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Abstract

Purpose Wind-induced erosion is a serious problem that yields soil degradation and environmental pollution. Biocementation
technologies have shown potential for sand fixation and wind erosion control in deserts and arid regions. The topic of this
study is to investigate the effectiveness of biocementation against wind-induced erosion with different treatment processes.
Methods Biocementation was achieved through soybean-urease induced calcium carbonate precipitation. Three different
volumes of treatment solution were used to treat sand specimens by spraying, mixing and the combination methods in this
study. The characteristics of sprayed and mixed crust were shown, and the properties of all the biotreated specimens includ-
ing CaCO; distribution, wind erosion rate, and penetration resistance were measured.

Results The carbonate content in the soil increased with the amount of treatment solution. At the same dosage, the spraying
method concentrated 1.0%-1.4% CaCOj in the surface soil, while the mixing method generated 0.8% CaCOj in a uniform
spatial distribution. The top-concentrated CaCOj; resulted in a lower initial wind erosion rate of the sprayed specimen. The
overall reinforcement of the soil by the mixing method produced higher penetration resistance and inhibited the develop-
ment of wind erosion. The combination of the two methods increased penetration resistance to 200 N and reduced the wind
erosion rate to almost 0 g-m~2-min~".

Conclusion The spraying and mixing methods induced different distribution patterns of CaCOj; precipitations in soil, lead-
ing to varying biocementation effectiveness. To resist severe and continuous wind-induced erosion, a combination of the
two methods can be considered to improve the uniformity and strength of biocementation within a certain depth of the soil.

Keywords Soybean-urease induced carbonate precipitation - Biocementation - Treatment method - Wind erosion rate -
CaCO, distribution - Penetration resistance

1 Introduction

Wind erosion is a natural process that refers to the displace-
ment of soil particles and the destruction of surface struc-
tures with the blowing wind (Kok et al. 2012). It is the first
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link of desertification in arid and semi-arid regions. Wind
erosion decreases the fine-grained soil particles and the
blown dust worsens the air and water quality, posing chal-
lenges to agriculture and human health (Xu et al. 2020; Li
et al. 2021). Consequently, there is an urgent need to find a
practical solution for combating wind erosion. Soil cementa-
tion techniques based on microbial or enzymatic processes
have attracted increasing attention in the field of sand stabi-
lization and wind erosion control (Almajed et al. 2020b; Fat-
tahi et al. 2020; Sun et al. 2021; He et al. 2023;). During the
processes, the hydrolysis of urea is catalyzed by the bacteria
or urease enzyme, releasing a large amount of free carbonate
ions, which react with free calcium ions in the reaction sys-
tem to form calcium carbonate precipitations (as described
in Eq. 1 and 2). The produced carbonate can interconnect
soil particles and fill soil voids, which provides resistance
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against movement and deformation by wind force (Dubey
et al. 2023). Evidences have been reported that the threshold
velocity (i.e., a wind velocity at which soil particles start
to move) of desert sand can be increased from 20 km/h to
45-55 km/h after biocementation treatment (Dubey et al.
2021; Liu et al. 2023b).

CO(NH,), + 2H,0 Urease 2NH] + CO3~ (1
Ca® + CO3™ — CaCOs(s) )

Homogeneous cementation is a key to biotechnology,
especially for large-area applications. The method of intro-
ducing the biotreatment solution into soil largely determines
the spatial distribution of calcium carbonate precipitations
(Almajed et al. 2018; Ossai et al. 2020; Alwalan et al. 2023).
It has been reported that an inappropriate treatment tends
to increase the risk of bioclogging, form uneven carbonate
precipitations and weaken soil strength (Mujah et al. 2017).
Previous studies have commonly used spraying and mix-
ing methods for surface erosion control (Wang et al. 2024).
The spraying method evenly sprays the treatment solu-
tion onto the soil surface (Hamdan and Kavazanjian 2016;
Zomorodian et al. 2019; Chung et al. 2021). During treat-
ment, surface soil is the first to contact the treatment solution
and gains surface strength efficiently, making the spraying
method particularly suitable for wind erosion control. It
has little disturbance to the site and is the most convenient
method applicable for field test (Meng et al. 2021). How-
ever, the interior of the soil remains inadequately cemented,
which is still at the risk of erosion under continuous wind
erosion (Liu et al. 2023a). Mixing method mixes the soil
with the treatment solution and compacts it to the desired
density. The treatment range is artificially controlled and a
more uniform cementation along the depth can be achieved
(Sharaky et al. 2018; Almajed et al. 2020b). Zuniga-Barra
et al. (2023) used mixing method for adding biocement rea-
gents into tailing deposits to control dust emission. They
found that mechanical mixing improved the surface strength
of the biocemented material. However, the mixing treat-
ment of biocementation for wind erosion resistance has not
received much attention.

The results of previous studies differ in biocementation
effectiveness and the most efficient biotreatment method.
The differences may be caused by multiple factors such as
the type of urease (Ahenkorah et al. 2020; Liu et al. 2023a),
the concentration of the treatment solution (Liu et al. 2023b),
the type of tested soil (Almajed et al. 2020a) and the method
of specimen preparation (Alwalan et al. 2023). Comparison
between various biotreatment methods was seldom carried
out under similar test conditions. In addition, available stud-
ies used different methods to estimate wind erosion resist-
ance, including the wind erosion rate/amount (defined as
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the amount of soil loss per unit area over a certain period of
time) (Maleki et al. 2016; Almajed et al. 2020b; Gao et al.
2022) and the threshold detachment velocity (defined as the
critical wind speed at which the soil loss begins to occur)
(Hamdan and Kavazanjian 2016; Woolley et al. 2020). Some
other parameters are also used to evaluate the wind ero-
sion resistance, such as surface penetration force/strength
(Rice et al. 1997; Maleki et al. 2016; Almajed et al. 2020b),
CaCOj; content (Fattahi et al. 2020; Dubey et al. 2021; Liu
et al. 2023a), PM 2.5/10 (Song et al. 2020) and so on. The
indicators above represent various physical dimensions such
as mass, velocity, force, etc., making it challenging to com-
pare them with each other. Only Baziar et al. (2021) tested
the amount of soil loss of biocemented sand by spraying
and mixing methods under consistent experimental condi-
tions. However, they just verified the effectiveness of the
two methods without reporting their discrepancy. Therefore,
it is necessary to conduct more experiments under consist-
ent experimental conditions and same evaluation methods
to study the effect of biotreatment methods on wind erosion
control.

The objective of this study is to investigate the effect
of treatment methods on wind erosion resistance of desert
sand. Considering environmental friendliness and low-cost,
soybean-urease induced carbonate precipitation (SICP) tech-
nology was employed to stabilize the desert sand. Spraying,
mixing and the combination of the two methods were used
to prepare sand specimens with varying treatment dosage.
To determine the effectiveness of various treatment meth-
ods, the erosion rate induced by the continuous wind force
with impacting particles, the crust thickness and the pen-
etration force were measured. The spatial distribution and
microscopic characteristics of carbonate precipitations were
analyzed to explain the differences between the spraying and
mixing treatment. The advantages of the combined method
in resisting wind erosion were confirmed in the comparison.

2 Materials and methods
2.1 Materials

In this study, the crude soybean urease was extracted by
dissolving soybean powder (< 0.15 mm) in deionized water,
filtering and centrifuging (Gao et al. 2019). The concen-
tration of dissolved soybean powder was 40 g-L™!. The
electrical conductivity (EC) method (Whiffin et al. 2007)
was adopted for urease activity measurement. At room tem-
perature (25°C), the activity of soybean urease was about
5.33 mmol-L™"-min~". Equal mole of CaCl, and urea were
used as cementation solution, providing the enzymatic reac-
tants and calcium sources in the reaction. All the chemicals
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were reagent grade with a purity of 99%, and the concentra-
tion of them was 0.6 mol-L=".

The desert sand used was collected from the southeast
edge of the Tengger Desert in Shapotou, Ningxia, China.
The specific physical parameters of desert sand and detailed
test methods are shown in Fig. S1 and Table S1 in the Sup-
plementary Material.

2.2 Sand specimen treatment

The treatment program is summarized in Table 1 and the
treatment process is shown in Fig. 1. All tests were tripli-
cated for repeatability. Specimens were prepared in stain-
less-steel pans (24 X 17 x4 c¢cm) with small holes (5 mm in
diameter) at the bottom for allowing drainage, where a layer
of 300-mesh nylon filter paper was attached to prevent the
loss of sand.

Spraying method for specimen treatment was taken by
the following steps (adapted from Liu et al. 2023b): (1)
sieving (0.2 mm) and filling the desert sand in the pans
to a density of 1.51 g-cm™3; (2) preparing SICP solution
by mixing the soybean urease solution and cementation
solution in equal volumes; (3) spraying the SICP solution
onto the surface of specimens evenly and incubating the
specimens at room temperature for 48 h; and (4) rinsing

the specimens with 3 times the pore volume of deionized
water to remove the soluble substances, then oven-drying
at 60°C.

The mixed specimens were prepared by mixing the
SICP solution with pre-weighed desert sand and subse-
quently filling it in the pans. Specific treatment steps are
as follows: (1) weighing a certain mass of sieved desert
sand (according to the dry density of 1.51 g-cm™) and
mixing it with the prepared SICP solution; (2) dividing
the mixed samples into three equal parts, filling each part
in the pan and compacting them to a certain height; (3)
trimming the sand surface with a steel ruler to match the
same height of the pan, then incubating the specimens at
room temperature for 48 h; (4) rinsing the specimens with
3 times the pore volume of deionized water to remove the
soluble substances, then oven-drying at 60°C.

Three groups of specimens were treated by the com-
bination of mixing and spraying. The treatment solution
and desert sand were first homogenized using the mix-
ing method described above. After 24 h of mixing treat-
ment, an equal amount of the treatment solution was then
uniformly sprayed onto the sand surface. The specimens
were also allowed to wait for complete cementation, then
rinsed and dried for subsequent tests. It should be noted
that the same total amount of treatment solution was used

Table 1 Treatment program for

Specimen number  Treatment method Amount of SICP solution Treatment
desert sand range (in depth,
cm)
S1 Spraying 2L-m™?
S2 4L-m™
S3 6 L-m™
M1 Mixing 60 mL 4
M2 120 mL
M3 180 mL
Cl Combination 60 mL+2 L-m™> 4
C2 (mixing & spraying) 120 mL+4 L-m™
c3 180 mL+6 L-m™>
Fig. 1 The processing diagram %SICP solution
of specimen treatment T G Incubating at 25°C for 48 h
Dry density Spraying treatment Deionized water
@ 1.51 g-cm3
g Oven-drying
T (60°C) T
SICP solution _’

Desert sand

Treated specimen
Incubating at 25°C ' for 48 h

——/ 39 layer
Mixing treatment (¢ 2layer <
g Y 3 Q@CP solution
(== 1iayer &
<y =

Spraying treatment
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for specimens S2, M2, and C1 in Table 1, which will be
compared in the Results.

2.3 Wind erosion test

The wind erosion device in Liu et al. (2023b) was used to
conduct wind erosion test on SICP-treated specimens. The
wind erodibility of each specimen was measured at a wind
velocity of 10 m-s™" under the impacts of wind-blown sand
particles for up to 30 min. The tested wind velocity was
chosen based on historical wind scales in Shapotou area
(excluding chance events on very few days) (as shown in
Fig. S2 in the Supplementary Material), and it was calibrated
using an anemometer (Smart Sensor AS386). To simulate
the impacting particles, the desert sand was steadily pro-
vided through a sand feeder at a rate of 3.18 g-s~!, which
was calculated according to Bagnold's sand transport theory
(Bagnold 1941). Before the test, each specimen was weighed
using an electronic scale (accuracy 0.01 g) and the initial
mass was recorded. The specimens were weighed every
2 min to calculate the mass loss and converted to wind ero-
sion rate by Eq. 3:

AM
E=2%
St 3

where E is the wind erosion rate (g:m~>-min~'), AM is the
mass loss of the eroded specimen (g), S is the surface area
of the specimen (cm?), and t is the wind erosion time (min).

2.4 Penetration test

A micro-penetrometer (HP-50, Aidebao, China) with a
flat-bottomed cylindrical probe was adopted to assess the
penetration resistance of the SICP-treated specimens. The
penetrometer was connected to a computer to automatically
record the normal force and displacement applied to the
specimen. The cone with a diameter of 6 mm penetrated
through the specimen from the surface at a steady rate (about
1 mm-min~') until the penetration force remained stable. To
obtain representative results, at least five undisturbed test
points were taken on each specimen.

2.5 Other tests

The shear strength behavior of the untreated and SICP-
treated sand specimens was investigated. Due to limitations
in sampling size and soil homogeneity, only specimen M3
was tested to verify the improvement of soil mechanical
properties by SICP treatment. The test was conducted using
a strain-controlled direct shear device (model ZJ-1A), fol-
lowing ASTM D3080 (ASTM 2012). Soil samples were cut
using a ring cutter (61.8 mm in diameter, 20 mm in height)
and then sheared at vertical pressures of 100, 200, 300, and
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400 kPa and a shear rate of 1 mm-min~'. The untreated
sand was directly filled in the shear box at a density of
1.51 g-cm™ for testing.

About 5 g sand sample was taken from the top and bottom
of the crust to measure the CaCOj; content. The soil at the
bottom of the sprayed specimens was also measured. The
samples were placed in 10 mL of 1 mol/L hydrochloric acid
to dissolve the CaCOj. The concentration of the aqueous
calcium in the hydrochloric acid was measured using the
EDTA titrimetric method (ISO 1984).

To characterize the bonding behavior between the CaCO;
crystals and sand particles, scanning electron microscopy
(SEM) analysis was conducted on the small pieces of
cemented sands, which were cut from the surface layer of
specimens. The SEM tests were performed using Sigma 300,
ZEISS, Germany.

3 Results
3.1 Apparent characteristics of SICP-cemented crust

Dummy Fig. 2 shows the photographs of crusts taken from
sprayed and mixed specimens. It can be seen that the thick-
ness of the sprayed crust increased with the increasing spray
volume. When the spray volume increased from 2 L-m~ to
6 L-m~2, the thickness of the crust thickened from 0.8 cm
to 2 cm accordingly. In addition, it can be observed that
the bottom of the sprayed crust is uneven and some weakly
cemented sand particles detached from the bottom during
sampling. In contrast, the thickness of the mixed crusts
reached approximately 3 cm regardless of dosage. The
strength of the mixed specimens improved with increasing
mixing volume, as evidenced by a fragile crust at low dosage
(Fig. 2d), and a hard crust at high dosage (Fig. 2e and f). At
the same time, the appearance of the crusts was more com-
plete, indicating that the mixing method allowed for uniform
cementation over the target treatment range.

3.2 Mechanism of SICP against wind erosion

Figure 3 presents the distribution of CaCOj; content in the
soils. It should be noted that the crust of specimen sprayed
with 2 L-m~2 solution was too thin to be sampled separately
at the top and bottom, so only one data was tested for this
group of specimens. For all specimens, the mass of carbon-
ate precipitation in the crust increased with the increasing
spraying/mixing volume. At the same volume of treatment
solution, the CaCO; content of the sprayed specimen was
significantly higher than that of the mixed specimen. This
is since the treatment solution is stored in the top soil layer
of sprayed specimens, and artificially dispersed in all the
pore space of mixed specimens. For the same reason, the
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Fig.2 The crusts of SICP-
treated specimens: a-c formed
by spraying method; d-f formed
by mixing method

prayed specimens
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CaCOj; content at the top of the sprayed crust was much
higher than that at the bottom, whereas the calcium carbon-
ate precipitations in the mixed crusts showed a homogene-
ous distribution. Occasionally, under the effects of gravity
and layered compaction, some of treatment solution in the
upper soil layer could be pressed into the lower soil layer,
resulting in higher content at the bottom of specimens. For
the specimens treated using combination method, specimen
2-60 was compared with specimen S2 (treated with a spray
volume of 4 L-m~?) and M2 (treated with a mix volume of
120 mL) here, as they both utilizaed the same dosage of
SICP solution. It is evident that the CaCO; content at the
top of the crust was 0.25% higher than that of the spraying

Mixing volume (mL)

| [ Top

a3 Bottom

(c)

N
o

-CaCO3 content of
specimen S2/

|

Y

-
o

i
&)

°
o

2-60

4-120 6-180

method and 0.75% higher than that of the mixing method.
This is attributed to the initially mixing treatment, which
filled some of the soil pores with carbonate precipitations,
thereby reducing the permeability of soil. Consequently, the
subsequently sprayed SICP solution was held in the upper
soil, leading to a notable increase in CaCO; content.
According to the above comparisons, the cementation
depth of the mixed specimen depends on the sample prepa-
ration (i.e., artificial influence) and the cementation level is
proportional to the amount of treatment solution. In contrast,
the cementation depth of the sprayed specimen is propor-
tional to the amount of treatment solution, and the cementa-
tion level decreases with depth. The combined treatment of
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mixing and spraying both increases the calcium carbonate
content at the top and the bottom soil, which benefits the
overall resistance of wind erosion.

The microscopic characteristics of sprayed and mixed
crusts were observed, and the SEM images of specimens
S3 and M3 were presented in Fig. 4. Observations showed
that the CaCOj crystals generated by spraying method were
mostly distributed between adjacent particles. The crystals
were stacked to form clusters with a regular spherical shape.
The diameter of individual spherical clusters was about
4—6 pm, and there were also a few small crystals with a size
of less than 1 pm. In contrast, the calcium carbonate crystals
precipitated by the mixing method more densely cover the
particle surface. The crystals were smaller in size (less than
3 pm) and more numerous but did not form regular clus-
ters. It is speculated that the mixing process caused external
damage to the connections between the calcium carbonate
crystals. Lin et al. (2016) categorized the CaCO; precipita-
tion patterns into three types, including contact-cementing,
particle-coating and matrix-supporting. It is generally rec-
ognized that the contact-cementing has higher stabilization
efficiency (Hoang et al. 2019; Zhang et al. 2021). For the
particle-coating precipitations, they may contribute more to
filling the matrix and increasing the bearing capacity.

Carbonate precipitation was found to produce interfacial
bond strength with silica through nonbonded interactions

Fig.4 SEM images of the
cemented crust: a-b specimen
S3 by spraying treatment; c-d
specimen M3 by mixing treat-
ment
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and diffusing into the crystal structure of the substrates
(Ghasemi et al. 2022). The results of the direct shear test
in Fig. 5 show a significant increase in cohesion (i.e., the
intercept of the fitted line) after the SICP treatment, from
5.960 kPa to 13.775 kPa, and a slight increase in friction
angle (i.e., the slope of the fitted line), from 30.1° to 31.0°.
The increasing cohesion induced by biocementation can

300
A Loose sand
O Specimen M3 (CaCO, content of 0.8%)
250 | — Fitting line of loose sand
—— Fitting line of specimen M3
200} 7=0.6025+16.275
c R2=0.99
% T
e 150 = l
100 1 =0.5815+5.960
R?=0.98
50 1 1 1
0 100 200 300 400 500

o (kPa)

Fig.5 Enhancement of cohesion in desert sand after SICP treatment

f
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N
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SICP
Loose sand Cemented sand
Wind direction Lift force
—

Drag force

Biocementation
Gravity

Fig.6 Schematic diagram of the mechanism of SICP technology
against wind erosion

Fig.7 The broken crust and the hollowing out of inner sand

withstand the lifting and dragging forces of wind on the soil
particles, thereby impeding particle movement and control-
ling wind erosion (Fig. 6). Moreover, the separate sand par-
ticles are bonded together by the calcium carbonate to form
agglomerates of greater diameter and mass to keep stable.

3.3 Wind erosion rate

Figure 7 shows an eroded sprayed specimen, where the
scratches left on the surface by the impacting particles and
the breakdown of the crust can be observed. With the SICP
treatment, the upper desert sand is cemented into a hard
crust to resist wind erosion. Once the crust breaks down,
the loose sand under the crust layer will be rapidly blown
away, causing a sharp increase in the wind erosion rate. It

can be hypothesized that a thicker crust can slow down the
development of wind erosion.

The results of wind erosion rate are shown in Fig. 8. The
S1 specimen (with a spray volume of 2 L-m~2) has a certain
wind erosion rate at the beginning of the test, indicating that
the threshold velocity is lower than 10 m/s. The wind ero-
sion rate increases slightly in the first 5 min. When the wind
erosion lasted for about 10 min, the crust was damaged and
the uncemented sand under the crust was gradually exposed
to erosion, resulting in an exponential increase in wind ero-
sion rate. Until the end of the test, the wind erosion rate of
S1 exceeded 5000 g-m~2-min~", indicating that the specimen
has completely lost the resistance to wind erosion. The wind
erosion rate of the S2 specimen (with a spray volume of 4
L-m~2) was kept at 0 g-m~2-min~! at the beginning because
the threshold velocity is higher than 10 m/s. Thereafter,
under the impact of wind and sand particles for 12 min, the
crust of the specimen gradually broke and the wind erosion
rate began to increase over time. The change in wind erosion
rate with time for the S3 specimen (with a spray volume of 6
L-m~2) followed the same pattern as that of the S2 specimen,
which began to show mass loss after 15 min. Since the crust
of S3 was thicker than that of S2, the internal uncemented
sand was exposed later, leading to a lower erosion rate of S3
at the same time. However, it is envisioned that both S2 and
S3 specimens will show an exponential increase in erosion
rate under longer or more severe wind erosion, as similar to
specimen S1.

The wind erosion rate with time of the mixed specimen
is different from that of the sprayed specimen. It can be seen
from Fig. 8b that, the wind erosion rate of the mixed speci-
mens remained relatively stable over time within a certain
range, which is attributed to the overall cementation. Even if
the surface soil is blown away, the inner sand remains resist-
ant to wind erosion. At various mixing volumes, the cemen-
tation level of the specimens increased with the increas-
ing mixing volume, and the wind erosion rate decreased.
Comparing the wind erosion rates of the sprayed and mixed
specimens, it can be found that the sprayed specimens can
keep non-eroded for a while at a high volume of treatment
solution, whereas the mixed specimens always have a certain
wind erosion rate immediately at the beginning of the ero-
sion. This agrees with the distribution of calcium carbonate
precipitations in soil, which is concentrated with higher con-
tent in the surface crust of the sprayed specimens and uni-
formly dispersed with lower content in the mixed specimens.
As a result, the mixed specimens continue to be eroded over
20 min, accumulating a large total mass loss.

The wind erosion rate in Fig. 8c is generally as expected
for combined treatment. It can be seen that the specimen
2-60 was eroded and the erosion rate still tended to increase
with time. At the end of the test, the wind erosion rate was
400-500 g-m~2min~!. However, this value was greatly
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Fig. 8 Different growth patterns
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reduced compared to the mixed specimen. The increase in
wind erosion rate with time was also reduced as compared
to the sprayed specimen, suggesting a slowing down of the
breakage of the crust. At higher cementation levels, speci-
men 4-120 and 6-180 hardly produced mass loss in the
experiment. These results directly demonstrate that the com-
bination treatment of mixing and spraying further improves
the wind erosion resistance of desert sand and extends the
effective period.

Penetration resistance (N)
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0 5 10 15 20 25 30
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3.4 Penetration resistance

The penetration curves of all specimens are shown in Fig. 9.
It can be seen that the maximum penetration force always
increases with the increasing treatment dosage, benefiting
from more carbonate precipitations and higher cementation
level. At the same treatment dosage, the combination method
has the greatest penetration force and the mixing method has
the least penetration force, which also corresponds to the

Penetration resistance (N)
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Fig.9 The penetration curve of specimens by different treatments: a spraying method; b mixing method; ¢ combination method. P, represents
the maximum force during penetration. Specimen S2 corresponds to the spraying volume of 4 L-m™>
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results of CaCO; content. In addition, for spraying speci-
mens, the penetration depth corresponding to the maximum
penetration force increased (i.e., the peak point of the pene-
tration curve shifts downward in Fig. 9a) with the spray dos-
age. It can be explained by the layer boundary theory in cone
penetration testing (CPT), which means that the penetra-
tion resistance exhibits the properties of the underlying soil
layer before the cone reaches the soil layer boundary (Ma
et al. 2017). In other words, the position of the soil bound-
ary affects the shape of the penetration curve. The thickness
of the sprayed crust increased with dosage, resulting in a
downward shift of the soil boundary, which is shown on the
penetration curve as an increasing depth corresponding to
the peak point. In contrast, the mixed specimens formed a
uniform cementation that stabilized the peak point at a stable
depth. For combined specimens, the peak points were caused
by the further spray treatment. However, due to the internal
cementation by initial mixing treatment, the depth of the
peak points did not change significantly.

4 Discussion

This study verified that the effectiveness of spraying and
mixing methods depended on the amount of treatment
solution. However, the homogeneity of cementation in soil
was different between the two methods at the same volume
of treatment solution. In the spraying process, the treatment
solution infiltrated from the soil surface to the interior,
generating a top-concentrated distribution of CaCOj; the
mixing process artificially dispersed the solution in the soil
pores, forming a uniform distribution of CaCOj;. In other
words, the effective stabilization area of the spraying and
mixing methods is the surface soil and the internal soil,
respectively. This was also confirmed by the thickness and
penetration force of the crusts. The spatial distribution of
biocementation determines that spraying is suitable for
resisting light or short-term strong wind erosion occurring
on the soil surface. Once the surface crust is destroyed, the
internal unconsolidated sand will be rapidly hollowed out,
as indicated by the exponential increase in the erosion rate
curve (Liu et al. 2023a). Therefore, it is necessary to deepen
the treatment depth to cope with intense and continuous
erosion. Increasing the spraying volume is an alternative,
but percolation of sand particles could reduce urease
activity and precipitation efficiency (Chae et al. 2021; Liu
et al. 2024). The mixing method can effectively solve this
problem, and the treatment depth is artificially controllable,
which is a clear advantage. The combined method can
achieve both overall soil stabilization and enhance the wind
erosion resistance of the surface soil. By considering the

advantages of spraying, mixing and combined methods, as
well as controlling the treatment dosage, it is possible to
choose the most effective treatment for different degrees
of wind erosion. However, an obvious main challenge for
mixing treatment is achieving high construction efficiency
and low cost, which will be investigated in a subsequent
phase of this work.

5 Conclusions

In order to mitigate wind erosion in desert areas, soybean-
urease induced calcium carbonate precipitation was used to
improve wind erosion resistance of desert sand. The effects
of different treatment methods and volumes of treatment
solution on biocementation were investigated. The results
showed that the amount of carbonate precipitations increased
with the dosage of treatment solution, providing cohesion for
sand particles to resist wind erosion. At the same dosage, the
spraying method tended to form a surface crust with higher
calcium carbonate content but thinner thickness, offering
the advantage of a lower initial wind erosion rate. The mix-
ing method produced a homogeneous cementation across
the treatment area, resulting in higher penetration resist-
ance and slower wind erosion development. The combina-
tion treatment of spraying and mixing increased penetration
resistance to 200 N and reduced wind erosion rate to almost
0 g-m~2min~!, which is more effective in resisting persistent
and intense wind erosion. This study determines the appro-
priate treatment method for SICP against wind erosion and
its engineering application in the field.
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