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Abstract: Unsaturated soil is a form of natural soil whose pores are filled by air and water. Different
from saturated soil, the microstructure of unsaturated soil consists of three phases, namely, the solid
phase (soil particle), vapor phase, and liquid phase. Due to the matric suction of soil pores, the
hydraulic and mechanical behaviors of unsaturated soils present a significant dependence on the
moisture condition, which usually results in a series of unpredictable risks, including foundation
settlement, landslide, and dam collapse. Microbial-induced calcite precipitation (MICP) is a novel
and environmentally friendly technology that can improve the water stability of unsaturated soft
or expansive soils. This paper reviews the microscopic mechanisms of MICP and its effect on the
mechanical properties of unsaturated soils. The MICP process is mainly affected by the concentration
of calcium ions and urea, apart from the concentration of bacteria. The moisture-dependent properties
were comparatively analyzed through mechanical models and influence factors on the experimental
data among various unsaturated soils. It suggests that the variations in resilient modulus and
permanent deformation are strongly related to the extent of MICP applied on unsaturated soils.
Finally, the problems in the MICP application, environmental challenges, and further research
directions are suggested.

Keywords: microbial-induced calcite precipitation; unsaturated soils; water retention curve; resilient

modulus; permanent deformation

1. Introduction

Unsaturated soil is a type of soil consisting mainly of solid particles, a liquid matrix,
and pore air. Due to the shrinkage interface between liquid and air, the matrix suction
becomes an important structural stress within saturated soil [1]. The mechanical properties
of unsaturated soil closely depend on the humidity characteristics [2,3]. The dependence
of mechanical behaviors on matric suction or moisture involved in many engineering
problems has been reported on in studies of foundation engineering, subgrade engineering,
and slope engineering [4-8]. For example, after the soft soil humidifying, the stiffness
of the soil subgrades decreased evidently, resulting in the settlement and collapse of the
pavement structure. Thus, unsaturated soils should be improved in practice by physical
and chemical methods.

The existing soil treatments mainly include dynamic compaction methods and the ce-
ment grouting method, but these methods all have certain shortcomings [9,10].
Yao et al. [11] strengthened the collapsible dam foundation by means of the dynamic com-
paction method, and found that its availability of treatment is limited by construction and
geological conditions. The grouting method is often used for soft foundation treatment,
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but it uses a large amount of cement and its production would increase the quantity of CO,
emissions [12]. More and more attention has been placed on reducing CO; emissions in the
life cycle of engineering practices, with the increasing awareness of people concerned about
the environment [13]. These green and low-carbon practices require a novel technology
to decouple the dependence of the soil’s treatment by cement. Therefore, the microbial-
induced calcite precipitation (MICP) technology has become one of the interest points in
geotechnical and geological engineering fields in recent years, since it is an environmentally
friendly, noiseless, and low-cost approach for improving the engineering properties of
unsaturated soil [14,15].

At present, the cement process of MICP could mainly be classified into four types of
bio-mineralization reactions [16], including the urea hydrolysis type [17], ferric reduction
type [18], sulfate reduction type [19] and denitrification type [20]. Urea hydrolysis is
the most efficient and advantageous way to conduct MICP technology, since it has the
advantages of simple operation and is easily controllable [21]. In addition, it can quickly
produce calcium carbonate precipitates and has a high microbial survival rate without a
special nutrient solution [22]. Studies have been conducted to investigate the improvement
of soil mechanical behaviors by urea hydrolysis through macroscopic and microcosmic
experiments [23,24]. Martinez et al. [25] applied the MICP grouting method on expansive
soil columns and found that the swelling potential and hydrophilicity of expansive soil
decreased after the treatment of MICP. Salifu et al. [26] demonstrated that the penetration
grouting approach of MICP-solidified fluid can improve the stability of soil slopes, since
the generated CaCOj can fill the volume of the micro-pore structures within soil by 9.9%.
Sharma and R. [27] found that the compressive strength of MICP-treated soil was 1.45 to
2.26 times of that of the untreated soil by laboratory tests. Some researchers have reported
the effectiveness of MICP treatment on soil mechanical properties, while less considerations
and comparisons have been made on the changes of the soil hydraulic properties induced
by MICP treatment [28-30]. Specially, it is important to investigate the moisture dependence
on the stiffness and deformation of unsaturated soil in subgrade construction.

In this paper, the reaction mechanism of microbial-induced calcite precipitation and
its influence on the physical and mechanical properties of unsaturated soil are reviewed.
Firstly, the reaction mechanism of urea hydrolysis type MICP technology was introduced,
considering different influencing factors, including temperature, PH value, nutrient solu-
tion concentration, and calcium ion concentration. Secondly, the structural characteristic
and the soil water characteristic curve (SWCC) of unsaturated soil and their influence on
the physical and mechanical properties of unsaturated soil are introduced in detail. Thirdly,
the changes of the soil microstructure before and after mineralization by MICP technology
are analyzed and compared from the macro and micro levels. The influence of MICP tech-
nology on the permeability of unsaturated soil and SWCC is also discussed. Furthermore,
the relationship between the hydraulic and mechanical properties of unsaturated soil is
briefly introduced. Finally, it provides the existing problems, environmental challenges,
and further research aspects in the application of MICP.

2. Mechanism of Microbial-Induced Calcite Precipitation (MICP)
2.1. Reaction Mechanism of MICP

The MICP is a widely existing bio-mineralization reaction in nature, accompanied by
different microbial activities and chemical processes [31]. Different from the mineralization
on the geological surface of earth, bio-mineralization refers to the process in which inor-
ganic elements selectively precipitate from the environment to form minerals on a specific
organic matrix with the participation of biological cells. This bio driven mineralization
reaction mainly occurs in four ways: urea hydrolysis, denitrification, sulfate reduction,
and ferric iron reduction [32]. The method of using microorganism-induced denitrification
to precipitate calcium carbonate not only has high cultivation cost, but also has low effi-
ciency of generating calcium carbonate [33]. However, it is undeniable that denitrifying
bacteria can grow in situ and play a role under anoxic conditions [34]. In the process of
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microbial-induced sulfate, the sulfate reduction will produce the hydrogen sulfide gas,
which is harmful to the environment and human body [35]. In addition, hydrogen sulfide
gas also results in accelerating the corrosion of steel bars in structures. For the ferric iron
reduction method, the requirements for the oxidation substrate are very high, meaning that
it only works when the solubility of the oxidation substrate is low [36]. The urea hydrolysis
method is simple and efficient, given that there is no additional reaction condition and no
environmental pollution [37]. Because matrixes (urea and CaCl,) have a high solubility in
water solution, the MICP process can generate a lot of CaCOj in a short time [38]. Scholars
generally believe that MICP using urea hydrolysis has an enormous potential in soil treat-
ment [39]. In addition, among all biochemical reactions, the reaction of urea hydrolysis is a
main technological path to produce ammonium ions and carbonate ions, and its reaction
process is relatively simple. Therefore, the reaction mechanism of urea hydrolysis MICP
was taken as an example in the following section.

2.2. Reaction Mechanism of Urea Hydrolysis MICP

Chuo et al. [40] found that 17-30% of bacteria collected from Australia can hydrolyze
urea rapidly. The Bacillus pasteurii (BP) has a high urease activity within soil and has been
widely used in the MICP treatment [41]. During its metabolism, its cell secretes a large
amount of urease to produce adenosine triphosphate (ATP), which promotes the catalytic
hydrolysis of urea to produce ammonium and carbonate ions. Meanwhile, the PH value in
the system increases in this process. Due to the presence of calcium ions, carbonate ions
and calcium ions gradually modulate to form CaCOj precipitation. The reaction equation
of urea hydrolysis is shown in Equations (1)-(5) [42].

ureqse

CO(NH2)2+H20 — NH,COOH + NHj; (1)
NH,COOH + H,O — NH3+H,CO3 2)
H,CO3; — 2H T +C0O52~ ®3)
NH3;+H,0 — NH; " +OH "~ (4)
Ca?t4+C0O3%>~ — CaCO; | (5)

The details of the urea hydrolysis of CaCOj3 precipitated by BP are shown in Figure 1.
When BP metabolizes to produce urease, it will secrete a metabolite called bail polymer.
Due to the existence of the double electric layer structure of the extracellular polymer and
its microorganism, the microorganism tends to adsorb on the surface of the sand particles.
Because of the negatively charged functional groups such as hydroxyl, amino, amido, and
carboxyl, the surface of the microbial cell wall is also negatively charged and constantly
attracts calcium ions in the environment, meaning that a large number of calcium ions
gather on the cell surface. The carbonate formed after hydrolysis of urea will form CaCOs
precipitation with these calcium ions and envelop the bacteria [43]. From the whole reaction
process, it can be found that bacteria mainly play two roles: the core of which is to provide
urease, and the other is to provide crystal nuclei for the formation of CaCO3 crystals [44].
The reaction equation of urease bacteria is displayed in Equations (6)—(10) [45].

CO(NH,),+2H,0 — HyCO3+2NH;(g) (6)
H,CO3+2NHj3 + 2NH, " +20H ™~ (7)
H,CO; — HT+HCO;~ 8)
HCO; ™ +H"+20H~ + CO32~ +2H,0 ©9)

Ca?"4+C0O3% ¢ CaCOs(s) (10)
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Figure 1. Sketch map of microbial-induced carbonate deposition process on particle surface.

2.3. Influencing Factors of MICP Reaction

The essence of MICP technology is to induce microorganisms to generate CaCOj3 pre-
cipitation between the gaps within soil to achieve the role of bio-cementation and treatment
of soil. However, MICP technology will be limited and constrained by many factors in
actual operation [46]. The factors that influence the treatment effect of MICP technology
contain temperature, PH value, bio-cement concentration, calcium ion concentration, nutri-
ent solution (urea) concentration, and soil particle size [47]. Mortensen et al. [48] showed
that the influencing factors were in the order from large to small as temperature, concen-
tration of bio-cementing fluid, nutrient solution concentration, PH value, and calcium
ion concentration, respectively, through single factor and orthogonal tests. Sotoudehfar
et al. [49] used the optimized orthogonal test method to explore the influence of various
parameters in the process of MICP on the curing effect. The results showed that the curing
time had the greatest influence on the curing effect, and the bacterial cell concentration,
molar concentration ratio of nutrient solution, and the liquid injection flow rate had similar
influences on the curing effect.

2.3.1. Temperature and PH Value

Temperature is the key factor in the success of MICP technology on soil treatment [50].
A change in temperature will affect the growth of bacteria, the activity of microbial enzymes,
the biodegradation of bacteria, and the process of binding precipitation, thus affecting
the final curing effect. Figure 2a shows the changes of urease and growth activities of BP
at different temperatures. An absorbance index at the 600 nm wavelength (OD600) was
wildly applied to evaluate the density and growth activity of the BP solution. It found that
the growth curve of BP was different when the temperature varied from low to high [51].
It is generally believed that the growth of BP is inhibited at low temperatures, while the
urease activity of BP decreases at high temperatures [52,53]. Therefore, the BP should be
cultivated under a suitable growth environment (temperature).

In addition to the temperature, urease activity of BP is an important factor. The
decrease in enzyme activity will lead to an insufficient precipitation of CaCO;. Kim
et al. [54] found that the suitable temperature for the growth of BP Sarcina was 30 °C,
at which the strain propagated rapidly and produced high urease activity. When the
temperature was less than 10 °C, the urease activity was almost lost. Furthermore, since the
urease activity is affected by temperature, Xiao et al. [55] demonstrated that CaCOj crystals
generated in soil samples had a good homogeneity by grouting at low temperature.
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Figure 2. Changes of urease activity influenced by (a) Temperature (b) PH value.

PH value is one of the important influencing factors on microbial life activities. Its
influence is mainly reflected in three aspects: First, it affects the biological activity of
macromolecular substances (such as proteins and nucleic acids) by changing their charge.
Second, it reduces the absorption and utilization of nutrients by microorganisms by chang-
ing the charge of cell membrane. Third, it also reduces the utilization effectiveness of
nutrients in the living environment of microorganisms and enhances the toxicity of harm-
ful substances [56]. Figure 2b shows the changes of urease activity with the increasing
PH value.

2.3.2. Bio-Cementing Liquid Nutrient Solution Concentration

Bio-cementitious fluid plays an important role in microbial soil treatment. Bio-
cementing liquid shall be used in the reaction of microbial-induced CaCO; deposition,
which has a direct impact on the treatment effect [57]. From the MICP principle, the increase
in calcium ions and urea in the bio-cementing solution will precipitate more CaCO3. In
the current research, the bio-cementing fluid generally includes urea and calcium chloride,
but the selection of parameters such as bio-concentration, number of rounds, and ratio are
different [58]. Cui et al. [59] believed that the bio-concentration of bio-cementing fluid had
a significant impact on the treatment effect. Meanwhile, the low bio-concentration was
helpful to obtain higher treatment strength, and the size of generated CaCOj crystal was
also large [46]. Cheng and Cord-Ruwisch [60] found that a too low bio-concentration of
bio-cement solution will lead to insufficient CaCO3 and will affect the treatment effect.

2.3.3. Nutrient Solution Concentration

Mujah et al. [61] found that changing the nutrient solution can affect the nucleation
rate and the size of CaCOj3 crystals. Meanwhile, the effect of nutrient solution on different
environments was also different. Wong [62] added urea to the culture medium to increase
the precipitation rate of CaCOj3, which can overcome the inhibition of solidification under
low temperature environments. The adding urea does not only increase the urease activity,
but also will cause the soil to become alkaline, thus inhibiting the growth of microorgan-
isms [63]. The high urea content causes the uneven distribution of overall precipitation
crystals, resulting in the low strength of soil. Zhao [64] found that the concentration of the
nutrient solution has an important impact on the shear strength of solidified muddy soil.
With the increasing concentration of the nutrient solution, the internal friction angle first
increases and then decreases, and the optimal concentration of the corresponding optimal
nutrient solution is 1.60 mol/L. Soon et al. [65] found that the bio-cementation effect will
reach a peak value with the change in nutrient concentration, according to which the most
appropriate nutrient concentration can be obtained. In addition, cells will shrink due to
water loss under a high salt environment, thus affecting the physiological and biochemical
reaction process of microorganisms. Therefore, the concentration of nutrient solution is
very important in the study of microbial solidification of soil. Whiffin et al. [66] found that
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the activity of bacterial urease decreased significantly, almost linearly, with the increase
in calcium ion concentration, indicating that a high concentration of calcium ions have an
evident inhibition on urease under this condition.

In conclusion, the output of CaCOj is positively related to the concentration of nutrient
solution within a certain range, but high concentration inhibits the microbial induced
CaCOj; generation. At low concentration, the microbial induced CaCOs is smaller and
more evenly distributed in the soil.

2.3.4. Calcium Source and Its Concentration

The BP cells can be regarded as a formation site to produce CaCOs precipitation [67].
The MICP reaction process in Figure 1 indicated that the carbonate ions generated by the
urea decomposition of BP will be continuously transported from the intracellular to the
extracellular and meet with calcium ions in the environment. Therefore, the PH value of
calcium sources and the concentration of calcium ions affect the rate, quality, and output of
CaCO;s crystals produced in the MICP process. Achal and Pan [68] compared the effects
of four calcium sources on BP-induced CaCOj3 precipitation, and proposed that calcium
chloride is a better calcium source in the MICP process, followed by calcium nitrate. Cheng
et al. [69] took seawater as the bio-cementing fluid to conduct MICP process, and the results
showed that the strength of samples maximized after 200 grouting times, since calcium
ion concentration was low in seawater. The Ca?* concentration is very important for the
precipitation and precipitation efficiency of CaCOj crystals. Okwadha and Li [70] found
that high concentrations of urea and CaCl, (more than 0.5 mol/L) reduces the deposition
efficiency of calcium carbonate, and urea and CaCl, can improve the deposition efficiency
of calcium carbonate at low concentrations (0.05-0.25 mol/L). From the current test results,
a too low or too high calcium ion concentration cannot have the corresponding calcite
yield. The calcium ion concentration should be optimized by laboratory tests to effectively
bio-cement the test medium together by MICP calcite.

Based on the above reviews, the MICP technology results from the metabolic processes
of bacteria including urease-producing bacteria, sulfate-reducing bacteria, denitrifying
bacteria, and oxidizing bacteria. Although the type of bacteria and the reaction mechanism
may be different in the MICP application, both the nutrient solution and the calcium source
are necessary to generate CaCOj (calcite). Therefore, the MICP is mainly affected by the
concentration of calcium ions and urea.

2.4. Application of MICP in Engineering

The MICP technology comes from the development of microbiology and geotechnical
engineering, and is a novel technology with ecologically friendly and sustainable advan-
tages [23]. Now, the technology has achieved good results in engineering applications,
including soil treatment, seepage prevention, and cracking repair.

Many scholars have proved that MICP plays a significant role in soil treatment through
experimental tests [71-73]. For example, compared with untreated expansive soil samples,
it found that the swelling rate of soil samples after MICP mixing treatment was significantly
reduced [25]. Sharaky et al. [74] found that the unconfined compression resistance of
treated clay samples increased nearly three times through the MICP pressure grouting
treatment test of clay. Yasuhara et al. [75] used MICP technology to strengthen the sand and
premixed method. The so-called premixing method refers to the use of the mixing method
and unconfined compressive strength test to make the reaction liquid better contact with
the soil. Compared with other methods, the advantage of this method is that it can make
CaCO3 uniformly distributed in the soil.

The CaCOs3 generated by MICP technology can also fill the pores of the solidified soil
and further reduce permeability to achieve the purpose of plugging [76]. A plugging test
of MICP was conducted on fly ash modified concrete using giant bacillus [28]. The results
suggested that the calcite precipitation between the aggregate and the bio-cement mortar
was a primary reason for reducing the permeability of samples.



Appl. Sci. 2023,13, 2502

7 of 19

Liu et al. [77] also demonstrated that as the CaCOj3 precipitate is induced by MICP, it
plays a role in bio-cementing soil samples, since it fills cracks among soil particles. Wiktor
and Jonkers [78] used an energy dispersive spectrometer to observe the status of concrete
cracks repaired by MICP, and their results showed that a crack of the width of 0.46 mm
was completely healed after 100 days of repair, which was much larger than that of 0.18
mm in the control group. Algaifi et al. [79] found that the MICP has an advantage in the
self-healing of cracks in bio-cement slurry by the theoretical model and microscopic test.

In general, the usage of MICP technology can effectively repair cracks, but it is unde-
niable that the time period for treatment and repair is long. Subsequent research should be
carried out to develop a more efficient and faster MICP technology in the material source
and reaction processes.

3. Unsaturated Soil
3.1. Characteristic of Unsaturated Soil

The unsaturated soil exists widely in nature since most of the soil above the ground-
water level is in an unsaturated state. Due to the differences in the medium and molding
method, the soil has special structure and stress state. There are two types of theory frames
to describe mediums in unsaturated soil. Figure 3a considers the unsaturated soil as a three-
phase soil, including a solid phase (soil particles and some bio-cementitious substances),
a liquid phase (water and aqueous solution), and a gas phase (air and water vapor, etc.).
However, with the further study of unsaturated soil mechanics, unsaturated soil is consid-
ered as a four phase structure [80]. In addition to the solid, liquid, and gas three-phases,
the liquid gas interface is also added as an independent phase. This independent phase
can also be called the bound water membrane, as shown in Figure 3b. The nature of the
liquid gas interface is not only different from that of water, but also different from that of
gas. It is an independent phase. This phase is called the shrink film in surface chemistry.
The morphology of the water pores and gas pores of unsaturated soil is closely related to
the water content (saturation) of unsaturated soil [81].

Air Air Bound water film
Solid Water Solid  Water
(a) (b)

Figure 3. Schematic diagram of mediums in unsaturated soil: (a) solid liquid gas three phase system;
(b) four phase diagram.

The unsaturated soil can be divided into four types: fully connected gas phase, par-
tially connected gas phase, internally connected gas phase, and completely closed gas phase.
When the gas phase in the pores exists in a fully connected way, the gas permeability has
nothing to do with the water content. With the increase in the water content, the effective
stress of the soil mass gradually reduces the volume of gas in the pores. A semi closed
or closed bubble is formed, and the pore gas exists in a partially connected or internally
connected state. At this time, the suction of soil decreases gradually, and the effective
stress of soil should consider the influence of pore air pressure and pore bearing pressure,
respectively. When the water content in the soil is very high, the gas phase is completely
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surrounded by liquid, small in volume, and can only flow with the liquid, which can be
regarded as a two-phase system with air and water. At this time, the soil mass is basically
saturated, the air permeability of the soil is very small, the suction is basically zero, and the
effective stress of the soil mass is the same as that of the saturated soil.

Duan et al. [82] pointed out that the shape of unsaturated soil is more complex than
that of saturated soil, and this complex medium composition has an important impact on
the strength, deformation, and seepage of soil. Given that the structure of water pores and
gas pores in unsaturated soil plays a key role in its engineering properties, the effect of the
matrix suction and water content on the properties of unsaturated soil should be further
studied.

3.2. Soil Water Characteristics of Unsaturated Soil

Matrix suction is the main reason why unsaturated soil is different from saturated soil,
and it is also a key factor to reflect the mechanical properties of unsaturated soil [83]. The
SWCC is a conceptual and interpretative tool to describe the soil water holding capacity
when water content changes with suction [84]. SWCC defines the relationship between
suction (matric suction), volume water content (6) or saturation (Sr) of unsaturated soil.
A typical SWCC is shown in Figure 4 (determined by the change in water content). The
suction state (abscissa of the SWCC) can be expressed by the total suction of the soil water
potential. In the high humidity state, the matrix suction (u; — uy) is used, and in the low
humidity state, the total suction is used. Since there is little difference between the total
suction value and the matrix suction in the low humidity state, the entire SWCC is often
expressed by the matrix suction.

A .

100

Saturation degree (%)

Log(S)

Figure 4. Typical water retention curve.

When the soil changes from a saturated state to a dry state, the distribution of solid,
liquid, and gas phases in the soil will also change with the change in stress state. The
relationship between these phases has different forms and affects the engineering properties
of unsaturated soil. In some cases, the properties may be mainly related to the volume of
the separated phase (such as water content), or to the continuity and curvature of the liquid
phase (such as permeability coefficient, molecular diffusion), or to the gas phase (such as
evaporation coefficient or diffusion coefficient). In other cases, the properties of interphase
contact areas that control stress transmission (such as shear strength and volume change)
or interphase mass transfer (such as chemical adsorption and volatilization) determine
soil properties. The relationship between these phases can be derived from the data of the
SWCC, which can then be used to estimate the parameters of unsaturated soil [85].

In the SWCC measure, the saturated water content A can be obtained by tests, while
the residual water content B is often difficult to determine, influenced by the instrument
precision and soil properties. Therefore, some SWCC models have been proposed to
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predict the result of the SWCC. The widely used expressions of SWCCs are displayed in
Equations (11)—(13).

Inp =a+blnb (11)
1
o= [quﬁ”} (12
1 m
e 1

where 1 is suction; 8 is the volume water content; and 4, b, g, n, and m are fitting parameters.

3.3. Mechanical Properties of Unsaturated Soil

SWCC is closely related to the strength of unsaturated soil and is an important tool to
study the mechanical properties of unsaturated soil. More specifically, SWCC describes
the relationship between the thermodynamic potential energy of pore water in soil and
the amount of water absorbed by soil system. The SWCC shape of various soils is mainly
affected by the properties of soil materials. Fredlund and Xing [86] carried out a large
number of tests on different types of unsaturated soils, and showed that the main factors
affecting SWCC are mineral composition, pore structure, stress state of soil particles,
property of liquid, pore gas, etc.

Many researches have been performed to explore the relationship between water
content and mechanical properties of unsaturated soil [87]. The shear strength formula of
unsaturated soil can be proposed by Bishop effective stress. It is related to saturation S,
which is closely related to SWCC. ¢ is also closely connected with different sections of
SWCC, thus it can x horn ¢’ to simplify the test measurement and facilitate the engineering
application.

Lamborn [88], based on the expanded micromechanical model, proposed the shear
strength formula of unsaturated soil as follows:

Tp = ¢ + (0 — ug) tan(@") + (g — tt)0y tan(¢") (14)

cs = (ug — uy)0y tan(¢’) (15)

where 7y is the shear strength of unsaturated soil; ¢’ and ¢’ are effective cohesion and
effective internal friction angle of saturated soil; (u; — uy) is the matrix suction; (o — u,) is
the net normal stress; and 6, is the volume water content.

Vanapalli et al. [89] developed a comment model for predicting the shear strength by
SWCC, as shown in Equations (16) and (17).

T = "+ (0 —up) tan(@’) + (ug — uy) O  tan(g’) (16)

cs = (g — tiy) O  tan(¢’) (17)

where © is the relative volume water content, ® = 0,,/0s; 05 is the saturated volume water
content; and « is a fitting parameter.

Garven and Vanapalli [90] introduced the plasticity index I, into the fitting model of
the parameters x, as follows:

K= —0.001615 +0.09751, +1 (18)

Furthermore, the numerical simulation provides new insights into moisture and stress
of unsaturated soil [91]. Liu et al. [92] analyzed the changes of the yield stress with the
capillary cohesion between particles by simulating isotropic compression and biaxial shear
tests. Jiang et al. [93] proposed two shear strength functions to reflect both the nonlinear
characteristics of unsaturated soil and the influence of grain size distribution. Richefeu
et al. [94] found that the density of the liquid bond is a decisive parameter for the overall
cohesion of wet granular materials. Within the distance of the liquid bridge fracture, even
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at low water content, the uniform distribution of liquid will lead to the highest cohesion.
Scholtes et al. [95] introduced the micromechanics study of unsaturated granular media in
the state of the pendulum liquid bridge.

The resilient modulus (MR) of the subgrade is a key parameter to design pavement
structures. The MR of unsaturated soil is dependent on the humidity state of subgrades [96].
In the range of low matric suction, the MR increases nonlinearly with the increase in matric
suction; however, this trend cannot continue to a higher matric suction range [97]. Ceratti
et al. [98] found that the dynamic resilient modulus of red clay increases with the increase
in matrix suction when the matrix suction is less than 1 MPa, and the increase in dynamic
resilient modulus is not evident when it exceeds this value. This phenomenon may be due
to the larger wetted contact area between soil particles and the more significant contribution
of matrix suction to soil strength and stiffness when it is in the low matrix suction range. In
the higher matrix suction range, the water content is evidently less, and the wetted contact
area of soil particles is limited, which limits the effect of matrix suction on the MR.

4. Influence of MICP on Properties of Unsaturated Soil
4.1. Microstructure of MICP Unsaturated Soil

The micro bonding form determines the mechanical properties such as macro strength,
to a certain extent. At present, the main ways to study the microstructure of soil are X-
ray diffraction analysis and scanning electron microscope (SEM) observation [99]. Xiao
et al. [100] carried out SEM analysis to observe the changes in the product morphology and
microstructure of MICP soil. Figure 5 presents the microscopic morphology of untreated
sand soil using SEM. It shows that there are a few clay minerals attached to the surface
of soil particles in the untreated soil, and no evident CaCOj3 crystals are found. The SEM
results of MICP-treated sand soil are shown in Figure 6. It is evident that a large number of
CaCO;j crystals are generated in the shape of parallelepiped calcite, and the size of crystals
is 1-10 pm. Cheng et al. [101] explored the relationship between the concentration of the
bacteria solution and the concentration of the bio-cement solution in the MICP process from
a microscopic perspective. Some of the CaCOj3 crystals were dispersed in the soil pores and
played the role of filling pores among soil particles. It was proved that the CaCOj3 crystal
played a role in bio-cementing soil particles.

(b)

Figure 5. Micromorphology of untreated sand soil: (a) pore; (b) flaky clay mineral.

Elmaloglou et al. [102] observed the microscopic morphology of the MICP of the
experimental device under different solid particle compositions. It was found that the
CaCO;3 crystals mainly play the role of encapsulation and can evenly fill the internal pores
of soil samples. The permeability of ordinary sand can be reduced by three orders of
magnitude due to the CaCOj in the pores after treatment. Porter et al. [103] investigated
the morphology of the sand column after curing with BP and found that CaCOj3 played
a bio-cementing role in greatly improving the connection strength between sand grains.
SEM results show that a layer of white and dense hardened shell formed on the surface of
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the modified soil sample, and the generated CaCOj3 presented a lamellar cleavage [104]. In
addition, given that the solubility of CaCO3 is small, the MICP process is very helpful to
improve the water stability of soil.

(@) (b)
Figure 6. Micromorphology of sand soil after treatment: (a) filling pore; (b) cementation.

4.2. Permeability of MICP Unsaturated Soil

The CaCOj crystals deposited in the soil reduced the porosity (or porosity) of the
soil. Phillips et al. [105] showed that the permeability of the rock cracks filled with bio-
cementation decreased by about four orders of magnitude. The water pressure of the
repaired rock cracks was about three times higher than that of original rock cracks. In
addition, the field results showed that the permeability of the rock fractures decreased
significantly within a few square meters around the injection well [106]. Wang et al. [107]
suggested that the CaCOj precipitation generated divides the large voids in the soil sample
into many small voids, which makes the internal distribution of the sample more uniform
and reduces the seepage channel in the soil sample. Ferris et al. [108] found that the
permeability of the surface decreased by 50% after 45 h, while the soil pores were almost
completely blocked after 120 h. They concluded that the permeability coefficient of the soil
sample was determined by the content of CaCOj3 in the soil sample. Figure 7 shows the
schematic diagram of the MICP soil structure during water infiltration. There were three
aspects resulting in the permeability decrease in soil: (1) the generated CaCOjs crystals
occupied the void space, which was caused by the reduction in porosity; (2) the interspace
or pore throat was blocked by crystals; (3) the bioblockage caused by the production
amount or related metabolites. Ivanov and Chu [15] found that some CaCOs3 precipitations
do not contribute to contact bio-cementation, since these carbonates were either randomly
crystallized on the soil particles or precipitated on the formed carbonate bridges. In
conclusion, the permeability of soil samples was improved by MICP, since pores within soil
were blocked by the formation of CaCOj crystals and the metabolism of microorganisms.

(@) (b)

Figure 7. MICP soil infiltration diagram: (a) MICP soil diagram before wetting, (b) water infiltration

into the pores, (c) saturated state.
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4.3. Water Holding Capacity of MICP Unsaturated Soil

MICP technology mainly changes the water holding capacity of unsaturated soil by
generating CaCOj3 precipitation to bio-cement soil particle pores [109]. Bo et al. [110]
compared the water absorption of soil samples before and after treatment with MICP
technology and found that the water absorption of soil samples after treatment is far
greater than that of untreated soil. MICP treatment significantly improved the soil water
holding capacity and anti-cracking capacity. Figure 8 shows the SWCCs of plain soil, and
improved expansive soil are compared under the conditions of compactness of 90% and
95%, respectively. Results show that the pore will become smaller with the increase in
compaction degree, thus changing the water holding capacity of soil samples. The SWCC
of soil improved by MICP technology changes greatly compared with that of expansive soil
before treatment, and the saturated water content of soil improved by MICP technology is
higher than that of plain soil. It indicated that the volume of water content of the improved
expansive soil changes less under the same matrix suction change, the water holding
capacity was stronger, and the water stability was better.

4 Plain soil 4 Plain soil

MICP modified soil MICP modified soil
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Figure 8. Comparison of SWCCs between plain soil and MICP improved soil with compactness of
(a) 90% and (b) 95%.

383
W

4.4. Static Mechanical Behavior of MICP Unsaturated Soil

In the existing research, many scholars have studied the change in soil properties
after improvements from various aspects. Wani and Mir [111] investigated the mechanical
property of soft soil treated by MICP through unconfined compression tests and found that
the strength of MICP soil increased by 3-3.5 times more than that before MICP process. Van
Paassen [112] found that the compressive strength of MICP sand was exponential with the
amount of CaCOj3. Khaleghi and Rowshanzamir [113] finally found that the compressive
strength increased by 300 KPa and the permeability decreased significantly after the sand
was solidified by MICP. Lian et al. [114] strengthened the sand column by biological
grouting. Its unconfined compressive strength reached 1.91 MPa, and the permeability
coefficient decreased by three orders of magnitude. Putra et al. [115] added magnesium
to optimize the precipitation rate and generation content of CaCOj3 precipitation, and the
test results showed that the maximum uniaxial compressive strength obtained from the
treated sample was 0.6 MPa. Yang et al. [116] found that the improvement of hardness and
expansibility of remolded biological treated sand was caused by the particle roughness of
CaCOg3 coating. Compared with untreated sand, the shear strength was improved. Pakbaz
et al. [117] concluded that the shear strength of the samples after MICP treatment increased
by 44-86%, since the CaCOj3 coating improves the compactness and internal friction angle
of the samples.

Chittoori et al. [118] demonstrated that the shear strength and unconfined compressive
strength of expansive soil had been significantly improved after improvement by the MICP
method; the plastic limit water content of expansive soil had increased; the liquid limit
water content, plastic index, and expansion rate had decreased; and the microstructure
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had changed significantly. Therefore, MICP technology is an effective technical means to
improve the compressive strength, shear strength, and free expansion rate of unsaturated
soil through laboratory tests. Figure 9a is the change in shear stress with the normal stress of
soil samples before and after MICP treatment. It shows that the shear strength of expansive
soil after MICP treatment has been significantly improved, and the increase in cohesive
force of expansive soil samples before and after treatment is far greater than the increase
in the internal friction angle. Figure 9b presents the change in shear strength with the
curing days of MICP. It can be seen that MICP technology will significantly improve the
shear strength of soft soil, and its shear strength will gradually increase with the increase in
curing days (3d-21d).
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Figure 9. Curves of shear strength for (a) comparison between MICP-treated and untreated expansive
soils; (b) different MICP-treated days.

4.5. Resilient Modulus of MICP Unsaturated Soil

The MR of soil describes the resilient deformation characteristics of soil subgrades
under dynamic traffic loads [119]. In the MICP process, CaCOj3 precipitation bio-cemented
the soil particles and filled the pores between soil particles, leading to the increase in coarse
particle content and the decrease in fine particle content in soil. Therefore, with the decrease
in fine particle content, the dynamic resilient modulus of improved soil increases. In order
to achieve biological stability, Moradi et al. [120] adopted the microbial-induced calcite
precipitation (MICP) method. The result shows that the elastic behavior of the treated fine-
grained soil was similar to that of coarse grained soil, and the MR of treated soil evidently
increased. Bing et al. [121] found that the sensitivity of the MR of the stabilized fine sand
to confining pressure decreases when the content of CaCOj3 increases. The increase rate
of the MR of the saturated stabilized soil is greater than that of the unsaturated stabilized
soil. The reason for this structure is due to the improvement of MICP technology. The
generated CaCOj crystals will block and bio-cement the soil particle pores, and the pore
volume will decrease with the increase in CaCOj3 content. Soil particles can contact closely
through CaCOj crystals, and the MR increases accordingly. Figure 10 shows the relationship
between dynamic MR and CaCOj3 output. It can be seen from the figure that the output of
CaCO:; is closely related to the dynamic MR. The minimum value of dynamic MR increases
by about 50% at most, and the maximum value increases by about 66.8%.
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Figure 10. Dynamic resilient modulus with different CaCO3 production.

After microbial improvement, it can be found that there is evident CaCOj3 precipitation
between soil particles. CaCOj3; deposits on the surface of soil particles, forming bio-cement
points and connecting soil particles. These bio-cements can be bio-cemented into larger
aggregates, which enhances the connection ability between soil particles and improves the
stability of soil particles. Therefore, the structural strength of the soil sample is improved,
and the physical and mechanical properties of the soil sample are improved.

The comment model for predicting MR is shown in Equation (19) [122]. The dynamic
resilient modulus of subgrade soil is affected by factors such as soil type, soil physical
properties, stress state, and humidity state.

0 k2 Toct ks
a a

where My, is the dynamic resilient modulus (MPa); Pa is the atmospheric pressure, and the
reference value is 101.3 kPa; T, is octahedral shear stress; and k1, k, and k3 are all model
parameters, which meets k; > 0, k, > 0, k3 < 0.

Combined with the research on the mechanical properties of MICP improved soil [123],
the influence of soil type, water content, thousand density, and plasticity index on the
dynamic resilient modulus of improved soil was analyzed. Previous studies found that
the model parameters (k;, k», k3) decreased with the increase in water content. With the
decrease in plasticity index, model parameter k; decreases and k, and k3 increase. Similarly,
ks <0, and the influence of the plasticity index on k; and k; is different from that on k, [123].
Therefore, after improving by MICP method, the hydrophilicity of soil is weakened, and
the variation range of water content is reduced. The plasticity index of soil is significantly
reduced after improvement by the MICP method. Evidently, compared with the unmodified
soil, the dynamic resilient modulus of the improved soil increases.

5. Conclusions and Suggestions

Microbial-induced calcite precipitation (MICP) is an emerging technology in recent
years, which is widely applied in geotechnical and environmental engineering. This study
reviews the microcosmic mechanism of MICP technology including the metabolic reactions
of bacteria and changes of soil microstructures. Compared with temperatures and PH
values, the nutrient solution concentrations and calcium ion concentrations are the main
factors influencing the MICP process, since they are necessary for the survival of bacteria
and CaCOj3 formation. MICP technology can improve the water stability of soft soil, since
the soil particles will be covered by a layer of white and dense hardened shell of CaCO3 after
treatment, and the water solubility of CaCOjs is very small. Meanwhile, the permeability
of soil samples decreases after the MICP process, given that pores within soil are also
filled by CaCO3 crystals. These phenomena result in the improvement of the mechanical
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properties of unsaturated soils. The shear strength of soft soil increases with the MICP
curing times. Due to the bio-cementation process of soil particles, the structural strength
of the soil sample is improved. Based on the prediction model of resilient modulus, since
the fitting parameters increase when the water content decreases, the dynamic resilient
modulus of the MICP-treated soil is larger than that of the untreated soil.

As far as the progress of MICP technology mentioned above, there are still some
problems that need to be solved urgently.

(1) The current research focuses on the improvement in mechanical properties of sand
soil treated by MICP, but long-term water stability is lacking attention. In addition, the
effect of the MICP process on the acid resistance, frost resistance, erosion resistance,
and the other durability’s of unsaturated soil should be further studied.

(2) The diversity and complexities of actual environmental conditions requires the MICP
technology to have a corresponding adaptability. Therefore, an environmental adapt-
ability study should be performed for the application of MICP technology.

(3)  Although MICP is more environmentally friendly than other treatment approaches of
soil, there are still some harmful products emitted to the environment, for example,
the ammonia produced by urea hydrolysis. Thus, subsequent research should be
conducted in a more environmentally friendly direction or to find suitable methods to
reduce the impact of the generated waste on the environment.

(4) In the existing literature, the methods of using MICP technology mainly include
mixing, grouting, and soaking. However, both mixing and soaking are limited by
construction conditions in engineering practice. Thus, further research work can be
attempted in the field test section to find a better way to apply the MICP technology.
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