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Many soil microorganisms in nature induce carbonate precipitation, which is used in soil improvement to reduce the pollution of
soil environment by traditional chemical improvement. With the goal of expanding the geotechnical applications of bio-
mineralizing bacteria, this study investigated the characteristics of a newly identified strain of soil bacteria, including its
mineralization ability, its effect on Aeolian sandy soil, and biomineralization crust effect in the desert field test. The autogenous
mineralized strain was isolated and purified from desert Aeolian sandy soil, and the strain was identified as Staphylococcus using
16SrRNA sequence homology. It is a kind of mineralized bacteria seldom used in geotechnical engineering at present, and it was
found to have good mineralization ability; the living conditions of Staphylococcus were optimized. Under the determined amount
of bacteria liquid, the amount of calcium carbonate precipitation after the bacteria liquid reacted with different volumes of calcium
source solution was studied to determine the appropriate ratio of bacteria liquid and calcium source solution and the molar
amount of calcium source solution. This study also investigated the effect of mineralization on the strength of sand and de-
termined the particle size range of sand and suitable bacteria concentration that Staphylococcus can effectively stabilize. Field test
results verified desert autogenous Staphylococcus had a good mineralization effect on sand. It was suitable for Aeolian sandy soil
crust and improvement. In this paper, the autogenous strain was applied to the surface of the desert for the first time to form an in
situ microbial mineralization crust. The research results can provide a theoretical basis for the better application of autogenous
strain in the desert.

1. Introduction

Microbial mineralization is a common phenomenon in
nature and it has attracted great attention in the field of civil
engineering [1]. Microorganism remediation technology,
widely applied in civil and geotechnical engineering, com-
bines traditional microbial engineering and civil environ-
mental engineering to control or improve water and soil
pollutants, thereby protecting the environment. This is
another breakthrough in soil improvement.
Microorganisms play an important role in mineraliza-
tion and precipitation and the porous media was repaired
and improved by microbial precipitation [2-4]. Bio-
mineralization is a promising and environmentally friendly
technology  for improving soil  properties  [5].

Microorganisms isolated from rich organic matter in nature
are often able to carry out metabolic processes such as
denitrification, iron reduction, and wurease hydrolysis.
Cunningham et al. [6] used Pseudomonas aeruginosa to
reduce the permeability and porosity of sandy soil. Ranalli
et al. [7] from Molise University studied Pseudomonas
aeruginosa and Pseudomonas stutzeri to understand their
abilities to remove nitrate stains on stone surfaces. Pseu-
domonas aeruginosa and Staphylococcus aureus during co-
cultivations and polymicrobial infections were analyzed [8].
In general, urease microorganisms can rapidly induce the
crystallization of large amounts of calcium carbonate. This
cementing process improves soil strength and stiffness and
reduces soil permeability by precipitating calcium carbonate
between soil particles or on the surface of soil particles
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[9-11]. Pseudomonas denitrificans has been used to induce
calcium carbonate precipitation in granular soil to improve
soil properties [12]. Researchers have used denitrifying soil
bacteria with calcium acetate and calcium nitrate to stabilize
soil [13, 14]. Biomineralization is a promising and envi-
ronmentally friendly technology for improving soil prop-
erties [5]. Biomediated soil improvement involves the usage
of microbes to improve soil engineering performance
through a series of biogeochemical processes. A ubiquitous
biogeochemical process occurs in soil and results in per-
manent inorganic cementation between soil grains [15].
Biomediated methods, microbial-induced carbonate pre-
cipitation (MICP), and enzymatic-induced carbonate pre-
cipitation (EICP) were investigated and compared for their
effectiveness in mitigating sand dune erosion under wave
attack by model test, and calcite settled on the surface of
shallow sand [16].

A urease bacterial strain was isolated from sandy soil by
researchers at the Nan yang Technological Institute. These
bacteria produced calcium carbonate in the sand, reducing
the permeability and improving the strength of the sand. A
calcium alginate polymer sealant produced by microor-
ganisms was able to control the seepage of porous materials
[17-19]. Twelve urease bacterial strains are isolated from two
kinds of soil by Hammes [20] and Dick [21], including
Bacillus sphaericus and Bacillus lentus, were shown to ef-
fectively treat concrete and calcareous wastewater, forming a
calcium carbonate layer on the limestone surface to repair
degraded limestone [22]. A team of researchers used
phosphate-mineralizing bacteria to induce barium phos-
phate precipitation and cement sandstone, varying the pH of
this process produced different sandstone morphologies
[23, 24]. Urease microorganisms can produce carbonate and
ammonium ions and crystallize calcium carbonate, im-
proving the engineering properties of soil and stabilizing
sand [2, 3, 25, 26].

Microbial-induced carbonate precipitation (MICP) tech-
nology can reinforce and improve the strength of soil, with
applications in biological plugging, biological cementation, and
fracture repair [27]. Mutant strains with high urease levels have
been used to reinforce liquefied foundations [28-31]. The
cementing ability of Sporosarcina pasteurii has been studied in
gravel. By controlling the grouting speed, grouting time, and the
amount of bacteria and cementing liquid, this method im-
proved the strength of sandy soil and controlled the infiltration
of sandy soil, producing a uniaxial compressive strength of
1100 m’ after cementing [28]. Researchers at the University of
California studied soil improvement and slope reinforcement
by Sporosarcina pasteurii, and mineralization of Aeolian sandy
soil produced an unconfined compressive strength (UCS) of
0.66 MPa [9, 30, 32]. MICP technology was also used to carry
out bonding experiments and strength characteristic tests
[33-35]. In both laboratory and field experiments using MICP,
Sporosarcina pasteurii (ATCC 11859) was able to mineralize
and cement coarse-grained soil [1, 33, 36, 37].

Although good research results have been achieved in
the above studies, many laboratory experiments have also
been done on the improvement of Aeolian sandy soil by
Sporosarcina pasteurii. However, the mineralization of
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desert soil needs green and pollution-free microbial treat-
ment method, which is easy to be popularized in desert
treatment. Our research group has devoted many years to
understanding the reinforcement and erosion control of
desert Aeolian sandy soil [38-41]. Microbial mineralization
technology was gradually introduced into desert improve-
ment. A number of laboratory experiments have demon-
strated the feasibility of using Sporosarcina pasteurii to
solidify Aeolian sandy soil [33-35, 42]. Mineralization en-
hances the occlusal force of loose sandy soil that otherwise
lacks cohesion, forming a stable microbial crust that resists
environmental erosion [34]. Autogenous microbial strains
prevent contamination of desert soil by foreign microor-
ganisms and biological pollution of the desert. The microbial
strain used in the current research is uniquely suited for this
purpose. In this research, using selective enrichment culture
and plate separation, an autogenous strain was isolated and
purified from desert Aeolian sandy soil. The mineralization
of sand by this strain was studied and the appropriate
particle size range of the sand was determined. Through
quantitative analysis of calcium carbonate produced by
bacteria with different calcium source concentrations, the
most suitable calcium source concentration and the optimal
ratio of bacteria solution to calcium source solution were
determined. Moreover, the effect of different bacteria con-
centrations on the strength of sand soil was analyzed. As
Desert soil is a good carrier for microorganisms, the min-
eralization technique was applied to the field mineralization
experiment in the desert, the calcium carbonate crust was
induced by the isolated mineralization strain, and the sta-
bility of the crust was evaluated, which enables floating dune
to be semifixed and fixed, hinders wind erosion, and fun-
damentally blocks the source of sandstorm. This method not
only overcomes soil pollution by foreign bacteria, but also
improves the effectiveness of mineralization, and provides a
theoretical basis for future popularization into using au-
togenous bacteria in desert soil solidification and crust
technology.

2. Materials and Methods

2.1. Materials. Sand was divided into eight groups based on
the particle size, as shown in Figure 1, and the particle size
ranges of different grain groups are shown in Table 1.
Standard silica sand served as a control group (CG1) in the
experiments. CGl particle size was less than 5mm
(0.075~5 mm), with most particles between 0.25 and 0.5 mm
and a median particle size of 0.7 mm; the natural bulk
density of CG1 was 1.578 g/cm” and the soil particle density
was 2.63 g/cm’. The coefficient of uniformity (Cu) of CG1
was 4.96, and its coefficient of curvature (Cc) was 1.529. The
CG2 sample was taken from the Ulan Buh Desert in the
Inner Mongolia Autonomous Region of China. The shallow
layer of the desert is rich in water resources, the under-
ground water level is buried 5~8 m deep, there are many
flowing and semifixed dunes, and the landform is complex.
Sand particles in the size range of 0.1 to 0.25 mm accounted
for 85.3% of the total mass. This sample had fine particles
with no cohesive force between grains and it was classified as
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FiGure 1: Grain composition curve of different control groups.

Aeolian sandy soil. The natural moisture content was 4.3%,
the natural bulk density was 1.615 g/cm?, and the soil particle
density was 2.64 g/cm’. The inhomogeneity coefficient for
CG2 was 1.78, and the Cc was 1.05. Six different grain group
of CG3~CG8 were made of standard sand (CG1) by sieving.

2.2. Isolating the Autogenous Bacteria. A sample of desert
Aeolian sandy soil was placed in 100 mL of the liquid me-
dium at low speed in a shaking box for 30 min to disperse
any microorganisms present in the soil, then was allowed to
stand for 24 h. Tests were run in triplicate and the average
values of samples were used to minimize experimental error.
The liquid medium used for the separation, enrichment, and
purification of bacteria from Aeolian soil was composed of
yeast powder (15g/L), CH;COONa (0.05mol/L), NH,Cl
(0.05mol/L), and CO(NH,), (0.1 mol/L). The solid media
was composed of yeast powder (15g/L), CH;COONa
(0.05mol/L), NH,CI (0.05mol/L),CO(NH,), (0.1 mol/L),
and agar powder (20 g/L).

Next, 1 mL of supernatant was inoculated to100 mL of
fresh liquid medium (Figure 2(b)), and this was incubated at
30°C for 48 h with 200 r/min shaking (Figure 2)(b). A 1 mL
bacteria solution was added to 9ml liquid medium and
shaken for 1 min, then further in turn diluted (107}, 1072,
102,107, 107>, and 10~°) in a fresh liquid medium. Bacteria
liquid at 107%, 107>, and 10~ dilutions were plated on aseptic
plates and incubated at 30°C for 3-5d to isolate single
colonies (Figure 2(c)). Single colonies were streaked on
plates three times as shown in Figure 2(d). Bacterial
screening and extraction were done based on references
Zhang et al. [43].

Most of the mineralized strains producing urease can
change the initial pH value of the original medium after
shaking culture, which is alkaline [44]. After 24h of
incubation of a single strain, the pH was tested by pH
meter. A 1 mL bacteria solution was added to the acid-

base indicator to acid-base
(Figure 2(e)).

In the mineralization reaction between the bacteria
solution and the calcium source solution, the volume ratio of
bacteria liquid and calcium source solution is also an im-
portant factor, which can directly reflect the precipitation
amount of calcium carbonate, meanwhile, in order to
prevent the excessive nutrient solution from being com-
pletely used by bacteria and causing unnecessary waste.
Under the determined amount of bacteria liquid, the
amount of calcium carbonate precipitation after the bacteria
liquid reacted with different volumes of calcium source
solution was studied to determine the appropriate ratio of
bacteria liquid and calcium source, and the molar amount of
calcium source solution.

(1) In order to ensure higher bacteria activity, the bac-
teria liquid was oscillated for about 18h, and the ODyy of the
bacterial liquid at the peak of the logarithmic growth period
was about 1.2~1.4. (2) The calcium source solution was
mainly composed of urea and calcium chloride. The molar
ratio of urea to calcium ion in the nutrient solution of
calcium source is always 1:1. Six different calcium sources
solution with a molar of 0.5M, 1.0M, 1.5M, 2.0M, 2.5M,
and 3.0 M were selected. (3) Each molality corresponds to six
different volume ratios. The volume ratios of bacteria so-
lution and calcium source solution were 1:0.5,1:1,1:2, 1:
3,1:4, and 1:5, respectively. The volume of bacterial liquid
was 5ml, and the volume of calcium source solution was
2.5ml, 5ml, 10 ml, 15ml, 20 ml, and 25 ml, respectively. (4)
Using disposable plastic cups as experiment mold, first, pour
the calcium source solution at each molar concentration into
a plastic cup; then, take 5ml bacteria solution with 10 ml
titration tube and drop it into the calcium source solution in
all cups, and make the bacteria solution react with calcium
source solution at room temperature for 3-5d. Finally, the
excess supernatant after the reaction was filtered out, and the
elimination of metabolites was removed. Then, it was air-
dried for 3-5d until it was completely dried. The quality of
white calcium precipitation was weighed to determine the
appropriate amount of bacterial solution and calcium source
solution. The white precipitate (Figure 2(f)) was dried for 7
days, and the white precipitate was dried and weighed. The
white precipitate was ground into a powder and passed
through a 200 mesh sieve. X-ray diffraction (XRD) was used
to analyze the white precipitate with a wide-angle goni-
ometer and a scanning angle of 20° to 80". The crystal lattice
types were determined according to the diffraction lines of
the crystal structure, as shown in Figure 3.

To identify the bacteria species, 16SrRNA sequencing
was used (Sangon Biotech (Shanghai)Co., Ltd). The phy-
logenetic tree was constructed using the neighbor joining
(NJ) method. 16Sr RNA gene sequence of the Staphylococcus
strain has been deposited NCBI database.

verify the change

2.3. Observing Bacterial Colonies and Calcium Carbonate
Precipitates. Bacteria colonies and MICP were observed
using scanning electron microscopy (SEM). After centri-
fuging 10 mL of activated bacteria solution at 4000 rpm and
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TaBLE 1: The particle size ranges of different grain groups.

Control group (CG) CGI (mm) CG2 (mm) CG3 (mm)

CG4 (mm)

CG5 (mm) CG6 (mm) CG7 (mm) CG8 (mm)

Particle size range 0.075~5 0.075~1 1~2

0.5~1 0.25~0.5 0.1~0.25 0.075~0.1 <0.075

(White precipitate)

FIGURE 2: (a) Culture media. (b) Bacteria solution. (c) Separation strains. (d) Purified strains (single colony). (e) Change of culture media

after adding acid-base indicator. (f) Verification of white precipitate.
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FiGure 3: The analysis of X-ray diffraction bacterial identification.

draining the supernatant, the centrifuged bacteria were
resuspended to produce an ODgq, value less than 1. Bacteria
cell concentration in suspensions was determined by optical
density measurements in a spectrophotometer at 600 nm
(ODgpo)- The bacteria were suspended in 0.9% NaCl solution
or sterile water. 10 uL of bacteria solution was placed onto
the object slide, spread, and air-dried for SEM observation.

2.4. Bacterial Growth Conditions. The optimal bacteria
growth environment was investigated by changing the pH
value, initial inoculation amount, temperature, and shaking
frequency. Liquid medium with an ODgyy of 1.0 and a
bacteria load of 1% was incubated at 30°C with shaking for

48h [43, 44]. A 1mL liquid of bacteria solution was
transferred to four triangular flasks, each containing 100 mL
of fresh media. The ODgqyy of the samples was measured
every 3h to determine the best environment.

2.5. The Method of Microbial. As shown in Figure 4, a
microbial mineralization reactor (Figure 4)(a) was used,
including specimen shelf, a cementing fluid holding box,
and an oxygen pump [33, 37]. The immersion method was
adopted to allow the calcium source solution to freely
permeate the specimen. Following Zhao’s methods [37],
five different dilutions were prepared to achieve ODgqq of
0.5, 1.0, 1.5, 2.0, and 2.5. The bacteria liquid was shaken
for 48h and centrifuged in a high-speed centrifuge for
20 min to remove the supernatant. Then, fresh medium
was added and diluted to ODg, of 0.5, 1.0, 1.5, 2.0, and
2.5, respectively. Standard sand and aeolian sandy soil
(Figures 4(c) and 4(d)) were mineralized. The bacteria
mixtures with sand were stirred well and placed in the
geotechnical ~mold.  Specimens  were prepared
(Figure 4(b)).

Different control groups of particle size were min-
eralized and the suitable particle size range of the bacteria
strain was determined. Mineralization was carried out as
described by Li et al. [34]. Unconfined compression
strength (UCS) tests were run to evaluate the effect of
different ODgqo on the strength characteristics of each
specimen. The specimen size was 40 x 80 mm. The un-
confined compressive strength test [45] was carried out
with strain controlled triaxial shear instrument at a
loading rate of 1.5% per minute [33].
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FIGURE 4: (a) Microbial mineralization reactor, (b) mineralization samples, (c) standard silica sand (CG1), and (d) Aeolian sandy soil (CG2).

2.6. Method of Biomineralization Crust in Desert Field Test.
In order to verify the mineralization effect of autogenous
mineralized bacteria (Staphylococcus) in the desert, Staph-
ylococcus was applied to the desert surface to form in situ
biomineralization crust based on MICP technology in this
paper. Meanwhile, the crust effects of the two strains
(Staphylococcus and Sporosarcina pasteurii) were compared.
Refer to Zhao [36] for the culture method of Sporosarcina
pasteurii.

The test site was located in the Ulan Buh desert of the
Inner Mongolia Autonomous Region. The experimental area
was 1.65mx1.3m. Visual glass plates were embedded
around the area to facilitate observation of the minerali-
zation effect. Spraying device was used in field experiments.
The spraying velocity of the solution can be adjusted.
According to the existing laboratory research, the amount of
bacteria solution and calcium source solution used in the
field experiment was calculated [35]. A total of 43.5L of
bacteria liquid was sprayed only on the first day. And cal-
cium source solution was injected into the desert soil at
108.75L/d for a total of 4 days. The spraying velocity of the
bacteria solution was 0.012L/s and that of calcium source
solution was 0.048 L/s. The bacteria solution and the calcium
source solution were sprayed alternately. The volume ratio
was 1:5 between the bacteria solution and the calcium
source solution, and the volume ratio between the bacteria
solution and the wind-sand soil was 1:2. After the calcium
source solution was all sprayed and the surface water
evaporated, the biomineralization crust was completely
dried and the site detection was carried out. The penetration
resistance of the crust layer was measured on days 7 and 210
by a portable penetration instrument. A portable penetration
instrument is a kind of portable in situ measurement

instrument. The probe diameter of the penetration instru-
ment was 10mm, and the penetration resistance was
recorded when the probe was vertically penetrated into the
crust of different depths with constant pressure at a speed of
1~1.5m/s. The instrument is portable, with electronic in-
telligence of 30 cm. Its characteristic is that it does not need
to collect soil and can be tested directly on the spot and in
situ without disturbing the soil. Its detection depth is 30 cm.
The penetration resistance value should be averaged after a
multipoint test under the same depth. The small pieces of
biomineralization crust were taken with a geotechnical knife,
and the excess standard solution of hydrochloric acid was
used to react with the calcium carbonate in the crust layer by
titration method. Then the residual hydrochloric acid was
dripped back with the standard solution of sodium hy-
droxide, and the content of the calcium carbonate induced in
the sample was calculated according to the difference.

3. Results and Discussion

3.1. Identifying Bacterial Strain. The autogenous strain was
named gyl#. The NJ method was used to construct the
phylogenetic tree, as shown in Figure 5. The strain was highly
homologous with Staphylococcus. Therefore, this bacteria is
called autogenous Staphylococcus. The strain has been col-
lected in China General Microbiological Culture Collection
Center (CGMCC NO .15633). 16S rRNA gene sequence of
the Staphylococcus strain has been deposited NCBI database,
and the nucleotide sequence was SUB6617358. The accession
number was MN736493.

SEM was used to observe bacterial colony morphology
(Figures 6(a) and 6(b)). Bacterial division in the flourishing
period was evident. SEM observations revealed uniform
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FIGURE 6: SEM images: (a) Staphylococcus. (b) The shape of Staphylococcus at magnification. (c) The surface and surrounding of the particles
are filled with calcium carbonate. (d) Precipitated calcium carbonate induced by microorganism.

bacterial size with an average diameter of 1.2 to 1.5um, a
spherical or ovoid bacterial shape, a smooth bacterial sur-
face, and grapelike colonies. The number of bacteria in
100 mL of liquid was estimated to be 1.0x10® to 2.5x10°.

3.2.  Appropriate Conditions for Bacterial Growth.
Temperature affects biochemical reactions inside bacteria,
influencing their ability to survive and reproduce. Many soil
microorganisms can survive in temperatures ranging from
15°C to 45°C, with optimal growth between 25°C and 35°C
[46]. Therefore, four temperatures (25°C, 30°C, 35°C, 40°C)
were selected for temperature optimization. As shown in

Figure 7(a), at 40°C, the ODg, peaked at 1.07; growth was
rapid, but the number of cells was significantly less than at
the other three temperatures, with 26% fewer cells than that
at 35°C. At 25°C, the lag phase of growth was longer; 6 h after
entering the logarithmic phase, the ODggo peaked at 1.42.
Microbial growth was inhibited at low temperatures, while
growth was rapid at high temperatures. Bacterial cell counts
reached a maximum ODygy, value at 35°C. This temperature
35°C was appropriate for bacterial growth; the entire cell
growth cycle was evident.

As shown in Figure 7(b), the pH of the bacteria solution
varied. After 24 h of incubation, the bacterial solutions had
pH peak values of 9.6; after 27 h of incubation, the pH value
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FIGURE 7: (a) The effect of temperature on bacterial growth; (b) the effect of pH on bacterial growth; (c) the effect of bacterial inoculation
volume on bacterial growth; (d) the effect of shaker speed on bacterial growth.

was reduced to 9.14 and stabilized. This demonstrated the
ability of the bacteria to degrade urea. At pH 7 and 8,
bacterial growth was reduced, and at pH 6 the bacterial
concentration increased and plateaued. This indicates that
this microorganism was alkali-resistant, with pH values of 6
to 8 being suitable for its growth and reproduction. This
result was also verified in Figure 2(e). The initial light red
color indicated a pH of 6.4 and a purple color indicated a pH
of 9.0; pH value change from an acidic environment to an
alkaline environment is illustrated and was caused by the
bacteria degrading urea. This change in the microbial
environment promotes the survival of alkali-resistant
strains. Stocks-Fischer et al. [2] determined that MICP takes
place between pH 8.3 and 9.0, increasing with higher pH
values.

As shown in Figure 7(c), a 7% inoculation volume of
bacteria liquid provided the fastest growth rate in the lag
phase of growth. While this large inoculation amount
shortened the time to the logarithmic phase of bacterial

growth, it also produced significantly fewer bacterial cells
than the other three inoculation amounts. A 1% inoculation
volume led to slower bacterial decay, with 11.5% more cells
compared to a 7% inoculation volume. The inoculation
volume affected the rate of growth and reproduction of the
bacteria in culture.

Figure 7(d) shows the effect of four different shaking
speeds on bacterial growth. Increasing the shaking speed
caused the concentration of bacteria to increase. A rotation
of 100 rpm produced a long and slow logarithmic phase; the
relatively slow speed limited the available oxygen and
inhibited bacterial growth. At 250 rpm, the bacteria entered
the growth period after 3h, but the logarithmic phase was
unstable. A shaking speed of 200rpm allowed optimal
bacterial growth. To summarize, bacterial growth was
suitable at 35°C and pH 6 with a 1% inoculation volume and
shaking at 200 rpm. The bacteria grew slowly for 6h, log-
arithmically from 6 to 20h, and finally stabilized after 20 h
(Figures 7(a)-7(d)).



Growth of Sporosarcina pasteurii was optimal at 30°C
and pH 8-9, similar to the optimal conditions observed for
Staphylococcus. Sporosarcina pasteurii reached maximum
cell numbers after 38 h [44]. The concentration of bacteria in
Staphylococcus can reach the peak after 12~15h in the
growth process, which greatly shortens the experiment time
compared with the Sporosarcina pasteurii. Optimal bacterial
growth was observed at 35°C and pH 6 with a 1% inoculation
volume and shaking at 200 rpm.

3.3. The Suitable Volume Proportion of the Bacterial Solution
and Calcium Source Solution. After 7 days, the white ma-
terial was mainly calcium carbonate crystal, and the crystal
was determined to be type A calcite (Figure 3). The volume
ratios of bacteria solution to be tested were shown in Figure 8
with 2.5 mol/L calcium and 1:5 ratio of bacteria solution to
calcium source solution; 2.64g of white precipitate was
collected. This was the maximum white precipitate observed,
4.25 times higher than the precipitate generated with a ratio
of 1:0.5. With the increase of calcium source solution, the
volume ratio increased linearly from 1:0.5 to 1:3 and
changed significantly from 1:4 to 1:5. At 3 mol/L calcium
and 1:4 and 1:5 ratio of bacteria solution to calcium source
solution, the quantity of white precipitate declined sharply,
indicating that the high calcium concentration inhibited
MICP. The calcium ion concentration should not exceed
2.5mol/L. There was a gradual increase in white precipitate
as the volume ratio of the bacteria solution to the calcium
source solution increased from 1:0.5 to 1:5.

Zhao [44] found that Sporosarcina pasteurii produced
more calcium carbonate at higher calcium ion concentra-
tions. Calcium chloride and urea concentrations above 1.5 M
caused a rapid decrease in the production of calcium car-
bonate, suggesting that high calcium carbonate concentra-
tions may significantly inhibit enzyme activity. However, the
mineralization effect of Staphylococcus was suitable for
calcium sources of high concentration.

3.4. The Suitable Concentration of Bacteria Solution for the
Mineralization Specimen. Many scholars have experimented
with Sporosarcina pasteurii to improve the strength and
stiffness of sandy soil and to control the permeability and
porosity of sandy soil, with research primarily focused on
noncohesive loose soil [1, 28, 47-49]. Bacteria cells are
typically 0.5 to 3uym in diameter, while bacteria spores,
stress-resistant resting stages in some species, can be as small
as 0.2 ym in diameter [50]. Due to their small size, micro-
organisms can move freely in the pores of coarse-grained
materials. Therefore, this study investigated the effect of
mineralization of sandy soil on its porosity.

CG1 and CG2 were prepared at ODg, 0.5, 1.0, 1.5, 2.0,
2.5, and 3.0 with 0.5M calcium. As shown in Figure 9, the
UCS of CG1 and CG2 increased with increasing bacterial
concentrations. At 3.0 (ODgp), a large amount of calcium
carbonate appeared on the surface of the mold due to the
high bacterial concentration, and the mold was tightly
bound to the specimen. As a result, it was difficult to remove
the mold and the specimen surface had mold fibers even
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after the mold was demolded. Increasing the bacterial
concentration from an ODgq of 0.5 to 2.5 caused the UCS of
CGl1 to increase from 0.73 MPa to 4.33 MPa (a 4.93-fold
increase). Over the same bacterial concentrations, the UCS
of CG2 increased 2.96-fold, from 0.5MPa to 1.98 MPa.
When ODgyy was 1.0, UCS of CG1 and CG2 increased,
respectively, by 201% and 21% compared with that of
0.5(0ODygqo); the growth rate was more obvious. When ODgg
was 2.5, the growth rate of UCS was less than that of 2.0
(ODggo) with little change, indicating a suitable Staphylo-
coccus at ODggo 1.0 to 2.0.

The SEM of the mineralized specimens were shown in
Figures 6(c) and 6(d). Mineralization causes calcium car-
bonate crystal to appear on the surface of sand grains
(Figure 6)(c), with some crystal overlap(Figure 6)(d). The
calcium carbonate bonds sand particles together and in-
creases the density of the sand. Although Staphylococcus is
common in nature, the newly screened strain of Staphylo-
coccus demonstrated that it has a strong mineralization
function and has promising research and geotechnical ap-
plications. Traditional Sporosarcina pasteurii is the most
commonly used MICP technique in geotechnical engi-
neering [17, 28, 32, 51]. Autogenic Staphylococcus is also
possible to solidify geotechnical matrix materials.

3.5. Evaluating Soil Particle Size Range. In the existing
studies on MICP, many research works were also conducted
on coarse sand and fine sand using Sporosarcina pasteurii
[28, 32, 33, 51, 52]. It is also a key point of this study whether
bacteria can be well applied in fine soil. After the MICP
technology solidified, the pores of the sand body were filled
with a large amount of calcium carbonate, and the per-
meability coefficient was reduced by 2-3 orders of magnitude
[25]. bacteria and calcium source solution were injected into
the sand at a volume ratio of 1:1, with 2mol/L calcium
chloride and 2 mol/L urea. Sand samples with particle sizes
between 0.25 and 0.5mm showed the best overall perfor-
mance after curing. The curing effect on coarse samples
(particle size >2mm) and fine samples (particle size
<0.075mm) was weak due to the intergranular porosity,
permeability, and other factors. The influence of sand
particle size on MICP was analyzed using a dry density
experiment and a seepage experiment [53]. Staphylococcus is
spherical or ellipsoid and usually clusters into clusters of
grapes. Sporosarcina pasteurii is rod-shaped. Until then, it
had not worked well in mineralized fine-grained soils [1, 34].

In this study, UCS was tested to investigate the effect of
autogenous bacteria on the sandy soil of different particle
sizes, with results shown in Figure 10. The UCS of CG1 was
1.756 MPa after curing; curing caused white crystals to
appear on and around the surface of sand grains of the
solidified specimen, compacting the sample and increasing
its overall strength. In contrast, the UCS of CG3 was only
0.88 MPa. This sample had large pores between sand par-
ticles and small contact area between particles, making it
difficult to fill the pores with calcium carbonate, resulting in
poor mineralization and low strength. The UCS of CG4
reached a maximum of 1.537 MPa. This specimen had
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FiGure 9: Unconfined compression strength (UCS) of standard
silica sand (CG1) and Aeolian sandy soil (CG2).

uniform solidification without fluffiness or particle shed-
ding. The UCS of CG4, CGS5, and CG6 exceeded 1.0 MPa,
while the UCS of CG8 was 0.43 MPa. CG8 had particle size
slightly smaller than the range of 0.5 to 1 mm, limiting the
UCS after mineralization, but the forming effect after the
overall mineralization was better.

In the experiment, a microbial mineralization reactor
was used to permeate calcium source solution from the
specimen. This free penetration method was simple and easy
to operate, and the calcium solution did not need to be
injected throughout the experiment. The MICP results at
0.5mol/L calcium chloride and urea indicate that a high
calcium source concentration was not required for miner-
alization. As shown in Figure 10, the best curing was ob-
served with particle sizes 0.1 to 1 mm, in samples CG4, CG5,
and CG6. Aeolian sandy soil with particle sizes between 0.1
and 0.5 mm accounted for 88.2% of the total mass of the

specimens, and the UCS of CG3 was 0.88 MPa. This indicates
that desert Staphylococcus had a significant mineralization
effect on Aeolian sandy soil, and that this autogenous
bacteria can be used as a natural agent for soil minerali-
zation. Different from Sporosarcina pasteurii, Staphylococcus
is smaller in diameter and easier to pass through the pores
between fine particles in which calcareous connections are
formed. The UCS results well verify that the autogenous
Staphylococcus can adapt to the desert environment.

3.6. Desert Field Experimental of Biomineralization Crust.
Due to the special natural environment of the Ulan Buh
desert, the wind erosion was strong with the wind speed of
4.1 m/s. Wind-sand hazard was the main natural disaster.
Desert wind erosion has seriously affected the ecological
environment of the desert [38, 40, 52, 54]. The wind erosion
of the biomineralization crust was continued to track and
monitor in the later period. After the formation of the
biomineralization crust of the autogenous Staphylococcus
and Sporosarcina pasteurii, white crystal appeared on the
surface and the surface hardness increased. After 210 days,
the two crust layers were damaged and peeled
(Figures 11(a)-11(d)). The average thickness of the Staph-
ylococcus mineralization crust decreased from the original
2~2.4cm (7d) to 1.8~2.3cm (210d), and the content of
calcium carbonate decreased from 14% to 13%. The average
thickness of the Sporosarcina pasteurii mineralization crust
decreased from the original 2~2.5cm (7d) to 0.7~1.0cm
(210 d) and the content of calcium carbonate decreased from
13% to 9%. In the long-term detection, it was found that the
effect of Staphylococcus crust effect was better than Spor-
osarcina pasteurii after natural wind erosion, and the content
of calcium carbonate changed a little in the Staphylococcus
crust layer.

As can be seen from Figures 11(e) and 11(f), the average
penetration resistance at different detection times varies
with the testing depth in the mineralization crust of the two
bacteria. With the increase of testing days, the strength of the
crust layer increased with time. In Figure 11(g), the min-
eralization rate increased rapidly 7 days ago, and the strength
of the crust still increased after 7 days, but the growth rate
slowed down, the strength of the crust has been reduced to
varying degrees in the late stage. The strength of Spor-
osarcina pasteurii mineralization crust was 19% lower than
that of autogenous Staphylococcus.

According to the instrument specification [55], the av-
erage penetration resistance at a depth of 2 cm was converted
into the strength of the crust. The strength of Sporosarcina
pasteurii crust at 7 days was 157.1 KPa and decreased to
122 KPa at 210 days. The strength of Staphylococcus crust at 7
days was 161 KPa and decreased to 157 KPa at 210 days. The
ratio of the penetration resistance on 210 days to 7 days was
defined as the influence coefficient (R) on the strength
stability of crust. The influence coefficient (R) of the strength
stability (Staphylococcus) was 0.99. The results showed that
there was no significant change in the strength of the crust
after 7 months. The influence coefficient (R) on the strength
and stability of the crust of Sporosarcina pasteurii was 0.813.
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FIGUre 10: Unconfined compression strength (UCS) of different control group (CG).
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