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Based on recent literary sources, this survey discusses the effects of main factors influencing the microbial-induced calcium
carbonate precipitation (MICP), including the bacterial species, bacterial concentration, temperature, and pH value. While the
MICP technology has been widely adopted to improve rock and soil characteristics, it has excellent development prospects in
many other fields. +e breakthrough solutions in the MICP technology are improving geotechnical and foundation sand
properties, repairing cement-based materials, using mineralized film mulching to protect cultural relics, enhancing properties of
tailings, desert control, and heavymetal environmental restoration, etc., are discussed.+e experimental findings prove thatMICP
can improve the strength, stiffness, liquefaction resistance, erosion resistance, and permeability of geotechnical materials and
maintain the good permeability and permeability of the soil and improve the growth environment of plants. It is an environment-
friendly bioengineering technology. Because microbial mineralization involves a series of biochemical and ionic chemical re-
actions, there are many reaction steps in the solidification process and the solidification effect of MICP is restricted and affected by
many factors. +e comprehensive analysis and optimization strategy on MICP industrial implementation should account for
micro- and macro-scale effects: the type of bacteria, the concentration of bacteria and cementation solutions, ambient tem-
perature, pH value, and other factors directly affect the crystallization type, morphology, and size of calcium carbonate from the
microscopic standpoint, while the macro-scale factors control the rock and soil mineralization. +e limitations and prospects of
the MICP technology are outlined.

1. Introduction

With the continuous development of the global economy,
large-scale construction projects encounter geotechnical
engineering problems such as weak subgrade, karst foun-
dation collapse, soil slope landslide, embankment leakage
erosion, and soil freeze-thaw cracking in alpine regions.
Given these engineering diseases, traditional physical
methods such as dynamic foundation compaction, soil
cushion replacement, cement mixing pile setting, and other
measures have a heavy workload, long construction period,
and high cost.+ey need to support the development of large
mechanical equipment, which cannot be used in some
special cases. +e chemical method is to pour the chemical

slurry into the target rock and soil. Because most grouting
materials have strong alkalinity and biological toxicity,
vegetation growth on the solidified rock and polluted soil
becomes problematic, the environmental pollution is too
large, and the application is limited in many cases.

Soil modification technology based on microbial-induced
calcium carbonate precipitation (MICP) has attracted ex-
tensive attention in geotechnical engineering. +e technology
uses mineralizing bacteria in nature to induce mineral
components (such as calcium carbonate, etc.) with a bonding
effect to fill and repair cracks in stone materials and concrete
materials, prevent building leakage, reduce the incidence of
sandy soil liquefaction, and prevent soil erosion of sand/soil
slope, sand dike erosion, piping, and other diseases [1, 2].
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Compared with the traditional physical/chemical soil
modification technology, MICP has more advantages in the
transformation of rock and soil properties: its construction
method is simple, it almost does not produce toxic and
harmful substances, it has less chemical pollution to the
surrounding soil water environment [3], the concentration
of bacteria liquid and bonding liquid used for the modified
object is low, compared with the traditional chemical slurry,
it is easier to infiltrate in the rock and soil materials [4], and
it can be used for large-scale treatment of rock and soil [5].
In addition, the durability of mechanical or hydraulic
properties of rock and soil improved by MICP can be
guaranteed while ensuring its strength [6].+erefore, the soil
modification technology based on MICP has good appli-
cation scenarios and promotion prospects.

At present, the known microbial mineralizing bacteria
mainly include urease-producing bacteria, sulfate-reducing
bacteria, denitrifying bacteria, oxidizing bacteria, etc.
Among them, urease-producing bacteria have been widely
studied and applied due to their low cost, relatively easy
extraction and cultivation, good mineralization and ce-
mentation effect, and easy control of the reaction process.
+e process of bacterial mineralization can be simplified as
follows: in bacterial metabolism, the negative charge on the
cell surface adsorbs Ca2+ from the environmental solution.
After urea is added to the bacteria, the urease secreted by the
cells decomposes urea to form CO3

2− and NH4+ plasma, and
Ca2 + combines with CO3

2− to form calcium carbonate
crystals on the cell surface (Figure 1). After a while, the
whole cell was surrounded by calcium carbonate. After the
bacteria became capsules, their living environment was
limited, resulting in cell death. A large number of capsules
formed a cemented structure, which played the role of
bonding the microparticles in the geotechnical materials and
filling the internal pores and cracks (Figure 2) [6, 8], and
ultimately the performance of the geotechnical materials was
improved. +e main reaction equation is as follows [7]:

Ca2+
+ Cell⟶ Cell − Ca2+

,

NH2 − Co − NH2 + 2H2O⟶
urea 2NH+

4 + CO2−
3 ,

CO2+
3 + Cell − Ca2+⟶ Cell − CaCo3↓.

(1)

Among so many enzyme-decomposing bacteria types,
Bacillus and Sporosarcina are the most selected bacteria in
studies. +ese two kinds of bacteria have many advantages:
strong adaptability to the environment, difficult aggregation
between cells, the high specific surface area of cells, and they
can use urea as energy and nitrogen source in metabolism. It
can be transformed into CO3

2− and rapidly deposit calcium
carbonate under the condition of adding Ca2 + salt solution.
Due to the fast and high yield of calcium carbonate produced
by Bacillus, the advantages of bacterial mineralization and
cementation process, these two kinds of bacteria are mainly
used in MICP experiments and application projects [7, 8].

Because microbial mineralization involves a series of
biochemical and ionic chemical reactions, the reaction steps
in the curing process are complex.+e curing effect of MICP
is restricted and affected by many factors. Scholars

worldwide have experimentally derived qualitative and
quantitative relationships between the crystallization process
and effective calcium carbonate production. +e roles of
concentration and activity of bacterial solution, the con-
centration of cementation solution, pH value, soil particle
size, and soil density in bacterial metabolism have been
identified. +ese research results enabled the MICP rein-
forcement technology to safely, stably, and efficiently
complete the reinforcement and transformation require-
ments of the target rock, soil, and geotechnical materials.
+is paper summarizes the most recent global research
results on MICP concerning the key physical, chemical,
biological, and abiotic factors influencing the microbial
improvement of geotechnical materials. To provide some
reference for the future theoretical research and engineering
application of microbially reinforced geotechnical engi-
neering materials, the account of these factors in the MICP
optimization is discussed in detail.

2. Microbial-Induced Carbonate
Precipitation (MICP)

Microbial-induced carbonate precipitation (MICP) tech-
nology has attracted global attention in the past two decades.
Urease activity exists widely in bacteria, which is the most
commonly used method to produce calcite by MICP. It is
also one of the most important factors in research and
application in the development of microbial cementitious
materials. +e importance of MICP and environmental
protection has also been emphasized by Fujita et al. [9]. +ey
studied microbial cement cementation of loose sand from
three aspects: compressive strength, pore structure, and
microstructure. In addition, the research on the repair of
surface defects and cracks of cement-based materials by
microbial cement featured two parameters of surface water
absorption and compressive strength recovery coefficient.
+e research progress of microbial cement in repairing
cemented loose particles, surface defects, and cracks of
cement-based materials in China has been reviewed by Rong
and Qian [10].

Calcium carbonate (CaCO3) precipitation generally
occurs through two different mechanisms: biological control
and biological induction. In the process of biologically
controlled mineralization, the nucleation and growth of
mineral particles are mainly affected by organisms. Or-
ganisms synthesize minerals in their unique form, which has
nothing to do with environmental conditions. Bio-induced
mineralization refers to the production of calcium carbonate
by bacteria. +e type of minerals produced by this kind of
mineralization process is mainly affected by environmental
conditions. +ere is no special structure or specific mo-
lecular mechanism involved. Different types of bacteria and
abiotic factors (salinity and medium composition) promote
calcium carbonate precipitation in different environments in
various interrelated ways [8, 11]. +e schematic diagram in
Figure 3 illustrates the relevant principles of the MICP
technology.

Calcium carbonate can precipitate rapidly in all the
bacterial culture experiments providing urea and calcium,
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and the polycrystalline carbonate calcite is always the main
product of X-ray diffraction analysis. +e relationship be-
tween calcium concentration and equilibrium prediction
obtained by Fujita et al. [9] indicated that the precipitation
rate of calcium carbonate was directly related to the hy-
drolysis rate of urea.

+e effect of calcium sources on the MICP process is
quite significant. +erefore, the effects of four different

calcium salts, calcium chloride (a), calcium acetate (b),
calcium lactate (c), and calcium gluconate (d), on the for-
mation of calcium carbonate crystals by Pasteurella kctc3558
have been studied by Gorospe et al. [12]. While preliminary
test results revealed that the addition of any calcium salt
would harm the urease activity of Pasteurella, the difference
in calcium carbonate precipitation morphology patterns was
found to be related to the calcium salt used. Different
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Figure 1: Schematic diagram of biomineralization of urease-producing bacteria [7].
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Figure 2: Schematic diagram of biomineralization principle of urease-producing bacteria. (a) Schematic diagram of fracture repair
principle. (b) Schematic diagram of MICP solidification and cementation [6, 8].
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calcium sources (calcium chloride, calcium oxide, calcium
acetate, and calcium nitrate) were added, and Bacillus CR2
was used for MICP. +e experiment lasted for seven days,
and the bacterial growth, urease activity, calcite yield, and
pH value were measured. +e results showed that calcium
chloride has high urease activity and high calcite yield, being
a good calcium source for the MICP process [13].

+e effect of the environment onMICP was evaluated by
soil column tests and intermittent tests [14]. Microbial
growth and mineral precipitation were evaluated in fresh
water and seawater. Environmental conditions that may
affect bacterial urealytic activity, such as ammonium con-
centration and oxygen utilization, as well as the urealytic
activity of living and lysed cells, were evaluated.

+e treatment formula, injection rate, and soil particle
characteristics are other factors to evaluate the influence of
uniform cementation induction in the soil. +e effect of
ground conditions on MICP was analyzed in the study [15].
+e effect of microbial cementation in treated sand and silt,
silica sand with different relative densities, silt with different
relative compaction, and weathered soil with different
particle size distributions was tested. +e microbial ce-
mentation degrees of sand, silt, and weathered soil samples
were quantitatively analyzed by scanning electron micro-
scope (SEM), X-ray diffraction (XRD), energy dispersive
X-ray (EDX) spectroscopy, and mapping analysis.
According to the test results, a considerable amount of
microbial cementation is estimated according to the soil
conditions. +erefore, implementing this new biological
grouting on the soft foundation can improve the strength
and stiffness of the soft foundation.

In the process of MICP reaction, Kitamura et al. [16]
studied the controlling factors and mechanism of calcium
carbonate polymorph crystallization by adding sodium
carbonate solution to calcium hydroxide suspension. A
series of research results showed that if the concentration of
calcium ion was equal to or close to the solubility of calcium
hydroxide, the low concentration of carbonate ion in the
“diffusion field” around sodium carbonate solution droplets
(low local supersaturation) was conducive to the crystalli-
zation of aragonite.

3. Key Influencing Factors of MICP

+e conventional precipitation process of calcium carbonate
is simple, being mainly affected by calcium ion concentra-
tion, pH value, and effective nucleation site [8]. However,
MICP is a very complex biological and chemical process.
MICP is mainly affected by the following key factors: (i)
bacterial species, (ii) bacterial concentration, (iii) ambient
temperature, (iv) pH value, (v) the ratio of cementation
solution (calcium ion concentration), (vi) the nature of
cemented materials: soil, sand, or others), and other factors.
+e precipitation of CaCO3 needs enough calcium and
carbonate ions to produce the required amount of precip-
itation for cementation.

3.1. Bacterial Species. +e type of bacteria influences the
crystal form, morphology, and deposition rate of calcium
carbonate. +e cementation effect of microorganisms on
geotechnical materials is determined by different crystal
types and the amount of calcium carbonate generated by
MICP [17].

+erefore, it is of practical significance to study the
mineralization characteristics of different types of bacteria
for bacterial reinforcement and engineering applications.
Different bacteria have different characteristics of calcium
carbonate crystals. Mastering the mineralization charac-
teristics of different bacteria can maximize the cementation
effect of rock and soil in engineering applications. Scholars
worldwide investigated the mineralization characteristics of
different types of bacteria in recent years. Many valuable
studies on the types and control of calcium carbonate
crystals formed by mineralization, adaptability of different
bacteria to the environment, and MICP expansion from
laboratory conditions to the field have been performed to
improve the urease production of bacteria. SEM images of
carbonate crystals precipitated by different bacterial species
in the research process have been obtained and analyzed by
Dhami [18], as shown in Figure 4.

According to the production of urease, carbonic anhy-
drase, extracellular polymer, and biofilm, Bacillus mega-
terium, Bacillus cereus, Bacillus thuringiensis, Bacillus
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Figure 3: Schematic diagram of microbiologically induced calcium carbonate precipitation on the surface of particles.
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subtilis, and Clostridium were isolated from calcareous soil.
All bacterial cultures were incubated in niobium medium
with urea (a 2% concentration) and 25mM calcium chloride
(pH� 8.0) at 37°C for three weeks. Among the isolates,
Bacillus megaterium showed the highest urease activity
(690U/ml), followed by Bacillus thuringiensis (620U/ml),
Bacillus cereus, Clostridium, and Bacillus subtilis, which

produced 587, 525, and 515U/ml on day 5, respectively [18].
Bacillus megaterium plays an important role in repairing
building materials, soil reinforcement, heavy metal recovery,
and surface protection of cement and concrete materials. At
the same time, it can also degrade the insoluble phosphorus
compounds in the soil, making them soluble substances that
crops can absorb. When Bacillus megaterium and Bacillus

(a) (b) (c)

(d) (e) (f )

(g) (h) (i)

(j)

Figure 4: Scanning electron microscopic images of carbonate crystals precipitated by (a, b) B. megaterium (Bm), (c, d) B. cereus (Bc), (e,f )
B. thuringiensis (Bt), (g, h) B. subtilis (Bs), and (i, j) L. fusiformis (Lf).
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sphaericus were cocultured, they exhibited the effects of
nitrogen fixation and synergism, which were very suitable
for making microbial fertilizers.

+e culture experiment of Okwadha and Jin [19] on
Sporosarcina pasteurii strain ATCC 11859 showed that the
decomposition rate of urea positively correlated with the
bacterial cell concentration. Within their respective eco-
nomic advantages, urea concentration, calcium concentra-
tion, and bacterial cell number were directly proportional to
the amount of CaCO3 deposition. According to the ex-
perimental analysis, the main components of calcium car-
bonate were calcite crystals and a small number of aragonite
crystals. +e above study confirmed the quantitative effect of
bacterial plugging on the hydraulic conductivity of porous
media. +e amount of CaCO3 precipitation was directly
proportional to the amount of bacterial cell deposition. +e
number of depositing cells determined the relative reduction
rate of hydraulic conductivity.

+e number of depositing cells was affected by the
density of bacterial cells introduced into the bacterial sus-
pension [20]. +e phenotypic mutant of Bacillus pasteurii
(MTCC 1761) was developed by ultraviolet irradiation. +e
calcite produced by this mutant through biomineralization
was very active. +e screening and cultivation of mutant
strains could provide a more effective strategy for plugging
the gaps in building structures [21]. +e relevant experi-
ments have been carried out to find microorganisms with
satisfactory performance in various environmental condi-
tions (not limited to laboratory temperature). Among all the
tested urealytics, Bacillus sphaericus was the most suitable
for biodegradation in practice [22]. Urease activity is an
essential factor in the process of MICP. Using immobilized
enzymes instead of whole immobilized cells provided a
better repair effect, according to Bachmeier et al. [23].

+e screening and cultivation of mutant strains may
provide a more effective strategy for plugging the gaps in
building structures. +is is also a typical case of cross-ap-
plication of biotechnology, which has a good development
prospect. It is also the key direction of cross research be-
tween geotechnical engineering and biological science.

3.2. Bacterial Solution Concentration and Cementation So-
lution Concentration. Bacteria are important for the for-
mation of calcium carbonate crystals in the process of MICP.
Tourney and Ngwenya [24] reported that bacterial extra-
cellular polymeric substance (EPS) positively affected the
crystal type and morphology of CaCO3 precipitation, which
was vital for the cementation of geotechnical materials. EPS
could inhibit the precipitation of aragonite and promote the
precipitation of calcite, which was beneficial to the MICP
process.

+e number of microorganisms in a mineralized envi-
ronment strongly impacted the concentration and super-
saturation degree of Ca2+, CO3

2− plasma [25, 26]. In the
experiment of culturing Bacillus Pasteurella ATCC strain
11859 at 25°C performed by Okwadha and Jin [19], the ionic
strength was proportional to the concentration of urea,
calcium, and bacterial cells. Bacterial cell concentration on

urea decomposition rate exceeded the initial urea
concentration.

+e concentration of the bacterial solution was found to
strongly influence the morphology of calcium carbonate
crystals [27]. Most calcium carbonate crystals were spherical
or nearly spherical at a 100% concentration of the bacterial
solution. When the bacterial solution concentration was
reduced to 50%, some crystals had irregular shapes, while
others appeared as regular cuboids or aggregates. When the
concentration of the bacterial solution was further reduced
to 25%, the share of regular cuboids or aggregates in the
crystals further increased; in a pure aqueous solution, the
crystals were orthorhombic hexahedral single crystals, twins,
and their aggregates. +e crystal morphology at different
bacterial concentrations is shown in Figure 5.

+e comparative tests of two bacteria concentrations,
two culture media, and six cement solution concentrations
showed that the composition of culture medium had no
direct effect on MICP efficiency, while the type and con-
centration of cement solution affect the strength of mortar
[25].

In the design and implementation of MICP, the con-
centration of cementation fluid was found to play an im-
portant role [28, 29]. Compared with high-concentration
cementation fluid, low-concentration one produced more
uniform and stronger crystals. However, the latter operation
process needed more steps, time, and costs than the former
one. Given the engineering nature of soil improvement,
more simple and effective methods need to be further
explored.

Al-+awadi and Cord-Ruwisch [30] revealed a positive
correlation between the average particle size and the cell
concentration, while the urease activity increased with the
cell concentration. +e precipitated crystal grew with the
carbonate production rate, so the bacterial concentration
was reported to be the key parameter controlling the crystal
size. In practical application, it may bemore advantageous to
increase the concentration of bacteria in coarse sand. +e
average size of the sphere increased with the concentration
of the cementation solution (urea and calcium ions). At a
concentration of the cementation fluid of 10–250mM, the
spherical size increased sharply; when the concentration
exceeded 10–250mM, the spherical size growth became
saturated. +erefore, the optimal concentration of bacteria
liquid and cementation liquid was considered beneficial for
improving the cementation strength and maintaining good
air permeability.

3.3. Ambient Temperature. +e change of environmental
temperature will directly affect bacteria’s growth and met-
abolic activities, thus changing the deposition rate and yield
of calcium carbonate, changing the type and morphology of
crystals. +e change of temperature will affect the crystal size
and the cementation mode of purpose calcium carbonate
between soil particles, which will directly affect the effect of
microbial mineralization and cementation. +erefore, it is
necessary to study the effect of temperature onMICP activity
[19, 31]. Studies have shown that the catalytic activity of
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urease was the strongest at 20∼37°C [19]. In this temperature
range, intrinsic to most MICP studies, the urease activity
increased with temperature. However, the successful prac-
tical application should envisage the bacteria activity ad-
aptation within a wider temperature range.

In the MICP investigations [2, 32], the temperature effect
on the biodegradation performance of different urealytics,
including the reinforcement and protection effect of the
treatment, the growth, and urealytics activity of urealytics at
different temperatures (10, 20, 28, and 37°C), was analyzed.
+e results showed that Bacillus sphaericus was the most
suitable for biodegradation under various environmental
conditions among all the tested microorganisms.+e effect of
temperature on the morphology and quantity of biocrystals
produced on limestone with different urealytic microorgan-
isms was investigated by scanning electron microscopy, as
shown in Figure 6 [22].

3.4. pH Value. +e pH value plays an important role in the
metabolic activity of urease-producing bacteria, calcium
carbonate deposition, and improvement of geotechnical
properties. Most urease bacteria commonly used in mi-
crobial mineralization are suitable for growth in an alkaline
environment. For example, the suitable pH value of Bacillus
is about 9.0. An economic growth method for the large-scale
culture of Pasteurella has been developed [33].+e organism

was moderately alkalophilic, with the optimum pH for
growth of 9.25. Under nonsterile conditions, sufficient
biocoagulation activity could be cultivated through minimal
upstream and downstream processing. +e production cost
was reduced by 95%. In the new medium, a high level of
urease activity (hydrolysis of 21mmol urea for 1minute) was
produced at a low cost (0.20 USD per liter), which was vital
for the field application of MICP.

Since many engineering applications need to be
implemented in an acidic environment, it is of practical
significance to study the bacterial activity in different pH
ranges. Recently, a scientific research team [34] used the
MICP technology to study the mechanical properties of
iron tailings under low pH conditions. Compared with the
conventional solution, the calcium carbonate content of
the Sporosarcina pasteurii (DSM 33) strain increased first
and then dropped when the fluid pH changed from 4.5 to
6.5 under the condition of 1 × 108 cells/ml bacterial solu-
tion, calcium carbonate content reached the maximum at
pH 6. Compared with traditional cementation, the spray
method using low pH bacteria solution could make the
adhesive more uniform, with a better bio-coagulation ef-
fect. +e results showed that this method was especially
suitable for the solidification and dust suppression of iron
tailings sand and the reinforcement of tailings pond,
providing guidance for applying the MICP technology in
acidic environments.

Figure 5: SEM of crystalline CaCO3 at different bacterial concentrations (20°C) [27].
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Other studies have shown that the increased pH leads to
increased carbon dioxide demand of growth medium [35].
+is phenomenon may be helpful for MICP technology to
absorb carbon dioxide and reduce the greenhouse effect.

In the research process, some scholars adjusted the pH
value of the environment from 9.0 to 8.0, and white pre-
cipitates were successfully generated with the introduction
of calcium ions. +e XRD analysis showed that the main
component of precipitates was still calcite. Still, the mi-
crostructure and morphology of particles changed signifi-
cantly, including petal shape and square shape, and the size
of particles changed little, as shown in Figure 7 [36].

Studies on the MICP application at different pH values
are conducive to promoting and implementing this envi-
ronmental-friendly technology.

4. MICP Application Scenarios

4.1. Experimental Study. Microbial mineralization and ce-
mentation are complex and multidimensional processes that
involve biological and nonbiological factors, organic-inor-
ganic factors, and solid-liquid-gas coupling factors. At
present, most of the research is still limited to laboratory

research. Large-scale and effective practical application re-
search still needs more attention and effort.

Some studies have shown that the overall mechanical
properties of concrete were improved by adding the Bacillus
subtilis cell wall [37]. +e traditional low strain rate indoor
pressure test is difficult to study the threat of dynamic
disturbance to the cemented backfill. Some scholars [38]
studied the high strain rate compression behavior of the
cemented backfill under different dynamic loads by using the
split Hopkinson pressure bar (SHPB) and determined the
failure mode of the specimen through macro and micro-
analyses. +ere is little research on the related aspects of
microbial cemented backfill. In the process of bacterial
mineralization, calcium carbonate was formed by Ca2+ ions
and dissolved CO2. +e addition of bacterial cell walls in-
creased the carbonation of calcium and the formation of
calcium carbonate in concrete. After experimental treat-
ment, the compressive strength of concrete increases by 15%
and the porosity decreases after 28 days of curing. +e in
vitro calcium carbonate precipitation tests showed that
bacterial cell walls, rather than dead cells, accelerated the
carbonation of calcium ions in calcium hydroxide solution.
Calcium carbonate filled the microvoids in concrete, thus

10°C

20°C

28°C

37°C

B. sphaericus Sp. pasteurii Sp. psychrophila

Figure 6: SEM images of different types of crystal precipitation of urealytics at different temperatures [22].
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optimizing the MICP process. +us, the bacterial cell wall
was a promising additive in improving concrete’s me-
chanical and carbonation properties.

Erşan et al. [39] revealed that nitrate reduction improved
the crack closure performance of microbial mortar. +rough
the experiment of nitrate-reducing bacteria and two dif-
ferent porous protective carriers, at the end of 56 days, the
crack water tightness of the test block was restored to 85%,
indicating the self-healing of concrete cracks. As long as
there were nutrients in the cracks, the microbial activity
continued and might heal larger cracks.

+e research [40] proved that different repair methods
and calcium source types have significant differences in the
repair effect of concrete cracks. +e microbial self-healing
technology with calcium glutamate as a calcium source had
more significant advantages.+us, Yunus et al. [41] reported
that after adding a bioremediation agent to the mortar
mixture, the pore volume of mortar increased, and the bio-
based self-healing mortar had no obvious effect on the
development of compressive strength at the age of 28 days.
In a series of healing ability tests, after incubation in a water
bath for 28 days, the cracks of bacteria-based mortar were
healed, which improved the impermeability of bacteria-
based mortar.

In the study [42], bacterial spores were first wrapped in
hydrogels and then incorporated into specimens to form
self-healing to study their healing efficiency. +e hydrogel-
encapsulated spore specimens showed obvious self-healing
advantages: the maximum healing crack width was about
0.5mm and the permeability decreased by 68% on average.
+e maximum healing crack width of other samples of
nonbacterial series was 0–0.3mm; the average permeability
is only reduced by 15–55%. +e efficiency of self-healing
needs to be combined with the actual application
environment.

Designing appropriate self-healing efficiency technology
and evaluation method in various natural environments is
very important. Biological composite cement (bacteria so-
lution, urea/magnesium chloride mixture) was found to
bind the loose sand into a biological sandstone, according to
[43]. +e injection times of bacterial solution had a strong
effect on biological sandstone’s mechanical properties and
porosity.+e compressive strength of biological sandstone is

positively correlated with the injection time. With an in-
crease in the content of biological composite cement, the
pores of the sand column were filled more intensively, while
the final defect volume was reduced. +e XRCT analysis
revealed that the average hardness of solidified natural
sandstone was 4.4 g/m2/h, while the wind erosion rate was
zero.

In addition to these experimental findings, other authors
attempted to improve sand properties via the MICP ap-
proach. +e research [25] confirmed the importance of
properly selecting microbial species to enhance mortar’s
compressive strength. +e growth medium had no obvious
effect on bacteria, while the type of matrix solution and its
molar concentration significantly affected the strength of
mortar. +e SEM analysis implied that due to the bacterial
mineralization precipitation, the fiber material in the pores
grew, enhancing the mortar strength.

With the participation of bacteria, the mortar strength
was improved by increased porosity and more compact pore
size distribution of the cement mortar. +e cementation
effect of MICP on the sand at different saturations was
studied [44], who reported that high soil strength could be
obtained at certain calcium carbonate contents. Rong and
Qian [10] examined the microbial cementation of loose sand
from three aspects: compressive strength, pore structure,
and microstructure. Different experimental variables were
explored, including soil type (residual tropical soil and
sand), soil density (85, 90, and 95% of their respective
maximum density), and treatment conditions (untreated,
treated with cement only, treated with Bacillus megaterium
only. and treated with Bacillus megaterium and cement).+e
results show that MICP effectively improved the shear
strength of residual soil and sand, reducing the hydraulic
conductivity.

On the other hand, the improvement effect varied with
soil density, soil type, and treatment conditions, according to
[45], who conducted unidirectional flow tests in a sand
column to study the range and distribution of filled pore
space under different injection strategies. Compared with
the simultaneous injection of Sporosarcina pasteurii and
cementation solution (parallel injection), when Pasteurella is
injected first, and then cementation solution is injected
(phased injection), the precipitation formation and

Figure 7: SEM images of CaCO3 deposited by microorganism under different pH conditions [36].
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distribution were more uniform. In the study [46], MICP-
treated sandstone was prepared for the first time. +e X-CT
technology revealed that the microstructure of natural
sandstone became dense with age, the internal defects
gradually decreased with time, and the MICP growth rate in
sandstone gradually dropped with the decrease of pore size.
Different biological agents and cations were used to treat the
sand to improve the effect of MICP-based biological ce-
mentation. +ese data can be used as reference values for
geotechnical applications, such as biological blocking to
reduce sand permeability and biological cementation to
improve soil shear strength.

Some studies have confirmed that denitrification-in-
duced carbonate precipitation can also be used for soil
improvement and foundation reinforcement [47]. However,
because the precipitation rate of carbonate produced by the
denitrification method was much lower than that by the
urease method, the respective methods need to be further
optimized [48].

+e process of biological grouting was schematically
presented by Yu et al. [49], as shown in Figure 8.

+e eventual aim of biomineralization research is field
application. Scale-up experiments have been conducted to
demonstrate the feasibility of process application (VAN
PAASSEN LA 2009). To evaluate the potential of bio-grout
in field application, test volumes of 1 and 100m3 were used
to simulate a three-dimensional environment, which was
easily controlled and monitored, under the conditions and
injection techniques similar to those envisioned in practice,
as shown in Figure 9.

In the 100m3 experiment, the fluid was s injected in
batches through three water injection wells and pumped out
by three pumping wells located at a 5m distance from the
other side. +e flow rate was about 1m3H−1, and the hy-
draulic gradient was 0.3mM−1. One day after fluid flushing,
geophysical measurements (shear wave propagation from
the top to the bottom of the cement) revealed a significant
(almost tenfold) increase in the average stiffness around the
injection point. +e artificial cone penetration test proved
that after several days of scouring, the cone resistance
around the water table exceeded 5MPa.

4.2. Technology Application. MICP technology has been
instrumental in restoring and protecting historic buildings
and sites [50, 51]. A 100 μm-thick calcium carbonate film
was deposited on the surface of cement paste after seven
days’ treatment. +e capillary suction coefficient of cement
paste was reduced by 90% by brushing bacteria solution on
the agar surface. Compared with the spraying method, the
brushing method ensured higher urease activity for a long
time. When the fine sand, urea, calcium ions, and con-
centrated bacterial solution were injected into the artificial
crack of cement paste, the bacteria produced crystal pre-
cipitation under the continuous supplementation of nutri-
ents. +e compressive strength of the specimens was
restored to 84% of the initial strength by precipitation
crystals, indicating that the bioremediation of surface defects
of cement-based materials was quite effective.

+e research [52] focused on the durability of cemen-
titious materials formed during the MICP action. +e bi-
ological deposition treatment improved mortar samples’
carbonation, chloride ion penetration, and freeze-thaw re-
sistance values. +e coating system could reduce the per-
meability of cementitious materials and improve the
durability of the treated interface. Some scholars have
proposed a microbial precipitation protection method for
calcareous weathered stone carvings. +is method did not
introduce foreign substances into the internal porous net-
work of the protection object, which was suitable for pro-
tecting marble statues and works of art [53]. Some
experiments used noninoculated culture media to activate
natural microbial colonies in quarry limestone and con-
solidate them in porous media without blocking pores. +is
may be more suitable and safe to protect ornamental stones.
Jimenez-Lopez et al. [54] reported that the bacterial enzyme
digestion method could greatly increase cement test block’s
surface impermeability and acid and alkali resistance.
Adding the best concentration of calcium ions before adding
urea and bacteria could play to the sedimentary layer’s best
protection effect, with a good application prospect in the
surface protection of building materials [55].

+e unconfined compressive strength of the two kinds of
soil after being treated with MICP technology was signifi-
cantly improved (by 1.5–2.9 times) and the soil strength
increased with the treatment time. Compared with other soil
improvement technologies in practice, the cost of the mi-
crobial agent was relatively low. As an additional advantage,
MICP was a green, stable, sustainable, and eco-friendly
emerging technology with broad prospects [56]. Some re-
search methods have reduced the production cost by 95%
and produced a high level of urease activity (hydrolysis of
21mmol urea per minute) at a low cost (0.20 USD per liter)
in the new medium, which was encouraging and guiding for
MICP to go out of laboratory research and enter field ap-
plication [32]). When the mixture of urea and seawater was
used to treat the sandy soil through porous sand instead of a
high concentration of calcium and urea solution, the UCS
was increased twice under the condition of producing the
same number of crystals. +e test sample strength increased,
while the permeability was maintained by a 30% level,

Loose sand particles

Mould

Bacterial liquid or
consolidation fluid

Pump

Figure 8: Schematic diagram of the bio-grouting process [49].
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indicating good drainage capacity. +is new exploration of
MICP technology provided great potentials for applying bio-
cementation technology in the marine environment, such as
slowing down the liquefaction of seabed sediments, pre-
venting beach sand erosion and cliff erosion, etc. [57, 58].

In vivo soil engineering is a new interdisciplinary
method, which regards soil as a living, active, and bio-
chemical system capable of providing sustainable solutions.
+e proposed framework and method of this technology, as
well as the relationship and interaction between these dif-
ferent components, are shown in Figure 10 [59].

Experiments and numerical simulations, including
timely process monitoring, havemade significant progress in
understanding and controlling MICP at all length scales.
Some researchers carried out 720 UCS tests under different
levels of factors. +ey collected the strength evaluation
database and verified the feasibility of the prediction model
[60]. If a similar model can be established in the performance
research of microbial cemented backfill, the experimental
process will be greatly optimized, and the research efficiency
will be improved. It is very promising that MICP can be
applied to improve soil mechanical and hydraulic properties,
immobilize heavy metals, and sequester atmospheric carbon
in the future [59]. As early as 1987, some scholars put
forward the possibility of bacteria as the nucleation sites of
authigenic minerals to control metal pollution. Forming a
gelatinous matrix around the granular matter in structure
and chemical composition was found conducive to bacteria
cementing and fixing metal ions [61]. A possible long-term
remediation strategy for groundwater pollution in studying
pollutant calcite coprecipitation with atcc11859 bacteria was
outlined by [62]. +e enrichment experiments of indigenous
microorganisms capable of internal soil engineering hy-
drolyzing urea in the presence of calcium chloride were
carried out under laboratory and field conditions.+e results
showed that when the soil was treated with nutrients, CaCl2,
and urea, a large amount of calcite would be precipitated in
the soil depth by indigenous microorganisms, which greatly
enhanced their ability to resist earthquake liquefaction. +e
indigenous microbial enrichment process could be used in
the field on a large scale because it required no cultivation of
foreign bacteria, and the technology cost was lower. Using
local bacteria to induce calcite precipitation to improve soil

was less invasive to owners and less toxic to the environment
[63]. +e local microbial colonies were activated to cement
the porous media in the quarry limestone without intro-
ducing new inoculated bacteria while maintaining a certain
permeability [54]. Burbank et al. [63] conducted cone
penetration tests and cyclic triaxial shear tests using natural
primary bacteria to induce calcite precipitation. +e results
showed that primary bacteria could significantly change soil
engineering properties, improve sand liquefaction resis-
tance, and have economic advantages over exogenous
bacteria.

+e bacteria were permanently adsorbed on the sand by
injecting the bacteria solution into the sand body first and
then the fixed solution (i.e., the solution with high salt
content). +is method could prevent the blockage in the
process of injection, the reinforcement effect was more
uniform, and the effect and efficiency of foundation rein-
forcement were improved [64]. Reservoir permeability was
the key factor of water drive oil recovery. Bacterial pre-
cipitate crystal was a temporary plugging agent, which could
permanently block and significantly reduce the permeability
of porous media. +e successful application of MICP
technology in the water-driven oil recovery industry needed
further screening and domestication [65]. As early as 1996,
some scholars proposed using microbial precipitation as a
plugging agent and cementing agent for porous media. +is
process could be used to exploit underground reservoirs and
cement loose sand and control the flow of pollutants in
aquifers [66]. By introducing the development opportunities
of MICP in new interdisciplinary fields such as microbiol-
ogy, geochemistry, and civil engineering, the publication
[67] outlined the advantages of biological mediated soil
improvement, evaluated the change of pore space volume
and distribution characteristics in soil by calcite precipita-
tion through microtechnology, and analyzed the advantages
and restrictions of the MICP technology in terms of mi-
crobial and soil size compatibility.+e mature application of
MICP technology can largely cement and improve the
structure of the loose sand layer. With the maturity of this
“green” technology, new possibilities could be created in soil
improvement, including the treatment of liquefiable sand
layer, underground pretreatment before tunnel excavation,
reduction of building settlement, and stability of the dam,

Figure 9: A wide range of experimental devices for biological cementation (1m3 and 100m3) [32].
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embankment, and slope [7]. Some scholars have studied that
after the gas pipeline is corroded underground, it is more
obviously affected by the vibration of blasting engineering
[68]. According to the research results of the above authors,
the quality of underground soil will be greatly improved after
microbial modification. Whether this operation can have a
good effect in resisting blasting vibration is also worth
studying. +e bacteria will be permanently adsorbed on the
sand by injecting the bacteria solution into the sand body
first and then the fixed solution (i.e., the solution with high
salt content). +is method can prevent blockage in the
process of injection, ensure a more uniform reinforcement
effect, and enhance the efficiency of foundation reinforce-
ment [64].

Research efforts have also been focused on establishing a
mathematical model to predict the simple biogeochemical
reaction migration consistent with the experimental data.
+us, such a model elaborated for half-meter one-dimen-
sional sand column quite accurately reflects the changes in
the micropollutant treatment scheme and provide a fine-
control idea for microbial soil improvement [69, 70]. +e
MICP technology has the advantage of green ecology in the
aspect of calcium carbonate deposition. +e scientific
community speculates whether the MICP repair technology
can be used based on the research on the mechanical

properties of rock mass, in the aspect of rock mass damage
and strength recovery after damage, and then in the aspect of
mine vibration reduction after rock mass damage repair.

Figure 11 shows the active process of MICP in self-
repairing concrete, the process of dust suppression, the
application scenario, and the feasibility study prospect of
desert control.

+e metabolic activities of bacterial cells can effectively
improve the geo-mechanical properties of sand. Growing
cells improve the properties of sand, while dead cells and
resting cells usually lead to a small increase in friction angle
and bearing strength. Using MICP technology in low sat-
uration formation can obtain higher soil strength under
similar calcium carbonate content. +is important finding
shows that this stabilization process can achieve the best
performance at a lower cost. +is process reduces the de-
mand for water and chemicals, making it more economically
viable. +erefore, the technology will likely become more
environmentally friendly than previously thought sustain-
ability [44, 71].

In the study of [72], Bacillus megaterium was used to
trigger calcite precipitation. +e results showed that the
engineering properties of typical tropical residual soil treated
by MICP were similar to those treated by fine sand; the shear
strength and hydraulic conductivity increased by 69 and
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Figure 10: Schematic diagram of the method framework of “internal soil engineering.” A more in-depth representation can be found
elsewhere [59].
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90%, respectively. +e performance of sand changed from
“soil-like” to “rock-like” with the improvement of treatment
level. +e dynamic test results [73] show confirmed that the
antiliquefaction ability of MICP-treated sand significantly
exceeded that of the untreated loose sand.

5. Discussion and Technology Prospects

+is review covered the current development of MICP
technology and the prospects of different application ap-
proaches. As a new interdisciplinary technology with good
environmental adaptability, MICP technology has devel-
oped rapidly in the past two decades. Despite some field
applications, the wide implementation of MICP was limited
by several problematic issues. To mitigate them, the fol-
lowing tasks need to be properly formulated and resolved via
innovative technologies:

(1) Reducing the cost of technology is still a key factor
for the large-scale application of biomineralization
engineering. At present, the cost of MICP technology
is relatively high, which hinders the large-scale
application.

(2) +e treatment of by-products (such as ammonia) in
the process of biomineralization has not been rea-
sonably solved. +e promotion of this technology
should avoid generating harmful substances to the
environment (e.g., ammonia). Meanwhile, some
studies show that the biomineralization process may
absorb carbon dioxide, reducing the greenhouse
effect [35].

(3) It is very difficult for geotechnical engineers to obtain
strains that meet the actual needs of professional
genetic transformation technology. It needs the
strong support of biological process professionals.
Interdisciplinary cooperation should be closer in the
future.

(4) +ere are huge differences in available application
scenarios, which lead to the lack of a unified and

effective implementation strategy.+e domestication
of local bacteria is considered a breakthrough so-
lution [63]. +is approach can avoid polluting the
local environment with foreign bacteria and reduce
construction costs.
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