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Abstract

Bio-cementation, or microbially induced calcite precipitation (MICP), has been shown to mitigate sand erosion; however, only
few studies have used it on loess. This study used MICP to investigate the effects of this technology on the improvement
of the surface erosion resistance of a loess-slope. Polyvinyl acetate (PVAc) was added to the cementation solution to further
increase slope stability. The obtained results showed that MICP treatment resulted in an improvement of erosion resistance
and treatment with 6 L/m2 of mixed solution achieved the best erosion control and highest surface strength. However, the
loss of soil in MICP treated slopes still remained large. After adding PVAc to the cementation solution, the stability of the
loess-slope increased significantly and resulted in less soil loss and increased surface strength. With 60 g/L PVAc, the surface
strength of the slope decreased compared with 40 g/L PVAc because of the thinner depth of cementation. The high erosion
resistance of the slope with added PVAc could be attributed to (1) the stable spatial structure of precipitation, and (2) the
stronger resistance to tension or shear force from PVAc. These results demonstrated that MICP-PVAc treatment significantly
mitigated surface erosion of loess-slopes, which presents promising potential for application in the field.

Introduction

Loess is a type of globally distributed aeolian silt (Smalley, 1995 ). In China, the loess area is about
630,000 km2and the Loess Plateau is an almost continuous area of loess. The Loess Plateau has an area
of 440,000 km2 with a maximum loess thickness of > 300 m (Liu, 1985; Derbyshire, 2001 ). However,
several particular characteristics of this loess frequently cause geological disasters on the loess slopes of the
Loess Plateau, such as soil erosion and landslides (Hu et al., 2018; Xu et al., 2019 ). Previous studies
showed that the total area of soil erosion on the Loess Plateau can reach 340,000 km2(Gao et al., 2016;
Wu et al., 2018 ).

Chinese loess is a special geological material that is very sensitive to water erosion and its strength decreases
rapidly in response to wetting (Peng et al., 2014; Juang et al., 2019;Derbyshire et al., 2000; Der-
byshire, 2001; Xu et al., 2014 ). In addition, both the shear strength and friction resistance of this loess
change with the wetting of the material (Derbyshire et al., 2000; Peng et al., 2017d ). Therefore,
exposure to rainfall and irrigation damages loess slopes (Zhuang et al., 2017; Leng et al., 2018; Qi et
al., 2018; Luo et al., 2018 ). To better understand the mechanism of landslides and to increase slope
stability, a number of engineering interventions and ecological control mechanisms have been studied. Meng
et al., (1991) combined shear piles with retaining structures and stabilized and controlled loess landslides
in Tianshui, Gansu, China. Jia (2016) summarized the design of retaining walls and Chen et al., (2017)
developed a method with which to evaluate the stability of loess slopes that have been affected by water
infiltration.
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Recently, several traditional treatment methods (e.g., anti-slide piles, anchors, and retaining walls) have
been widely used in loess slope engineering to alleviate soil slope instability; however, the negative impact
on the surrounding environment is significant and thus, requires attention (Xu et al., 2019 ). Except
for these traditional engineering methods, ecological intervention has also been used to improve the erosion
resistance of loess slopes (Wang et al., 2003 ). However, related ecological intervention techniques may
only be suitable for relatively small slopes (Juang et al., 2019 ). The application potential of afforestation
in the semi-arid environment of the Chinese Loess Plateau requires further research. Moreover, the irrigation
water required to maintain the afforestation process will also adversely affect the stability of the affected
loess slopes.

Bio-cementation or microbially induced calcite precipitation (MICP) is a novel technique in the field of
geotechnical engineering. Urea hydrolysis, the most popular MICP pathway, has been widely studied in
civil engineering and geological engineering over the past decade. Its essence is the decomposition of urea
by bacteria into ammonium (NH4

+) and carbonate ions (CO3
2-); CO3

2- can bond with Ca2+ to achieve
carbonate precipitation (e.g., calcium carbonate (CaCO3)) (Sun et al., 2019a, 2019b ). With regard to
slope erosion mitigation, MICP has been reported to have promising engineering potential to increase both
erosion resistance and scour resistance for sand soils (Amin et al. 2017; Gao et al. 2019; Jiang and
Soga 2017; Wang et al. 2018 ). Jiang et al., (2019) studied the feasibility of MICP as a method
to control erosion on sandy slopes by using a 30° artificial slope model. In addition to slope erosion, MICP
can also effectively improve the coastal sand erosion resistance by simulating tidal cycles (Shanahan and
Montoya 2014; Khan et al. 2015; Salifu et al. 2016 ). However, few reports investigated the use of
MICP to mitigate loess-slope surface erosion.

This study used MICP as a loess-slope erosion mitigation method and evaluated the treatment effect through
laboratory experiments. Several model loess-slopes were prepared, and in reference toJiang et al., (2019)
, bacterial suspensions and cementation solutions were sprayed to part of these artificial loess-slopes. Since
soil erosion on the Loess Plateau is mainly caused by rainfall (Zhang and Zhu 2006; Wu et al., 2016a;
Wang et al., 2006 ), rainfall was simulated and the characteristics of the eroded surface and the weight of
lost soils were assessed to evaluate the treatment effect. However, several previous field and laboratory tests
have shown that water can penetrate deep into thick loess through microporous networks, which results in
loss of strength (Derbyshire et al., 2000; Zhuang et al., 2017; Peng et al., 2017d ). Thus, if only
MICP is used, the loess slope might still collapse because of water flow. As a consequence, Polyvinyl acetate
(PVAc) emulsion was used to maintain the stability of the loess surface structure, so that CaCO3 produced
via MICP could fill the pores of the microporous networks and thus cement loess particles. Similarly, MICP-
treated and MICP-PVAc-treated slope models were compared to demonstrate the improvement after PVAc
addition.

Materials and Methods

Bacteria and culture medium

This study used the ureolytic bacterium Sporosarcina pasteurii(ATCC 11859, from the Guangdong culture
collection centre of China), was used. The culture medium contained yeast extract 20.0 g/L, polypeptone
10.0 g/L, (NH4)2SO4 4 g/L, NaCl 8.0 g/L, and distilled water.S. pasteurii was grown in the medium. The
medium was prepared with deionized water and was autoclaved at 121 °C for 20 min. The initial pH of the
medium was 7.0 and the urea concentration was 20 g/L. Media and inoculants were placed on a shaker table
at 30 °C for 48 h of growth.

Previous research indicated that absorbance and urease activity were often used to represent the growth
characteristic and urealysis ability of bacteria (Sun et al., 2018a; Sun et al., 2018b; Stocks-Fischer
et al., 1999 ). Changes in cell density were assessed by monitoring the absorbance (optical density (OD))
of the suspension at a wavelength of 600 nm (OD600 ) (Fredrickson et al., 2001 ). The urease activity
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was measured as the rate of conductivity increase because of the very strong positive linkage between the
increase of conductivity and urea hydrolysis (Chin and Kroontje, 1962; Omoregie et al., 2017 ). A
bacterial suspension with OD600 of 1.205 and urease activity of 0.712 mM urea hydrolysed/min was used for
all subsequent tests.

Loess

Loess from the Loess hilly area of Ningxia province in China was used for all tests. The specific gravity
of collapsible loess was 2.721. To obtain the gradation of loess, particle analysis tests were performed. The
particle size distribution curve is shown in Fig. 1 . The collapsible loess was mainly medium silty soil and
coarse silty soil, with a clay content of about 20%. The plastic limit was 21.48%, the liquid limit was 31.34%,
and the plasticity index was 9.86. The loess used here contained calcite (CaCO3), dolomite (CaMg(CO3)2),
Sodium chloride (NaCl), magnesium sulfate (MgSO4), calcium sulfate (CaSO4), and other ions.

Experimental setup

The tests to determine loess slope erosion and the application of treatment solutions were all conducted in a
cube-shaped container (0.18 m× 0.24 m× 0.04 m), which consisted of polymethyl methacrylate. The slope
angle was fixed at 30° and a collection vessel was used to collect the lost soil after rainfall simulation. A
schematic view of the setup is shown in Fig. 2 . Over the course of the tests, pictures were taken by a digital
camera to observe the surface erosion pattern of the loess slopes at 1, 2, 3, 5, 7, 10, 15, 20, 30, 40, and 50
min. All model slopes were prepared under identical conditions so that the testing results were comparable;
therefore, the boundary effect was ignored in the tests. During rainfall simulation, the rainfall intensity was
3 mm/min (180 mm/h) and the pH of the utilized water was about 7.8. During tests, the water was sprayed
uniformly by a sprayer head on the loess-slope surface.

Treating slope with different methods

Microbially induced carbonate precipitation

For convenient comparison, the initial dry density of model slopes was identical at 1.52 g/cm3. Then, the
mixed bacteria solution and cementation solution (0.75 M of Ca(Ac)2-urea solution) was uniformly sprayed on
the artificial loess-slope surfaces. Several researchers used CaCl2 for application of MICP (Mahawish et al.,
2018; Sun et al., 2019a ). Calcium carbonate produced from calcium chloride is mainly calcite, but might
also be aragonite with calcium acetate, the bonding effect of which is better than that of calcite (Tittelboom
et al., 2010 ). The amount of bacterial solution used here was less, therefore, calcium acetate was used
to increase the bonding effect. Khan et al., (2015) reported that cell densities of bacterial suspension
extremely affect the production rates for precipitation. Apart from the OD600 values, urease activity of
bacteria also affects the cementation effect (Sun et al., 2018b ). Therefore, bacterial suspensions with
similar OD600 and urease activity were used for treatment.

Six identical model slope samples were prepared and were divided into three groups (A, B, and C) according
to different volumes of the mixed solution. Each group had two samples (A1, A2; B1, B2, and C1, C2). For
the subsequent application and promotion of practical engineering, the amount of the utilized mixed solution
was expressed as the spraying amount per unit area; therefore, the amounts of the mixed solution for A1,
B1, and C1 were 2 L/m2, 4 L/m2, and 6 L/m2, respectively. With regard to the control sample in each
group, the same amount of distilled water was sprayed instead. Then, the slopes were dried at 25 °C for 6
days before subsequent rainfall simulation tests.

Microbially induced carbonate precipitation and Polyvinyl acetate

To further improve loess slope stability, PVAc (CAS: 9003-20-7) emulsion was added to the cementation
solution. PVAc is a synthetic resin, prepared by the polymerization of vinyl acetate (Gordon et al., 2019

3
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). PVAc emulsion is a type of water-based and environmentally friendly adhesive (Zhang et al., 2018 ),
which does not negatively impact the environment. Consequently, PVAc was added for better slope erosion
mitigation. The addition of PVAc to cementation solution might affect the bacterial activity or the MICP
process. Consequently, the effect of the addition of PVAc on bacterial activity and the production rates of
calcium carbonate were investigated. The amounts of PVAc added to the cementation solution were 20 g/L,
40 g/L, and 60 g/L.

According to the calculation method proposed by Whiffin, (2004) , 6 ml of bacterial suspension was mixed
with 54 ml urea solution (1 mol/L) and the electrical conductivity was measured every 5 min. The average
change in conductivity per minute (ms/cm•min) was calculated and can be converted to the amount of urease
hydrolysis per unit time. Eventually, the rate of hydrolysis of urea per minute (mM urea hydrolysed•min−1)
was obtained by multiplying by the dilution factor of 10, which represented enzyme activity. This method
was applied to compare the enzyme activity of the bacterial suspension after addition of PVAc. The total
volume of the solution was 60 mL; therefore, the amounts of PVAc were 1.2 g, 2.4 g, and 3.6 g.

To investigate the effect of PVAc addition on the production rates of calcium carbonate, PVAc was added
to the cementation solution (a mixture of 0.75 M of urea and 0.75 M of calcium) at various amounts (0
g/L, 20 g/L, 40 g/L, and 60 g/L). In this study, the precipitated calcium carbonate was directly evaluated
in transparent polypropylene (PP) tubes at a temperature of 30 °C. 20 mL of bacterial suspension of S.
pasteurii with an OD600 of 1.205 was mixed with 20 mL of cementation solution. In a sterile environment,
12 groups of samples were used, which were divided into four groups according to the amount of PVAc
used. Every group consisted of three parallel samples, all with an original pH of 7.0. The evaluation criterion
was the precipitation rate of calcium carbonate, i.e., the ratio of the actually produced amount of calcium
carbonate to the theoretically calculated total amount, which was obtained after a 48-h reaction process.
The measuring method of the actually produced amount of calcium carbonate has been described in Sun
et al. (2018a) .

During this process, dried samples were weighed and washed with 0.1 mol/L of HCl several times until air
bubbles no longer appeared. The lost dry weight caused by acid leaching was evaluated and was assumed
to be the weight of the actually precipitated CaCO3. The theoretical total mass of CaCO3 was evaluated
byC × V × M × t, where C represents the concentration of calcium ions in the cementation solution in
mol/L, V represents the solution volume in L, M represents the molar mass of CaCO3 (100.087 g/mol), and
t represents the solidifying time in days.

To compare the curing effect of PVAc addition on loess slopes, various amounts of PVAc were added to
cementation solution. Five samples (P1, P2, P3, P4, and P5) were prepared. The amount of mixed solution
for samples was 6 L/m2. The sample P3, P4, and P5 were treated with MICP, and various amounts of PVAc
(20 g/L, 40 g/L, and 60 g/L) were added. P2 was used as MICP control sample and was only treated with
MICP. Sample P1 was a blank control sample, which sprayed the same amount of distilled water instead.
Similarly, the slopes were dried at 25 °C for 6 days before subsequent rainfall simulation tests.

Rainfall Simulation Test

During the rainfall simulation test, the soil that was washed out from the model loess-slopes was collected
by a collection vessel and the weight of the loess within the collection vessel was measured at 1, 2, 3, 5, 7,
10, 15, 20, 30, 40, and 50 min.

Surface strength test

Repeated experiments were conducted with the same samples. These samples had not experienced rainfall
erosion test, but surface strength test. A soil penetrometer (type: WISO-750-1, Juchuang company, China)
was used to measure the surface strength of samples. This soil penetrometer could directly obtain the
penetrated depth and surface strength of the soil via insertion of a probe into the soil (Ulusay and Erguler,
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2012; Miao et al., 2019 ). The depth of measuring points for surface strengths were all about 0.02 m.
The inserting direction was perpendicular to the soil surface. Six measuring points were randomly chosen to
measure surface strengths.

Test Results and Analysis

Slopes treated only with microbially induced carbonate precipitation

Rainfall erosion observation

After treatment with MICP, the surface erosion pattern of model slopes differed significantly. The results
from the rainfall erosion observation under simulated rainfall at 5, 10, and 20 min are shown inFig. 3 .
For untreated slopes (A2, B2, and C2), the surface erosion pattern was similar and surface erosion could be
clearly observed at 5 min. At the beginning, the loess sample showed a collapsing phenomenon. After 5 min,
a great amount of loess soils at the top of the slope was washed into the collection vessel, as shown in Fig.
3(a) . As shown in Fig. 3(b) , at 10 min, more loess was washed out from slopes. After rainfall for 30 min,
the slope was destroyed and only a small amount of loess remained in the container, as shown in Fig. 3(c) .

After MICP treatment, the stability of slopes improved and there was no loess collapse. In contrast to
untreated slopes, soil at the bottom of the slope (A1), instead of the top of slope, was washed out at 5 min,
as shown in Fig. 3(d) . The reason of this loess loss might not be surface erosion, but slope collapse. Fig.
3(e) shows that at 10 min, the amount of soil loss on the upper slope was still small, but damage began to
spread from the bottom of the slope. After 30 min, the slope remained significantly damaged because of the
smaller volume of the mixed solution (Fig. 3(f) ).

With regard to slope B1, the damage of B1 was smaller and had better integrity at 5 min, as shown in Fig.
3(g) . After 10 min, damage spread similarly from the bottom of the slope, but the amount of soil loss on
the upper slope was smaller (Fig. 3(h) ). In contrast to slope A1, at 30 min, there was still a whole part on
the upper of B1, as shown in Fig. 3(i) .

Compared with slopes A1and B1, slope C1 (which was treated by 6 L/m2 mixed solution) achieved better
erosion mitigation. Fig. 3(j) shows that a portion of the slope surface at the bottom of the slope was washed
away within 5 min. However, after that, less loess soil was washed out from the bottom of the slope. This
was because a large amount of the mixed solution remained at the bottom of the slope because of gravity,
which cemented the loess particles together and moved the erosion position to the upper part of the sample,
as shown in Fig. 3(k) . After 30 min of exposure to rainfall, soil loss was much less significant than in the
other two MICP cases (Figs. 3(l) ).

Soil loss weight and surface strength

The accumulative soil loss weights were measured, as shown inFig. 4 . For untreated slopes A2, B2, and
C2, spraying more water would not decrease the amount of soil washed out, indicating that water did not
aid erosion mitigation. The percentage of accumulative soil loss weight exceeded 50% during the initial 10
min. After erosion for 50 min, the value even reached 90%. With MICP treatment, the percentage of eroded
soil decreased significantly. The rate of the percentage of accumulative soil loss weight decreased with time,
eventually leading to less eroded loess. The total percentages of eroded loess in A1, B1, and C1 after 50
min of exposure to rainfall were about 80%, 65%, and 47%, respectively. The curing effect was worse than
that reported by Jiang et al., (2019) . The reason was that the total volume of the bacterial solution and
the cementation solution used was less and the curing time was shorter. The accumulative loess loss weight
in C1 was lower than in A1 and B1. The results were consistent with the rainfall simulation test. A better
curing effect was contributed to a higher spraying dosage.
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Several researchers used unconfined compressive strength (UCS) to evaluate the cementation effect (Qabany
et al., 2012; Mortensen et al. 2011; Collins and Sitar 2009 ). However, the depths of slopes used in
this study were insufficient to obtain samples for UCS. This was why surface strengths were reported instead
of UCS. Ulusay and Erguler, (2012) also used surface strength as a comparative indicator.Fig. 5 shows
that in response to spraying more water, the surface strength increased from 156 kPa to 327 kPa. This was
because the loess sample contained a portion of clay soil, which would shrink and thus increase strength. After
treatment with MICP, the surface strength further increased because of the produced calcium carbonate.
The loess-slope C1 had a larger surface strength (442 kPa), which resulted from more calcium carbonate
precipitation. According to previous studies, the cementing properties of calcium carbonate precipitation
cemented loose sand particles into a strong unit (Sun et al., 2018a; Whiffin et al. 2007 ). This result
confirmed that calcium carbonate precipitation can also cement loess particles.

In conclusion, the results confirmed that MICP treatment improves slope stability, mitigate loess-slope surface
erosion, and increases surface strength. The soil loss in C1, however, was still significantly higher than the
results of previous research (Salifu et al. 2016 ;Jiang et al., 2019 ). Therefore, a better treatment was
necessary to effectively and efficiently control loess-slope surface erosion.

Slopes treated with microbially induced carbonate precipitation and Polyvinyl ace-
tate

Effect of Polyvinyl acetate addition on bacterial urease activity and calcium carbonate produc-
tion rates

To investigate the effect of PVAc addition on bacterial urease activity, various concentrations of PVAc were
added to urea solution. After adding PVAc, the urease activity only experienced a slight fluctuation, as
shown in Fig. 6(a) . Therefore, adding PVAc had little impact on urease activity. The curing effect was
significantly affected by the amount of calcium carbonate produced. It was necessary to study the effect of
PVAc addition on the production rates of calcium carbonate.Fig. 6(b) shows that with increasing PVAc
concentration, the production rates for calcium carbonate increased slightly, from 62% to 67%, and then
decreased to 65% again at a PVAc addition of 60 g/L. Consequently, there was little influence on production
rates for calcium carbonate after adding PVAc.

Rainfall erosion observation

After combined treatment with MICP and PVAc, the stability of the loess-slope improved significantly.
Pictures of these slopes under simulated rainfall at 10, 20, and 50 min are shown in Fig. 7 . Because changes
could not be observed within a short time, the time span of observation in Fig. 7 increased compared that
use forFig. 3 .

In contrast to slopes treated with MICP alone, no slope collapse or soil surface erosion were observed at 10
min, which can be seen inFig. 7(a) , Fig. 7(d) , and Fig. 7(g) . For P3, a crack at the upper slope emerged
at 20 min, as shown in Fig. 7(b) . Water entered from the interior of the sample (P3) through cracks and
destroyed the stable internal structure of the sample. At 50 min, the slope was destroyed because of the
inefficient cementing effect of the surface (Fig. 7(c) ). Observing the samples after destruction showed that
there was a thin hard surface crust. This hard surface crust was primarily composed of CaCO3 minerals.Jiang
et al., (2019) obtained the same conclusion.

With regard to slope P4, Fig. 7(e) shows a smaller crack at 20 min. However, the growth speed of this crack
was lower and after 50 min of exposure to rainfall, the crack still remained small due to better cementing
effect. The upheaval happened at the bottom of the slope, as shown in Fig. 7(f) . This was because water
entered the interior of the sample (P4), causing part of the loess soil to flow down.

The slope P5, which was treated by MICP and 60 g/L PVAc, had a more complete surface compared with
the other two slopes (P3 and P4).Fig. 7(h) shows that no crack appeared within 20 min. However, a small
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crack appeared on the upper part of the specimen, at 50 min. After 50 min of exposure to rainfall, this
upheaval was much smaller than that of slope P4, as shown in Fig. 7(i) .

Soil loss weight and surface strength

Accumulative loess loss weights were measured, as shown in Fig. 8 . For the untreated slope P1 and the MICP
treated slope P2, the same results were obtained via repeated experiments, which verified the correctness
and repeatability of the experiment. With regard to slopes (P3, P4, and P5), which were treated with both
MICP and PVAc, the weights of the lost loess were much lower than those for P1 and P2. During the initial
15 min, the amounts of lost loess were almost zero. After that, a small amount of soil in slope P3 was washed
out; however, the accumulative loess loss weights of slopes P4 and P5 still remained zero because of their
better cementing effect. Slope P3 showed a large loess loss from 40 min to 50 min. The eventual accumulative
loess loss weights of P4 and P5 after 50 min of exposure to rainfall were only 3.04 and 0 g, respectively.
The results were consistent with the rainfall simulation test. The better curing effect of P4 and P5 was
contributed to the higher concentration of PVAc. The results confirmed that MICP-PVAc treatment further
improved slope stability and mitigated loess-slope surface erosion.

Fig. 9 shows that with PVAc addition, the surface strength increased from 434 kPa to 486 kPa. This was
because of the additional cementing effect of PVAc, as shown in Fig. 10 , which further increased strength.
The loess-slope P4 had a higher surface strength (657 kPa), as a result of the higher concentration of PVAc
used. However, with adding PVAc of 60 g/L, the surface strength of slope P5 decreased more than that of
slope P4, while still remaining higher than that of slope P3. This suggests that the thickness of cementation
of P5 was smaller, while the depth of measuring points for surface strengths were all about 0.02 m, resulting
in lower surface strength. The reason is further analysed in the “Thickness of cemented layer” section.

Thickness of cemented layer

After the rainfall simulation test, to obtain the thickness of the cemented layer via calliper, several random
measuring points were chosen and sampled perpendicular to the slope surface. The average thickness of the
cemented layer was used as indicator to evaluate the achieved cementing effect.

The average values are detailed in Table 1 . For P2, the thickness of the cemented layer was 24.0 mm, which
resulted from MICP treatment. For P3, P4, and P5, the thicknesses of the cemented layer averaged 17.4 mm,
10.6 mm, and 9.3 mm, respectively. These data were much lower than in P2. Despite the thinner cemented
layer, MICP-PVAc treatment allowed for better cementing effect than MICP treatment alone. This was the
reason why the relevant samples had better surface erosion resistance than P2. For P3, P4, and P5, it was
found that a higher concentration of PVAc in cementation solution resulted in a thinner cemented layer. This
was because PVAc addition would clog near-surface soil pores. With higher concentration of PVAc in the
cementation solution, the mixed solution would be harder to percolate into deeper soil. Furthermore, even
if the cemented layer thicknesses of P4 and P5 were less than those of P2 and P3, their erosion resistance
was significantly better, as shown in Fig. 7 and Fig. 8 . The high erosion resistances of P4 and P5 were
attributed to (1) the stable spatial structure of CaCO3 precipitation, and (2) the stronger resistance to
tension or shear force from PVAc. Both hypotheses will be further analysed in the “Discussion” section.

Scanning electron microscope test

After rainfall simulation test, surface soil samples P2 and P5 were subjected to scanning electron microscope
(SEM) test, as shown inFig. 11. Fig. 11(a) shows that in response to MICP treatment, a large number of
CaCO3 crystals were produced between loess particles. In addition to their bridge function, CaCO3 crystals
were also deposited on the surface of loess particles. Compared with P2, in P5 with MICP-PVAc treatment,
several loess particles were coated by PVAc and CaCO3crystals together, which formed a layer-like film.
Moreover, the PVAc and CaCO3 crystals also contacted loess particles, as shown in Fig. 11(b) .

Furthermore, in response to MICP treatment, most CaCO3crystals were spherical with a size of about 3-5
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μm, as shown inFig. 11(c) . In addition to spherical crystals, few amorphous crystals were found. However,
in contrast to P2, most CaCO3 crystals in Fig. 11(d) were amorphous crystals. The size of CaCO3 crystals
remained below 1 μm, and these small crystals were clumped together.

Discussion

Treatment of microbially induced calcite precipitation and Polyvinyl acetate together

The PVAc emulsion is mainly composed of a vinyl acetate (VAc) monomer. VAc can be copolymerized with
various monomers, including acrylate, ethylene, vinyl chloride, Veova 10, and methyl methacrylate monomers
(Dossi et al., 2010; Sarac and Yildirim, 2006; Rosdi and Ariffin. 2016; Ahmed et al., 2017 ).
Such adhesives are used for bonding of wood, paper, and fabric. If PVAc was used for slope treatment, the
volume would be large, resulting in higher costs. PVAc emulsions have satisfactory gap-filling properties
(Shields 1984 ). Therefore, PVAc and MICP can be used together to bond particles and form a more
stable structure, as shown in Fig. 10. With low PVAc concentration, the microstructure forms a network
structure (Jaziet al., 2019 ). This decreases the cost by decreasing the required PVAc concentration.
In addition, the network structure of PVAc is beneficial to affix the calcium carbonate, which might be a
common characteristic for this type of high-molecular polymer. Miao et al., (2019) also reported that
Polyacrylamide had the same effect. The structure was confirmed by SEM tests.

During exposure to rainfall, particles are subject to tension and shear forces, which determines the erosion
resistance. De Jong et al., (2006) showed that for samples treated with MICP, most of the failure
interface was inside calcium carbonate, i.e., the generated calcium carbonate was fractured inside after
failure. Therefore, it was necessary to increase the resistance to tension and shear forces. By adding PVAc
at low concentration, the network structure can provide stronger resistance to tension or shear force, thus
avoiding calcium carbonate fracture inside and improving the slope stability.

Scanning electron microscope test

SEM testing can be used to compare the difference among specimen from a microscopic perspective (Delage
et al. 2006 ). After rainfall simulation test, surface soil samples P2 and P5 were subjected to SEM test, as
shown in Fig. 11. Compared with P2 (MICP treatment), in P5 with MICP-PVAc treatment, several loess
particles were coated by PVAc and CaCO3 crystals together, resembling a film. Moreover, between loess
particles, PVAc formed a net structure, which provides bonding force and tension force, as shown in Fig.
11(b) .

Furthermore, in contrast to P2, most CaCO3 crystals inFig. 11(d) were amorphous crystals, which were
held in place by PVAc. The CaCO3 crystals were small and clumped together. The reason was that the
growth of CaCO3crystals was affected by PVAc, so that the crystals could not grow into a large sphere, but
rather, grew into a group of amorphous crystals. In conclusion, the SEM photos showed that the more stable
spatial net structure in P5 was confirmed.

Conclusions

Bio-cementation tests were conducted to investigate the effects of the combined MICP-PVAc technology on
the improvement of loess-slope surface erosion resistance. Moreover, PVAc was added to the cementation
solution, which further improved slope stability. The results demonstrated that MICP-PVAc treatment
significantly mitigated surface erosion of loess-slope. Specific conclusions are outlined as follows:

(1) MICP treatment resulted in an improvement of erosion resistance and treatment with 6 L/m2 of mixed
solution achieved the best erosion control and the highest surface strength. The soil loss in MICP treated
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slopes, however, still remained large. Therefore, a better treatment was necessary to effectively and efficiently
control the erosion of loess-slope surfaces.

(2) Addition of PVAc had little impact on urease activity and production rates for calcium carbonate. After
treatment with MICP and PVAc together, the stability of loess-slope improved significantly. For slopes
treated with the addition of PVAc at 40 g/L or 60 g/L, 50 min of exposure to rainfall caused little soil loss
because of the better cementing effect.

(3) With the addition of PVAc to the cementation solution, the surface strength of slopes increased beyond
that of slopes treated with MICP only. With 60 g/L PVAc, the surface strength of slope P5 decreased
below that of slope P4, but still remained higher than that of slope P3 because of the lower thickness of
cementation.

(4) The high erosion resistance of P4 and P5 was attributed to (1) the stable spatial structure of CaCO3

precipitation, and (2) the stronger resistance to tension or shear force from PVAc. The method proposed
in this study provides an effective and efficient technique for loess-slope erosion control, with promising
potential for application in the field.
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Table 1 Cementation layer thickness of slopes treated with different methods

Sample No. Average entire cemented layer thickness (mm) Curing method

P1 / Untreated
P2 24.0 MICP-treated
P3 17.4 20 g/L PVAc-treated
P4 10.6 40 g/L PVAc-treated
P5 9.3 60 g/L PVAc-treated

Figure Captions

Figure 1. Particle size distribution of loess materials

Figure 2. Schematic set-up of the rainfall simulation test device

Figure 3. Visual observation of surface erosion patterns of slopes treated with MICP and subjected to
artificial rainfall for indicated durations: (a) A2, 5 min; (b) A2, 10 min; (c) A2, 20 min; (d) A1, 5 min; (e)
A1, 10 min; (f) A1, 20 min; (g) B1, 5 min; (h) B1, 10 min; (i) B1, 20 min; (j) C1, 5 min; (k) C1, 10 min;
and (l) C1, 20 min

Figure 4. Accumulative soil loss weight of slopes treated with MICP

Figure 5. Surface strength of slopes treated with MICP

Figure 6. Urease activity and production rates of calcium carbonate after PVAc addition: (a) Urease
activity;(b) production rates for calcium carbonate

Figure 7. Visual observation of surface erosion patterns of slopes treated with MICP and PVAc: (a) P3,
10 min; (b) P3, 20 min; (c) P3, 50 min; (d) P4, 10 min; (e) P4, 20 min; (f) P4, 50 min; (g) P5, 10 min; (h)
P5, 20 min; (i) P5, 50 min

Figure 8. Accumulative soil loss weight of slopes treated with MICP and PVAc

Figure 9. Surface strength of slopes treated with MICP and PVAc

Figure 10. Schematic diagram of cementation between particles

Figure 11. SEM images of treated slopes after rainfall simulation tests: (a) P2, magnification = 2500×;
(b) P5, magnification = 2500×; (c) P2, magnification = 20000×; (d) P5, magnification = 20000×.
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Figure 6. Urease activity and Production rates for calcium carbonate after adding PVAc: (a) 3 

Urease activity; (b) Production rates for calcium carbonate 4 

 5 
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     1 

(a)                               (b)                                  (c) 2 

     3 

   (d)                                 (e)                            (f) 4 

     5 

 (g)                               (h)                             (i) 6 

Figure 7. Visual observation of surface erosion patterns of slopes treated with MICP and PVAc: 7 

(a) P3, 10 min; (b) P3, 20 min; (c) P3, 50 min; (d) P4, 10 min; (e) P4, 20 min; (f) P4, 50 min; (g) 8 

P5, 10 min; (h) P5, 20 min; (i) P5, 50 min 9 
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(a)                                                                                 (b)   2 

   3 

(c)                                                                                 (d)   4 

Figure 11. SEM images of the treated slope after rainfall simulation test: (a) P2, magnification 5 

=2500×; (b) P5, magnification=2500×; (c) P2, magnification =20000×; (d) P5, magnification 6 

=20000×. 7 
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