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Abstract: Microbial-induced calcium carbonate precipitation (MICP) is a new soil remediation
technology, which can improve the physical and mechanical properties of soil by transporting bacterial
solution and cementation solution to loose soil and precipitating calcium carbonate precipitation
between soil particles through microbial mineralization. Based on this technique, the effects of
different fine particle content and pore ratio on the physical and chemical properties of silt after
reinforcement were studied. The content of calcium carbonate, the ability of silt to fixed bacteria,
unconfined compressive strength (UCS), permeability coefficient and microstructure of the samples
were determined. The results showed the following: In the process of calcium carbonate precipitation
induced by microorganisms, more than 50% bacterial suspension remained on the surface of silt
particles and their pores. The higher the bacterial fixation rate of silt, the more CaCO3 was generated
during the solidification process. The bacterial fixation rate and CaCO3 content both decreased with
the increase in the pore ratio and increased with the increase in the fine particle content. XRD and
SEM images show that the calcium carbonate is mainly composed of spherical vaterite and acicular
cluster aragonite. There is an obvious correlation between unconfined compressive strength and
CaCO3 content of silt. When CaCO3 content accumulates to a certain extent, its strength will be
significantly improved. The unconfined compressive strength of silt A with pore ratio of 0.75 and fine
particle content of 75% is 2.22 MPa when the single injection amount of cementing fluid is 300 mL.
The permeability coefficient of cured silt can be reduced by 1 to 4 orders of magnitude compared with
that of untreated silt. In particular, the permeability of MICP-treated silt A is almost impermeable.

Keywords: calcium carbonate precipitation induced by microorganisms; silt; void ratio; fine particle
content; unconfined compressive strength; permeability coefficient; XRD; SEM

1. Introduction

Microbial-induced calcite precipitation (MICP) is a bacteria-induced bio-mineralization
process, which has been paid close attention to civil, infrastructure and environmental engi-
neering [1–3]. Taking advantage of natural biological processes, it contributes to additional
cementation at particle to particle contacts of soils, i.e., strength, stiffness or permeability
improvement of soils [4–6]. In a more environmentally friendly and sustainable manner,
calcium carbonate precipitation induced by microorganisms is a promising solution for
soil-related engineering problems.

To date, most studies of microbial-induced calcium carbonate precipitation have
focused on treating various kinds of sands [7–9]. Few studies have been done on other soil
types. However, Dejong et al. [10] and Mortensen et al. [11] considered calcium carbonate
precipitation induced by microorganisms has the potential to improve silt. Tropical residual
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soil classified as silt was tested by Soon et al. [12,13], and the greatest improvements
in shear strength and reduction in hydraulic conductivity achieved are 100% and 90%,
respectively. Zamani et al. [14] studied the changes of hydraulic conductivity of fine sand
and silt after MICP treatment, and the test proved that the application of MICP reduced
the hydraulic conductivity of soil, while improving its strength and stiffness. By adding
finer particles changing the grain size distribution, Jiang et al. [15] concluded samples
treated by microorganisms had better fine particle content behavior better in the erosion
test. Li et al. [16] indicates that incorporation of fly ash in Biological cement reaction is an
effective means of increasing the strength of soils. Moreover, void ratio (relative density)
is taken into consideration on the improvement of soils. Gao et al. [17] conducted triaxial
consolidation and drainage tests on sand with different relative compactness (Dr = 30%,
50%, 90%), and found that the strength and deformation control of biocemented loose and
moderately compacted sand could reach or exceed that of compacted sand.

However, experimental data on microbial cemented silt are still very limited consid-
ering the variation of both grain size distribution and void ratio. Therefore, the effects of
grain size distribution and void ratio on the bio-mineralization process and mechanical
properties of microbial cemented silt require further investigation. In the present study,
three different types of silt samples with two different void ratios were treated with biologi-
cal cementation, and the yield of calcium precipitation and uniaxial compression strength
(UCS) of the silt samples after biological cementation were evaluated and discussed.

2. Materials and Methods
2.1. Biological Treatment Process

In the study, urease-active strain Sporosarcina pasteurii (CGMCC 1.3687) was used,
provided by the China General Microbiological Culture Collection. It is an aerobic bac-
terium with a diameter of 2 µm to 3 µm. Optical density was measured using a spectropho-
tometer at a length of 600 nm (OD600), and urease activity was measured immediately after
sampling at 25 ◦C by the conductivity method [18].

Under aerobic batch conditions at 32 ◦C, bacteria were cultivated in a medium con-
taining 5 g/L soy peptone, 3 g/L beef extract, 0.02 g/L NiCl2, and 20 g/L CO(NH2)2, at a
pH of 8, to late exponential phase with OD600 of 3 ± 0.5 and urease activity of 18 ± 2 mM
urea/min.

2.2. Soil Properties and Gradation

The soil used in the experiment was taken from the floodplain area of the middle and
lower reaches of the Yellow River (Zhengzhou and Jinan, China), as shown in Figure 1.
According to the particle size larger than 0.075 mm, using the sieving method, and less than
0.075 mm using the hydrometer method to carry out particle separation test on the soil in
the two areas, the particle grading curve of the two is shown in Figure 2, in which the fine
particle content of the soil in Zhengzhou area is 75%, and the fine particle content of the soil
in Jinan area is 47%. In order to obtain the soil with fine particle content between the two
areas, the Zhengzhou soil and Jinan soil were mixed in a ratio of 3:7, and the fine particle
content of the mixed silt was 63%. As can be seen from the specification, the soil whose
particle size is less than 0.075 mm and the mass of the fine-grained group is greater than or
equal to 50% of the total mass in the sample is called fine-grained soil (GBJ 145-90), so the
three kinds of soil are all fine-grained soil. The liquid limit, plastic limit and plastic index
of the three kinds of soil were measured by the combined liquid plastic limit instrument, as
shown in Table 1. The three kinds of fine-grained soil were further subdivided according to
the plastic diagram (liquid limit 17 mm), and all of them were low-liquid limit silt soil.
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Table 1. Physical characteristics of soil.

Soil Type

Physical Properties
Liquid Limit (%) Plastic Limit (%) The Plastic Index

Silt A 30.5 14.2 16.3

Silt B 24.8 10.9 13.9

Silt C 24.5 11.3 13.2

Two porosity ratios (0.75 and 0.9) were considered, and a plexiglass mold with an
inner diameter of 30 mm and a length of 60 mm was used. All samples were prepared by
static compaction. For each type of silt sample, control the weight of the soil to achieve the
desired two porosity ratios. Six types of samples were prepared by considering three kinds
of fine particle contents and two kinds of pore ratios. For the convenience of description,
Silt A, Silt B and Silt C are used to represent the three silts according to their fine particle
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contents from high to low, respectively. The pore ratios of 0.75 and 0.9 are used to represent
I and II, respectively.

2.3. MICP Treatment

A two-phase injection scheme with peristaltic pump was used at 25 ± 2 ◦C [19]. From
top to bottom, bacterial suspensions of 30 mL were injected into the sample at 1.0 mL/min,
and OD600 of the effluent was tested after injecting. Then, 150 mL cementation solutions
of the urea and Ca(CH3COO)2 with 1 M equalmolar concentrations at 1.5 mL/min were
pumped. After a curing time of 8 h, cementation treatment was repeated once for each
individual sample. In order to study the effect of the injection amount of cement on the
physical and chemical properties of silt, the injection amount of cement was increased to
300 mL per round as a control when other factors remained unchanged. Ca(CH3COO)2
was adopted here following by Zhang et al. [20], who considered Ca(CH3COO)2 is a better
source of calcium compared with CaCl2 and Ca(NO3)2. The grouting device is shown in
Figure 3. After the end of grouting, the treated samples were static and dried, and then
measured for various physical and chemical properties. Each test was carried out in three
groups of parallel tests. In order to better evaluate the influence of different factors on the
physical and chemical properties of silt, additional blank control samples were prepared.
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2.4. Tests and Methods

Samples cured by microorganisms were immersed in deionized water for 48 h to
eliminate the soluble substances on the surface, and then the biological treated and control
samples were dried at 60 ◦C for 48 h. The corresponding dry mass was denoted as Md.
Unconfined compressive strength tests were carried out for all the samples at a loading
rate of 1 mm/min. After the unconfined compressive strength tests, all fractions of each
biological treated sample were collected and mixed with excessive 2 M HCl, and then the
final residues were collected by filter paper and were dried at 105 ◦C for 24 h. The dry
mass of the soil was subsequently measured and denoted as Msilt. Hence, the mass of
calcium carbonate MCa was calculated through the result of the sample before and after
treatment [12,21]:

MCa = Md − Msilt (1)

The calcium carbonate content, Cm, was defined as the ratio of the dry mass of calcium
carbonate crystals and mixed sands, which can be expressed as:

Cm (%) = Mca/Msilt × 100% (2)

The enzyme activity of the bacterial suspension was measured as Uini before grouting,
and the enzyme activity of the effluent bacterial suspension was measured as Ueff after the
bacterial suspension was injected into each sample. The change in bacterial activity can be
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assessed by the difference in urease activity between the injected bacterial suspension (Uini)
and the effluent suspension (Ueff) and determined by the following equation [19]:

Bacterial activity retention (%) = (1 − Ueff/Uini) × 100% (3)

It can be seen that the more retained bacterial cells and urease released in the samples,
the higher the retention of bacterial activity.

Mineralogical composition was examined by X-ray diffraction (XRD) test, and mi-
crostructure was examined by the mercury intrusion porosimeter (MIP) tests and scanning
electron microscope (SEM) tests. For this MIP and SEM test, trimmed small pieces were all
from the central of each sample.

3. Results and Discussion
3.1. Generated Calcium Carbonate

As can be seen from Figures 4 and 5, after curing by microorganism, the content of
calcium carbonate in silt is between 9% and 20%, and the generated calcium carbonate
will attach to the surface of silt particles or fill in the pores between particles, cement-
ing the loose silt particles into columns with a certain strength. This was confirmed by
Montoya et al. [22], it is believed that precipitated calcium carbonate influences soil behav-
ior by bonding particles together and densifying the soil by pore space precipitation, which
decreases its void ratio. When the injection amount of cementing fluid was increased to
300 mL each round, the production amount of CaCO3 was still significantly increased by
controlling other factors unchanged. This indicated that the production amount of CaCO3
could be increased by appropriately increasing the injection amount of cementing fluid.
However, the content of calcium carbonate does not increase linearly with the amount of
cement injection. On the one hand, the urease activity of the bacterial fluid is limited, which
cannot promote the hydrolysis of more urea to produce CO3

2− and Ca2+ binding. On the
other hand, with the injection of bacterial liquid and cementing liquid, CaCO3 is constantly
generated in the pore between particles, which makes the silt structure more compact, and
it is difficult to inject subsequent bacterial liquid and cementing liquid.
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As can be seen from Figure 4, when the content of fine particles is the same, more
CaCO3 is generated in silt with a pore ratio of 0.75. This is because the silt sample with a
pore ratio of 0.9 has a loose structure and a large proportion of large pores. In the process of
grouting, bacterial liquid and cementing liquid are more likely to flow out under the action
of peristaltic pump, which is not conducive to the generation of CaCO3. As can be seen
from Figure 5, when the porosity ratio is the same, CaCO3 production increases with the
increase in fine particles content, fine particles will increase the adhesion rate of bacterial
fluid, and CaCO3 is more easily generated on the surface of particles. It can be seen that
after curing by microorganism, the maximum CaCO3 production amount is produced in
silt A with pore ratio of 0.75 and fine particle content of 75%. Md Touhidul Islam et al. [23]
believed that this increase in calcium carbonate precipitation with the increase in clay
content indicates that the activity of soil bacteria present in the clay portion of the soil was
essential for precipitating calcite.

3.2. SEM/XRD

Calcium carbonate generated from biological treated samples Silt A, Silt B and Silt C
was analyzed by XRD, as shown in Figure 6a–c, respectively. Three polymorphs types of
calcium carbonate, including calcite, vaterite and aragonite, were identified in three samples
by comparison with standard cards. In sample A, the calcium precipitation consisted of
81.7% vaterite, 17.5 aragonite, and 0.8% calcite (Figure 6a). In sample B, the calcium
precipitation consisted of 73.8 vaterite, 20.6% aragonite, and 5.6% calcite (Figure 6b) In
sample C, the calcium precipitation consists of 60.3% vaterite, 32.3 aragonite, and 7.4%
calcite (Figure 6c). This indicates that the calcium polymorph types of the three samples are
mainly composed of vaterite and aragonite, and the calcium precipitation polymorph type
composition in the samples is not affected by the content of fine particles. Calcite, vaterite
and aragonite are the three polymorph types of calcium carbonate, and many researchers
have found that calcite is the main calcium polymorph type in the process [24]. There may
be two reasons for this change. First, spherical arponite is the primary mineral formed
at high levels of hydrolysis (above 18 mM Urea h−1) [25]. In addition, calcium sources
influence the polymorph type of calcium [20]. Calcite may be formed when CaCl2 is used,
while vaterite and aragonite precipitate easily when Ca(CH3COO)2 is used. This result
is consistent with the research results of using Ca(CH3COO)2 as calcium source, and the
main calcium polymorph types are vaterite and aragonite [20].
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At room temperature, calcite is the most stable crystalline phase, while needle-like
aragonite and spheroidal aragonite are metastable crystalline phases, which can be trans-
formed into stable crystalline calcite under certain conditions. Different from calcite and
needle-like aragonite, spheroidal aragonite has more excellent water solubility, spherical
and porous structure and high specific surface product. Few literatures have explored
the relationship between the crystal phase of CaCO3 and experimental conditions in the
presence of ammonium salts in a gas–liquid system. Studies have shown that under the
condition of pH = 11.1, spheraragonite and calcite are generated at the same time, but
with the decrease in pH value, the composition of calcite decreases, until pH = 7.9 only
spheraragonite crystal phase.

SEM images of three different fine particle contents of silty soils treated with calcium
carbonate precipitation induced by microorganisms were obtained to examine the morphol-
ogy of samples. After curing by microorganism, obvious mineral precipitation traces can
be observed on the surface of silt particles and between pores (Figure 7a–c). At the same
time, two different shapes of mineral polymorphs (spherical vaterite and acicular cluster
aragonite) can be identified (Figure 7b,c), which are consistent with the corresponding
mineral composition revealed by XRD tests. Compared with samples B and C, the calcium
polymorph type of sample A is mainly spherical vaterite, and more calcium carbonate
polymorphs are deposited on its surface with more uniform size (Figure 7a). With the
decrease in fine particle content in silt, the content of acicular cluster aragonite in samples
B and C increases (Figure 7b,c). Chu et al. [26] believed that the biological blocking and
biocementation of sand particles caused by calcareous precipitation enhanced the strength
of sand particles, in other words, a more obvious effect led to a more compact structure.
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3.3. Ability to Retain Bacteria

As can be seen from Figure 8, when the pore ratio was 0.9, the capacity of residual
bacteria decreased by about 10% compared with that of the same type when the pore ratio
was 0.75. When the pore ratio was 0.75, the retention capacity of bacteria was between
60% and 80%, which indicated that more than half of the bacteria remained in the silt
during the first injection of bacterial liquid. The higher the retention capacity of bacteria,
the more Bacillus pasteurii octahedrin used for catalyzing urea hydrolysis. In the process of
grouting, the bacteria liquid is usually injected first and then the cement liquid is injected.
For the controls, similar to the findings of Harkes et al. [19], more than 70% of bacterial
activity could not be retained. The retention capacity of bacteria is related to the bacterial
suspension OD600 that flows out during the first round of grouting, and has nothing to do
with the injection amount of cement liquid. Therefore, there is little difference between
OD600 when the injection amount of cement liquid is 150 mL and 300 mL. As can be seen
from Figure 9, in the case of the same pore ratio, the capacity of silt retention bacteria
increases with the increase in fine particle content, which is also related to the adsorption
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of fine particles. It can be seen from the figure that silt A with pore ratio of 0.75 and fine
particle content of 75% has the highest bacteria retention capacity, which is 77%.
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3.4. Relationship between the Ability of Retaining Bacteria and CaCO3

As can be seen from Figure 10, after curing by microorganism, the CaCO3 content of
silt increased with the improvement of silt’s ability to retain bacteria, while the ability of
silt to retain bacteria increased with the decrease in porosity ratio and with the increase
in fine particle content. In particular, the retention ability of silt A with pore ratio of 0.9
and fine particle content of 75% was better than that of silt B with pore ratio of 0.75 and
fine particle content of 47%, indicating that the retention ability of silt bacteria was jointly
affected by the pore ratio and the fine particle content. When the pore size was large, the
fine particle content began to play a decisive role. On the whole, when all kinds of silt have
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similar retention bacteria capacity, the percentage of CaCO3 is higher when the injection
amount of cement solution is 300 mL per round.
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3.5. Comparison of Uniaxial Compressive Strength

As can be seen from Figures 11 and 12, the unconfined compressive strength of silt
after reinforcement is significantly improved compared with that before treatment. Gao
et al. [17] reported that the shear strength of the biocemented samples was higher than
that of untreated samples at all relative density levels. The more treatments, the higher the
shear strength, and the biocemented samples showed greater initial stiffness than untreated
samples. In the case of the same amount of bacterial fluid injection, the effect of cement
fluid injection on silt strength is not linear. With the injection of cementing fluid, the pores
between particles are filled with calcium carbonate, which leads to the decrease in the
conversion rate of calcium carbonate, so the strength of silt will not be doubled.
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As can be seen from Figure 12, unconfined compressive strength increases with the
increase in fine particle content under the condition of the same porosity ratio, and this rule
can be reflected in both untreated silt and strengthened silt. When silt is untreated, the fine
particles provide cohesive force for the particles to bond and thus have a certain strength.
When the silt is treated through biochemical techniques, the fine particles will make more
bacterial liquid and cementation liquid remain in the silt, and generate calcium carbonate
on the particle surface and in the pores to cement the soil. Martinez and DeJong [27] reports
that when silica sand is used, the degradation of cemented sand particles at the micro scale
is controlled by calcite bonds. Therefore, it can be expected that denser soils with higher
particle contact numbers will have larger increases in unconfined compressive strength
than loose soils.

As can be seen from Figure 11, in the case of the same fine particle content, the
unconfined compressive strength of silt with a pore ratio of 0.75 is slightly higher than that
of silt with a pore ratio of 0.9 of the same type. When the pore ratio is 0.75, the pore volume
of silt sample is small and large. When the microbe induced calcium carbonate precipitation
technique was applied to the sample, the number of bacteria in the pores of the samples
increased, which increased the nucleation site of calcium carbonate when the cementing
solution was injected, and the content of calcium carbonate increased correspondingly and
the strength increased. When the pore ratio is 0.9, the pore volume of the silt sample is too
large, and the bacterial liquid and the cementing liquid are not easily retained in the sample
during the grouting process, resulting in the reduction in calcium carbonate production and
strength. By comparing the amount of calcium carbonate in sand and residual soil samples,
Soon et al. [13] found that soil particle size had a significant effect on the amount of calcium
carbonate. The calcium carbonate content of the treated sand samples is generally higher
than that of the residual soil samples, but the improvement effect of microbial-induced
calcium carbonate precipitation on the shear strength of the residual soil is better than that
of the sand, and the increase in the shear strength of the residual soil increases with the
increase in density.

3.6. Relationship between CaCO3 and Unconfined Compressive Strength

As can be seen from Figure 13, unconfined compressive strength of the sample is signif-
icantly correlated with CaCO3 content. With the increase in CaCO3 content, the distribution
of CaCO3 in the sample is more uniform. When the content of CaCO3 is accumulated to
a certain extent, the strength of the sample will be significantly improved. Chu et al. [28]
found that there was a strong linear correlation between unconfined compressive strength
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of solidified sand column and calcite deposition, and the corresponding linear empirical
formula was obtained.
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3.7. Comparison of Permeability Coefficient

As can be seen from Figures 14 and 15, after curing by microorganism, the permeability
coefficient of Silt A with pore ratio of 0.75 and fine particle content of 75% is 7.08 × 10−8 cm/s,
while that of the same type of untreated silt is 1.18 × 10−4 cm/s, which decreases by
4 orders of magnitude. This indicates that calcium carbonate precipitation induced by
microorganisms technology can significantly improve the permeability coefficient of silt,
making it nearly impervious to water. It can be seen from the figure that, when the injection
amount of single round cementing fluid is 150 mL, the permeability coefficient of silt has
decreased significantly compared with that of untreated silt, and when the injection amount
of cementing fluid continues to increase, the permeability coefficient can still decrease by
1~2 orders of magnitude.
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As can be seen from Figure 14, when the porosity ratio was 0.75 and the cement
injection amount was 150 mL, the permeability coefficient of silt with different fine particle
contents decreased by 2 orders of magnitude compared with that of untreated silt. When
the pore ratio is 0.9, the permeability coefficient of silt with different fine particle content
does not decrease significantly because of the large and abundant pores in the samples.
On the contrary, the permeability coefficient of silt with fine particle content of 63% and
47% only decreases by one order of magnitude compared with that without treatment,
which is similar to the production amount of CaCO3. All are caused by the large porosity
in the sample. Al Qabany et al. [29] conducted permeability tests on samples with different
relative densities, and the results showed that with the increase in calcium carbonate
precipitation amount, the permeability of both loose and compact samples decreased.

4. Conclusions

In this paper, based on calcium carbonate precipitation induced by microorganisms
technology, considering the influence of three different factors, such as fine particle content,
porosity ratio and cement injection amount, on the curing effect of silt, a series of tests, such
as CaCO3, unconfined compressive strength, permeability, XRD, SEM and so on, show that
the macroscopic properties and microstructure of the strengthened silt samples have been
improved to varying degrees.

1. After curing by microorganism, the CaCO3 content of silt increased with the decrease
in pore ratio and the increase in fine particle content. Therefore, the CaCO3 content of
Silt A with pore ratio of 0.75 and fine particle content of 75% was the highest. There is
no linear relationship between the content of CaCO3 in silt and the injection amount
of cementing liquid. When the injection amount of cementing liquid is 150 mL in a
single round, the CaCO3 content is 13%, and when the injection amount is 300 mL,
the CaCO3 content is 19%.

2. By XRD analysis, there are three crystal types of calcium carbonate generated in the
biological treatment samples, namely aragonite, vaterite and calcite, among which
vaterite and aragonite are the main crystal types. The SEM images of three kinds of
biological treatment samples of silt with different fine particle contents were obtained,
and the crystal shapes were mainly spherical and acicular clusters, which were con-
sistent with the XRD results. With the decrease in fine particle content, the crystal
shape changes from spherical uniform distribution to spherical and acicular cluster
distribution.
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3. In the process of calcium carbonate precipitation induced by microorganisms, the
capacity of residual bacteria in silt under different conditions is all over 50%. The
higher the capacity of residual bacteria is, the higher the content of CaCO3 in silt after
curing. The retention capacity of silt A was affected by silt porosity ratio and fine
particle content, and had nothing to do with the injection amount of cementing fluid.
The retention capacity of silt A with pore ratio of 0.75 and fine particle content of 75%
was the highest, which was 77%.

4. Untreated silt has a certain strength due to its cohesion. After curing by microorgan-
ism, the unconfined compressive strength of silt can reach more than 1 MPa. When
the content of fine particles is the same, the unconfined compressive strength of silt
with a pore ratio of 0.75 is higher than that of silt with a pore ratio of 0.9 because of
its small pore volume, large number of pores and strong retention bacteria capacity.
There is an obvious correlation between unconfined compressive strength and CaCO3
content of silt. When CaCO3 content accumulates to a certain extent, the strength of
silt will be significantly improved.

5. The permeability coefficient of untreated silt is in the range of 1.18 × 10−4~5.37 × 10−4

cm/s. After curing by microorganism, the permeability coefficient of silt is signifi-
cantly improved. In particular, when the single injection amount of cementing fluid is
300 mL, the permeability coefficient of Silt A with pore ratio of 0.75 and fine particle
content of 75% is 7.08 × 10−8 cm/s, and the silt is close to the impermeable state.
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