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Abstract: Microbially induced calcium carbonate (CaCOs) precipitation (MICP) is an emerging
soil-treatment method. To explore the effect of this technology on granite residual soil, this study
investigated the effects of the mechanical properties and disintegration resistance of microbially cured
granite residual soil under different moisture contents by conducting direct shear and disintegration
tests. The curing mechanism was also discussed and analyzed. Results showed that MICP can be used
as reinforcement for granite residual soil. Compared with those of untreated granite residual soil,
the internal friction angle of MICP-treated granite residual soil increased by 10% under a moisture
content of 30%, while its cohesion increased by 218%. The disintegration rate of the MICP-treated
granite residual soil stabilized after a maintenance time of 5 days under different water contents.
Therefore, we provide the explanation that the improvement of the shear strength and disintegration
resistance of granite residual soil is due to CaCOj3 precipitation and the surface coating.

Keywords: microbially induced calcium carbonate precipitation; granite residual soil; moisture
content; shear strength; disintegration test

1. Introduction

Granite residual soil is the product of the chemical and physical weathering of a
parent rock, and it exhibits the characteristics and engineering properties of clayey and
coarse-grained soils [1]. As a special soil, granite residual soil differs from general clayey
and sandy soils, which are widely distributed in the coastal area of southeast China [2,3].
Although its engineering properties are good in its natural state, granite residual soil eas-
ily softens and disintegrates after being soaked in water, inducing the gradual damage
caused by destabilization due to scouring of granite residual soil slope. Li et al. [3] de-
termined that different initial moisture contents are important factors that influence the
disintegration of granite residual soil. Given its poor engineering characteristics, such as
being susceptible to softening and disintegration by water, granite residual soil is prone
to geological hazards, including landslides. To enhance the strength and water stability
of soil, granite residual soil must be solidified and improved in engineering construction.
Chemical improvement methods are commonly used to reinforce granite residual soil in
actual engineering construction; these methods include mixing appropriate amounts of
lime [4,5] or cement [5,6] into the soil to cause a series of physical and chemical reactions
that will cement soil particles, improving the strength and water stability of granite residual
soil. These chemical reinforcement techniques are highly predisposed to causing unsustain-
able damage to the local environment. Therefore, exploring environmentally friendly soil
consolidation techniques is urgent to improve the undesirable engineering properties of
granite residual soil.
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Microbially induced calcium carbonate precipitation (MICP) refers to the application
of microbial metabolism to produce urease, which hydrolyzes urea to generate NH** and
CO3%~. Then, CO32~ combines with Ca?* in the surrounding environment to form CaCOj
crystal precipitation, cementing sand particles and effectively improving the mechanical
properties of soil [7-11]—see Figure 1. At present, MICP is mostly applied to improve
the engineering properties of sandy soil in porous media [12-14]; however, residual soil
is fundamentally different from sandy soil in terms of particle gradation, microstructure,
and pore characteristics. The use of conventional circulation grouting is unsuitable for
soil with small pores. For soft soil with low porosity and residual soil, the curing method
of mixing bacterial and nutrient solutions to produce samples is more suitable. Tiwari
et al. [15] performed MICP treatment on bentonite via mixing and found that the uncon-
fined compressive strength of the MICP-treated specimens increased by more than 205%
compared with that of the untreated specimens. Xiao et al. [16] reported that the prepara-
tion of soft soil treated with MICP via direct mixing can promote the formation of CaCO3
crystals. Ou et al. [17] used a combination of microbial and quicklime consolidation on
overwet bauxite tailings clay and found that biochemical consolidation made the soil more
compact. Vail et al. [18] studied the desiccation cracking behavior of compacted calcium
bentonite soil by using the MICP mixing method. They determined that MICP reactions
effectively delay crack initiation and remediate desiccation cracking, as reflected by the
decrease in the geometrical descriptors of the crack pattern, such as surface crack ratio.
Soil improvement using MICP is a novel and innovative technique compared with the
conventional methods that have been in use for environmental applications [19]. However,
the main problem induced by MICP is the release of ammonia during the cementation
process, imposing a negative impact on the ecological environment once excessive am-
monia has been produced [20], approximately according to the following Equation (1).
Studies have shown that the use of low-pH MICP [21,22], struvite precipitation [23], and
calcium phosphate biocement [22,24] is more effective in reducing the amount of ammonia
produced. More research on ammonium ion-removal methods is needed in the future to
promote the application of MICP [25].
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Figure 1. Schematic diagram of microbial solidified sand.
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Modifying low-permeability clay soil via MICP mixing and sample making is practical;
however, granite residual soil is fundamentally different from clay and silt in the aspects
of particle size distribution, microstructure and pore characteristics. It also has significant
softening and disintegration characteristics when subjected to water. Granite residual
soil is widely distributed in southern China [19]. Due to its special causes, there are a
large number of primary cracks in the soil, and it is easy to cause the development of
secondary cracks when the external environmental factors change. The nature of the
soil is uneven, and it is easy to soften and disintegrate in water [26]. Soil disintegration
refers to the phenomenon of soil rupture and dispersion due to water immersion. This
is an irreversible physical process in which the cementation between soil particles is lost
under the action of water immersion, and the soil structure collapses due to the stress
concentration caused by the repulsion between particles exceeding the suction. When the
granite residual soil slope makes contact with water, it will destroy the cementation force
in the soil, reduce the strength of the soil, and easily induce geological disasters such as
landslide instability [27,28]. MICP is often used to improve the compressive strength of
sand at first, and a few studies are used in silt with relatively small particle size and pore
throat size, but the purpose is to improve the bearing performance of foundation soil. The
engineering performance of granite residual soil is good under natural conditions, but it
is easy to soften and collapse in water, resulting in the instability of granite residual soil
slope. In the current study, the feasibility of MICP technology in curing granite residual
soil was initially demonstrated by performing direct shear and disintegration tests on
granite residual soil samples before and after MICP treatment. The mechanism of MICP
action when curing granite residual soil was initially discussed by comparing the samples
before and after MICP treatment and scanning electron microscopy (SEM) test analysis.
This paper provides a reference for the application of calcium carbonate crystals in granite
residual soils.

2. Materials and Methods
2.1. Soil

The test sample was obtained from granite residual soil in the eastern part of Guangzhou
City, China. Its basic physical properties were as follows: moisture content (32%), wet den-
sity (1.76 g/cm?), liquid limit (41.2%), and plasticity index (17.76). Results of chemical
analysis performed using an Energy Dispersive X-ray Fluorescence (XRF) spectrometer
(PANalytical B.V., Almelo, The Netherlands) reveal that the slope soil majorly consists of
Na,O, Al,O3, Fey O3, Cl, CaO, and K,O of 58.79%, 20.33%, 3.00%, 1.72%, and 1.01%, respec-
tively. The PH of the granite residual soil is 6.62. The granite residual soil sample was dried,
and then the drying soil sample was placed on a rubber plate and crushed with a wooden
mill. The dispersed soil sample was passed through a 2 mm sieve. A sufficient amount
of sieved, drying soil sample was obtained and set aside. The particle gradation curve
of granite residual soil after sieving is shown in Figure 2, where coefficient of uniformity
Cy = 5.2 and median particle diameter D5y = 0.2 mm. Soil particles are relatively uniform
and poorly graded.
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Figure 2. Particle grading curve.

2.2. Bacterial and Nutrient Solutions

The Bacillus pasteurii (No. DSM33) which was purchased from DSM (the Netherlands)
was freeze-dried. The composition of the liquid medium was as follows: yeast (20 g/L),
ammonium sulfate (10 g/L), and sodium hydroxide (2 g/L). The composition of the nutrient
solution was 111 g/L of calcium chloride and 60.06 g/L of urea. The average urease activity
in this pilot study was 13.3 umoL/min/mL and the average ODgq of bacteria was 1.749.

2.3. Sample Preparation

This test used the method of mixing and making samples, a dry density of 1.5 g/cm?
and an initial pore ratio of 0.7 were selected to ensure that the dry density of each specimen
was the same. Specimen preparation without MICP curing: three water contents (10%, 20%,
and 30%) were selected, and the calculated amount of required water was mixed with soil.
Specimen preparation for MICP curing of granite residual soil: Equal volumes of bacterial
and nutrient solutions were first mixed to produce a microbial curing agent. This agent
was mixed into the drying soil instead of water at the corresponding moisture content and
mixed thoroughly. The mass of wet soil required to prepare the specimen was determined
in accordance with the dry density required for the test by using Equation (2):

m = (14+0.01w)-p4-V, ()

where:

m—the mass of wet soil required to prepare the specimen (g);
ps—the dry density required to prepare the specimen (g/cm?);
V—the volume of the specimen (cm3);

w—water content (%).

The wet soil was poured into a ring-knife sample maker (inner diameter 61.8 mm,
height 20 mm), and the sample was pressed. The sample was removed and kept in a curing
box with a constant temperature of 25 °C and a humidity of 95% for 3, 5, and 7 days. The
sample which was cured for 5 days was used for the direct shear and disintegration tests.
The samples cured for 3 days and 7 days were used for the disintegration test. The water
contents of the specimens after maintenance are provided in Table 1. The water content of
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MICP was basically the same before and after curing. In the current study, 10%, 20%, and
30% water contents represented the contents of the solution (i.e., water or microbial curing
agent) added during the preparation of the specimens as a percentage of the drying soil
and the initial water content.

Table 1. Moisture content of the samples after curing.

Water Content (%)
Curing Time (d) Water Micp
10 20 30 10 20 30
3 10.7 20.7 27.1 10.2 20.2 27
5 10.6 20.5 27.2 10.4 21 27.2
7 10.1 21.2 27.8 10.8 19.9 27.1

2.4. Direct Shear Test

The direct fast shear test and the Z] strain controlled direct shear apparatus (Nanjing
Nantucket Instruments & Equipment Co., Nanjing, China) were used in this study—see
Figure 3. This device uses a stepper motor, continuous variable, and can input any speed
within the range of the test protocol for shearing. Furthermore, the device has a shear
box with a diameter of 61.8 mm (upper and lower shear box heights of 10 and 10 mm,
respectively). The shear displacement and vertical deformation of the sample were mea-
sured using two percentage meters. Percentage meter readings were accurate to 0.01 mm.
Each group used four specimens that were under vertical pressures of 100, 200, 300, and
400 kPa. Then, horizontal shear force was applied to the shear. The shear rate was set
as 0.8 mm/min. Data were recorded every 15 s. The rotation of the percentage meter on
the force ring was observed after pressure. The percentage meter pointer was no longer
facing forward or the pointer began to regress when the peak of the force ring readings
was reached; that is, the specimen was damaged. Shear-to-shear displacement of the 6 mm
stop test was continued. The angle of internal friction ¢ and cohesion c were determined as
indicators of the shear strength of the soil in accordance with Coulomb’s law. Each group
was conducted according to the relevant soil test specification [29].

X )

!

~Proving ring

Figure 3. Shear test apparatus.

2.5. Disintegration Test

This test used the mass method to study the disintegration characteristics of granite
residual soil [30-32]. The disintegration test apparatus is shown in Figure 4. Each group
used three specimens. The ring-knife specimens were placed lightly on a metal wire mesh
(10 cm x 10 cm), and the specimens and the wire mesh were completely submerged into
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deionized water in a glass box, which was placed under a balance. As disintegration
proceeded, the disintegrated soil sample fell to the bottom of the glass box and the balance
reading decreased. The readings were converted to obtain the disintegration rate at each
time. The conversion relationship is shown in Equation (3).

Dy — Dy

P:
Dy — D’

x 100% 3)

where:

P(t)—the cumulative amount of disintegration of a specimen at moment ¢ (%);

D’—the initial reading of the balance (i.e., the balance reading when the empty wire mesh
is immersed into water) (g);

Dy—the balance reading in the beginning of the test (g);

Di—the balance reading at moment ¢ (g).

Balance

V) " -Support framework
' /|
Glass box

\

_-Thin strings

/ _-Metal mesh
4

- —Soil sample

\

7 e U

Figure 4. Disintegration test apparatus.

2.6. SEM and XRD Experiment

At the end of the experiments, the verification of the sample was performed via
SEM and XRD analyses. The crushed sample underwent examination of SEM (SUPRATM
55, Germany) after being gold-coated. The microscopic morphology of the sample was
observed by SEM. Afterwards, the powder was sampled for XRD analysis (Bruker, Berlin,
Germany). Mineral composition was determined with XRD.

2.7. Determination of Water-Stable Agglomerate Content

In accordance with the wet sieve method of determination, 500 g of dry specimen was
obtained and a set of sieves with meshes of 2, 1, 0.5, and 0.25 mm was used. A specimen
was placed on the top layer of the 2 mm sieve, and then the set of sieves was placed slowly
in a cylinder with a sufficient amount of deionized water and oscillated for 2 min. The set
of sieves was removed, retaining an appropriate amount of deionized water to collect the
agglomerates at all sieve levels. The agglomerates were dried at all levels and weighed.
The mass fraction of the agglomerates was calculated at all levels.
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3. Results
3.1. Analysis of the Shear Strength of Granite Residual Soil before and after MICP Curing

The shear stress and shear displacement curves of granite residual soil under different
vertical loads are shown in Figure 5. On the basis of the image characteristics of the shear
stress and shear displacement curves of each group, the shear strengths of granite residual
soil before and after MICP curing under different water contents were obtained and are

provided in Table 2.
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Figure 5. Curve of the shear stress and shear displacement of a specimen: (a) 10%, (b) 20%, and

(c) 30% water contents.
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Table 2. Shear strength of granite residual soil before and after MICP curing under different mois-
ture contents.

Water Content Vertical Pressure (kPa)

(%) 100 200 300 400

10 70.46 119.64 180.75 218.92
Water 20 63.31 105.51 164.23 201.85

30 53.12 90.83 141.30 189.01

10 90.65 140.27 189.42 248.09
MICP 20 78.08 131.94 175.74 232.13

30 67.71 109.55 164.97 219.28

On the basis of the shear strength under four different vertical pressures, namely,
100, 200, 300, and 400 kPa (Table 2), the relationship curves between shear strength and
vertical pressure were plotted, as shown in Figure 6. Then, linear fitting was performed
to obtain the internal friction angle ¢ and cohesive force c before and after MICP curing
under different water contents (Table 3).

300
250 | y =0.5215x + 36.735
R?=0.99906
£ 200 y =0.5059x +27.985
=4 b \
= R“=0.99788 —
% % y=05065x +20.827
5 150 - < R?>=0.99295
w 100 - Water (10% water content)
MICP (10% water content)
Water (20% water content)
50 MICP (20% water content)
R?=0.99329
O 1 1 1 1
0 100 200 300 400
Vertical pressure/kPa

Figure 6. Curve of the shear strength and vertical pressure of granite residual soil under different
water contents.

Table 3. Internal friction angle and cohesion of granite residual soil under different water contents.

Water Content Internal Friction Angle (°) Cohesion (kPa)
(%) Water MICP Water MICP
10 26.9 27.5 20.8 36.7
20 25.4 26.8 15.1 279
30 24.6 27.0 4.0 12.9

As indicated in Table 2, the shear strength of granite residual soil under different
vertical pressures decreased with an increase in water content. Under the condition that
water content remained constant, shear strength increased with an increase in vertical
pressure. As shown in Table 3, the internal friction angle and cohesion of granite residual
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soil decreased with an increase in water content. Cohesion force ¢ decreased more than
the internal friction angle ¢. The cohesion force of granite residual soil with 20% and 30%
water contents decreased by 27% and 80% more than the 10% water content, while the
internal friction angle decreased by only 5.5% and 8.4%, respectively.

Figure 6 shows that the shear strength of the MICP-cured granite residual soil under
different moisture contents and vertical pressures was greater than that of the uncured
specimen. The increase in shear strength was primarily reflected in the increase in internal
friction angle and cohesion. The increase in cohesion was greater than the increase in
internal friction angle. Compared with that of the uncured granite residual soil, internal
friction angle increased by 3%, 6%, and 10% after curing under the moisture contents of
10%, 20%, and 30%, respectively. The changes in internal friction angle of granite residual
soil before and after MICP curing were within the range of 0.7-2.4°; these values were
insignificant. Therefore, the effect of curing granite residual soil with MICP on the internal
friction angle was minimal.

The improvement of cohesion after MICP curing was more significant compared with
that of internal friction angle. Under the water contents of 10%, 20%, and 30%, the cohesion
of the MICP-cured granite residual soil was increased by 76%, 85%, and 218%, respectively,
compared with that of granite residual soil without MICP treatment.

3.2. Disintegration Test

The X-ray diffraction (XRD) pattern in Figure 7 shows that granite residual soil contains
kaolinite minerals, which exhibit solubility and swelling in water [33], causing soil to soften
and disintegrate easily in water.

[ ] aolinite *
AKc.IO] inite AKaolinite
@®Dickite icki
@®Dickite
®Quartz ®Quartz
¢ MPolylithionite BMPolylithionite
V(Calcite ’
o
|
[ ]
-] ") *0 ]
|
| I
T T T 1 T T T
20 10 60 80 20 10 60 80
2 Theta/® 2 Theta/®

(a) (b)
Figure 7. XRD pattern of granite residual soil: (a) MICP and (b) water.

Figure 8 presents the disintegration curves of granite residual soil before and after
MICP-curing under different water contents with maintenance times of 3, 5, and 7 days.
Untreated granite residual soil disintegrated after 3, 5, and 7 days under three different
water contents. In particular, granite residual soil with 10% and 20% water contents
completely disintegrated within a short time, while granite residual soil with 30% water
content partially disintegrated. This finding is consistent with the conclusion drawn by
Li [3] when he studied the effect of water content on the disintegration characteristics of
granite residual soil.
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Figure 8. Disintegration curve: (a) Conservation of 3 days, (b) 5 days, and (c) 7 days.

Granite residual soil cured via MICP with 10% water content disintegrated completely
within a short time at a maintenance period of 3 days. Meanwhile, granite residual soil
cured via MICP with 20% and 30% water contents achieved a stable state after partial
disintegration. Granite residual soil cured via MICP with 10% water content exhibited
incomplete disintegration at maintenance periods of 5 days and 7 days. Meanwhile, granite
residual soil cured via MICP with 30% water content nearly did not disintegrate, with
disintegration rates of only 0.5% and 0.36% after 48 h of observation. MICP curing produced
CaCO;s precipitation, which can fill gaps between soil particles and reduce pores on the soil
surface, preventing water from entering the interior of the soil and effectively improving
the poor engineering characteristics of granite residual soil, which is prone to disintegration
when exposed to water. In addition, the disintegration resistance of granite residual soil is
related to the quantity and quality of the water-stable agglomerates of its soil structure [33];
the higher the number of water-stable agglomerates and the larger the particle size, the
better the disintegration resistance of soil. The content of water-stable agglomerates is
positively correlated with CaCOj3; content. Figures 9 and 10 show that a small amount
of CaCO;j crystals generated from MICP-treated granite residual soil exist in the form of
CaCOg;. These crystals are beneficial for the formation of water-stable agglomerates in
soil, making soil less likely to disintegrate and crack in water, and thus, improving the
disintegration resistance of granite residual soil.
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Figure 9. SEM image of granite residual soil: (a) MICP and (b) water.
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Figure 10. Water-stable agglomerate content of the samples.

The effect of MICP curing on granite residual soil under 30% water content was better
than that under 10% and 20% water contents when maintenance time was 3, 5, and 7 days
because of the following two reasons. First, granite residual soil under high water content
was more resistant to disintegration than granite residual soil under low water content.
Second, more bacterial and nutrient solutions were added under 30% water content than
under 10% and 20% water contents, producing more CaCOj3 and a better curing effect.
Figure 6 shows the variation in disintegration rate of the MICP-cured granite residual soil
with maintenance time. Disintegration rate decreased with an increase in maintenance time
and stabilized after 5 days. According to the test results and the reinforcement mechanism
of MICP, the MICP reinforcement technology has good application prospects in the anti-
erosion prevention and control of granite residual soil. The reaction of MICP was essentially
completed after 5 days.
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3.3. SEM and XRD

Granite residual soil before and after MICP curing was collected for the SEM and
XRD tests. Figure 8 shows that the major components of granite remnants are kaolinite,
dickite, and quartz. Meanwhile, CaCOj is found in the mineral composition of the MICP-
cured granite remnants. Figure 9 illustrates that MICP partially filled the pores between
soil particles, cemented soil particles together, effectively enhanced shear strength, and
improved the disintegration characteristics of granite residual soil. The increase in the
internal friction angle is attributed to MICP on the surface of soil particles, filling the pores
and reducing the porosity of soil. The deposition of CaCOs precipitates onto the surface
of soil particles increases surface roughness, and consequently, the frictional properties of
the surface of soil particles. Sivakumar and Ashkan agree that the precipitation of calcium
carbonate crystals can increase the roughness of soil particles, which is an important
factor in the shear strength of soils [34,35]. The most important reason for the increase
in cohesion is the microbially induced production of CaCOj5 colloidal soil particles. This
process improves the integrity of soil, and thus, increases the cohesion of granite residual
soil. The cohesive force of specimens with high water content was significantly reduced
compared with that of specimens with low water content because of the softening effect of
water on the mucilage of granite residual soil. When MICP curing was performed with
the same contents of bacterial and nutrient solutions, specimens with high water content
produced relatively more CaCOj precipitation, which exerted a certain cementing effect on
the softened mucilage. Therefore, the effect of MICP curing on granite residual soil was
relatively better under high water content. The amount of CaCOj3 precipitation observed in
the SEM test images was not considerably relative to the coarse-grained content of granite
residual soil. Thus, MICP treatment is presumed to have a greater cementing effect than
filling effect on granite residual soil. Hence, the improvement in cohesion was greater than
that in the internal friction angle.

3.4. Water-Stable Agglomerate Content

In soil science, the content of water-stable agglomerates is the best indicator of soil
erosion resistance. The higher the content of water-stable agglomerates (>0.25 mm), the
stronger the erosion resistance of soil. Figure 10 presents the water-stable agglomerate
content of the specimens before and after MICP curing. The content of the specimens that
did not undergo MICP curing is basically the same, and thus, only one group is listed. As
shown in Figure 10, the content of water-stable agglomerates (>0.25 mm) of granite residual
soil after MICP curing increased with an increase in maintenance time and water content.
Moreover, the content of agglomerates with a particle size of >2 mm gradually increased.
This finding is consistent with the variation pattern of disintegration rate with different
maintenance periods after the MICP curing of granite residual soil under different water
contents. As shown in Figure 11, a white overlay was observed on the surface of granite
residual soil after 5 days of maintenance. This finding is similar to that of Cardoso [36]
in her study on MICP-cured clay with a uniform overlay on the surface. However, the
nature of this overlay requires further in-depth investigation. After comparing the samples
before and after MICP treatment, the improvement in the shear strength and disintegration
resistance of granite residual soil may be attributed to a combination of CaCOj crystals’
precipitation and the surface coating.
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Figure 11. Granite residual soil samples.

4. Conclusions

@

@)
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The shear strength of granite residual soil decreases with an increase in water content.
The cohesion and internal friction angle of its shear strength index also decrease with
an increase in water content, and the effect of water content on internal friction angle
is smaller compared with that of cohesion;

The shear strength of MICP-cured granite residual soil under three moisture contents
(10%, 20%, and 30%) and vertical pressures of 100, 200, 300, and 400 kPa. The effect of
MICP curing on cohesion was more significant than that on internal friction angle;
By combining the two shear strength indicators of internal friction angle and cohesion,
the MICP curing of granite residual soil is relatively optimal when the water content
of granite residual soil is 30%;

MICP technology can effectively improve the poor engineering characteristics of
granite residual soil, which is prone to disintegration by water. The disintegration
rate of MICP-cured granite residual soil decreases with increasing maintenance time
and stabilizes after 5 days;

The improvement in shear strength and disintegration resistance of granite resid-
ual soil after treatment with MICP may be attributed to CaCOj; precipitation and
surface coating.
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