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Uncontrollable leakage has significant effects on the safety of fractured rock mass, and microbially induced carbonate pre-
cipitation (MICP) is an effective way to control the seepage. In this study, four sets of seepage experiments are conducted on
transparent rock-like specimens containing MICP filled single cracks to investigate the effects of bacterial concentration, crack
inclination angle, crack roughness, and crack opening on fracture permeability. +e experimental results show that calcium
carbonate precipitation is produced when Sporosarcina pasteurii and cementing fluid are injected into the cracks, which can seal
the cracks and reduce the permeability of the cracks. Moreover, the calcium carbonate produced by Sporosarcina pasteurii
increases with increasing bacterial concentration. Furthermore, the fracture permeability of the MICP filled crack increases first
and then decreases with increasing inclination, roughness, and opening of cracks. +e experimental results provide a better
understanding of the influence of different construction conditions on fracture permeability when theMICP technology is applied
in rock engineering.

1. Introduction

As an important part of engineering rock mass, cracks
affect not only the integrity and stability of rock mass, but
also cause the seepage disaster in rock engineering [1–12].
Cracks in rock mass provide the flow channels for
groundwater in rock engineering, which lead to water
disasters, and cause huge casualties and property losses
[13], such as dam collapse of Malpasset Reservoir in France
[14], bank collapse of Vajont Reservoir in Italy [15], in-
stability of Libby abutment in the United States [16], and
water inrush from various roadways [17]. +erefore, it is

necessary to strengthen the surrounding rock with fissures
in rock engineering.

Cementitious and chemical grouts are commonly
employed to improve the permeability strength by sealing
the cracks in fractured rock mass [18]. However, those grout
materials may contribute risk to environmental or human
health by poisoning the groundwater in functional aquifers
[19]. In addition, the viscosity of cement grout is high so that
the cement grout cannot be injected to intact rock, which has
restricted its limitation of application. Moreover, the ex-
pensive cost and low life of chemical grouts seriously restrict
extension and utilization of the technology [20]. To
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overcome those limitations of cementitious and chemical
grouts, a new grouting method, microbially induced car-
bonate precipitation (MICP), has been developed based on
microorganisms [21]. +e MICP is a novel grouting tech-
nology with the advantages of low viscosity, low pressure,
and environmental friendliness [22]. Sporosarcina pasteurii,
which is a common non-pathogenic and aerobic bacterium,
is adopted to generate the cementing agent of CaCO3 to plug
the flow paths in fractured rock mass. +e MICP process
involves a sequence of biochemical reactions that can be
divided into two stages. First, Sporosarcina pasteurii secretes
urease during its growth, and the urea in fissure water is
broken down to bicarbonate ions by urease. Second, calcium
carbonate precipitation is obtained by the chemical reaction
between bicarbonate ions and calcium ions from the calcium
salts. +en, the biochemical reaction in the MICP process
can be written as follows [23, 24]:

CO NH2( 2 + 2H2O⟶
urease CO2−

3 + 2NH+
4 (1)

Ca2+
+ CO2−

3 ⟶ CaCO3↓ (2)

Since the product of the MICP process, CaCO3, is a kind
of high-strength calcium salts, which is durable in alkaline
environments, MICP can be employed in strengthening soil
mass. Many scholars have carried out extensive research on
MICP strengthening soil mass [24–30], and the results
showed that MICP can increase uniaxial compressive
strength of soils and can significantly decrease the water
permeability of soils. Furthermore, a series of laboratory and
field tests on the effect of fractures sealed in rock mass have
been conducted using theMICP technology. Ferris et al. [31]
applied the MICP technology in porous media, and they
found that calcium carbonate can be used as a plugging
agent and binder to control the flow of water in rock mass.
Cuthbert et al. [32] applied the MICP technology to frac-
tured rock mass through a model experiment and theoretical
deduction. +e results showed that the permeability of
fractured rock mass can be reduced very well, which provide
a new idea for crack seepage resistance. Moreover, Phillips
et al. [33] used the MICP technology to treat fractured
sandstone, and they found that the permeability of the
treated samples is decreased by 2 to 4 orders of magnitude,
which can be used to mitigate the potential of CO2 leakage.
+e experimental results obtained by Bucci et al. [34]
showed that the permeability of the cracks in an artificially
fractured sandstone specimen is decreased by 80% after the
MICPmethod is used, especially at the top and bottom of the
cracks. Mountassir et al. [35] studied the effect of crack
width and opening on the filling process of MICP, and the
results showed that the treated crack size decreased and the
crack permeability is decreased after the MICP method is
used. Tobler et al. [36] studied the effect of MICP on
sandstone and fractured media, and they found that the
permeability of samples treated by MICP is greatly reduced,
and the shear resistance of filled cracks is increased.Wu et al.
[37, 38] investigated the distribution and filled state of MICP
in fissures by means of model experiments, and they

analyzed the permeability of cracks after filling using a
numerical simulation. +e results showed that calcium
carbonate was mainly concentrated near the injection port,
and a semiempirical formula was proposed to evaluate the
decrease of fissure permeability. Minto et al. [20] investi-
gated the influence of fluid velocity on the distribution of
calcium carbonate. +ey found that calcium carbonate can
precipitate in large quantities and the precipitation amount
and location can be controlled by the flow rate.

Experimental results showed that microbially induced
carbonate precipitation can be successfully applied in
grouted cracks to seal the flow paths. However, many ex-
ternal factors, such as bacterial concentration, fracture in-
clination angle, crack roughness, and fracture aperture, are
involved in practical engineering, which have not been
studied. +erefore, this experiment studies these factors
through the design of grouting device and processing of
prefabricated crack samples, aiming to provide some ref-
erence for practical engineering.

2. Sporosarcina pasteurii

2.1. Bacterial Culture. In this paper, Sporosarcina pasteurii
purchased from American Type Culture Collection (No.
ATCC 11859) are selected as the bacteria to secrete urease.
+ey are aerobic Gram-positive bacteria which grow in
alkaline environment and show optimal growth at
25°C∼37°C. Bacteria are cultured on CASO+urea medium;
the component and dosage of the culture medium are shown
in Table 1. +e culture medium is sterilized at 121.3°C for 20
minutes in a pressure pot, and then after cooling, urea is
added to the culture medium by filtration sterilization. In
addition, the pH (pondus hydrogenii) value of the culture
medium is adjusted to 7.3 with 1mol/L NaOH solution
during culturing. Finally, the culture medium is incubated at
30°C on an orbital shaker at 200 rpm for approximately 48 h,
and then the bacteria can be clearly observed in the medium
as shown in Figure 1.

Bacteria absorb or scatter at a specific wavelength, and
the concentration of bacteria is proportional to the amount
of light absorbed. +erefore, bacterial concentration can be
measured through the absorbance (turbidimetry) method.
+e optical density of bacteria at 600 nm wavelength de-
termined by ultraviolet-visible spectrophotometer is used to
measure the concentration of bacteria in present experi-
ment. Figure 2 shows growth curve of bacteria. It can be
found from Figure 2 that the optical density of bacteria at
600 nm wavelength grows slowly in 0–3 hours because
bacteria need to adapt to the new environment, which leads
to the decrease of reproduce. As the bacteria adapt to the
new culture medium environment, OD grows rapidly in
3–24 hours and enters logarithmic growth period. Finally,
the concentration of bacteria gradually stabilizes in 24–48
hours, and the OD value of bacterial solution gradually
stabilizes to 2.25.

+e rate of urea hydrolysis caused by urease is termed as
the urease activity which can be determined by measuring
the change rate of solution electroconductivity [26]. To
determine the urease activity of bacterial suspension, 2ml
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bacterial solution is added to 18ml 1mol/L urea solution
and the change in electroconductivity is monitored over
5min as nonionic urea is hydrolyzed producing ionic am-
monia. +en, the urease activity can be expressed as

kurease �
10cΔE
Δt

, (3)

where kurease is the urease activity, ΔE is the change in
electroconductivity between measurements, Δt is the time
interval betweenmeasurements, 10 is dilution factor, and c is
the coefficient between the change of electroconductivity
and the amount of urea hydrolysis [25].

Figure 3 shows the variations in the bacterial urease
activity in solution. It is found from Figures 2 and 3 that the
changes of bacterial concentration and urease activity are

consistent in the process of bacterial culture, showing a slow
growth within 0–3 h and a rapid growth within 3–24 h. +e
urease activity reaches the maximum value after 24 hours of
culture. In the present experiment, bacteria solution cul-
tured for 24 h is selected for the experiment to ensure the
consistency of bacterial concentration and urease activity.

2.2. Specimen Preparation. In order to prefabricate cracks
with different roughness, polymethyl methacrylate
(PMMA) material is applied to make rock-like specimens.
Based on Barton’s theory [39] of crack roughness, four
cylindrical rock-like specimens containing prefabricated
cracks with different joint roughness coefficients (JRCs) are
manufactured using numerically controlled (NC) machine

Table 1: CASO medium components.

Reagent name Peptone from soymeal (g) Peptone from casein (g) Urea (g) NaCl (g) Agar (g) Deionized water (L)
Liquid medium 5 15 20 5 — 1
Solid medium 5 15 20 5 20 1

(a) (b)

Figure 1: +e appearance of Sporosarcina pasteurii in (a) liquid medium and (b) solid medium.
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Figure 2: Variations in bacterial concentration with time.
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Figure 3: Variations in bacterial urease activity with time.
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tools, as shown in Figure 4. +e cylindrical specimens are
50mm in diameter and 100mm in height. A small pad with
a certain width is used to splice the specimens between the
crack surfaces to form a crack with a required width. A
groove with width of 3mm and depth of 3mm is made at
the top of the crack on each specimen to place burette
tubes, as shown in Figure 4(a). Furthermore, glass glue is
used to seal the two sides of the pre-existing crack, and a
single layer of gauze is placed at the bottom of the pre-
existing crack to simulate the crack tip.

2.3. Experimental Setup. As shown in Figures 5(a) and 5(b),
a bracket for placing samples during the titration process
was designed and manufactured. +e bracket was composed
of two plastic plates which were joined together. +e con-
necting part was designed to be rotatable so that the effects of
inclination angle on fracture permeability can be investi-
gated. A bracket was set behind the plate to adjust the angle
between the two plates. A groove for collecting waste liquid
was installed under the bracket and a catheter was inserted to
facilitate the discharge of waste liquid.

+e permeability coefficient of fractures is tested using
the variable head method [30]. As shown in Figure 5(c), the
bacteria-filled specimens were put into the Buchner funnel
and sealed with glass glue and waterproof tape. A vertical
and scaled glass tube was used to connect closely with the
bottom of the funnel through a rubber tube, and water was
added to the rubber hose to a specified height tomaintain the
water column. When the upper surface of the fracture
overflows, the initial head height h1 was recorded, and the
time when the head dropped to a certain height h2 was
recorded. +e initial head height was changed, and repeated
measurements were made.

2.4. Injection Strategy. +e filling fluid is composed of
bacterial solution and CaCl2 solution. According to Harkes’s
work [26], the concentration of CaCl2 solution is 0.8mol/L
in this study.+e two solutions are packed in two containers,
respectively.+e titrator tubes are placed in the groove above
the fracture. +en, bacteria solution and urea +CaCl2 so-
lution are added into the pre-existing crack in the specimen
through two titrator tubes at the same time and same in-
jection rate. +e biogrout flows under the action of gravity
with the rate of 0.003ml/s. Each specimen is treated three
times using the above method, 50ml of bacterial solution is
added each round, and the specimens are placed for 12 hours
after each treatment.

In the present experiment, the effects of bacterial con-
centration, crack inclination angle, crack roughness, and
crack width on the filling effect of MICP are studied. +e
optical density (OD) is 0.5, 1.0, 1.5, and 2.0. +e JRC of the
pre-existing cracks for each specimen is set to 6.7, 10.8, 14.5,
and 18.7, respectively. +e crack opening is 0.5mm, 1mm,
1.5mm, and 2mm, respectively. +e inclination angle of
cracks is set to 30°, 45°, 60°, and 75°, respectively. +e ex-
perimental design is shown in Table 2.

2.5. CalciumCarbonate Content Test. +e effluent from each
filling process is collected, and the content of calcium ion in
the effluent is measured by the titration method. +e total
amount of calcium ion in the solution is subtracted from the
amount of calcium ion in the effluent to obtain the content of
calcium carbonate in the cracks. +en, the content of cal-
cium carbonate can be written as

Mc � Mt − Ms, (4)

in which Mc is the content of calcium carbonate, Mt rep-
resents the total amount of calcium ion in the solution, and
Ms denotes the amount of calcium ion in the effluent.

2.6. Permeability Analysis. According to the research of
Mountassir et al. [35], calcium carbonate produced by the
MICP process is granular and it can fill the fracture, so the
relevant formula of the variable head test is used to calculate
the fracture permeability in this study. +en, the perme-
ability coefficient of the crack can be obtained as

k � 2.3
aL

AΔt
lg

H1

H2
 , (5)

where a is the cross-sectional area of rubber hose, L rep-
resents the seepage diameter, i.e., the height of the sample, t
denotes the time interval, H1 and H2 are the initial head
height and the termination head height, and A is the cross-
sectional area of fracture.

3. Result and Discussion

After several MICP filling processes, it can be observed that
the pre-existing cracks of the rock-like specimens are
gradually filled with white calcium carbonate. However, with
the change of external factors, the filling mode of calcium
carbonate in the filling process and the final filling effect are
different. +e following sections are the analysis of the filling
mode and filling effect of calcium carbonate under different
factors, and the mechanism of its action is elaborated.

3.1. Effect ofBacterialConcentrationonReduction Infiltration.
Figure 6(a) shows the filling process of calcium carbonate
under different bacterial concentrations. It can be observed
from the Figure 6(a) that the filling process of calcium
carbonate changes significantly with the increase of bacterial
concentration. During the filling process, the liquid was
injected by the injection port and flows under the action of
gravity, producing obvious white calcium carbonate pre-
cipitation on the flow path. With the increase of bacterial
concentration, the precipitation diffusion rate of calcium
carbonate increased, and the overall performance was that
the filling mode of calcium carbonate gradually changed
from the upward filling mode at the bottom of the fracture to
the filling mode around the injection inlet, and the calcium
carbonate distribution in the fracture was more even.

+e variations of calcium carbonate content with dif-
ferent ODs and treatment times are plotted in Figure 6(b).
According to Figures 6(a) and 6(b), with the increase of
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filling times, the precipitation range of calcium carbonate
generated near the injection port and in the flow path
increases, and the yield of calcium carbonate increases
during each filling process. +is is because the continuous
filling of calcium carbonate affects the subsequent slurry
flow and increases the filling efficiency of calcium car-
bonate [32]. As shown Figure 6(b), in the first filling
process, the yield of calcium carbonate increases from 35%
to 65% with the increase of bacterial concentration. In the
second filling round, the yield of calcium carbonate in-
creases from 42% to 81%. In the third filling round, the
yield of calcium carbonate increased from 51% to 79%. It
can be observed from Figure 6(c) that the content of
calcium carbonate in fractures increases from 42% to 75%
with the increase of bacterial concentration after the filling
process, which indicated that bacterial concentration had a
great influence on the yield of calcium carbonate in the
filling process. +e fracture permeability decreases with the
increase of bacterial concentration, from 1.475×10−2 cm/s
to 3.1 × 10−3 cm/s, which is caused by the increase of

calcium carbonate content in the fracture and the more
uniform distribution.

According to the second part of the study, the variation
trend of bacterial concentration and urease activity with
culturing is consistent, which affects the decomposition rate
of urea in solution. Under the same flow conditions, the
increase of bacterial concentration leads to the acceleration
of urea decomposition and increases the precipitation rate of
calcium carbonate, making it easier to precipitate in the
injection port and flow path. Figures 6(b) and 6(c) also show
that the increase of bacterial concentration will enhance the
precipitation rate of calcium carbonate. In addition, it can be
noted that no matter how the concentration of bacteria
changes, white calcium carbonate will be produced at the
bottom of the fracture, which is different from the results of
study in sand [23]. However, MICP grouting slurry has low
flow viscosity and fast filling speed. When it is applied to
sandy soil, excessive bacterial concentration will make a
large amount of calcium carbonate rapidly produced near
the injection port and lead to the failure of subsequent grout

Groove

(a)

JRC = 18.7 JRC = 14.5 JRC = 10.8 JRC = 6.7

(b)

Figure 4: Specimens with prefabricated cracks. (a) Rock-like specimens containing prefabricated cracks with different joint roughness
coefficients. (b) Sketch of prefabricated cracks with different joint roughness coefficients.
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to enter. +e fracture farther away from the injection port
tended to decrease the calcium carbonate content. However,
it can be obtained from Figure 6 that under certain fracture
conditions, the increase of bacterial concentration has a
promoting effect on the filling effect. +is situation is caused
by the slurry retention ability of the fracture, and it also
proves that the application of MICP technology to fracture
rock mass has practical engineering significance.

3.2. Effect of Crack InclinationAngle onReduction Infiltration.
In the present experiment, the biogrout solution was pro-
duced under the action of 1g gravity, and the slurry flow
velocity also changed when the crack inclination angle
changed. Figure 7(a) shows the filling process of calcium
carbonate under different crack inclination angles. It can be
observed from Figure 7(a) that the filling mode of calcium
carbonate changes with the increase of fracture inclination

Bacteria
solution

Urea + CaCl2
solution

Mixed biogrout
solution

Specimen

Waste solution
Solution collector

(a)

Mixed biogrout solution

Bracket

Side view

Cementing solutionBacterial solution

Injection port

(b)

Scale

Rubber tubes

Brinell funnel

Sealed with
waterproof tape

(c)

Figure 5: Experimental setup. (a) Schematic of biogrout solution flow arrangement. (b) Side view of experimental bracket. (c) +e
measuring equipment of permeability coefficient.
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Table 2: Experimental design.

Number JRC Crack inclination angle (°) OD Crack opening (mm)
3 14.5 45 0.5 1.5
3 14.5 45 1 1.5
3 14.5 45 1.5 1.5
3 14.5 45 2 1.5
3 14.5 30 2 1.5
3 14.5 60 2 1.5
3 14.5 75 2 1.5
1 6.7 45 2 1.5
2 10.8 45 2 1.5
4 18.7 45 2 1.5
3 14.5 45 2 0.5
3 14.5 45 2 1
3 14.5 45 2 2

OD Initial state First titration Second titration Third titration

0.5

1.0

1.5

2.0

(a)

Figure 6: Continued.
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angle. When the crack inclination angle is 30°, a large
amount of calcium carbonate is produced near the injection
port and on the flow path during the first filling process.
With the increase of the crack dip angle, it is found that the
calcium carbonate produced in the injection port and the
flow path is significantly reduced after the first filling pro-
cess. +is indicates that the liquid flow rate has an effect on
the precipitation of calcium carbonate [35]. When the slurry
flow speed is slow, the deposition rate of calcium carbonate
increases, and it is easy to precipitate near the injection port
and on the flow path. At the end of the three filling processes,
the filling effect of calcium carbonate is different in the
fractures. When the inclination angle is 30°, the middle part
of the fractures is not filled; when the inclination angles are
45° and 60°, the distribution of calcium carbonate is uniform;
when the inclination angle is 75°, the upper part of the
fractures is not filled.

It can be obtained from Figure 7(b) that during the first
filling process, the yield of calcium carbonate decreases with
the increase of fracture inclination angle, from 71.7% to
50.2%. During the second filling process, the change trend of
calcium carbonate yield changes, and the yield of calcium
carbonate increases first and then decreases. +e yield of
calcium carbonate reaches its maximum value (81%) when
the fracture inclination angle is set to 45°. During the third
filling process, the yield of calcium carbonate increases first
and then decreases. When the dip angle is 30°, the minimum
yield of calcium carbonate is about 36%, and the maximum
yield of fracture is 79% when the dip angles are 45° and 60°.
+e reason is that too small fracture dip will cause calcium
carbonate to deposit around the injection port, which will
affect the entrance of the subsequent slurry and lead to a
decrease in the yield of calcium carbonate. It can also be

found from Figure 7(c) that after the completion of the three
filling processes, with the increase of the fracture inclination
angle, the total yield of calcium carbonate first increases and
then decreases. As shown in Figure 7(c), with the increase of
fracture inclination angle, the permeability of the fracture
increases from 2.106×10−3 cm/s to 8.66×10−3 cm/s. +e
overall performance is that the more the calcium carbonate
content in the fracture, the lower the permeability coeffi-
cient. It is worth noting that when the dip angle of the
fracture is 30°, although the content of calcium carbonate in
the fracture is very low, the permeability of the fracture is the
lowest. According to the experimental phenomenon and the
research results of Wu et al. [37], it can be concluded that
when the inclination angle is small, the slurry flow velocity
slows down and a dense calcium carbonate layer is generated
around the injection port, which greatly reduces the per-
meability of the fracture. It can be seen from the above
analysis that when the MICP technology is used to prevent
seepage in fractures, it greatly depends on the content of
calcium carbonate in the fractures. +erefore, the key of the
MICP technology is whether the calcium carbonate in the
fractures can form a dense water barrier.

3.3. Effect of Crack Roughness on Reduction Infiltration.
Figure 8(a) shows the change of filling mode of calcium
carbonate in pre-existing cracks with different crack
roughness. It is found from Figure 8(a) that with the increase
of crack roughness, the filling range of calcium carbonate
increases in the flow path. +e filling mode of calcium
carbonate generally changes from filling upward from the
bottom of the fracture to diffusing around the injection port
and the flow path. After the grouting process, it can be
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Figure 6: Filling effects of calcium carbonate with different bacterial concentrations. (a) Calcium carbonate filling process. (b) Change of
calcium carbonate content. (c) Change of fracture permeability.
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Figure 7: Filling effect of calcium carbonate with different fracture inclination angles. (a) Calcium carbonate filling process. (b) Change of
calcium carbonate content. (c) Change of fracture permeability.
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obtained that when the fracture roughness is small
(JRC� 6.7, JRC� 10.8), a small part of the injection port is
not filled, while when JRC� 18.7, a large part of the middle
part of the fracture is not filled.

According to the research of Cuthbert et al. [32] and
Minto et al. [20], calcium carbonate is more easily able to
precipitate in the parts with large crevice fluctuations.
Figure 8(b) shows the specimen with the JRC� 18.7 after the
first filling process, and it can be seen from Figure 8(b) that
calcium carbonate deposits the most in the fracture where
the fracture fluctuation is the largest. Due to the precipi-
tation of calcium carbonate, the subsequent slurry flow is
restricted, and the slurry flow path is changed. Figure 8(c)
shows the content of calcium carbonate in the fracture
during the filling process. In the first filling process, the yield
of calcium carbonate is the lowest (54.5%) when the JRC
value of the fracture is 6.7, and it is the highest (65%) when
the JRC value of the fracture surface is 14.5. During the
second filling process, the yield of calcium carbonate is the
smallest (60.7%) when the JRC value of the fracture surface is
6.7, and the yield of calcium carbonate reaches largest (81%)
when the JRC value of the fracture surface is 14.5. In the
third filling process, the yield of calcium carbonate is the
smallest (46.4%) when the fracture JRC value is 18.7, and it is
the largest (81.4%) when the fracture JRC value is 10.8. +is
indicates that the increase of crack roughness is conducive to
the precipitation of calcium carbonate, but when the fracture
roughness is too large, the precipitation of calcium car-
bonate in the early stage will restrict the subsequent slurry
injection and lead to the decrease of the yield of calcium
carbonate.

Figure 8(d) shows the change of permeability of the
fracture with different JRCs. +e permeability coefficient of
the fracture decreases with the increase of the roughness of
the fracture, which is negatively correlated with the content

of calcium carbonate in the fracture. However, in the
fracture with JRC� 18.7, the content of calcium carbonate is
the lowest and the permeability coefficient is the lowest. It
means that calcium carbonate forms dense calcium car-
bonate precipitation in the part with the biggest fluctuation
of the fracture, which reduces the permeability of the
fracture.

3.4. Effect of Crack Opening on Reduction Infiltration.
Figure 9(a) shows the filling process of calcium carbonate in
the pre-existing cracks under different aperture conditions.
It can be seen from Figure 9(a) that with the increase of
aperture, the precipitation of calcium carbonate around the
injection port decreases, while the distribution of calcium
carbonate at the bottom of the fractures increases. During
the first filling process, the filling velocity of calcium car-
bonate decreases with the increase of crack opening.
According to the cubic law, the reduction of crack opening
will reduce the water passing capacity of the fracture and
accelerate the precipitation of calcium carbonate. At the
same time, small crack opening can be filled with calcium
carbonate more quickly, which will restrict the subsequent
grouting process and accelerate the precipitation of calcium
carbonate. After the grouting process, the middle part of the
fracture with an aperture of 0.5mm is not filled. With the
increase of the crack opening, the filling effect is improved.
When the crack opening is 2mm, the upper part of the
fracture cannot be filled.

+e changes of calcium carbonate content in fractures
with different fracture aperture in the filling processes are
illustrated in Figure 9(b). During the first filling process, the
yield of calcium carbonate in the fracture decreases from
73.4% to 48.7% as the aperture of the fracture increases. In
the second filling process, the yield of calcium carbonate
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Figure 8: Filling effect of calcium carbonate with different fracture roughness. (a) Calcium carbonate filling process. (b) Specimen after first
filling process (JRC� 18.7). (c) Change of calcium carbonate content. (d) Change of fracture permeability.
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Figure 9: Filling effect of calcium carbonate with different fracture apertures. (a) Calcium carbonate filling process. (b) Change of calcium
carbonate content. (c) Change of fracture permeability.
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increases first and then decreases. +e yield of calcium
carbonate reaches the smallest (57.2%) when the crack
opening is 0.5mm, and it is the largest (81%) when the crack
opening is 1.5mm. During the third filling process, the yield
of calcium carbonate is the smallest (35.5%) when the crack
opening is set to 0.5mm, and the yield of calcium carbonate
reaches the largest (79%) when the crack opening is 1.5mm.
+is indicates that small crack opening (0.5mm, 1.0mm) is
conducive to the precipitation of calcium carbonate, but the
precipitation of calcium carbonate near the injection port
will hinder the subsequent grouting process and reduce the
subsequent grouting efficiency. +e large crack opening
(1.5mm, 2mm) is not conducive to the precipitation of
calcium carbonate in the early stage of filling, but in the
subsequent grouting process, the precipitation of calcium
carbonate at the bottom of the fracture will reduce the flow
of slurry and improve the precipitation efficiency of calcium
carbonate. Moreover, it can be found from Figure 9(c) that
with the increase of crack opening, the permeability coef-
ficient of the fracture increases after filling processes. On the
one hand, the smaller crack opening leads to the smaller
water passing capacity. On the other hand, the smaller crack
opening is more easily blocked by calcium carbonate.

3.5. ?e Microscopic Morphology of Calcium Carbonate.
Figure 10 shows the microstructure of calcium carbonate
with different observation scales produced by MICP. It can
be obtained from Figures 10(a)–10(d) that calcium car-
bonate generated by the MICP process is granular, with a
diameter of about 20 μm. +e particles are formed in the

form of accumulation and bonding. As shown in
Figures 10(c) and 10(d), it is found that the bacteria are
wrapped inside the calcium carbonate particles, which are
consistent with the existing research conclusion [24, 40].

According to Kohnhauser’s work [41], the MICP process
is the production of urease by Sporosarcina pasteurii in the
metabolic process, and the urease acts as a catalyst pro-
moting the decomposition of urea in the environment (the
decomposition rate is increased by 104 times). Since bacteria
have negative charges themselves, calcium ions in the so-
lution will adhere to the surface of bacteria, and bacteria
provide crystal nuclei for the formation of calcium car-
bonate, which is conducive to the formation of precipitation
[24]. In the MICP process, bacteria are mainly used to
produce urease and to provide crystal nuclei for calcium
carbonate precipitation. +erefore, Sporosarcina pasteurii
has two main roles in the process of MICP: one is to provide
urease and accelerate the decomposition of urea and the
other is to provide the crystal nucleus for the formation of
calcium carbonate and accelerate the precipitation of cal-
cium carbonate.

4. Conclusion

In this study, the process of filling cracks with MICP is
investigated. +e effects of four external factors such as
bacterial concentration, fracture inclination angle, crack
roughness, and fracture aperture on the filling effect are
studied. +e results showed that calcium carbonate pre-
cipitation can be formed when bacteria and cementing fluid
are injected into the cracks, which can seal the cracks and

(a) (b)

(c) (d)

Figure 10: Microscopic morphology of calcium carbonate produced by MICP.
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reduce the permeability of the cracks. +e conclusions are
drawn as follows:

(1) +e content of calcium carbonate in cracks increases
with the increase of bacterial concentration, and it
increases first and then decreases with the increase of
inclination angle, roughness, and opening of cracks,
respectively.

(2) +e filled crack permeability increases with the in-
crease of bacterial concentration and crack rough-
ness, and it decreases with the increase of crack
inclination angle and crack opening, respectively.

(3) +e concentration of bacteria is mainly reflected in
the hydrolysis rate of urea in the slurry. And the
fracture morphology will affect the filling mode of
calcium carbonate. +erefore, it is necessary to make
appropriate plans according to the actual situation of
the engineering site when the MICP technology is
applied to practical engineering.

(4) It can be concluded that the MICP technology can
reduce the permeability of fractured rock mass and
has the potential to be applied in waterproofing
measures of fractured rock engineering. In order to
get better practicability of the technology in engi-
neering, it is necessary to conduct in-depth research
including large-scale cracks and different injection
methods in the future.
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