not been
previously reported on this soil, and different culture media are
compared. One sample group was subjected to the mixing pro-
cess, and another group was injected using different methods.
The uniaxial compressive strength, failure strain, and elastic
moduli of the samples were measured and compared after 14-
and 28-day processing periods.

The plastic and chemical properties of the soil were
analyzed using a scanning electron microscope (SEM) and
X-ray diffraction (XRD) to study the bacteria’s function on
the soil. In addition to the mentioned experiments, modi-
fied and unmodified soil samples were also exposed to wind
tunnels, and the effect of bacteria on the soil resistance to
wind erosion was investigated, which is a common problem
in the study area.

Material and methods

Materials

Soil

Meighan Desert clay was used in this study. The Meighan
Desert is one of Iran’s wetlands located in Markazi Province,

which includes desert, arid, and semi-arid regions, and is
8 km northeast of Arak (Fig. 1). This region contains one of
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Fig. 1 Geographical location of
Meighan desert of Arak

Markazi Province

the main sodium sulfate mines in Iran, and the soil contains
significant amounts of sulfate salts.

Arak is the industrial capital of Iran and is located 280 km
from Tehran, Iran’s capital. The climate in this region is
hot and dry Mediterranean with a maximum temperature of
44 °C and minimum temperature of —33 °C. The southern
parts of this region are composed of clay sediments. The
particle size distribution curve for the soil is shown in
Fig. 2 (ASTM D 422 2007, ASTM D7928-17 2016).
The physical and chemical characteristics of this soil are
presented in Table 1 according to the American Society
for Testing and Materials (ASTM). Soil-saturated paste
(Richards et al. 1954) and an EC meter were used to measure
the EC. A 1:1 soil: water ratio and electric pH meter were
used to determine the soil pH.

The amount of exchangeable sodium is high in saline
and alkaline soils. In this soil type, the EC is >4 mmohs
and their exchangeable sodium percentage is higher than
15%. The pH value of these soils is above 8.5. The results in
Table 1 indicate that the soil is classified as a group of saline
and alkaline soils. The amount of soluble salts in the soil is
low, whereas the amount of sodium is high. An excessive
amount of exchangeable sodium can lead to aggregate dis-
integration. The physical properties of these soils are there-
fore not suitable for engineering purposes. Cement and lime
are not appropriate options for soil remediation considering
the limitation of the plastic index and presence of sulfate.
In contrast, the high concentration of mineral salts and pH
greater than 8.5 are appropriate conditions for producing
biocement via urease in alkalophilic bacteria (Mortensen
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Table 1 Physical and chemical properties of soil

Parameter Value

Soil name according to the unified classification CH

Liquid limit (LL),% 54
Plasticity Index (PI),% 23

Specific gravity (Gg) 2.70
Optimum moisture content (OMC),% 19.6
Maximum dry density (Y ymax))» g/em® 1.54
Permeability (m/s) 2.65%107°
Electrical conductivity(EC), mS/cm 15.65

pH 8.73

et al. 2011). This soil can therefore be considered a good
candidate for biocementation treatment.

Microorganisms

The microorganism used in this study was Bacillus pas-
teurii (BP), which was reclassified as Sporosarcina pasteurii
(PTCC NO: 1645, DSM33, ATCC11859) and prepared at
the collection center of industrial microorganisms in Iran.
Sporosarcina pasteurii is a highly active, native alkalophilic
bacterium with a high production level of urease used in lab-
oratory studies to precipitate calcite. This bacterium belongs
to a group of rod-shaped and obligate aerobes or faculta-
tive anaerobes and non-pathogenic gram-positive Bacillus
bacteria, which are naturally found in soils. BP can produce
endospores to help this bacterium survive under harsh envi-
ronmental conditions, which is a desirable property owing to
the region’s specific conditions. Previous studies have shown
that diet-grade yeast extract can be used to grow bacteria in
MICP applications at a reduced cost (Omoregie et al. 2019).
The bacterial surface acts as the deposition nucleus, and
carbonate deposition creates cement bridges among the soil
particles by adhering to the bacteria and attaching bacteria
to the soil particles (Ghosh et al. 2019). After preparing the
lyophilized ampoules and obtaining the standard nutrient
agar culture medium (Table 2), bacterial culture steps were
performed following the instructions in DSMZ (2019).

Two new culture media of NaCl and CaSO, were pre-
pared to investigate the effect of the culture medium on the
bacterial yield and soil strength owing to the specific com-
pounds and salts in the soil of the study area. A standard
culture medium was also used for comparison.

Cementation solution

Bacillus pasteurii bacteria use urease as an energy source under
favorable environmental conditions. This causes a hydrolysis
reaction of urease and produces ammonia and carbon dioxide.
Free calcium cations are typically supplied by the calcium
chloride solution, which is attached to the bacteria owing to
the negative charge of bacterial cells. Carbonate ions react with
calcium ions and precipitate as calcium carbonate (CaCO;)
crystals, which binds the soil grains together. To accelerate
the bacterial activity for the calcite precipitation and MICP
process, the cementation solution was prepared to contain
urea as a nutrient and calcium chloride (CaCl,) as a calcium
source. Calcium chloride is suitable for stabilizing silty and clay
soils; if this material is used alone, its stabilizing properties are
eliminated by washing and removing it from the pore water. Urea
is consumed by bacteria as a nutrient and does not remain free in
the environment. The cementation solution contains an equimolar
(1:1) combination of urea and CaCl,, including 111 g of water-
free CaCl, and 60 g of urease dissolved in 1 L of distilled water
(Knorr 2014). Different types of wastes or residuals (e.g., mining
and agricultural residuals, organic materials from municipal solid
waste) can be used as nutrients to reduce the cost of large-scale
biogeotechnical projects (Pacheco-Torgal et al. 2015).

Sample preparation

The soil used in this study was prepared from the regional
surface soil collected at a depth of 0-30 cm. The samples were
prepared in two cylindrical PVC molds with an inner diameter
of 3.5 cm (ASTM D2166 2016). To effectively remove the
samples from the mold, a very thin layer of transparent plastic
was wrapped around the sample, which was in contact with
inner wall surface of mold, and a foam layer and filter paper
were placed at the end of each mold. Three clamps were used
to hold the two halves of the mold together. To prepare the
samples with a maximum dry density, dry soil (oven-dried)
and water were well mixed and poured in layers in a mold
and compacted to achieve a final sample height of 7 cm. After
filling the mold, the sample was covered with a filter layer. The
bacteria percentage in all specimens was 100%, and a bacterial
cell solution volume of 1.5 Vv (1.5 X volume of soil voids) was
injected into each specimen under a pressure head (Shahrokhi-
Shahraki et al. 2015). After sealing the molds with washers and
grease, the injection operation was performed. Some typical
samples are shown in Fig. 3.

Table 2 Culture medium

- Composition
characteristics

Agar

Peptone (5.0 g), meat extract (3.0 g), agar (15 g), distilled water

(1000.0 ml), urea (20 g/L)*

Nutrient agar

*Add 20 g/l urea before autoclaving
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Fig.3 (a) Schematic view of
injection into the sample. (b) A
group of prepared samples
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The samples were prepared for different cases as follows
(Table 3).

1. Sample C: Water was mixed with soil and placed in a
mold with the maximum dry unit weight (Y jy,x))-

2. Sample CB: Soil was mixed with bacterial solution and
placed in a mold with Y 4,y

3. Sample CBC: Soil, bacteria, and cementation solution
were mixed and placed in a mold with Yy -

4. Sample Co: Dry soil was placed in a mold without com-
paction (i.e., only under its weight). In this case, the
sample dry density =60% Y jpax)-

Uniform calcite precipitation throughout the total sample
mass is an important and influential factor in the method of
bacterial fixation via injection. Different injection methods
including MICP and mixing methods were investigated. The
performance of the injected clay soil samples differs sub-
stantially from that of sandy and silty soils. Different bacte-
rial injection methods in granular soils were examined on
the prototype samples. The final selected methods are listed
in Table 3. As an example, the injection method involving a
mixture of cementation solution and bacteria and the simul-
taneous injection of cementation solution and bacteria on
prototypes was examined.

With regard to the soil fineness and immediate reaction
of the bacteria with the cementation solution, this solution
formed a white coating in the filter layer, which prevented
the infiltration of the solution into the soil. This method was
therefore excluded in the final experiments. In the samples
in which the cementation solution was injected over several
stages (every 6 h), the absorption process progressed very
slowly from the second 6 h onward. The complete absorption
of the last cycle of the cementation solution to the sample
required approximately 1 week, including necessary
arrangements to prevent water evaporation. A bacterial cell
solution volume of 1.5 Vv was injected into each specimen
under the pressure head using an outflow rate of 15 mL/
min from the specimen base controlled by a peristaltic
pump. The purpose of the pressure head was to achieve a
more uniform distribution over the entire specimen length.
After this volume of bacterial cell solution was introduced
into each specimen, the flow was stopped. At the end of
the retention period, the peristaltic pump was disconnected
from the hydraulic line and the bacterial cell solution was
allowed to drain. The cementation solution of volume
Vv flowed into the sample under the influence of its own
weight. Cementation solutions with slightly lower densities
than the bacterial cell solutions were allowed to permeate
downward through specimens at an outflow rate of 5 mL/
min from each specimen’s base controlled by a peristaltic
pump. After the cementation solution had entered each

@ Springer

specimen, the flow was stopped to allow the bacteria to react
with the cementation solution. Two series of each sample
were prepared to check the repeatability of the experiments
and check with the test standard. Two periods of 14 and
28 days were tested to investigate the effect of curing duration
on the sample compressive strength. Owing to the rapid
withdrawal of bacteria and cementation solution in the soil
sample with a density of 60% Y gy, the injection procedure
was continuously repeated until the sample output solution
reached 0. The resistance parameters and properties were also
investigated. After reviewing the injection and mixing results,
the specimen with the maximum compressive strength was
selected, and flexural specimens were prepared and tested.

Mortar bending molds with dimensions of 16 X4 x4 cm
were used to prepare the flexural specimens using the
maximum specific dry weight and optimum humidity. Two
specimens were prepared from the modified and unmodified
specimens. After 28 days, the specimens were subjected
to flexural strength testing in a 5-ton tensile test machine
(STM-50, SANTAM Model Company). At least two
replicates were prepared for testing if the variation between
the tested replicates was less than 10%, indicating uniformity
(Mandal et al. 2018). The mean number obtained from the
two samples was recorded as the flexural strength of the
sample.

Results and discussion
Unconfined compression tests

After the injection and curing period (14 and 28 days), the
samples were subjected to unconfined compression tests fol-
lowing standard ASTM D2166 at a loading speed of 1 mm/
min. Considering the effect of the injection and bacterial
infiltration depth, some sample heights were reduced and the
ratio of the height to the standard diameter (2-2.5) was not
provided. In these samples, the compressive strength values
were modified as follows (Thuro et al. 2001):

UCS* = UCS(0.925 + 0.036(H /D)) )

where UCS* is the modified unconfined compression
strength, UCS represents the unconfined compression
strength derived from the device, and H and D are the sam-
ple length and diameter, respectively. The strength improve-
ment factor (SIF) is presented as follows to evaluate the
strength improvement of the treated samples (Salimi and
Ghorbani 2020):
Strength Improvement Factor (SIF) =

UCS of treated sample cured at m days

(@)

UCS of untreated samople cured at m days



Page70f22 141

Bulletin of Engineering Geology and the Environment (2022) 81: 141

[10s 1D ‘BLI930rq pue [10s Jo armxrw e :g)  (FOSED 1D TOBN N ‘PIEPULIS :§) JUSWUOIIAUS UoneAn[n) -ad4} uonosfuy -spow pping Sdures :owreu sjdweg

©LI9198q + [10S (WP R - N piepuels - - - - - s-4D
[os (ewp g - - - - - - - —  (ordwes onuod) H
paxnu
BLISIORQ + [10S (eunp & \/ \/ pIepuels - - - OS[E SeA UOTIN[OS JUSWAD Y], - 09D
11os BN - N prepueig €L N - - - S€I-0
Y9105 T
BLIOIORQ + [10S (eunp & \/ \z prepuelg A - \/ uonosfur [ere)oeq J9Yje Yy 9 K10A9 uonoafur Juowad yeadoy S-#1-9D
U910} 4 ¢

[1os (xeunp & \/ \« pIepuels A \/ \( uonoa(ur [er1v1oeq 19Je Yy 9 K19A9 uonoafur yuswao 1eaday S-41-D

LN BN N N prepuelg L N N Apeyerpowrty - ST

©L19)08q + 10§ (PR N N prepueig IL - N Apeyerpowuuy - S-1.L-9D
©vLI2)08q + 10§ (P g N N "osed IL - N Apeyerpawuuy - O 119D
nog "X %09 N N piepuelg L N N Ajeyerpawry - S-TL-0D

©LI0)0Rq + [10S (PR N N 10BN 1L - N A[orerpaurtug - N-LL-9D
11os BN N - - 1L - N Arorerpaurtuy - S1ID

poyjeur
uonosfur uonosfur uonoalur
JOOWEN BLDPBY  JUSW)) Qi uondafur JuSWd) uonoafur Juswao jeadey
uonn[os JUSWIUOIIAUD
adfy ojdwieg  Aysuop [I0§  UOPEBIUAWIY) BLIAJOBRYG  UONBADND poyew uondfug swouwreu ojdweg

ssooo01d uonosfur pue uoneredord sjdwes 10y suoneoyroads € a|qel

pringer

a's



141 Page 8 of 22

Bulletin of Engineering Geology and the Environment (2022) 81: 141

Figure 4 and Table 4 show the UCS and SIF results for
the samples cured for 14 and 28 days.

The results in Table 4 show that in the major cases of bac-
teria and cement injection into soil, the optimal height of the
bacterial penetration and cementation effect was considered
to be 6 cm. The uniaxial test standard had a height of 6 cm
and diameter of 3 cm, which can be applied to investigate
the injection process in soil clay samples.

Fig.4 Investigation of SIF and

The cementation solution acts as a nutrient for bacteria
and enhances the bacterial growth and activity. In sample
CB-T1-S, which was immediately injected after prepar-
ing the cementation solution bacterial soil sample, the SIF
decreased by 0.56 (a factor of 2.72), which may be owing to
the low viscosity of the cementation solution and bacterial
leaching. Soluble salts in the soil also affect the soil resist-
ance and consequently reduce the soil resistance. In sample
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Table 4 SIF values in different

methods SIF
No Sample name Uniaxial sample height (28 day) 14 day 28 day
1 C 4.20 1 1
2 CBC 6.20 20 8.3
3 CB-S 7 1.01 1.78
4 CB-T1-S 7 0.44 0.44
5 CB-T1-C 4.13 0.33 0.59
6 CB-T1-N 6.70 0.33 0.34
7 CB-T4-S 4.98 0.53 0.64
8 CT1-S 5.36 0.68 0.53
9 C-T2-S 5.17 0.39 0.53
10 C-T4-S 5.40 0.3 0.53
11 C-T3-S 6.85 1.3 0.44
12 CO-T2-S 3.55 0 0.14

CB-T4-S, the SIF decreased by 0.47 (a factor of 1.88), which
may again be based on the leaching of bacteria and solutes
in the soil by the cementation solution injection. The cemen-
tation solution relative to the bacterial solution was easily
removed from the structure and passed and collected in the
output container. However, the SIF of sample CB-T4-S was
higher than that of sample CB-T1-S, which can be attrib-
uted to the 6-h delay of the cementation solution injection.
Because some bacteria attached to the soil particles during
this time, which were not removed from the sample during
the washing process, the resulting resistance compensated
for the resistance reduction process caused by the leaching
of salts in the soil.

The SIF changes of the 28-day bacterial soil mixture
samples were similar to those of the 14-day samples and
follow the same procedure. Figure 4 shows the SIF results of
the samples where the soil was prepared in molds and then
injected with bacteria and cementation solution. In all of the
14-day samples, the SIF amount decreased compared with
the control sample, and only increased in sample C-T3-S
by 0.3. In this sample, only bacteria were injected, whereas
cement was not injected. As a result, salt and bacteria leach-
ing did not occur and the low bacterial activity increased the
SIF. In sample C-T1-S, only the cementation solution was
injected into the sample. Figure 4 shows that the cemen-
tation solution injection did not influence the increase of
sample strength and also reduced the SIF amount owing to
the washing of solutes (e.g., salts, such as sodium and cal-
cium chloride). In the samples injected with bacteria and
cementation solution, the SIF values only differed by 0.09.
A decrease of the SIF amount compared with the control
sample was also evident owing to bacterial and solute leach-
ing during cement injection, which became more apparent
by multiple cement injections (SIF=0.3). The SIF values
of the 28-day samples from this group decreased compared
with the 28-day control sample. In these samples, the SIF

amount in the three cases without bacteria injection and with
bacteria and cementation solution injection was the same
and equal to 0.53. This indicates that the absence of bacteria
in these methods was related to bacteria washing from the
soil after injection of the cementation solution.

On the 28th day of processing of sample C-T3-S, the SIF
amount was lower than all of the samples and control sample
by a factor of 2.3, unlike the 14-day sample. The reason for
this reduced resistance can be attributed to the reduction
and termination of cementation, which is attributed to
the lack of nutrients for the bacteria in the environment.
Figure 4c compares the strengths of the different samples
on the 14th and 28th days of processing. The 28-day
resistance of most samples increased compared with the
14-day resistance, except for samples CBC and C-T3-S
where the 28-day resistance decreased compared with the
14-day resistance. The reason for this reduced resistance in
sample C-T3-S can be attributed to the lack of cementation
solution as a nutrient, the growth and activity of bacteria,
the ceased cement production process from day 14 onward,
and the bacteria feeding from salts and substances in the
soil. This is attributed as a nutrient that gradually reduces
the soil resistance compared with the control and 14-day
samples. Stress—strain diagrams, microstructural studies, and
XRD analysis were used to investigate the cause of the 23%
decrease in resistance in the 28-day CBC sample compared
with the 14-day sample.

The 14-day compressive strength of the soil without bac-
terial modification or the control sample (C) was 77.5 kN/
m?, which belongs in the group of medium-strength soils
(Das 2007a, b). In the 14-day samples, the highest strength
is associated with the samples in which the soil, bacteria,
and cementation solution (CBC) are mixed. In sample CBC,
the strength increased 20-fold compared with the control
sample. This sample is classified within the group of hard
soils with compressive strength values greater than 400
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kN/m? (Das 2007a, b). This increased resistance owing to
the biocementation process is a result of bacterial activity.
The cementation process and cement bridges are uniform
in terms of the distribution of bacteria and cement in the
sample and complete retention of bacteria and cement in the
sample volume. During this period, curing the soil sample in
which only bacteria were injected (C-T3-S) showed a 23%
increase in strength compared with the control sample. The
CB-T4-S samples, which belong in the next strength rank,
have a strength of 47% less than the control sample (C).
The sample with combined soil and bacterial injection and
immediate injection of cement (CB-T1-S) has a strength of
56% less than the control sample. The two culture media of
NaCl and CaSO, showed a 67% strength reduction compared
with the control sample and 25% compared with the samples
in the standard culture medium under the same conditions.
The soil sample (CO-T2-S) did not gain any strength on the
14th day of curing.

The 28-day control sample had a compressive strength
of 143 kN/m?. The strength of sample CBC on day 28 of
curing was 1187 kN/m? (Table 4), which is 8.3 times higher
than the control sample and is within the UCS range of
hard clay soils (Das 2013). A curing period of 28 days is
therefore suggested (Baghbanan and Razani 2016). The soil
samples that combined with the cement-free bacteria (CB-S)
showed a 69% increase in strength after 28 days compared
with the 14-day sample. This indicates the availability of
growth conditions and bacterial nutrients in the desert soil
even without the presence of cementation solution. The
28-day sample in the CaSO, culture medium showed a 70%
strength increase compared with the 14-day sample, and
a 26% increase compared with the sample under the same
conditions in the standard culture medium. This can be a
result of the availability of suitable nutrients in this culture
medium for bacteria and its effect on the soil composition in
the medium. In contrast, the NaCl culture medium showed a
22% strength reduction compared with the standard culture
medium. In the 28-day samples in the three different culture
media under the same injection conditions, the sample
with CaSO, culture medium showed the highest strength
and failure strain. The NaCl culture medium is therefore
not suitable for the mentioned bacteria in the soil owing to
the culture medium’s strength and use in this area, and the
presence of Bacillus pasteurii is not appropriate. Sample
CO-T2-S had the minimum strength after 28 days and the
bacterial modification of this soil during the 28-day curing
period enhanced the strength from 0 to 20 kN/m?. In this
sample, the bacterial and cementation solution was removed
from the space among the soil particles owing to the low
sample density and large amount of space among the soil
particles, and cement bridges did not form among the soil
particles, whereas the removal of bacterial and cementation
solution was clearly visible during injection. A slight increase
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in resistance is observed in these samples after 28 days owing
to the activity and low growth of the bacteria adhering to
the soil particles and formation and increasing amount of
cementitious material compared with the 14-day samples.
The 28-day increase in sample strength indicates the
continuation of bacterial function after 14 days, in which the
bacteria continued to function as long as a suitable medium
and nutrients were available. Figure 5 shows the stress—strain
curves of the 14- and 28-day samples, which present the
changes in soil behavior after bacterial modification.
Compared with the curves in Fig. 5, the behavior of the
14-day samples was close to the strain hardening state.
However, upon increasing the curing duration to 28 days,
the sample behavior changed to softening behavior.
Attractive forces exist between clay particles and between
clay particles and bacteria owing to the positive and negative
charges. This completely differs from the behavior of
sand samples. The forces acting on the specimens should
overcome these interatomic forces. In the modified 28-day
samples, more energy is required prior to failure to overcome
the bonds between particles owing to the formation of
cement bridges among particles, and the creation of
biological shells alters the sample behavior to ductile
behavior. The strain—stress diagram of sample CBC can be
used to interpret the reduced strength of the 28-day sample
compared with the 14-day sample. In the 14-day sample,
the behavior is close to elastic and the sample behaves in a
completely brittle manner. In the 28-day sample, the sample
behavior has changed to ductile owing to the creation of
cement bridges and biological crust. The elastic modulus
significantly increased compared with the 14-day sample.
The energy absorbed by the soil structure is therefore higher
in the 28-day sample, but this energy is used to overcome
the forces between the particles and cement bridges. These
behavioral changes are observed in the stress—strain diagram.

Comparison with previous studies

Table 5 compares the UCS results obtained from clay fixa-
tion in the present study with previously reported results.
The results of the soil resistance in the bacterial and cement
mixing samples in the present study are found to be 2.4
times higher than those reported for clay with low plasticity
(Kulanthaivel et al. 2020).

Elastic modulus and failure strain

The elastic modulus is an important parameter to analyze the
soil structure behavior and failure mechanism for computa-
tional models of soil stiffness. The cementation phenomenon
in soil causes a significant increase in the soil elastic modu-
lus. Figure 6 shows the elastic modulus (E,) of the samples
after 14 and 28 days of curing.
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Table 5 Comparison of UCS in different studies

Researcher UCS SIF Soil Type
name (kPa)
Current study 1187 8.3 CH
Kulanthaivel 499 2.5 CL

et al. 2020

The highest elastic modulus is related to the sample com-
posed of clay, bacteria, and CBC. In this sample, the 28-day
elastic modulus increased by 68% compared with the 14-day
sample, reaching 861 kg/cm?®. After mixing with bacteria
and cement, the elastic modulus of clay ranged from that
of dense sand, which may explain the different behavior
of this sample compared with the unmodified sample (Das
2001). This increase can have a positive effect on reduc-
ing the rate of elastic settlement and soil behavior. The rea-
son for the increased elastic modulus of the 28-day CBC
sample compared with the 14-day samples can be observed
in Fig. 5j, despite the decrease in compressive strength. In
the 14-day sample, the sample behavior followed a linear
trend. Hence, in the 28-day sample, the behavior changed
to that of an over-consolidated clay. The strain-softening
behavior changed and elastic modulus increased, thus indi-
cating that the soil-bacteria interaction and soil behavior
changed over time. Its elastic modulus increased, which
indicates an increase in the cementation process and den-
sity in the 28-day sample compared with the 14-day sam-
ple. The elastic moduli of the CBC samples increased by a
factor of 4.5 compared with the 14-day control sample and
a factor of 6.5 compared with the 28-day sample. In the
other samples, the elastic modulus was lower than that of

the control sample. The soil elastic modulus is therefore not
constant and decreases with increasing shear strain (Budhu
2010). A comparison of the CBC sample results in Figs. 5
and 6 shows a reduced compressive strength owing to the
increased elastic modulus in the 28-day samples. Figure 7
shows the failure pattern of sample CBC at curing days of
14 and 28 and the two samples’ different behavior. In the
28-day sample, considerably fewer cracks and more ductile
behavior are observed compared with the 14-day sample
owing to the cementation process along the sample and its
completion by 28 days.

In the method of mixing soil, bacteria, and cementation
solution using all of the injection methods, the soil elastic
modulus increased after 28 days compared with the 14-day
samples. Even in soil sample CO-T2-S, the elastic modulus
increased from 0 to 5 kN/m? (range of very soft clay), which
indicates the occurrence of cementation in the soil struc-
ture. In the bacterially modified soil samples, those with the
same unconfined compression strength had different elastic
moduli, which indicates the effect of the injection method on
the sample stiffness. The unconfined compression strength
was lower for soil samples without bacterial modification.
However, the elastic moduli of the samples increased, which
indicates an increase in the soil stiffness owing to the bac-
teria addition. A comparison of the results presented herein
and those reported by Jesmani et al. (2008) on clay of the
Meighan region shows an increase of 71.8% and 66% in the
elastic modulus and UCS of the bacteria-modified samples
(CBC), respectively, compared with 9% in the lime-modified
samples. Failure strain can be considered the endpoint of
the material behavior test (Jesmani et al. 2008). The UCS
amount in the clay soils was reported to be less than 350
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(b) 28-day sample

Fig. 7 Failure of (a) 14- and (b) 28-day CBC samples

kN/m? owing to cement modification (Das 2007a, b). The
highest failure strain in the 14-day samples was found in the
bacterial-modified sample in the CaSO, medium (Fig. 8).

The strength of soil sample CO-T2-S increased after
28 days, and its failure strain increased by 7.2%, which
demonstrates the positive effect of bacterial modification.
The lowest failure strain in the 28-day samples was found
in the soil sample without bacterial modification, which
showed brittle behavior (Fig. 5). Considering the changes
in the failure strain, it can be concluded that the failure strain
decreased with increasing curing duration, except for the
two mentioned samples. Figure 9 shows the failure of the
samples and cracks generated in the 28-day samples. The
sample failure is indicated by the bulging form.

The general cracking pattern in the samples reflects longi-
tudinal cracks. In sample C-T'1-S, in which bacteria were not
injected into the sample and only cementation solution was
injected, a state of crushing is observed in the middle sec-
tion of the sample. Considerable crushing was observed at
the top of the control soil sample (C), in addition to the fact
that the intact sample was removed from the mold at a lower
height-to-diameter ratio. The results in Fig. 8 show that the
soil samples mixed with bacteria but without cementation
solution underwent less failure at the failure strains than the
other samples. The diagrams in Fig. 5 show that after failure
and disintegration, these samples exhibited strain hardening
behavior. Because sample CBC showed the highest compres-
sive strength, it is considered an example to improve the
region’s clay soil, and further experiments were continued
using this sample.

Flexural strength tests

After placing the specimens in the flexural strength test
machine and applying a single-point force, the ultimate force
was recorded, and the flexural strength or rupture modulus
(MPa) was calculated using the material strength relation-
ships (Popov 1999). Because sample CBC is regarded as the
sample with the best strength result, bending samples were
also prepared and examined in the same manner. Table 6
shows that the flexural strength decreases in the bacteri-
ally modified specimens, and the crack patterns are shown
in Fig. 10. The results indicate that the flexural strength
decreases with increasing percentage of bacteria.

The addition of bacteria to regional clay is therefore
shown to reduce the flexural strength of the investigated
specimens. In stabilization projects where flexural strength
is a priority, further investigation is required using materials
such as fibers with bacteria in clay soils (Zhao et al. 2020).
The reason for the decreased flexural strength can be related
to the cementation effect on the soil structure and the
creation of a rock-like state in the soil, which increases the
sample compressive strength but reduces the tensile strength.
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Fig. 8 Failure strain changes in
different injection methods

&%)

This reduced flexural strength can be attributed to the
creation of a new mineralogical structure and composition,
and the formation of a rock-like state in the modified soil
with bacteria with increasing UCS and elastic modulus.
This indicates that a new and different material was formed,
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which reflects a completely different flexural behavior. The
mechanical behavior of biocemented soil was not fully
investigated, and further study is required, especially in situ
tests, to better understand the behavior of MICP-stabilized
soils.

| C-T4-S |

* h: Sample height,d: Sample diameter

Fig.9 Failure of 28-day samples
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Table 6 Results of flexural strength test of specimens

Sample Flexural strength (MPa)
Untreated sample (C) 0.5
Treated sample (CBC) 0.2
(100% bacteria)
Treated sample (CBC) (50% 0.45
bacteria)

Physical and chemical tests

To assess the importance of the plastic limit and electro-
chemical environment (e.g., pH, presence of salts, cations)
on the properties, behavior, and structure of clay soils, liquid
and plastic limit (ASTM D4318 2010), pH, and EC tests were
conducted on the samples treated with bacteria in a standard
culture medium. The results are presented in Table 7.

By stabilizing clay soils with lime, the plastic properties and
plasticity index of soil are observed to decrease with increasing
lime consumption percentage (Al-Mukhtar et al. 2012), which
affects the soil mass ductility. In contrast, treating soil with bac-
teria was not found to affect the soil plastic properties, and the
soil’s plastic range did not change. After bacterial modification,
the soil pH decreased and the electrical conductivity increased.
This is in contrast with the bacterial remediation process of
sandy soils, which is associated with an increase of pH (Kim
et al. 2014). One of the disadvantages of MICP is the increased
pH (Pacheco-Torgal and Labrincha 2013). Owing to the salts
and minerals in the regional clay and bacteria activity in the soil,
this process leads to a decrease in pH, which is a positive step
in this field. After modifying the soil with bacteria, the strongly

Fig. 10 Samples after cracking
in the flexural test

Table 7 Physical and chemical properties of soil before and after
treatment

Parameter Untreated sample (C) Treated
sample
(CBCO)

LL (%) 54 53

PI (%) 23 53

pH 8.73 7.95

EC (mS/cm) 15.65 16.23

Eh (mv) -88.24 -54.7

alkaline conditions changed to alkaline conditions. The soil alka-
linity was reduced by decreasing the amount of exchangeable
sodium after bacterial modification.

The bacteria-modified samples showed an increase in EC,
which confirms the urease hydrolysis process (He et al. 2020).
Table 7 shows the clay samples of the area before and after bac-
terial modification, and that the oxidation and reduction poten-
tial (Eh) of samples was negative. This indicates that oxidation
occurred in the modified soil: a process by which an object (oxi-
dant) receives electrons and the oxidation number of an element
increases. This reflects bacterial activity and electron uptake in
the bacterial biological process in the soil. This parameter can
be used as an indicator to evaluate the bacterial activity and
occurrence of cementation in the soil environment.

XRD, EDS, and SEM analysis

The untreated and bacterial-treated soil samples after
28 days of curing were prepared and subjected to XRD and

Soil+ 100% Bacteria
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SEM analysis to study the calcium carbonate precipitation,
changes of the soil mineralogical structure, and soil micro-
structure in the presence of bacteria. The soil samples were
prepared as a powder for XRD testing (EN 13,925-1:2003
(E)) and randomly scanned using a Siemens D5000 X-ray
diffractometer operating at 40 kV and 30 mA, using a step
size 0.02° and counting time of 1 s. Samples of untreated
and bacterial-treated soil (clay, bacterial, and cementa-
tion mixture) were prepared for SEM analysis, coated, and
microscopic images were taken at different magnifications
using a VEGA\\ series SEM with a tungsten heated filament.

A comparison of Fig. 11a, b highlights that changes in the clay
structure are visible in the presence of bacteria, and a biological
crust formed on the clay plates. The presence of bacteria in the
soil structure caused calcite precipitation, which filled the empty
spaces between the soil particles and created cement bridges.

Fig. 11 SEM images of the soil
before and after biocementation
process. (a) Before treatment.
(b) After treatment

SEN MAG WO 11,57 mm
SEMHY. 2 & 1 BE
Date(mick): 111819 Vac. HVac

¢ 20pm

SEM MAG: 1.00 ke WD: 5,596 mm
SEMHY: 20 00 kY Det SE
Datadmichd: 111819 Vac: Hivac
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Flocculated clay flakes were found in the structure of the soil
without bacterial treatment (Fig. 11a), which formed a complete
solid and integrated the soil structure after modification (Fig. 11b),
which may be a mechanism by which the compressive strength of
the clay samples is increased in the presence of bacteria.

The XRD samples were prepared and analyzed to
investigate the effect of bacterial presence on the soil
mineralogical structure and the effect of the culture medium
on the bacterial yield in the soil. The XRD results (Fig. 12)
show the presence of calcite in treated and untreated
specimens. Some changes occurred in the calcite peaks
before and after bacterial treatment in the standard culture
medium. The mineralogical analysis of the soil samples
without bacteria, with bacteria in conventional culture
medium, and with bacteria in a culture medium of NaCl
and CaSOj, is presented in Table 8.

VEGAI TESCAN SEN MAG: 500 ke WD 11.47 mm VEGAN TESCAN
. SEMHY: 20 00 kY Det BE Sum :
:@n Date(mick): 111818 Vac Bivac RAZ n

(a)

SEM MAG: 10.00 K¢ SZ 5,586 mm
SEMHY: 2000 kY Det SE
Datadmich): 1111619 Vac: Bivac RAD

" VEGANTESCAN
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Fig. 12 XRD pattern of soil. (a) Untreated sample. (b) Treated sample
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Table 8 Results of

samples

Counts

. . . Soil name (culture medium) Bacteria XRD results
mineralogical analysis of
C - Calcite + quartz + thenardite + gypsum + hal-
ite + cristobalite + muscovite + clinochlore + illite
CBC (standard) v Calcite 4+ quartz + thenardite + gypsum + hal-
ite + clinochlore + muscovite +illite
CBC (NaCl) v Illite + quartz + halite + feldspar + gypsum
CBC (CaSO,) v Illite + quartz + halite 4 calcite + feldspar + gypsum
EDS analysis result for Untreated sample
Element Shell ~ Weight (%)  Atomic (%)
cpsfeV
Oxygen K 32.82 57.04
Sodium K 1.83 221
Magnesium K 4.16 4.74
Aluminum K 432 4.46
CaFel M A ili
A i - o a Silicon K 13.52 13.39
Sulfur K 1.31 1.14
Chlorine K 2.03 1.59
Potassium K 2.05 1.46
Calcium K 12.82 8.89
i | : | Titanium K 0.54 0.31
T { T T L—
4 6 8 10 Tron K 3.63 1.81
Ener,
& Gold L 20.99 2.96
(a) Untreated sample
cpsieV
EDS analysis result for treated sample
Element Shell ~ Weight (%)  Atomic (%)
Oxygen K 40.53 58.05
- Sodium K 19.99 19.92
ca[F8l [F i
N T S mo | Mwem o oom 0w
Silicon K 2.09 1.71
Sulfur K 11.95 8.54
Chlorine K 12.10 7.82
Calcium K 2.22 1.27
Iron K 0.89 0.37
Gold L 8.76 1.02
(b) Treated sample
LA .
6 8 10

Fig. 13 EDS analysis results. (a) Untreated sample. (b) Treated sample

Table 9 Comparison of the

Energy

Sample

control sample and modified

sample

Maximum erosion rate 28 days (kg/m*h)

Maximum 28-day erosion
percentage (%)

Control sample (C)
Soil with bacteria (CBC)

354

98
0.2
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The results indicate the presence of a few different miner-
als between the soils with and without bacterial modifica-
tion. In 28-day samples, upon the developing soil reaction
process and bacteria, cristobalite (Moh’s hardness =6.5)
was removed from the soil environment and illite (Moh’s
hardness = 1-2) formed in the soil structure. This mineral
conversion and change in hardness owing to the processes
caused by the presence of bacteria and nutrients in the soil
environment can be an explanation for the reduced strength

Fig. 14 Soil modified samples
before and after the wind tunnel
(14 and 28 days). (a) Before
wind tunnel. (b) After wind tun-
nel (14-day samples). (c) After
wind tunnel (28-day samples)

After wind tunnel (30 km/h)

of the 28-day CBC sample compared with 14-day sample
because these changes were completed in the 28-day sample.
In the CaSO, medium, thenardite, cristobalite, muscovite,
and clinochlore were removed, and feldspar and calcite min-
erals formed. In the NaCl culture medium, in addition to the
removed cases in the CaSO, culture medium, calcite did not
occur in pure form, and only feldspar was observed. These
results demonstrate the effects of bacteria and its activity
in the soil using different culture media. A notable result in

After wind tunnel (60 km/h)

(b) After wind tunnel (14-day samples)

After wind tunnel (30 km/h)
(c) After wind tunnel (28-day samples)

After wind tunnel (60 km/h)
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Table 8 is the change of minerals in the clay structure in the
presence of bacteria and different bacterial behaviors in the
different culture media. The absence of calcite in the NaCl
culture medium confirms the low compressive strength of
these samples and inadequacy of this culture medium for
bacterial growth in the Meighan soil.

Energy-dispersive X-ray spectroscopy analysis was per-
formed before and after modification, as shown in Fig. 13.
The results show a reduced amount of sodium and sulfur and
an increased amount of calcium after bacteria treatment. The
decreased sodium levels indicate the bacterial use of salts,
and the increased calcium levels indicate calcite deposition
in the soil structure.

Comparison of treated and untreated specimens
in a wind tunnel

The maximum resistance was obtained in the samples that
involved soil mixed with bacteria. This group was there-
fore considered for wind tunnel testing. This section com-
pared bacterial-treated and untreated specimens to evaluate
microbial treatment effects on specimen erosion, as shown
in Table 9.

The bacterial treatment was found to strongly reduce the
surface erosion of the clay specimens by 98%, from 354
to 1 kg/m>h. Figure 14 shows the treated clay specimens
cured for 28 days before and after exposure to the wind tun-
nel. No significant changes occurred in the specimen sur-
faces after wind tunnel exposure, whereas a positive effect
was observed for the microbial treatment to prevent wind
erosion.

The UCS tests and wind tunnel results demonstrate
the relationship between clay UCS and wind erosion. By
increasing the clay resistance in the area using bacteria to
the extent of hard clay resistance, the crust resistance of this
method has also significantly increased against erosion. In
the absence of wind tunnels in the laboratory, a UCS test can
be used to evaluate the increase of shell resistance to wind
erosion in the presence of bacteria.

Conclusion

This study investigated the formation and effects of calcium
carbonate precipitation owing to bacterial activity on clay
from the Meighan Desert region after treatment with Bacillus
pasteurii using various mixing and injection methods. The
increased soil strength, wind erosion resistance, and specimen
failure owing to biocementation were investigated by a series
of unconfined compression strength tests and wind tunnel
tests. Additional experiments and microstructural studies were
performed to investigate the effect of bacterial treatment on the
samples. The results are summarized as follows.

@ Springer

The unconfined compression strength (UCS) of clay in
the study area increased by 78.5% after 28 days of mixing
with bacteria and cementation solution compared with
the soil without bacterial treatment (control sample).
The mixed sample of soil and bacteria without cemen-
tation solution also showed a 44% increase in strength
after 28 days compared with the control sample, which
indicates appropriate conditions for soil growth in the
region and the availability of nutrients for growth and
cementation of bacteria in the soil even without cement.
The saline and sulfate conditions of this soil are therefore
suitable for the applied bacteria.

Sporosarcina pasteurii is a suitable choice for the bacte-
rial remediation of saline soil in the Meighan region. The
experimental results show that this type of bacteria can
use substances in the soil for growth and survival.

The UCS tests results indicate that the injection method
is unable to uniformly distribute the bacteria and salts
within the clay mass. The injection method is therefore not
suitable for modifying clay soils, especially salt-bearing
soils such as sodium chloride and calcium chloride.

The UCS and wind tunnel test results show that the
method of mixing bacteria, soil, and cementation solu-
tion can be a suitable option to improve the resistance
properties of salty clay soils.

The use of bacteria to stabilize saline and alkaline clay
soils without suitable stabilization conditions using con-
ventional stabilizers (e.g., lime, cement) is a good option
that produces higher UCS values and elastic moduli of
these stabilizers in the soil.

The stress—strain curves of samples treated to different
injection and mixing scenarios demonstrate the effect
of bacteria on the changing soil behavior owing to the
ductility and failure of the soil samples, which causes
a softening behavior in the soil. The complex ductility
in bacterial-modified soils therefore increases upon
rupture loads. Owing to the reduced flexural strength of
the stabilized specimens, this stabilization method is not
suitable for the investigated soil in projects such as road
paving.

The test results and changes in the strength and elastic
modulus of salt clay samples with 14 and 28 days of cur-
ing time indicate that a 28-day curing duration is recom-
mended for samples modified with bacteria.

The pH of the bacterial-treated soil decreased, which
differs from sandy soils and non-alkaline clays where
the enhanced pH poses an environmental problem. After
modifying the soil with bacteria, the strongly alkaline
conditions of the soil changed to alkaline conditions. The
treated samples show an increased electrical conductiv-
ity, which confirms the hydrolysis process of urease and
increasing cations in the soil environment.
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e The bacterial stabilization of clay did not cause a sig-
nificant change in the soil plastic liquid limit, in contrast
to the soil behavior in the presence of stabilizers (e.g.,
lime), which reduce the plastic limits of clay.

e The flexural strength of the clay samples decreased dur-
ing the bacteria modification process. Further studies
are required for bacterial stabilization projects where the
flexural and tensile strengths are important, such as the
use of fibers in the soil and bacteria in clay.

e Using bacteria to stabilize clay soils is a good option in
the absence of suitable conditions for stabilization using
conventional stabilizers (e.g., lime, cement, oil mulch).
This method is shown to have reduced the surface erosion
of the clay specimens by 98%, from 354 to 1 kg/m>h.

e The UCS test and wind tunnel results indicate a relation-
ship between the UCS of clay and soil crust resistance
(biocrust) to wind erosion. In the absence of wind tunnels
in the laboratory, a UCS test can thus be used to evalu-
ate the increase of shell resistance to wind erosion in the
presence of bacteria.

e A comparison of samples under the same conditions in
different culture media and investigation of the XRD
analysis indicate the effects of culture medium on the
bacterial behavior, structure, and minerals of the clay
soils, and soil mechanical properties. The SEM images
clearly demonstrate the formation of a biocrust in the soil
structure.

In light of the transition toward green technology
and the reduction of greenhouse gases worldwide, the
construction and geotechnical industry should also move
in this direction to embrace new, green, and friendly
environmental technologies, including biogeotechnology.
The results of the present study demonstrate that the
method of mixing soil, bacteria, and cementation
solution can be a good option for stabilizing clays that
contain sulfate salts. This method significantly increases
the uniaxial strength, fracture strain, and elastic modulus
of the soil compared with cement and lime, and is also an
environmentally friendly approach. The results indicate
that the surface mixing of soil and bacteria can increase
the soil resistance and create a resistant surface crust
(biocrust), which can be used as an environmentally
friendly method to control dust owing to wind erosion
in the Meighan Desert without harming the environment
and living organisms.
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