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Abstract: Continuous deterioration of reservoir bank rock under periodic water level fluctuations is a key factor
triggering slope instability. Unfortunately, this poses significant challenges to the long-term safe operation of

hydropower projects in mountainous regions. Conventional rock reinforcement methods are prone to damaging
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the reservoir’s ecological environment. Microbial-induced carbonate precipitation (MICP), a widely recognized
technology in geotechnical engineering, offers low-carbon, environmentally friendly benefits and minimal
disturbance to geomaterials. However, research on the application of MICP to reinforce fractured rock masses
in reservoir banks remains relatively scarce. This study focused on rock within the water-level fluctuation zone
of the Three Gorges Reservoir Area. Three MICP treatment methods—MICP precipitation, active bio-slurry,
and rock powder-amended grouting method (RPGM)—were employed for microbial reinforcement of fractured
rock samples. Based on micro-CT scanning and laboratory permeability tests, a multi-scale evaluation method
was proposed to quantitatively assess the effectiveness of various MICP methods in improving pore-filling in
fractured rock. The results demonstrated that MICP technology effectively reduced the permeability of fractured
rock, achieving surface-filling rates exceeding 60%. Notably, the RPGM method yielded the optimal
reinforcement effect, achieving a fractured surface filling rate of up to 92.6%, with 90.7% of the pores
identified as isolated. Moreover, the permeability of rock reinforced by RPGM was reduced by one order of
magnitude compared to the MICP precipitation methods.

Keywords: microbial-induced carbonate precipitation (MICP); fractured limestone; water-level fluctuation

zone; X-ray CT scanning; seepage simulation

1 Introduction (MICP) is an emerging eco-friendly reinforcement

technology that uses the metabolic activity of micro-

During the operation of large-scale hydropower organisms to precipitate various minerals. These pre-

rojects In canyon areas, reservoir water levels fluc- - . . .
pro] y cipitates fill and cement the surrounding geomaterials

tuate periodically in response to water storage de-
i

(soil/rock), thereby enhancing their strength and re-

mands™. This exposes bank rock masses to continu-

ducing permeability’”. Moreover, multiple microbial

ous, multi-field, coupled damage—including hydrau- metabolic pathways and enzymatic reactions, such as

lic fracturing, dissolution-induced deterioration, and urea hydrolysis, denitrification, and sulfate reduc-

stress redistribution—under cyclic wetting-drying
[2)

tion, can drive the formation of insoluble inorganic

conditions”. Consequences such as damage acceler- [7-9]

minerals Among these, urea hydrolysis-induced

- : (3) L . .
ate the cracking and degradation of the base rock™, CaCOs precipitation is considered the most promising

positioning it as a critical contributing factor in reser- and has garnered significant attention in geotechnical

voir geo-hazard chains and a universal challenge to [10]

engineering

the long-term operational safety of hydropower proj- MICP technology was applied to the restoration

11-12]

(4] . . o ) )
ects*. Under cyclic wet-dry conditions, water infil of soil, stone, and cement-based materials "2, In

trated through existing cracks in the rock mass, lead- soil reinforcement, MICP significantly strengthens

13-14]

ing to progressive deterioration of the rock's overall soil and reduces its porosity and permeability "*14.

physical and mechanical properties™. Thus, beyond Notably, research on reducing permeability in frac-

enhancing mechanical strength, improving imperme-
ability is a critical criterion for evaluating the effec-
tiveness of reinforcement techniques for fractured
rock masses in water-level fluctuation zones. Fur-
thermore, the fragile ecological environment of reser-
voir areas is highly vulnerable to irreversible damage
from traditional rock reinforcement techniques (e. g. ,
chemical grouting, bolt reinforcement), primarily
due to their invasive construction processes and the
poor environmental compatibility of the materials
used.
Microbial-induced

Carbonate  Precipitation

tured rock using MICP is relatively scarce'”. Cuth-
bert et al. conducted field-scale trials using MICP
grouting to seal structural fractures in subsurface
rock, thereby validating the feasibility of large-scale
MICP application for enhancing the impermeability

of engineering structures"”.

Minto et al. also per-
formed MICP grouting on small-scale, artificially
fractured rock samples and observed the distribution
of CaCO; crystals within the fractures "”. Tobler et
al. further investigated the influence of different
MICP injection strategies on the degree of permeabil-

ity reduction in fractured granite”. These studies
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collectively indicate that microbial mineralization
products can substantially reduce the permeability of
fractured rock and enhance its seepage resistance.
Based on the above, MICP technology shows signifi-
cant potential to reduce the permeability of {ractured
media. Moreover, carbonate rocks were widely dis-
tributed in the Three Gorges Reservoir Area. The
mineral composition of these blocks was predomi-
nantly calcite, and their chemical composition was
mainly calcium carbonate, consistent with the final
product of MICP. Therefore, the MICP reinforce-
ment technology offered a new, green approach to re-
pairing fractured rock masses in the Three Gorges
Reservoir Area.

Moreover, the relative influence of various fac-
tors on the anti-seepage performance of MICP-treat-
ed fractured rock remains unclear. Drawing from ex-
isting MICP research on soil reinforcement, key in-
fluencing factors include the properties of bacterial
suspensions and cementation solutions, environmen-
tal conditions (e. g., temperature, pH), and treat-

ment methods™.

Existing studies on fractured rock
primarily focus on bacterial suspension and environ-
mental conditions: Shi et al. investigated the effects
of bacteria-to-cementation solution volume ratio, ce-
mentation solution concentration, and grouting vol-
ume on the impermeability of fractured granite.
Their results identified grouting volume as the critical
factor, although excessive volume negatively affect-

20 Other researchers have

ed permeability reduction
examined the influence of external factors, such as
rock fracture surface roughness, distribution of
MICP precipitates, fracture aperture, injection pres-
sure, and temperature, on changes in rock mass im-
permeability “*. Notably, the impact of different
MICP treatment methods on rock reinforcement effi-
cacy has received limited systematic investigation. In
this paper, a multi-scale evaluation method was pro-
posed to assess the effectiveness of MICP methods
for pore-filling in fractures, based on microscopic and
laboratory tests.

This research focused on fractured limestone
within the water-level fluctuation zone of the Three
Gorges Reservoir Area. Three distinct MICP meth-
ods commonly used in geomaterial reinforcement-

namely, the MICP precipitation method, the active

bio-slurry method, and the rock powder-amended mi-
crobial grouting method (RPGM) "*** were em-
ployed to reinforce fractured limestone specimens.
Post-treatment, X-ray computed tomography (CT)
scanning was conducted to reconstruct 3D digital
core models of MICP-reinforced limestone, enabling
quantitative analysis of pore structure within the frac-
ture-filling cementation. Subsequent pore-scale seep-
age simulations and gas permeability tests were sys-
tematically used to evaluate the multi-scale anti-per-
meability enhancement of the three MICP methods.
The findings aimed to provide practical guidance for
applying MICP technology to reinforce fractured rock

masses 1n reservoir banks.

2 Materials and methods

As shown in Fig. 1, during the MICP reaction,
urease-producing bacteria utilize environmental urea
as both a carbon and a nitrogen source. Through met-
abolic activity, they generate abundant, highly active

“ These enzymes subsequently cat-

urease enzymes
alyze the hydrolysis of urea in solution, producing
carbonate ions (CO ;%) while concurrently elevating
the pH of the local microenvironment. The resulting
alkaline conditions facilitate the binding of free calci-
um ions (Ca?") to CO;* , ultimately inducing the for-

mation of calcium carbonate.

! CONHy),

Microbial-induced carbonate precipitation (MICP)

Fig. 1 Schematic diagram of MICP"™"

2.1 Experimental materials preparation
(1) Bacterial

solution

suspension and  cementation
The bacterium Sporosarcina pasteurii (strain
DSM 33), a ubiquitous and non-pathogenic soil

[27]

microorganism”’", was employed in this study. The

liquid medium wused in the -cultivation process
contained (per liter): 20 g yeast extract, 15 g NHiCl,
and 0.01 g NiCl » .

autoclaving and UV irradiation, the medium was

Following sterilization by

cooled in a laminar flow hood. Bacterial inoculation

was then performed at 1% (v/v) of the medium
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volume, followed by incubation in a constant-
temperature shaker at 200 r/min for 24 h*. The
resulting microbial suspension was stored at 4 ‘C
before use.

The harvested bacterial suspension was subject-
ed to urease activity and concentration tests to ensure
mineralization potential. Urease activity was subse-
quently evaluated by measuring the change in solu-
tion conductivity resulting from urea hydrolysis.
Finally, the bacterial concentration was determined
by measuring the absorbance (optical density) of the
suspension at 600 nm (OD600) using a spectropho-
tometer. The cultured bacterial suspension exhibited
a urease activity greater than 0.1 mS/min and an
OD600 value of 1. 24-0. 5.

The cementation solution required for the test
was prepared by dissolving 1.5 mol/L. urea and 1.5
mol/L anhydrous CaClz in ultrapure water.

(2) Samples preparation

As shown in Fig. 2, limestone was collected
from colluvial deposits in the water-level fluctuation
zone of bank slopes in the Wushan section of the
Three Gorges Reservoir Area. Cylindrical rock
specimens (diameter 50 mm, height 100 mm) were
drilled from the blocks. To facilitate comparative
analysis and minimize variability among samples,
each intact specimen was split axially into two
halves, and the fractured surfaces were polished to
smooth artificial fractures,

create resulting in

limestone specimens with through-going fractures

Yangtze River

o

Steep canyon
area

Diameter
o] 50 mm

Note: (a) Wushan section of the Three Gorges Reservoir Area, (b)
Fluctuation zone of steep banks, (¢) Sampling location, (d) Fractured
limestone specimens.

Fig. 2 Preparation procedure of fractured limestone

specimens

(Fig. 2(d)).
2.2 MICP treatment methods
2.2.1 MICP precipitation method

The fractured rock specimen was fixed in the
mold, with metal strips used to control the fracture
apertures, which were maintained at 1 mm. Adopt-
ing Whiffin's two-phase grouting strategy®’, the bac-
terial and cementation solutions were delivered direct-
ly into the fracture via two separate injection channels
at 1 mL/min, with the bottom drainage outlet sealed
(as shown in Fig. 3). An 8-hour static reaction peri-
od followed each injection before waste drainage.
This cycle was repeated until the fractured surface
was filled.

According to existing research™’, a lower pH
retards microbially induced cementation, promoting
a more uniform distribution of precipitate. The first
injection used a bacterial suspension without pH
adjustment, which could quickly produce a MICP-
cementation reaction between two separate blocks.
In subsequent injections, the pH of the bacterial
suspension was adjusted to 6.0 until the fracture was
progressively filled, resulting in a MICP-reinforced
specimen.

2.2.2 Active bio-slurry method

The active bio-slurry method used pre-fabricat-
ed bio-slurry with urease activity for reinforcement,
eliminating the need for multiple grouting cycles*".
This technique has been successfully applied to frac-
ture surface repair, with demonstrated effective-

ness™,

In this study, this method was introduced
to laboratory-scale rock core specimen fracture
repair.

Active bio-slurry was prepared as described in
previous studies””: the bacterial suspension was pre-
mixed with 0.4 mol/L CaCl, and 0.4 mol/L urea,
then stirred continuously on a magnetic stirrer for 12
hours to obtain a urease-active microbial bio-slurry.
After centrifugation, the supernatant was discarded,
and the milky solid phase (retaining urease activity)
was collected. This bio-slurry was uniformly applied
to fractured surfaces. Reassembled specimens were
then immersed in 2 mol/I. cementation fluid for 48
h, followed by oven curing.

2.2.3 Rock powder grouting method
Based on the study by Won et al. "', the addi-
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Peristaltic pump

|

Fractured rock
specimens

Cementation Bacterial
solution suspension

H Waste liquid

(a) MICP precipitation

Peristaltic pump
Limestone rock

Fracture rock
specimens

Cementation
solution

Waste liquid

(b) Rock powder-amended grouting method

Urea Calcium chloride

W

Active bioslurry

Bacterial
suspension

e

®
- e

‘magnetic SUrTeY

Cementation solution

(c) Active bio-slurry

Fig. 3 Flow chart of different MICP processing methods

tion of kaolinite particles to bacterial suspension can
promote calcite crystal precipitation, thereby increas-
ing the mass of produced calcium carbonate cement
and improving its distribution uniformity. In this
study, the aperture of the rock fracture was con-
trolled at approximately 1 mm. Such a relatively

large fracture aperture may hinder the formation of

calcite crystals. Therefore, to promote heteroge-
neous nucleation and rapid growth of calcite within
the fracture, the collected limestone blocks were
ground into a powder (Particle size shown in Fig. 4;
Dso =16.4 pm) and added to the bacterial suspen-
sion. The particle size distribution curve of limestone
powder was shown in Fig. 4. The mixture was then
stirred evenly using a magnetic stirrer to form a
bacterial-limestone powder suspension. The addition
of limestone particles provides additional nucleation
sites for calcite crystal precipitation. However, ex-
cessive fine particles in the bacterial suspension may
clog grouting channels, thereby reducing the efficien-
cy of MICP reinforcement™. Thus, in this experi-
ment, the concentration of limestone particles in the
suspension was controlled below 20 g/L. The other
experimental conditions were the same as those used

for the MICP precipitation method, and the test was

conducted at room temperature.

100 f -
Q
<
oo
£
2
<
"
i
5 40
@
1
D
[-"
20
0
0.1 1 10 100 1000

Particle Size (nm)

Fig. 4 Particle size distribution curve of limestone powder

2.3 X-ray CT scanning test

X-ray computed tomography (CT) is a non-de-
structive imaging technique that reconstructs the
three-dimensional internal structure of an object by
measuring the attenuation of X-rays as they pass
through the sample from multiple angular projec-
tions, and it has been applied in an increasing number

of industries™.

In microbial geotechnical engineer-
ing, micro-CT was used to observe the evolution of
calcite formation in pore space and the spatial distri-
bution of mineral phases within rock masses"’.

Specimens treated with different MICP methods

underwent X-ray micro-computed tomography at a
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voxel resolution of 60.37 pm. The CT scanning
equipment used was Phoenix V]tome|x M300 from
Waygate Technologies (German). To minimize cone-
beam artifacts, specimens were scanned at a 45° incli-
nation, followed by digital realignment. Approxi-
mately 1 500 2D grayscale images per specimen were
reconstructed in AVIZO software. Median filtering
and watershed segmentation were applied to isolate
pores and CaCOs cementation, thereby enabling con-
struction of the digital core of the MICP-reinforced
limestone. This digital model enabled quantitative
analysis of the internal pore microstructure within
fracture-filling cementation and the construction of a
3D pore network model.
2.4 Rock permeability test

Small-scale specimens (diameter 25 mm, height
50 mm) were prepared according to the method in
Section 2.1, and microbially treated using the three
MICP processing methods in Section 2.2. Helium
was employed as the permeating medium due to its
chemical inertness, minimal molecular size, low
viscosity, and high diffusivity. These properties
enabled it to penetrate fine pore channels without
reacting with the carbonate rock or the calcium
carbonate precipitate, thereby ensuring accurate
measurement of porosity and permeability in MICP-
reinforced specimens. The test equipment used was
the PHI220 porosimeter and CAT112 permeameter
(as shown in Fig. 5).
105 C to

constant weight before testing. The dried specimen

Specimens were oven-dried at

g

We It
P Woysene

Technologies |
|

T o X
(b) Helium porosimeter PHI220 (c) Permeameter CAT112

Fig.5 Experimental equipment of CT scanning, porosity,

and permeability test

was then sealed in the sample chamber, while the
reference chamber was pressurized with high-purity
helium to an initial pressure P,. Upon opening the
interconnecting valve, helium expanded into the
sample chamber until equilibrium pressure P, was
attained. According to Boyle's Law, the calculation

formula for rock porosity (¢) is as follows:

PVu=Py(Viit Voo — Vi) (1)
P
Vgrain - Vrcf + Vmauix - 71 Vrcf (2)
P,
Vlolu - V rain
o= Yo = Vin o105 3)

total
where V. is the volume of the reference chamber,
cm®; Vi 1S the volume of the sample chamber,
cm?®; Vi is the grain volume of the rock specimen,
cm’; Vi is the whole volume of the rock specimen,
cm’,

The permeability of the core sample was
determined using helium. The sample was sleeved
with a rubber sleeve and placed in a core mold,
where a confining pressure (= 2 MPa) was applied to
ensure airtightness between the core and the mold,
preventing the test gas from leaking through the gap.

The fluid flow in the rock specimen with a
continuous fracture was characterized as single-
fracture flow and conformed to the assumption of
laminar flow between smooth, parallel plates, as
described by the Cubic LLaw derived from the Navier-

Stokes equations™,

we’

Q=—7 20 Vp (4)
where Q is the fluid flow rate, m’/s; w is the fracture
width, m; e is the fracture aperture, m; Vp is the
pressure gradient, Pa/m; and g is the dynamic
viscosity of the fluid, Paes.

After MICP treatment, the rock fractures were
filled with calcium carbonate precipitates, and the
cementation body exhibited porous-medium charac-
teristics. Existing studies have demonstrated that fill-
ing materials in fractures significantly alter the flow
regime and flow paths within fractures. The permea-
bility of filled fractured rock masses is closely related

9 When fractures are

to the properties of the fillings
filled, the seepage behavior in fractured rock is no
longer characterized by pure, fracture-controlled sin-

gle fracture flow, and the cubic law ceases to be
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applicable for describing fluid flow within such frac-

[40]

tures™”. The gas permeability of the core sample was

calculated using the following formula™":

p—2QPusl (5)

A(P;—P3)
where % is the permeability, mD; g is the dynamic
viscosity, Pa-s; L is the length of the sample, cm; Q
is the fluid flow rate, cm’/s; A is the cross-sectional
area for fluid flow, c¢m* P o is the atmospheric
pressure; Py is upstream injection gas pressure, MPa;

P is downstream outlet pressure, MPa.

3 Results

3.1 Cement condition of fractured surface

The CT data were imported into AVIZO
software for alignment correction, and a median filter
was applied to remove isolated noise voxels from the
CT images. Subsequently, the three-dimensional
visualization model of fractured rock specimens was
reconstructed.

The CT slice images of the fractured surface in
limestone specimens reinforced by three MICP meth-
ods were shown in Fig. 6. Following MICP treat-
ment, microbial-induced calcite crystals distributed
along fracture planes cemented the separated rock
halves into an integrated mass, transforming initially
continuous fractures into isolated micropores.

As for the MICP precipitation method, the first-
injected bacterial suspension adhered unimpeded to
smooth fractured surfaces, rapidly adsorbing calcium
ions to form nucleation sites that evolved into
cementation bodies. Due to the staged vertical
injection scheme (top-down direction with specimen
in  vertical orientation), calcite  precipitation
predominantly accumulated at the fracture base distal
to the injection port-effectively avoiding clogging
issues observed in horizontal injection. However,
subsequent injections led to continuous growth and
interconnection of precipitates, thereby increasing
flow-path tortuosity. The distribution of pore
structure within the rock mass changes rapidly,
eventually blocking fluid transport. Consequently,
while effective cementation occurred at the fracture
base, a certain area of cavity appears in the middle

and upper areas (black zones in the CT image
Fig. 6(d)).

Note: (a) MICP precipitation, (b) Active bio-slurry, (¢) RPGM, (d-)
CT scanning images of MICP-reinforced fractures.
Fig. 6 Fractured rock specimens reinforced by MICP and

CT scanning images

Bio-slurry with intrinsic urease activity rapidly
formed calcite cementation bodies, thereby establish-
ing hydraulic barriers and significantly enhancing
short-term impermeability. The active bio-slurry
exhibits a certain degree of fluidity, and CT images
show that the calcium carbonate cement formed by it
is intrusive along the fracture plane and distributed
uniformly throughout (Fig. 6(e)). Nevertheless, the
low permeability of the limestone matrix impeded the
penetration of the cementation solution into the frac-
ture interiors during immersion. Only the outer bio-
slurry layer underwent complete mineralization, pro-
ducing low-permeability crystals. This manifested
as: (1) high-CT-value zones (dense CaCO 5 precipita-
tion) at fracture boundaries, and (ii) low-CT-value
zones (low-density precipitation) in central regions,
consistent with the positive correlation between CT
gray value and material density.

Injected limestone fines provided nucleation
sites where calcite crystals grew radially until
bridging the entire fracture aperture (Fig. 6(f)). The
generated cement body is relatively uniformly
distributed on the fractured surface as a whole, has
the best overall filling effect on the fractured surface,

and the overall porosity inside the fractured rock

mass after reinforcement is the smallest.
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3.2 Pore size distribution characteristics
High-density materials appeared bright, while
low-density materials appeared dark in CT images.
Taking an MICP precipitation-reinforced specimen
as an example. The grayscale value distribution of all
voxels within the specimen’s CT slices is shown in
Fig. 7. The overall grayscale distribution exhibited
two distinct peaks, corresponding to the internal
pores of the rock matrix and the precipitated calcium
carbonate cement, respectively. The higher gray-
scale values represented the limestone matrix itself.
A segmentation threshold was set to extract the low-

grayscale rock matrix pores.

2.5%107

Limestone matrix

2.0x10

1.5x10

Count

1.0x107

5.0%100 |-

! 1
0 1100 2¢10% 310 4x10* 5x10% 6x10°
Gray-scale

0.0

Fig.7 Grayscale value distribution range of CT images

After CT scanning of the MICP-reinforced
specimens, 2D grayscale cross-sectional images were
generated along the axial direction at 80 pm
intervals, producing over 1200 images per specimen.
These images were stacked to reconstruct a 3D
digital model of the core specimen. Following
segmentation of the pore phase and rock matrix, the
“Volume Edit” module was applied to isolate the
initial rock fracture region as the study region. The
porosity within each 2D slice of the reinforced
specimen was then calculated to compare the
uniformity of the three MICP reinforcement methods
along the axial direction of the fracture (Fig. 8).

For the specimen treated with active bio-slurry,
the layer-wise porosity distribution along the axis
remained relatively stable, fluctuating between 20 %
and 40% , indicating a relatively uniform distribution
of the calcium carbonate cementation within the rock

fracture. In contrast, specimens treated by the two

“ BYRS . "
FmOF % L) % XX %
70%
Active bioslurry
., | MICP precipitation
60% I RpGM
50%
z
3
5 40%
a
2
E 30%
o
2
=
20%
10%
0% 1 1 I 1 I
0 200 400 600 800 1000 1200

Slice
Fig. 8 Layer-wise porosity of specimens reinforced by
MICP

injection methods exhibited significant variations in
porosity across different layers. Specifically, the
sample treated with the MICP precipitation method
showed a porosity drop below 5% at the end regions
(slices 1050-1150), while porosity in other regions
fluctuated considerably, generally remaining above
40%. This suggests that early precipitation at the
blocked

channels. The sample treated with rock powder

ends may have subsequent  grouting
grouting generally exhibited lower porosity, with
42.48% of the slices having porosity below 10%.
Lower porosity was observed at both ends of the
specimen, while the middle section showed
considerable fluctuation.

Following the import of CT data into AVIZO,
a sequential processing workflow was executed.
Modules including “Resample Transformed Image,”
“Volume Edit,” and “Median Filter” were employed
to correct sample orientation, define the study
region, and apply image filtering, respectively,
thereby constructing a three-dimensional digital core
model. The “Interactive Thresholding” module was
subsequently used to segment pores from the rock
matrix based on differences in pixel grayscale values.
Pore-size information was then extracted and quanti-
tatively analyzed using the “Label Analysis” mod-
ule. Building on this, the watershed segmentation
algorithm®" which divides regions within images
based on intensity and gradient characteristics, was
applied to distinguish pore structures from throats
and to construct a pore-throat network model. Statis-

tical data of the network elements were ultimately
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extracted for quantitative analysis.

Statistical analysis of pore size distribution with-
in the fractured surface of MICP-treated specimens
(Table 1, Fig. 9) revealed that the active bio-slurry
method significantly increased the proportion of small
pores (<<500 p.m) while reducing large pores (=
1 000 pm) compared to the conventional MICP pre-
cipitation method. This improvement stems from the
more uniform spatial distribution of CaCO 3 cementa-
tion induced by bio-slurry, resulting in superior frac-
ture filling. Remarkably, the rock powder-amended
grouting method (RPGM) exhibited the most substan-
tial reduction in both medium and large pore sizes.
This can be attributed to the dual effects of limestone
powder: (i) direct physical filling of void spaces, and
(i) accelerated CaCO 5 crystallization through abun-
dant nucleation sites, leading to calcium carbonate ce-
ment deposited layer by layer in the fracture plane,
and large pores were constantly divided into smaller
pores.

Based on the extraction of intra-fracture pores,
pore network models (PNMs) were constructed by
abstracting the pore system into topological networks
comprising pores and interconnecting throats. The
pore structure represents fluid storage spaces, and
the throat represents the potential fluid flow paths
between pores.

Statistical analysis of pore-throat information for
MICP-treated specimens (Table 2 and Fig. 10)
revealed distinct patterns in the distributions of pore-
throat size parameters (number of pores/throats,
pore size, throat size, throat channel length).
Among the three MICP treatment methods, the
MICP precipitation method yielded the largest pore-
throat parameters. At the same time, those from the
RPGM were significantly smaller than those from the
active bio-slurry method.

Furthermore, within the generated PNM, the
RPGM method identified a significantly higher num-

ber of pores than the active bio-slurry method, which

120 A

100 4
[TIMICP precipitation

80

40 4

Cumulative frequency (%)

20

0
0 500 1000 1500 2000 2500 3000 3500 4000

Equivalent diameter (um)

(a) MICP precipitation

300

2504 . .
[ Active bioslurry

200

150 4

Count

100

Cumulative frequency (%)

0

T T T T
0 500 1000 1500 2000 2500 3000 3500 4000

Equivalent diameter (um)

(b) Active bio-slurry

1200

100

1000 -RPGM

800

600

Count

400

Cumulative frequency (%)

200

T T u T T T T 0
1000 1500 2000 2500 3000 3500 4000 4500

0 500

Equivalent diameter (um)

(c) Rock powder-amended grouting

Fig. 9 Histogram of pore size distribution

in turn identified more pores than the MICP precipita-
tion method. However, the number of throats identi-
fied by the RPGM was far lower than that identified

by the other two methods. Analysis of pore coordina-

Table 1 pore size distribution parameter

MICP precipitation

Active bio-slurry RPGM

Pore Eq-diameter/pm - -
Proportion/ %  Volume fraction/ %

Proportion/%  Volume fraction/ %

Proportion/%  Volume fraction/ %

<2500 29.35 0.55 43.27 2.05 85. 34 2.26
500~1 000 27.96 5.14 38.35 16. 96 8.68 4.17
=>1000 42.69 94. 30 18.38 80.99 5.98 93.57
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Table 2 The number of pores and throats in PNM.

Type MICP precipitation Active bio-slurry RPGM
Pores 1513 2133 3 546
Throats 2728 2788 321
45
mice precipitation
40 Active bioslurry
[ RPGM
354
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Fig. 10 Statistical parameters of pore and throat

information in PNM

tion numbers revealed that 16.4% of pores in the
PNM of the MICP-precipitation specimen had a coor-

dination number of 0, indicating completely isolated

pores. This proportion was higher in the active bio-
slurry method (22. 9%) and dramatically higher in the
RPGM (90.7%). This demonstrates that the filling
and cementation effects of rock powder particles and
microbial precipitates in RPGM-treated specimens
transformed the vast majority of pores within the frac-
ture planes from connected pores into isolated pores.
Consequently, connected pathways between pores
could not be extracted, preventing the formation of
effective seepage channels. This mechanism signifi-
cantly enhances the impermeability of the fractured
rock mass.

Notably, sub-voxel pores (smaller than 1 voxel)
were undetectable due to the CT resolution limit.
Minute pores and flow paths present within the
fractured rock mass are not represented in the CT
images, potentially leading to an underestimation of
true connectivity.

3.3 REYV unit analysis

Connectivity assessment confirmed the absence
of fully connected pores across fractured surfaces in
all MICP-treated specimens. To evaluate the anti-
seepage efficacy, a representative elementary volume
(REV) was extracted from the digital model center
using the Extract Sub-volume module in AVIZO.
Porosity was used as the key indicator for determin-
ing the REV size. Cubic sub-volumes of varying siz-
es were extracted from the central region of the frac-
tured rock, and their porosity was calculated. The
REV side length was gradually increased until the
porosity stabilized as REV size increased and con-
verged to the specimen'’s global porosity. This stable
size was then determined as the final REV dimen-
sion. As shown in Fig. 11, when the REV length
was increased to 300 voxels, the change in REV
porosity tended to stabilize, indicating the optimal
REV dimension.

Robust statistical sampling of REVs—achieved
by systematically varying their size and location
within the digital core—was conducted to ensure
analytical reliability amid material heterogeneity and
natural variability. This approach confirmed a
consistent trend of permeability reduction across all
sampled REVs, revealing a uniform response to
MICP treatment despite local variations in pore-scale

geometry.
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Fig. 11 Porosity of REV units with different sizes

The internal pores, CaCO ; cementation, and
limestone matrix in the REV unit were delineated
using threshold segmentation of CT data, and pore
net models were generated (Fig. 12). The changes
in pore-filling rate and the proportion of isolated
pores within the REV unit after MICP reinforcement
were calculated. Quantitative analysis revealed that
the MICP precipitation method increased the pore-
filling ratio by 60.09%, with 1.10% of pores
isolated. The active bio-slurry method achieved a
63.42% pore-filling enhancement, with 34.11% of
pores isolated. Using the rock powder-amended
grouting method, 92.63% of pores were filled.
Original connected fractures were [ragmented into

isolated micro-fractures with undetectable flow paths.

Fig. 12 REYV unit pores, isolated pores, PNM, and

fractured surface before treatment: REV unit pores,
isolated pores, PNM, and fractured surface before

treatment

3.4 Pore-scale seepage simulation based on CT
images

Based on the pore network model constructed in

Section 3. 3, the pore network mesh was partitioned
in AVIZO, refined in NETFABB (to address self-in-
tersecting elements), and then imported into COM-
SOL Multiphysics for pore-scale seepage simulation.
The Creeping Flow interface was employed for the
simulation. Water was defined as a fluid material.
After setting the boundary conditions, a pressure gra-
dient of 500 Pa was applied across the inlet-outlet
boundary. The generated seepage flow streamlines
and pressure gradient distribution were shown in
Fig. 13.

For the MICP precipitation method, significant
connected pores remained within the fractured
surface. A relatively concentrated primary seepage
channel was observable across the REV cross-
section, and the seepage streamlines were more
densely distributed, exhibiting significantly higher
seepage velocities internally. Within the bio-slurry-
treated REV domain, the streamline was primarily
confined to interconnected pores in the left section.
Pores located in the upper-right region were isolated
and did not contribute to seepage. Consequently, the
seepage velocity within the REV was lower than that
of the MICP precipitation method. The pore
distribution within the RPGM-treated specimen was
highly isolated. Crucially, no connected pores were
found within a central cubic region measuring 300
voxels along each edge. This indicated the inability
to form effective seepage channels through the
specimen core.

3.5 Permeability test analysis

Due to specimen size limitations, small-scale
fractured rock specimens (diameter 25 mm, height
50 mm) with through-going fractures were prepared.
The specimens were reinforced using the MICP
treatment methods described in Section 2.2. As
shown in Fig. 14, gas permeability was measured
under confining pressures of 3, 5, 10, and 15 MPa
for all processing conditions.

The results showed that RPGM exhibited the
greatest permeability reduction among all MICP
treatment methods and significantly improved the per-
meability resistance of fractured rock, reducing per-
meability by 1 order of magnitude compared to
MICP precipitation method across different confining

pressures. It demonstrated that the effective seepage
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Fig. 14 Porosity and permeability test results of small-

scale specimens

path on the fractured surfaces of RPGM-treated spec-
imens was blocked, consistent with previous analysis
results for PNM.

Confining pressure exerted a significant influ-
ence on gas permeability. The gas permeability of
the core samples gradually decreased with increasing

confining pressure, at a decelerating rate. The most

pronounced reduction occurred within the 3-5 MPa
confining-pressure range. Specimens treated with dif-
ferent MICP methods exhibited distinct sensitivities
to variations in confining pressure: both the RPGM-
reinforced and MICP precipitation-treated specimens
maintained relatively stable permeability, whereas
the active bio-slurry-treated specimen showed the
largest fluctuation in gas permeability, with values
substantially higher than those of the other two
groups.

Based on CT image analysis, which revealed a
low internal density of the fracture-filling precipitate
in the bio-slurry specimen, the pore structures within
the calcium carbonate precipitate were likely dam-
aged by confining pressure and gas-flow scouring.
This process, which reconnected isolated pores,
formed new seepage pathways. When subjected to
higher confining pressure, the cementation became
more compact, thereby reducing the aperture of seep-

age channels and gradually stabilizing permeability.
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Analysis based on CT images suggested that the low
internal density of the fracture-filling cement in the
bio-slurry specimen may have led to the destruction
of pore structures within the calcium carbonate pre-
cipitate under the combined effect of confining pres-
sure and gas-flow erosion. This could have recon-
nected isolated pores and formed new seepage path-
ways. Under high confining pressure, the cementa-
tion was compacted, reducing the aperture of seep-
age channels, and Gas permeability tended to stabi-
lize gradually.

MICP-reinforced specimens exhibited similar
porosity, and the pore structure within the fracture
infill remained the dominant pathway for fluid flow.
However, distinct differences in pore spatial distribu-
tion and connectivity characteristics resulted in mark-
edly differentiated actual permeability. Diameter
measurements taken after the gas permeability tests
revealed a slight reduction relative to the pre-test
dimensions, suggesting that a small number of weak
cementations within the fracture may have been com-
pressed or partially crushed under high confining pres-
sure. The resulting fragments could block seepage
channels, thereby contributing to the observed reduc-

tion in permeability.
4 Discussion

Quantitative analysis of internal pore structures
is commonly applied to typical porous materials such
as tight sandstones and carbonate matrices"
Some researchers also applied this methodology to
fractured porous rocks with complex micro-fracture

47 In this study, the research object was

networks '
MICP-reinforced fractured rock. CT scan images
revealed that after MICP treatment, no fully inter-
connected fractures remained within the rock fracture
surface. Instead, the infilled region exhibited charac-
teristics of a porous medium. Existing studies indi-
cate that the permeability of filled fractured rock is
closely related to the porosity and structural distribu-

tion of the infill material ***

| Therefore, quantitative
analysis of the pore structure of the fracture-filling
material contributes to a better understanding, analy-
sis, and simulation of fluid flow within the fracture
plane, ultimately helping to explain the observed

macroscopic permeability variations. Notably, in CT

data analysis, due to scanning-resolution constraints,
pores smaller than the system's resolution threshold
remained undetectable. Consequently, sub-resolu-
tion micropores within the rock were not captured in
the dataset, leading to a systematic overestimation of
the calculated pore-filling rates. This limitation intro-
duced quantifiable discrepancies between CT-based
seepage simulation and experimentally measured per-
meability values in fractured limestone.

Previous studies on MICP-based remediation of
hydraulic properties in fractured rock predominantly
employed the two-phase grouting method"” """ dem-
onstrating that MICP grouting can achieve a fracture-
filling rate of 67% in granite. This therebyreduces
permeability by three orders of magnitude. The calci-
um carbonate filling rate aligned with the results
obtained using the MICP precipitation method in this
study. This study introduced the active bio-slurry
method for laboratory-scale repair of fractured lime-
stone specimens and compared its performance with
conventional grouting. This method enabled rapid
sealing of rock fractures without repeated injections,
significantly improving efficiency and ensuring a
more uniform precipitate. However, the infilled pre-
cipitate exhibited low density, making it prone to
scouring and potential secondary seepage. At the
same time, this laboratory-scale study demonstrated
feasibility. Thus, further optimization of application
methodology is necessary to facilitate its practical
implementation in the field. Moreover, when frac-
ture apertures exceed a critical threshold, traditional

[52]

MICP grouting fails To investigate this further,
this study comparatively evaluated rock powder-
amended grouting—applicable for large-aperture frac-
tures—against other MICP methods. Results demon-
strated that limestone powder injection significantly
enhances the fracture filling rate (up to 92.6%),
effectively altering the connectivity characteristics of
pore networks within fractured surfaces and thereby
drastically reducing seepage capacity.

Beyond anti-seepage performance, the study
indicated that MICP technology can significantly
improve the mechanical strength of fractured sand-

“ " Nevertheless, current research

stone and granite
achievements in MICP reinforcement have remained

predominantly confined to laboratory-scale specimen
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testing, with no large-scale model tests applicable to
engineering practice. As such, this study validated
the feasibility of MICP for improving the anti-seep-
age capacity of fractured limestone. Combined with
numerical simulation, quantitative analysis of the dis-
tribution of the internal micro-pore structure and
potential seepage pathways was conducted to eluci-
date the underlying reasons for the reduction of mac-
roscopic permeability. The enhancement of mechani-
cal strength in MICP-reinforced fractured limestone
specimens will be systematically investigated in sub-

sequent research.

5 Conclusion

This study imvestigated three MICP treatment
methods (MICP precipitation, active bio-slurry, and
rock powder-amended grouting) to reinforce fractured
limestone in the water-level fluctuation zone of the
Three Gorges Reservoir Area. X-ray CT scanning,
seepage simulation, and permeability tests were con-
ducted to reveal distinct improvements in pore struc-
ture and anti-seepage performance. The following
results were drawn:

(1) Three MICP reinforcement methods generat-
ed calcium carbonate precipitation on fractured rock
surfaces, cementing fractures, and filling internal
pores. Specifically, the pore-filling rates within the
fractured surface achieved by MICP precipitation,
active bio-slurry, and the rock powder-amended
grouting method were 60.09%, 63.42%, and
92.63%, respectively.

(2) The calcium carbonate precipitation generat-
ed by MICP significantly altered the spatial distribu-
tion characteristics and connectivity architecture of
pores within fractured surfaces. X-ray CT analysis
demonstrated that RPGM achieved the most substan-
tial reinforcement: 42. 5% of slices exhibited 2D are-
al porosity below 10%; over 90% of internal pores
were isolated; REV analysis showed that no connect-
ed pores were detected.

(3) The change in internal pore connectivity
structures contributed significantly to the reduced per-
meability of fractured limestone. Thus, three MICP
methods effectively enhanced the anti-seepage capaci-
ty of fractured limestone, with RPGM achieving the

greatest impermeability enhancement, resulting in a

permeability 1 order of magnitude lower than MICP

precipitation method.
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