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a b s t r a c t

The microbial induced calcium carbonate precipitation (MICP) technology provides a new approach to
solve borehole destabilization in broken formations; however, the high-temperature and alkaline en-
vironments inhibit the growth of microorganisms, which in turn affects the performance of their wall
enhancement performance. In this study, a pH and temperature-coupled induced domestication method
was applied to Bacillus pasteurii, and its wall enhancement performance was evaluated. Post domesti-
cation, Bacillus pasteurii exhibited high growth activity at pH 10.3 and temperature 45 �C. In a sodium
carboxymethyl cellulose (CMC) drilling fluid environment, bacterial concentration reached 1.373 with
urease activity at 1.98 after 24 h, and in a xanthan gum (XG) environment, the figures were 0.931 and
1.76, respectivelydsignificantly higher than those before domestication. The Bacillus pasteurii-CMC
system exhibited enhanced performance with the unconfined compressive strength of the specimen up
to 1.232 MPa, permeability coefficient as low as 0.024, and calcium carbonate production up to 24.685 g.
The crushed specimen portions remained lumpy with even calcium carbonate distribution. In contrast,
the Bacillus pasteurii-XG system exhibited the highest unconfined compressive strength of 0.561 MPa,
lowest permeability coefficient of 0.081, and the greatest calcium carbonate production of 16.03 g, with
an externally cemented shell but internally loose structure and uneven calcium carbonate distribution,
resulting in weaker mechanical properties. The Bacillus pasteurii induced predominantly vaterite calcium
carbonate crystals in the CMC drilling fluid. In the XG drilling fluid, the crystals were mainly calcite. Both
types effectively cemented the broken particles, improving formation strength and reducing perme-
ability. However, under the same conditions, the Bacillus pasteurii-CMC system demonstrated a more
pronounced enhancement effect.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

In the fields of mineral resources exploration, development, and
geotechnical engineering, encountering broken strata during dril-
ling operations is inevitable. This often leads to serious destabili-
zation of borehole walls, which can trigger drilling accidents such
as jamming or buried drills. These incidents not only extend the
drilling cycle but can also result in the scrapping of drilling
.
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operations, leading to substantial economic losses (Qiu et al., 1999).
Traditional wall protection measures typically involve the use of
high-quality drilling fluid systems, casing, and grouting. A high-
quality drilling fluid system is crucial for stabilizing the hole wall
during drilling and is a preferred method among drilling engineers.
However, in broken formations, the lowcementation force between
fractured blocks, combined with mechanical disturbances from
drilling columns and bits, and the lubrication effect of drilling fluids
penetrating the stratum, diminish the effectiveness of these wall
protection measures (Tang and Luo,1997; Qi andMa, 2005). Casing,
while effective in maintaining the wall of broken formations, can
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only be inserted post-hole formation. It is costly and complicates
the hole structure (Niu et al., 2012). Grouting is effective for wall
protection; however, the process is complex, quality control is
challenging, and it poses a risk of polluting the geological envi-
ronment (Wang, 2017). Consequently, a new drilling fluid system is
urgently needed to address the problem of borehole wall destabi-
lization in broken formations.

Both research and practical applications have demonstrated that
enhancing the cementation force between fractured bodies and
improving their inherent strength is a critical approach to resolving
borehole wall destabilization in broken formations (Hu et al., 2011).
Microbial induced calcium carbonate precipitation (MICP), based
on microbial mineralization, has emerged as a prominent research
area both domestically and internationally in recent years (Liu et al.,
2019). MICP technology utilizes urease produced by microorgan-
isms to catalyze the decomposition of urea, resulting in CO3

2� pro-
duction. This reacts with Ca2þ in the surroundings to form calcium
carbonate precipitation, which exhibits cementation properties
(Eq. (1) and Eq. (2)). MICP has been widely applied in soil consoli-
dation, seepage reduction, and crack repair (Ivanov and Chu, 2008;
Harkes et al., 2010; Phillips et al., 2016). Additionally, MICP tech-
nology offers the advantages of being environment friendly and
cost-effective, providing a promising solution to the problem of
borehole wall destabilization in broken formations.

COðNH2Þ2 þ2H2O /
urease

2NHþ
4 þ CO2�

3 (1)

Ca2þ þCO2�
3 /CaCO3Y (2)

Li et al. (2021a, 2022) have made significant advancements in
the field of drilling fluid technology by integrating MICP into so-
dium carboxymethyl cellulose (CMC) cementless drilling fluid
systems. Their core soaking experiments revealed that the
microbial-CMC cementless drilling fluids could effectively cement
and shape loose gravel soil, imparting it with a notable degree of
unconfined compressive strength. They discovered that factors
such as prolonged reaction time, increased concentration of
cementing solution, and a higher initial bacterial strain concen-
tration were beneficial for enhancing the gravel soil strength.
Furthermore, Li et al. (2021b) observed that Bacillus pasteurii
thrives in xanthan gum (XG) unconsolidated drilling fluids. How-
ever, their research did not account for the effects of ambient
temperature and pH on the growth and wall enhancement per-
formance of Bacillus pasteurii in these drilling fluid environments.
In actual drilling operations, drilling fluids are typically alkaline (Liu
et al., 2007), and borehole temperatures rise with increasing depth
(Fu and Zhao, 2019). In the field of geological drilling, vast majority
of wells are drilled to a depth of less than 2000 m, the temperature
in the hole is generally below 60 �C, and the pH of solid-free drilling
fluids are usually controlled at around 10.0, whereas for even
shallower geological drilling wells, the temperature is usually less
than 45 �C. These conditions are challenging for the metabolic ac-
tivity of Bacillus pasteurii. Previous studies have demonstrated that
temperature and pH are the main reasons affecting the MICP pro-
cess (Sun et al., 2019a, 2019b; Wang et al., 2023a, 2023b), and that
the metabolic activity of Bacillus pasteurii is markedly suppressed
when the temperature is increased above 42 �C or the pH is high at
9.4 (Liu et al., 2019; Li et al., 2023a, 2023b), thus affecting its wall
enhancing performance. The induced domestication strategy can
significantly enhance the adaptability of organisms to their envi-
ronment (Steensels et al., 2019). This technique could be utilized to
acclimatize Bacillus pasteurii to high-temperature and strong
alkaline conditions, thereby optimizing the MICP reaction and
enhancing the wall reinforcement effect.
4359
The induced domestication technique is a well-established
method in diverse fields such as food, environment, and mining
(Zhang et al., 2022; De Guidi et al., 2023; Zhang et al., 2023). This
method has been instrumental in enhancing organism tolerance to
various environmental conditions and facilitating their growth in
new environments.

For instance, Wang (2022) employed a gradient domestication
method to increase the tolerance of microalgae to high concen-
trations of CO2. By gradually raising the CO2 concentration from
0.04% to 12%, Wang successfully developed Micrococcus sp. strains
capable of tolerating a high concentration of 15% CO2. This study
validated the efficacy of CO2 gradient domestication as a stable and
effective approach for cultivating microalgal strains that can
withstand high CO2 concentrations.

Tang et al. (2012) applied domestication techniques to adapt the
fermenting strain of lactic acid bacteria in sour soy milk. By grad-
ually increasing the proportion of soy milk in cow milk using
passaging domestication and adding soy peptide digest, they
enhanced the bacteria's adaptation to the soy-milk environment
and its vitality. Their study demonstrated that these domestication
methods positively affect the growth of lactic acid bacteria in sour
soy milk, improving their tolerance and maintaining or even
enhancing their activity levels. Cui et al. (2019) conducted a six-
month copper tolerance directed domestication of Acid-
ithiobacillus caldus. The resulting strain exhibited strong resistance
to copper stress and maintained an active biochemical leaching
effect in the leaching system post-domestication. Similarly, Zheng
et al. (2019) used a continuous transfer domestication method to
develop arsenic tolerance in Leptospirillum ferriphilum, a moder-
ately thermophilic acidophilic leaching bacterium. The domesti-
cated strain exhibited significantly increased arsenic tolerance and
an optimized leaching effect on arsenopyrite. In addition to metal
tolerance, domestication has proven effective in adapting organ-
isms to external temperature and pH changes. Wang et al. (2022)
subjected fish ZF4 cells to short-term low-temperature stress and
long-term low-temperature domestication, discovering that this
process enhanced the cells' low-temperature tolerance. Li et al.
(2016) improved the acid and oxygen tolerance of Lactobacillus
paracasei L9 through domestication under low pH and high oxygen
concentration stress. The domesticated strain exhibited high b-
galactosidase gene expression, strong enzyme activity, robust acid
production capacity, and stability during storage. The domestica-
tion technology has also been applied in the realm of MICP; Xiao
et al. (2022) performed multi-gradient domestication of Bacillus
pasteurii in an artificial seawater environment. The domesticated
bacteria showed improved adaptability to seawater and enhanced
MICP performance. Therefore, employing induced domestication to
adapt Bacillus pasteurii to drilling fluid environments with high
alkalinity and then improving its temperature tolerance is crucial.
This approach is necessary to enhance the wall-strengthening
ability of Bacillus pasteurii under high-temperature and strongly
alkaline conditions, a key factor for the successful application of
MICP technology in maintaining borehole wall stability in broken
formations.

In summary, this study aimed to ensure the high growth activity
and efficient MICP wall-enhancing capability of Bacillus pasteurii
under drilling fluid environments with elevated pH and tempera-
ture. To achieve this, the study focused on the pH and temperature-
coupled induction domestication of Bacillus pasteurii within the
drilling fluid system. Key influencing factors, such as initial bacte-
rial concentration, cementing solution concentration, temperature,
and action time, were identified to design orthogonal experiments
for MICP wall consolidation. These experiments measured the
physico-mechanical strength, permeability coefficient, and calcium
carbonate production of the specimens post-wall consolidation,
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providing a comprehensive evaluation of the wall enhancement
performance of Bacillus pasteurii following induced domestication.
Additionally, analytical techniques such as X-ray diffraction (XRD)
and scanning electron microscopy (SEM) were employed to
investigate the material composition and microstructure of the
specimens, both before and after the wall enhancement experi-
ments. These analyses were crucial in understanding the reasons
behind the varying wall enhancement effects observed in Bacillus
pasteurii, both in its induced and domesticated forms, across
different drilling fluid systems. The findings of these experiments
and analyses are expected to significantly contribute to the field,
offering insights into optimizing MICP technology for enhanced
borehole stability in challenging drilling environments.

2. Materials and methods

2.1. Materials

The experimental study utilized quartz-based sand as gravel
soil, which was meticulously cleaned, dried, and sieved. The soil
demonstrated specific granulometric characteristics: D60 was
measured at 0.65, D30 at 0.19, and D10 at 0.093. The coefficient of
homogeneity (Cu) was calculated to be 6.99, and the coefficient of
curvature (Cc) was determined to be 0.60. These parameters indi-
cated that the soil was poorly graded. The grading curves of the soil
are depicted in Fig. 1, and additional parameters are detailed in
Table 1. The rest of the materials used in the experiment are listed
in Table 2.

2.2. Methods

2.2.1. Bacterial liquid preparation
For the cultivation of Bacillus pasteurii, a strain sourced from

Beijing Biotech Co., Ltd. (China), specifically No. ATCC-11859, was
utilized. The preparation of the liquid culture medium involved
adding 5 g of soy peptone, 15 g of casein peptone, 5 g of NaCl, and
20 g of urea to 1000 mL of deionized water. The pH of this mixture
was adjusted to 7.3 using NaOH solution. This solution was then
autoclaved at 121 �C under a pressure of 0.1 MPa for 20 min using
an autoclave from Shanghai Bo Xun Industry Co. Ltd. (model YXQ-
SG46-280S). Post-autoclaving, the medium was cooled to room
temperature on a sterile operating table provided by Suzhou Antai
Fig. 1. Gradation curve for gravel soil particles.
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Air Technology Co., Ltd. (model SW-CJ1FD). After cooling, the
activated Bacillus pasteurii organisms were inoculated into the
medium. The mouth of the conical flask containing the culture was
sterilized with an alcohol lamp and sealed with medical gauze.
Subsequently, the flask was placed in a constant temperature
incubator from Shanghai Zhichu Instrument Co., Ltd. (model ZHTY-
50s). The culturewas then incubated for 24 h at 30 �C and a shaking
speed of 120 rpm. This process resulted in the bacterial liquid that
was used in the experimental study.

2.2.2. Determination of bacteria concentration and urease activity

2.2.2.1. Determination of bacteria concentration. The concentration
of bacteria in this study was quantified using the turbidimetric
method, which involves measuring the absorbance of the bacterial
liquid. For this purpose, a sample of the bacterial liquid was
analyzed using an ultraviolet spectrophotometer (Shanghai Right
One Instrument Co., Ltd., UV2000). The absorbance was measured
at a wavelength of 600 nm (OD600), and the resulting value was
used to represent the concentration of the bacterial cells.

2.2.2.2. Determination of urease activity. The urease activity of the
bacterial solution was achieved by mixing the bacterial solution
with a 1.6 mol/L urea solution in a V/V ratio of 1:9. The change in
conductivity of this mixed solution was measured at room tem-
perature over a period of 5 min using a conductivity meter
(Shanghai LeiMagnet Chuangyi Instrument Table Co., Ltd., DDS-
11A). The average change in conductivity per minute (ms/min)
was then calculated. According to Whiffin (2004), a conductivity
change of 1 ms/min is equivalent to the hydrolysis of 11 mM of urea
per minute. Therefore, the amount of urea hydrolyzed per minute
by the bacterial solution (expressed inmMurea hydrolyzed$min�1)
can be calculated by multiplying the observed conductivity change
by the dilution factor of 10. In this study, the urease activity of the
bacterial solution was expressed and calculated using this method.

Urease activity
�
mM urea hydrolysed$min�1

�

¼ Conductivity change value� 11� 10
5

(3)

2.2.3. Preparation of drilling fluids
Li et al. (2023b) demonstrated that CMC and XG are suitable

drilling fluid materials for configuring microbial drilling fluids;
therefore, CMC and XG were chosen to configure microbial drilling
fluids; the configuration is detailed below.

In the preparation of the drilling fluids for the experiment, CMC
and an XGwere used as additives to the liquidmedium. Initially, 8 g
of CMC was added to the liquid medium. This mixture was thor-
oughly blended using a high-speed blender. The pH of the drilling
fluid was then adjusted to 7.3 using a 1 mol/L NaOH solution.
Subsequently, the mixture was sterilized in a high-temperature
steam sterilization kettle at 121 �C and 0.1 MPa for 20 min. After
sterilization, the fluid was cooled to room temperature on a sterile
operating table. This process resulted in the formation of a 0.8%
CMC solid-free drilling fluid, henceforth referred to as Drilling Fluid
P. Similarly, for the preparation of Drilling Fluid Q, 3 g of the XGwas
added to the liquid medium. Following the same procedure as
above, a 0.3% XG solid-free drilling fluid was configured.

To introduce Bacillus pasteurii into these drilling fluids, 15 mL of
the bacterial solution was inoculated into 150 mL of both drilling
fluid P and Q, using a sterile pipette gun. These mixtures were then
placed in a constant temperature oscillating incubator at 30 �C and
120 rpm for 24 h. This process yielded two types of microbial



Table 1
Grain size distribution and percentage content of sand.

Size, mm >2.5 2.5e2.0 2.0e1.5 1.5e1.0 1.0e0.5 0.5e0.1 <0.1

Sieve mass, g 8.75 83.11 274.62 177.22 489.3 165.4 1.60
percentage content, % 0.73 6.92 22.89 14.77 40.78 13.78 0.13

Table 2
Other materials used in the experiment.

Material Source of purchase Specification

Deionized water Chengdu Kelong Electronics Co., Ltd., China.
Casein peptone, Soy peptone Beijing Soleibao Technology Co., Ltd., China. Biological reagents
XG Shandong Shenghuang Chemical Products Co., Ltd., China
CMC Sinopharm Group Chemical Reagent Co., Ltd., China. Chemically pure
NaCl Fortune (Tianjin) Chemical Reagent Co., Ltd., China. Chemically pure
Urea Sinopharm Group Chemical Reagent Co., Ltd., China. Chemically pure
NaOH Sinopharm Group Chemical Reagent Co., Ltd., China. Chemically pure
CaCl2 Sinopharm Group Chemical Reagent Co., Ltd., China. Chemically pure
HCl Chengdu Kelong Electronics Co., Ltd., China. Chemically pure
Geotextile
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drilling fluids: Bacillus pasteurii-CMC drilling fluid and Bacillus
pasteurii-XG drilling fluid. After 24 h of incubation, the OD600
values for the Bacillus pasteurii-CMC and Bacillus pasteurii-XG
drilling fluids were measured to be 3.71 and 2.551, respectively.
Additionally, the urease activities for both fluids were recorded at
4.4 mM urea hydrolyzed per minute. The properties of the 0.8%
CMC unsolidified drilling fluid, 0.3% XG unsolidified drilling fluid,
Bacillus pasteurii-CMC drilling fluid after 24 h of incubation, and
Bacillus pasteurii-XG drilling fluid after 24 h of incubation are
detailed in Table 3.
2.2.4. Alkali-and temperature-tolerant coupled domestication of
Bacillus pasteurii

The coupled domestication of Bacillus pasteurii in drilling fluids
P and Q environments, characterized by specific pH and tempera-
ture conditions, is achieved through two distinct methods: direct
domestication and gradient domestication. For this purpose, Ba-
cillus pasteurii, cultured at a pH of 7.3, temperature of 30 �C, and
rotational speed of 120 rpm, serves as the seed organism. Each
experimental group is subjected to three parallel experiments to
ensure reliability, with the results subsequently averaged for pre-
cision. The domestication method is illustrated in Fig. 2.
2.2.4.1. Direct domestication

a. pH direct domestication

The pH of drilling fluids P and Q is adjusted to the target pH of
10.3 for domestication. Subsequently, the seed bacteria are inocu-
lated into these fluids (maintaining a volume ratio of bacterial fluid
to liquid medium at 1:10). The bacteria are then incubated for 24 h
at 30 �C and 120 rpm. Optical density at 600 nm (OD600) and urease
activity are measured at the 24th hour. Following this, the culture is
expanded multiple times until OD600 stabilizes, resulting in the
Table 3
Drilling fluid properties.

Drilling fluid Density, g Funnel viscosity, s Appar

0.8% CMC 1.01 100.21 50.5
0.3% XG 1.01 29.17 14.25
Bacillus pasteurii-CMC 1.01 23.78 10.5
Bacillus pasteurii-XG 1.01 22.03 11.5
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acquisition of Bacillus pasteurii x, which has been directly domes-
ticated in a strong alkali environment. OD600 and urease activity are
recorded at the 24th hour post-stabilization for both the initial and
expansion cultures, the same for part b.

b. pH, temperature coupled direct domestication

The procedure begins by adjusting the pH of drilling fluids P and
Q to 10.3, followed by the inoculation of Bacillus pasteurii x. The
culture is incubated for 24 h at the domestication target tempera-
ture of 45 �C and a rotational speed of 120 rpm. OD600 and urease
activity measurements are taken at the 24th hour. The culture is
then expanded several times until OD600 stabilization, resulting in
the production of Bacillus pasteurii y, which is directly domesticated
under coupled alkali and temperature conditions.
2.2.4.2. Gradient domestication

a. pH gradient domestication

Five pH gradients are established, ranging from the optimal
growth pH of 7.3 to the domestication target pH of 10.3: 8.3, 8.8, 9.3,
9.8, and 10.3. The pH of drilling fluids P and Q is initially adjusted to
8.3. Subsequently, the seed organisms into these fluids are inocu-
lated and incubated at 30 �C and 120 rpm for a duration of 24 h.
Subsequently, multiple rounds of expansion culture are conducted
until OD600 demonstrates a trend toward stabilization after 24 h.
This process results in the gradient domestication of Bacillus pas-
teurii X8.3. In a similar manner, adjusting the pH of drilling fluids P
and Q to 8.8, inoculating with Bacillus pasteurii X8.3, and incubating
under the same conditions results in the cultivation of Bacillus
pasteurii X8.8. Multiple rounds of expansion culture are again con-
ducted until the OD600 stabilizes at the 24 h mark. Following this
protocol iteratively finally affords Bacillus pasteurii X10.3. OD600 and
ent viscosity, mPa$s Plastic viscosity, mPa$s Dynamic shear, Pa

29.5 21
6.5 7.75
5.5 5
5 6.5



Fig. 2. Illustration of the domestication method.
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urease activity are recorded at the 24th hour post-stabilization for
both the initial and expanded cultures at each pH gradient, the
same for part b.

b. pH, temperature-coupled gradient domestication

Five temperature gradients are set between the optimal growth
temperature of 30 �C and the domestication target temperature of
45 �C: 33, 36, 39, 42, and 45 �C. The pH of drilling fluids P and Q is
adjusted to 10.3, and Bacillus pasteurii X10.3 is inoculated and
incubated at 33 �C, 120 rpm for 24 h. Post-incubation, the culture
undergoes several expansions until the OD600 stabilizes at the 24th
hour, resulting in Bacillus pasteurii Y33. Y33 is inoculated into new
drilling fluids P and Q with pH 10.3, and incubated at 36 �C and
120 rpm for 24 h. Subsequently, the culture is repeatedly expanded
until the OD600 stabilizes at the 24th hour, resulting in the deri-
vation of Bacillus pasteurii Y36. This process eventually leads to the
attainment of Bacillus pasteurii Y45.

2.2.5. Microbial drilling fluid borehole wall enhancement
experiment

2.2.5.1. Borehole wall enhancement experiment. The Bacillus pas-
teurii wall enhancement experiment is conducted using the core
immersion method. The experimental setup includes a beaker, PVC
bracket, metal mold, geotextile flexible mold, and magnetic stirrer,
as illustrated in Fig. 3. The fiber structure of the geotextile can
provide support to the originally loose specimen. Simultaneously,
the existence of a large number of pores between the fibers gives it
good permeability, and the Bacillus pasteurii-drilling fluid can
significantly enter the interior of the specimen to carry out the
MICP reaction, minimizing the influence of the mold on the
experimental results. The specific experimental methods are
described as follows:

Firstly, 2 L of Bacillus pasteurii-drilling fluid is prepared, with the
bacterial concentration adjusted to the predetermined value. The
experimentally determined quantities of CaCl2 and CO(NH2)2 are
added and thoroughly mixed. Subsequently, the geotextile is cut
and fashioned into a cylindrical mold with dimensions of 50 mm in
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height and diameter, as shown in Fig. 4. Gravel soil samples
weighing 150 g are prepared by soaking them in 0.1 mol/L HCl
solution for 24 h prior to the experiment, followed by washing and
drying with deionized water. These samples are then gradually
loaded into the flexible molds, ensuring full contact, and gently
compacted into a specimen.

The beaker is placed on amagnetic stirrer, and the rotor and PVC
bracket are positioned inside it. The specimen is placed in a metal
container on the PVC bracket. Following this, all the Bacillus pas-
teurii-drilling fluid is poured into the beaker. The heating and
stirring functions of the magnetic stirrer are activated, set to the
desired temperature, and appropriate rotational speed. Control
groups using drilling fluids P and Q are set up in a similar manner.

After the predetermined time for the wall enhancement
experiment, the specimens are removed from the experimental
setup and immersed in deionized water. This step is crucial for
gently removing soluble impurities and soft calcium carbonate
deposits from the surface. The specimens are then dried at 80 �C for
12 h. At the end of the drying period, the molds are carefully dis-
assembled, and the obtained specimens are prepared for subse-
quent tests.

To elucidate the impact of wall enhancement by Bacillus pas-
teurii following its domestication under coupled gradients of pH
and temperature, MICP wall enhancement orthogonal experiments
are conducted. These experiments aim to determine key parame-
ters of the specimens post wall-enhancement, specifically uncon-
fined compressive strength, permeability coefficient, and calcium
carbonate production. The experimental variables are initial bac-
terial concentration (A), cementing solution concentration (B),
temperature (C), and time (D). The orthogonal experimental design
adopts a four-factor, five-level approach, as outlined in Table 4. The
orthogonal table L25 (45) from IBM SPSS Statistics software is uti-
lized for this design and is detailed in Table 5. Notably, the empty
columns in this table serve a dual purpose: they estimate experi-
mental error and measure the reliability of the experiment. Addi-
tionally, they facilitate the analysis of each factor's influence onwall
enhancement performance through range analysis. A comprehen-
sive series of 25 distinct experimental groups is conducted within



Fig. 3. Experimental setup of the MICP wall enhancement experiment.

Fig. 4. Gravel soil and full-contact flexible mold ((a) gravel soil; (b) full-contact flexible mold).

Table 4
Table of factor levels of orthogonal experimental program.

Level Factor

A B C D

OD600 mol/L �C h

1 0.3 0.2 33 12
2 0.6 0.4 36 24
3 0.9 0.6 39 36
4 1.2 0.8 42 48
5 1.5 1.0 45 60
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this orthogonal framework. To ensure accuracy and repeatability,
each group undergoes three iterations, with the resultant data
averaged for analysis. This methodical approach ensures a robust
examination of the variables impacting the wall enhancement ef-
ficacy of Bacillus pasteurii.
2.2.5.2. Unconfined compression test. In this experiment, the CDUT-
ZJ01 unconfined compressive tester, jointly developed by Chengdu
University of Technology and Jiangsu Kedi Petroleum Instrument
Co., Ltd., China, is employed. Upon completion of the MICP wall
enhancement experiment, the specimen is positioned at the center
axis of the lifting table of the testing machine for the unconfined
compressive strength test. The loading rate for the specimen is set
to 0.05 mm/min, continuing until specimen failure. During the test,
the computer-controlled universal testing machine automatically
records the pressure value F, the duration of the experiment, and
the stress-time variation curve. For each set of experiments, three
parallel tests are conducted, and their average value is calculated.

The formula for calculating the unconfined compressive
4363
strength Rc of the specimen is as follows:

Rc ¼ F
A
; (4)

where

Rc: Unconfined compressive strength of the specimen, MPa;
F: Aximum pressure at destruction of the specimen, N;
A: Contact area of the specimen with the pressure plate, mm2.
2.2.5.3. Penetration test. The permeability coefficient of the spec-
imen, both pre- and post-curing, is determined using the constant
head method. The experimental apparatus for measuring the
permeability coefficient is designed in accordance with Darcy's law
(Wang et al., 2015; Sun et al., 2021), as depicted in Fig. 5. To ensure
that water flows through the interior of the specimen from top to
bottom while maintaining a constant head, the gap between the
specimen and the PVC pipe is sealed with a sealant. The perme-
ability coefficient is calculated using Eq. (5), based on Darcy's law of
percolation, as follows:

K ¼ QL
AHt

; (5)

where

K: Permeability coefficient, md;
Q: Penetration volume, mL;
A: Cross-sectional area of the water, cm2;
H: Height of the water head, cm;



Table 5
Table of orthogonal experimental design.

Number A, OD600 B, mol/L C, �C D, h Empty column 1 Empty column 2

1 1 (0.3) 1 (0.2) 1 (33) 1 (12) 1 1
2 1 (0.3) 2 (0.4) 3 (39) 4 (48) 5 2
3 1 (0.3) 3 (0.6) 5 (45) 2 (24) 4 3
4 1 (0.3) 4 (0.8) 2 (36) 5 (60) 3 4
5 1 (0.3) 5 (1.0) 4 (42) 3 (36) 2 5
6 2 (0.6) 1 (0.2) 5 (45) 4 (48) 3 5
7 2 (0.6) 2 (0.4) 2 (36) 2 (24) 2 1
8 2 (0.6) 3 (0.6) 4 (42) 5 (60) 1 2
9 2 (0.6) 4 (0.8) 1 (33) 3 (36) 5 3
10 2 (0.6) 5 (1.0) 3 (39) 1 (12) 4 4
11 3 (0.9) 1 (0.2) 4 (42) 2 (24) 5 4
12 3 (0.9) 2 (0.4) 1 (33) 5 (60) 4 5
13 3 (0.9) 3 (0.6) 3 (39) 3 (36) 3 1
14 3 (0.9) 4 (0.8) 5 (45) 1 (12) 2 2
15 3 (0.9) 5 (1.0) 2 (36) 4 (48) 1 3
16 4 (1.2) 1 (0.2) 3 (39) 5 (60) 2 3
17 4 (1.2) 2 (0.4) 5 (45) 3 (36) 1 4
18 4 (1.2) 3 (0.6) 2 (36) 1 (12) 5 5
19 4 (1.2) 4 (0.8) 4 (42) 4 (48) 4 1
20 4 (1.2) 5 (1.0) 1 (33) 2 (24) 3 2
21 5 (1.5) 1 (0.2) 2 (36) 3 (36) 4 2
22 5 (1.5) 2 (0.4) 4 (42) 1 (12) 3 3
23 5 (1.5) 3 (0.6) 1 (33) 4 (48) 2 4
24 5 (1.5) 4 (0.8) 3 (39) 2 (24) 1 5
25 5 (1.5) 5 (1.0) 5 (45) 5 (60) 5 1

Fig. 5. Diagram of the experimental device for the determination of permeability
coefficient.
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L: Length of the penetration path, that is, the height of the
specimen, cm;
t: Given time interval, s.
2.2.5.4. Measurement of calcium carbonate production. The deter-
mination of calcium carbonate production in the specimen is con-
ducted using hydrochloric acid titration. Initially, the specimen's
mass post-experimentation is measured and recorded as M1. The
specimen is then immersed in an excess of 0.1 mol/L HCl solution to
ensure complete reaction, indicated by the cessation of bubble
formation. Following this, the specimen is filtered through filter
paper and rinsed several times with deionized water. Subsequently,
it is placed back in the oven for drying and then weighed again,
4364
with this weight recorded as M2. The amount of calcium carbonate
(M) produced as a result of the MICP action in the specimen is
calculated based on the difference in mass between these two
measurements (M1 and M2) as follows:

M¼M1 �M2: (6)

Similarly hydrochloric acid titration experiments are conducted
on pure gravel soil samples, drilling fluid P group, drilling fluid Q
group, Bacillus pasteurii-CMC drilling fluid group, and Bacillus pas-
teurii-XG drilling fluid group to observe the changes.

2.2.6. Microanalytical experiments
For further analysis, XRD is utilized to characterize the speci-

mens from pure gravel soil samples, drilling fluid group, and Ba-
cillus pasteurii-drilling fluid group. The XRD analysis involves
setting the scanning range from 5� to 70� and adjusting the scan-
ning speed to 0.02�/step. The X-ray diffraction peak profiles of the
obtained specimens are then compared with the diffraction peak
profiles of standard PDF cards to analyze the primary components
present in each group of specimens. Additionally, the microstruc-
tures of the pure gravel soil samples, drilling fluid group, and Ba-
cillus pasteurii-drilling fluid group specimens are examined using
SEM to gain insight into the microstructural characteristics of the
specimens.

3. Results and discussion

3.1. Alkali- and temperature-tolerant coupled domestication of
Bacillus pasteurii

The concentration and urease activity of Bacillus pasteurii in
direct domestication, and the first incubation under each domes-
tication gradient and at the 24th hour post domestication stabili-
zation are depicted in Figs. 6 and 7.

Figs. 6 and 7 illustrate that in the process of pH and
temperature-coupled induced domestication, the gradient
domestication approach is more effective for Bacillus pasteurii than
direct domestication. This is evidenced by higher bacterial



Fig. 6. Changes in bacterial concentration and urease activity of Bacillus pasteurii after induced domestication in drilling fluid P ((a) bacterial concentration; (b) urease activity).

Fig. 7. Changes in bacterial concentration and urease activity of Bacillus pasteurii after induced domestication in drilling fluid Q ((a) bacterial concentration; (b) urease activity).
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concentrations and urease activity at the 24th h, as well as after
several expanded cultures to reach stability, compared with the
initial culture. Under direct domestication, Bacillus pasteurii ex-
hibits lower bacterial concentration and urease activity, with
minimal enhancement after repeated expanded cultures. This
suggests that strong alkali and higher temperatures significantly
inhibit the growth and reproduction of Bacillus pasteurii.

In the drilling fluid Q domestication environment, the urease
activity of Bacillus pasteurii increases with pH in the 8.3¡9.3 range
but decreases in the 9.3¡10.3 range. This is because Bacillus pas-
teurii, a moderately alkalophilic bacterium (Zhang et al., 2023),
experiences increased cell-membrane permeability within the
8.3¡9.3 pH range, facilitating nutrient and metabolite exchange
between the inside and outside of the cell and reducing intracel-
lular toxic product inhibition, thereby enhancing metabolism (Pei
et al., 2020). However, beyond pH 9.3, rising pH levels gradually
damage the cell-membrane integrity, inhibiting metabolism and
potentially causing cell death.

In drilling fluids P and Q environments, Bacillus pasteurii Y45,
4365
obtained through gradient domestication, exhibits concentrations
of 1.373 and 0.931, with urease activities of 1.98 and 1.76 at the 24th
h, respectively. These values are significantly higher than those
obtained through direct domestication. This indicates that gradient
domestication enables Bacillus pasteurii to better adapt to envi-
ronmental pH and temperature changes, demonstrating enhanced
growth activity. This adaptation is attributed to the gradual tran-
sition from favorable to extreme environments under gradient
domestication, leading to increased total lipid and high melting
point saturated fatty acid content in the cell membrane. This im-
proves the strain's alkali and heat resistance (Zhang et al., 2019),
possibly alongside increased F0F1-ATPase enzyme expression,
enhancing pH stability across the cell membrane and improving
alkali resistance (Kobayashi et al., 1986; Krulwich et al., 2011; Zhang
et al., 2019). However, direct domestication in more extreme en-
vironments does not effectively enhance the adaptation capabilities
of Bacillus pasteurii. Instead, it leads to spore dormancy or death (He
et al., 2023), resulting in less effective domestication compared to
gradient domestication.



Fig. 8. Specimens after MICP orthogonal wall enhancement experiments ((a) Bacillus pasteurii-CMC drilling fluid group; (b) Bacillus pasteurii-XG drilling fluid group).
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3.2. Microbial borehole wall enhancement experiment

Fig. 8 displays the specimen shaped post the Bacillus pasteurii
MICP wall enhancement orthogonal experiment, revealing that
loose gravel soil particles are cemented into a solid cylindrical form.
Fig. 9 depicts the damage to these specimens following the un-
confined compressive test. In the Bacillus pasteurii-CMC drilling
fluid group, damage occurs internally along the cylinder's top,
forming block-shaped fragments. Conversely, in the Bacillus pas-
teurii-XG drilling fluid group, damage manifests along the surface,
resulting in flake-like cementation with a loosely flaked interior.
However, the specimens of drilling fluid groups P and Q were not
cemented and remained loose. The stress-time curve of the
Fig. 9. Diagram of the unconfined compression experiment specimens ((a) unconfined comp
of Bacillus pasteurii-CMC drilling fluid group; (c) specimen damage of the unconfined comp

Fig. 10. Stress-time curves of specimen of the unconfined compression experiments ((a) Ba
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specimen exhibiting the highest unconfined compressive strength
is presented in Fig. 10. Here, the stress escalates with time until the
specimen's damage point, beyond which stress rapidly declines.
The peak stress value represents the specimen's maximum un-
confined compressive strength. Table 6 summarizes the unconfined
compressive strength, permeability coefficient, and calcium car-
bonate production for each specimen in the wall enhancement
orthogonal experimental program.

Table 6 illustrates the results of 25 groups in the Bacillus pas-
teurii-CMC drilling fluid wall enhancement orthogonal experiment.
Among these, 24 groups formed specimens with discernible me-
chanical strength. The highest unconfined compressive strength
recorded was 1.232 MPa, the lowest permeability coefficient was
ression experiment; (b) specimen damage in the unconfined compression experiment
ression experiment of Bacillus pasteurii-XG drilling fluid group).

cillus pasteurii-CMC drilling fluid group; (b) Bacillus pasteurii-XG drilling fluid group).



Table 6
Results of orthogonal experiments.

Number Unconfined
compressive strength,
MPa

Permeability
coefficient, md

Calcium
carbonate
production, g

CMC XG CMC XG CMC XG

1 / / 0.150910 0.261314 2.35 1.02
2 0.448469 0.315646 0.106621 0.219856 7.33 6.48
3 0.320255 / 0.093350 0.231672 7.96 5.49
4 0.501224 0.305102 0.052657 0.180045 8.86 7.32
5 0.361224 / 0.080221 0.207609 10.67 3.28
6 0.357707 0.286735 0.094623 0.214623 3.63 2.94
7 0.531720 / 0.067943 0.237795 6.75 5.10
8 0.827516 0.390306 0.024365 0.123445 11.78 9.09
9 0.622704 0.460127 0.056617 0.176886 16.55 12.14
10 0.485096 / 0.096453 0.249319 7.66 6.97
11 0.314140 / 0.129503 0.242737 5.87 5.44
12 0.604082 0.460714 0.040643 0.156708 23.45 14.77
13 0.777580 0.454592 0.049331 0.171057 6.46 5.71
14 0.724586 0.286735 0.057616 0.204549 5.69 4.88
15 0.853231 0.522293 0.039173 0.138253 18.63 12.16
16 0.635204 0.385350 0.070440 0.197829 9.65 5.05
17 0.699618 0.348535 0.046556 0.159791 11.27 7.54
18 0.516433 0.323567 0.061111 0.198316 7.74 2.77
19 1.033929 0.454592 0.025580 0.121829 14.53 8.79
20 0.410701 0.382803 0.080320 0.185062 14.78 13.97
21 0.389286 0.292484 0.084031 0.211420 10.89 7.28
22 0.510064 0.323567 0.062865 0.170437 8.70 4.27
23 1.065051 0.497834 0.031536 0.110800 16.82 14.18
24 0.786752 0.444898 0.040811 0.156045 12.61 8.22
25 1.231592 0.560714 0.024006 0.080623 24.69 16.03

Note: “/” indicates that the specimen is unformed.

Fig. 11. Schematic of calcium carbonate distribution ((a) specimen of Bacillus pasteurii-
CMC drilling fluid group; (b) specimen of Bacillus pasteurii-XG drilling fluid group).
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0.024, and the greatest calcium carbonate productionwas 24.685 g.
In contrast, of the 25 groups in the Bacillus pasteurii-XG drilling
fluid experiment, 19 groups formed specimens with mechanical
strength. The highest unconfined compressive strength here was
0.561 MPa, the lowest permeability coefficient 0.081, and the
maximum calcium carbonate production 16.03 g. Li et al. (2022)
investigated the MICP wall enhancing ability of undomesticated
Bacillus pasteurii in CMC drilling fluids, and their results indicated
that the specimens had the best performance with a maximum
unconfined compressive strength of 0.324 MPa and calcium car-
bonate production of 6.31 g after 72 h of reaction at 0.6 mol/L
cementing solution and an OD600 value of 0.4 at room temperature.
However, the specimens in this study exhibited better wall
enhancing properties at higher temperatures and shorter reaction
times, indicating that domestication significantly improves the
growth activity of Bacillus pasteurii and its wall enhancing ability.

A comparative analysis of the orthogonal experimental results
of Bacillus pasteurii-CMC and Bacillus pasteurii-XG drilling fluids
4367
reveals superior performance parameters in the Bacillus pasteurii-
CMC group under identical experimental conditions. This suggests
more effective bacterial MICP curing in the Bacillus pasteurii-CMC
drilling fluid.

The results of the unconfined compression experiment (Fig. 9)
demonstrate that in the Bacillus pasteurii-CMC drilling fluid group,
internal gravel soil particles are tightly bonded, maintaining a lump
form post-fracturing with uniformly distributed mechanical
strength, as shown in Fig.11(a). In contrast, the Bacillus pasteurii-XG
drilling fluid experiment resulted in specimens with only surface
cementation and curing, forming a shell of certain mechanical
strength. However, the internal particles remained loosely bound,
leading to uneven mechanical strength distribution and overall
lower strength, as depicted in Fig.11(b). This difference is attributed
to the larger molecular weight of XG compared to CMC (Yan, 2012),
which enhances film-forming properties (Yang et al., 2017) but
hinders Bacillus pasteurii infiltration into the specimen's interior.
Consequently, minimal MICP reaction occurs inside the specimen,
resulting in low mechanical strength. Conversely, in the Bacillus
pasteurii-CMC group, the drilling fluid more effectively transports
Bacillus pasteurii, Ca2þ, urea, and nutrients into the specimen's
interior, leading to a more uniform MICP reaction and higher me-
chanical strength as the fractured bodies are effectively cemented
together.

3.2.1. Range analysis of Bacillus pasteurii-CMC drilling fluid groups
The experimental outcomes of the Bacillus pasteurii-CMC dril-

ling fluid group, as derived from orthogonal experiments, have
been analyzed using the range analysis method, as presented in
Table 7.

Table 7 reveals that in the Bacillus pasteurii-CMC drilling fluid
group, the factors influencing the unconfined compressive strength
of the specimens are ranked as A > B > D > C. The optimal level
combination for achieving the highest unconfined compressive
strength is A5B4C5D5. For the permeability coefficient, the influ-
encing factors are ranked as B > A > D > C, with the optimal
combination being A5B4C2D5. Regarding calcium carbonate pro-
duction, the order of influence is D > B > A > C, and the best level
combinations for maximum calcium carbonate production are
A5B5C1D5.

From Table 6, the optimal level combinations for unconfined
compressive strength, permeability coefficient, and calcium car-
bonate production in the 25 groups of orthogonal experimental
combinations are A5B5C5D5. Higher bacterial concentration and
extended reaction time are beneficial, aligning with the range
analysis results. However, the concentration of the cementing so-
lution and temperature differ from the optimal combinations of the
range analysis. This discrepancy can be understood by examining
Fig. 12, which demonstrates that up to a 0.8 mol/L concentration,
each performance parameter of the specimen improves as the
cementing solution concentration increases. Beyond 0.8 mol/L,
increased concentration only boosts calcium carbonate production,
not strength or permeability reduction, corroborating findings from
previous studies (Okwadha and Li, 2010; AI et al., 2012). Excessive
calcium carbonate production near the specimen's surface hinders
drilling fluid penetration and limits internal calcium carbonate
generation. This results in uneven calcium carbonate distribution
within the specimen, adversely affecting its overall performance.
The range analysis indicates that temperature has the least impact
on performance indices. The specimen exhibits the highest un-
confined compressive strength, the second-lowest permeability
coefficient, and the second-highest calcium carbonate production
at the highest temperature condition of 45 �C. This suggests that
induced and domesticated Bacillus pasteurii can effectively undergo
the MICP reaction in higher-temperature drilling fluid



Table 7
Results of range analysis of specimens in Bacillus pasteurii-CMC drilling fluid group.

Performance indicator Factor Influence weight optimal combination

A B C D

Unconfined compressive strength ki1 0.326234629 0.339267 0.540507 0.447236 A > B > D > C A5B4C5D5

ki2 0.56494846 0.55879 0.558379 0.472713
ki3 0.654723732 0.701367 0.62662 0.570082
ki4 0.659176849 0.733839 0.609375 0.751677
ki5 0.796548876 0.668369 0.666752 0.759924
Ri 0.470314247 0.394572 0.126244 0.312688

Permeability coefficient ki1 0.096752 0.105902 0.072005 0.085791 B > A > D > C A5B4C2D5

ki2 0.068 0.064926 0.060983 0.082386
ki3 0.063253 0.051939 0.072731 0.063351
ki4 0.056801 0.046656 0.064507 0.059507
ki5 0.04865 0.064035 0.06323 0.042422
Ri 0.048102 0.053963 0.011748 0.043369

Calcium carbonate production ki1 7.431 6.476 14.789 6.428 D > B > A > C A5B5C1D5

ki2 9.27 11.499 10.57 9.591
ki3 12.018 10.149 8.74 11.164
ki4 11.594 11.645 10.308 12.186
ki5 14.739 15.283 10.645 15.683
Ri 7.308 8.807 6.049 9.255

Note: kin represents the average value of each performance index of the specimens in the Bacillus pasteurii-CMC drilling fluid group; Ri¼max{kin}-min{kin}; i¼ A, B, C, D; n¼ 1,
2, 3, 4, 5.
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environments, demonstrating good environmental adaptability.
Nonetheless, the optimal combination still reflects improved ac-
tivity of Bacillus pasteurii at suitable temperatures, highlighting the
importance of enhancing the bacterium's environmental
adaptability.

3.2.2. Range analysis of Bacillus pasteurii-XG drilling fluid groups
Similarly, the results of the Bacillus pasteurii-XG drilling fluid

group, obtained from orthogonal experiments, have been scruti-
nized using the range analysis method. The corresponding data and
analysis results are presented in Table 8.

Table 8 demonstrates that in the Bacillus pasteurii-XG drilling
fluid group specimens, the factors influencing unconfined
compressive strength are ranked as A > D > B > C, with the optimal
combination for achieving the highest strength being A5B4C1D5.
The permeability coefficient is similarly affected in the order of
A >D> B> C, and the best combination for reducing permeability is
A5B3C4D5. For calcium carbonate production, the order of impact is
D > B > A > C, with A5B5C1D5 being the ideal combination for
maximizing production.

Analysis of Table 6 and Fig. 13 shows that in the 25 orthogonal
experimental combinations, the optimal level combinations for
unconfined compressive strength, permeability coefficient, and
calcium carbonate production are all A5B5C5D5. This indicates that
higher bacterial concentration and longer reaction time enhance
specimen performance, aligning with the range analysis results.
However, cementing solution concentration and temperature
diverge from the optimal combinations suggested by the range
analysis. This implies that excessive cementing solution concen-
tration, especially in the Bacillus pasteurii-CMC drilling fluid group
due to XG's superior film-forming property, is detrimental. Simi-
larly, excessively high temperatures negatively impact the MICP
reaction.

In summary, the orthogonal experiments reveal that induced
domesticated Bacillus pasteurii can effectively perform MICP in
high-temperature drilling fluid environments. Higher initial bac-
terial concentrations and prolonged reaction times significantly
improve specimen force performance, whereas overly high
cementing solution concentration is counterproductive. Tempera-
ture has a relatively minor effect compared to the other factors. The
4368
induced domesticated Bacillus pasteurii exhibits better adaptability
to temperature in the Bacillus pasteurii-CMC drilling fluid group.
This ensures that the Bacillus pasteurii-drilling fluid can better
protect the borehole wall in the actual drilling process. In turn, it
exhibits better borehole wall enhancing properties.

3.3. Microanalysis results

3.3.1. XRD analysis
Calcium carbonate exists in three primary crystal forms: calcite

(rhombohedral hexahedral shape), aragonite (acicular), and vater-
ite (polycrystalline spherical shape). Of these, calcite is the most
stable, aragonite is slightly less stable, and vaterite is the least stable
(Almajed et al., 2018; Tirkolaei et al., 2020). To determine the pre-
dominant calcium carbonate types produced in each group, X-ray
diffraction peak profiles of the specimens were compared and
analyzed against standard diffraction peak profile PDF cards. The
maps of the tested pure gravel soil sample, drilling fluid group, and
Bacillus pasteurii-drilling fluid group are shown in Figs. 14 and 15,
respectively.

Examination of Fig. 14 reveals an absence of discernible calcium
carbonatewave peaks in the pure gravel soil sample and in both the
CMC and XG drilling fluid groups. Predominantly, these specimens
consist of quartz.

The XRD pattern of the Bacillus pasteurii-CMC drilling fluid
group, as depicted in Fig.15, reveals the presence of distinct calcium
carbonate wave peaks in specimens from both the Bacillus pas-
teurii-CMC and Bacillus pasteurii-XG drilling fluid groups. In the
Bacillus pasteurii-CMC drilling fluid group, the calcium carbonate
crystals generated are identified as vaterite (CaCO3), whereas in the
Bacillus pasteurii-XG drilling fluid group, the crystals are calcite
(CaCO3). The XRD mapping analysis results demonstrate a notable
contrast between the pure gravel soil samples, the drilling fluid
group, and those treated with Bacillus pasteurii. The specimens
subjected to Bacillus pasteurii drilling fluid exhibit characteristic
diffraction peaks of spherical vaterite and calcite. This indicates the
formation of calcium carbonate crystals of either vaterite or calcite
type within these specimens.

This analysis suggests that the formation of calcium carbonate
crystals plays a crucial role in the solidification and molding of



Fig. 12. Curve of the average value of each performance index of the specimen of
Bacillus pasteurii-CMC drilling fluid group.
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loose, uncemented gravel soil particles. It also appears to contribute
significantly to the enhancement of mechanical properties and the
reduction of the permeability coefficient. To delve deeper into the
role of calcium carbonate crystals induced in the specimen by the
4369
Bacillus pasteurii drilling fluid, and to confirm that the solidification
and cementation of the specimen are indeed due to the generation
of calcium carbonate, the microstructural changes of the specimen
will be examined using SEM tests.

3.3.2. SEM analysis
Figs. 16 and 17 provide insights into the microscopic

morphology of pure gravel soil sample, drilling fluid groups, and
microbial drilling fluids.

In Fig. 16, no calcium carbonate crystals are observed on the
surface of gravel soil particles from a pure gravel soil sample,
drilling fluid P group, and drilling fluid Q group at
400 � magnification. This is why the specimens in the control
group of the borehole wall enhancement experiment remained
loose.

As shown in Fig. 17(a) and (b), the calcium carbonate crystals
generated by MICP in Bacillus pasteurii-CMC drilling fluid are pre-
dominantly spherical crystals of varying sizes, indicative of vaterite
type. At 400 � magnification, numerous vaterite crystals are uni-
formly attached to the surface of the gravel soil particles and fill the
interstices. The particles exhibit a relatively flat surface, with
vaterite crystals having a smaller diameter compared to gravel soil
particles. At 1600�magnification, these vaterite crystals are tightly
interconnected, forming a dense “membrane” around the gravel
soil particles, effectively cementing the loose particles together and
greatly reducing pore space. The polymer, particularly sodium
carboxymethyl cellulose in the solution, plays a crucial role in
regulating calcium carbonate crystal morphology and selecting
crystal type, favoring vaterite formation (Yang et al., 2013).

In Fig. 17(c) and (d), the calcium carbonate crystals generated by
MICP in Bacillus pasteurii-XG drilling fluid are irregular polygonal
crystals, indicative of calcite type. At 400 � magnification,
numerous calcite crystals of varied sizes and distribution accumu-
late on the surface of the gravel soil particles, resulting in an uneven
texture. At 1600 � magnification, these calcite crystals are densely
packed, forming a “net” that tightly binds the particles together.

Comparing Fig. 16 with Fig. 17, gravel soil particles are observed
to remain loose without the action of Bacillus pasteurii MICP.
Conversely, after MICP wall enhancement experiments, numerous
cemented calcium carbonate crystals form on the gravel soil par-
ticles’ surfaces and in the interstices, improving particle cementa-
tion, shaping the gravel soil samples, and reducing interstitial
space. This enhances mechanical strength and seepage resistance.

Comparing Fig. 17(b) and (d), the number of calcium carbonate
crystals generated by the MICP reaction in Bacillus pasteurii-CMC
drilling fluid is observed to be more abundant and evenly distrib-
uted. The cementation between these crystals and the gravel soil
particles is tighter, resulting in less porous gravel soil particles and
superior curing effects. This observation aligns with the results of
unconfined compression and penetration experiments.

3.4. Analysis of the difference in wall enhancement performance of
Bacillus pasteurii in different drilling fluids

Fig. 18 shows a schematic of the wall enhancement performance
of different microbial drilling fluids.

During drilling into broken formations, Bacillus pasteurii is
introduced into the borehole with the circulation of the drilling
fluid. Due to the pressure differential between the formation
pressure and the column pressure, Bacillus pasteurii, along with the
drilling fluid, permeates into the surrounding formation. There, it
distributes in the pore spaces or on particle surfaces, inducing the
production of calcium carbonate crystals and exerting its wall
enhancement effect. As drilling progresses and depth increases, the
rising borehole temperature can inhibit the metabolic activity of



Table 8
Range analysis results of specimens in Bacillus pasteurii-XG drilling fluid group.

Performance indicator Factor Influence weight Optimal combination

A B C D

Unconfined compressive strength kj1 0.1241497 0.192914 0.360296 0.186774 A > D > B > C A5B4C1D5

kj2 0.2274336 0.289692 0.288689 0.16554
kj3 0.3448668 0.33326 0.320097 0.311148
kj4 0.3789693 0.390291 0.233693 0.41542
kj5 0.4238995 0.293162 0.296544 0.420437
Rj 0.2997499 0.197377 0.126603 0.254897

Permeability coefficient kj1 0.220099 0.225584 0.178154 0.216787 A > D > B > C A5B3C4D5

kj2 0.200414 0.188917 0.193166 0.210662
kj3 0.182661 0.167058 0.198821 0.185353
kj4 0.172565 0.167871 0.173212 0.161072
kj5 0.145865 0.172173 0.178251 0.14773
Rj 0.074234 0.058527 0.02561 0.069057

Calcium carbonate production kj1 4.718 4.345 11.215 3.98 D > B > A > C A5B5C1D5

kj2 7.246 7.63 6.922 7.642
kj3 8.591 7.447 6.485 7.188
kj4 7.621 8.27 6.174 8.909
kj5 9.995 10.479 7.375 10.452
Rj 5.277 6.134 5.041 6.472

Note: kjn represents the average value of each performance index of the specimens in the Bacillus pasteurii-XG drilling fluid group; Rj¼max{kjn}-min{kjn}; j¼ A, B, C, D; n¼ 1, 2,
3, 4, 5.
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Bacillus pasteurii, potentially affecting its wall enhancement capa-
bilities. However, Bacillus pasteurii, having undergone pH and
temperature coupling gradient domestication, adapts to the
increasing temperatures within the borehole, maintaining robust
growth activity. It can produce a significant amount of urease in situ
in granular pores or on particle surfaces, rapidly decomposing urea
in the environment into NH4

þ and CO3
2�. Owing to Bacillus pasteurii's

cell wall structure, which is negatively charged, Ca2þ in the envi-
ronment is adsorbed by the cells, inducing the formation of CaCO3
crystals with the bacterium serving as a nucleation point, and
enhancing cementation. However, differences in the cementation
performance of Bacillus pasteurii in drilling fluids P and Q are
observed. These variations are attributed to the differences in
fluidity between the drilling fluids and themolecular weights of the
polymers they contain, as well as the differing effects these poly-
mers have on the formation of CaCO3 crystalline phases (Chen et al.,
2009). This may further amplify the disparities between the two
fluids.

The number of hydroxyl and carboxyl groups present in the two
polymersdCMC and XGdmay be responsible for the differences in
CaCO3 crystallinity in drilling fluids P and Q (Wang et al., 2022). The
strong electric field induced by the hydroxyl group exerts an
attractive force on the nucleus, and this adsorption modifies the
surface energy of vaterite, making it more thermodynamically
stable than aragonite and calcite, which in turn affects the rate of
spontaneous precipitation of vaterite and stabilizes it by preventing
the transformation of vaterite to calcite (Flaten et al., 2009). In
addition, Hu et al. (2010) suggested that carboxyl groups are also
associated with promoting the generation and stabilization of
vaterite-type CaCO3. They suggested the existence of coordination
and electrostatic interactions between Ca2þ and carboxyl groups,
and precipitation of Ca2þ and CO3

2� in solution. The two actions
occur competitively, in which the former negatively charged
carboxyl groups can interact with some special interfacial molec-
ular recognition between crystal surfaces to provide crystallization
sites for CaCO3 crystals. It means that the former can induce an
increase in the local Ca2þ concentration, while further attracting
CO3

2�, increasing the local supersaturation degree, and promoting
nucleation of crystals and heterogeneous nucleation and crystalli-
zation, which together provide the conditions for vaterite
4370
generation.
Consequently, in the environment of drilling fluid P, the alkaline

conditions and the presence of hydroxyl, carboxyl, and phosphate
groups in Bacillus pasteurii, coupled with the abundance of hy-
droxyl and carboxyl groups in CMC, facilitate the formation and
stabilization of the vaterite phase of CaCO3 (Jiang et al., 2017). CMC,
due to its smaller molecular weight, can penetrate deeper into
smaller pore spaces, carrying increasing amounts of Bacillus pas-
teurii into the formation. The accumulating single crystals of
spherical CaCO3 interlock, filling the pore spaces and forming a
dense, membrane-like structure that uniformly distributes be-
tween the fractured particles. This results in strong cementation,
improving the strength of the broken formations, reducing their
permeability, and thereby decreasing the likelihood of borehole
wall destabilization.

Conversely, in the drilling fluid Q environment, the produced
CaCO3 crystals are predominantly in the calcite phase, as XG carries
fewer hydroxyl and carboxyl groups, which is less conducive to the
deposition and stabilization of CaCO3 crystals in the vaterite phase
(Flaten et al., 2009; Parakhonskiy et al., 2012). The hexahedral-
shaped CaCO3 crystals grow in clusters, forming a dense mesh in
the shallower layers around the borehole wall. However, due to
XG's large molecular weight and strong film-forming properties,
which limit Bacillus pasteurii's penetration depth, the distribution
of calcium carbonate is relatively restricted and uneven, leading to
less effective stabilization of the fracture body compared to the
Bacillus pasteurii-CMC drilling fluid.

In conclusion, despite variations in wall enhancement perfor-
mance across different drilling fluid environments, Bacillus pas-
teurii, when domesticated through pH and temperature coupling
induction, demonstrates adaptability to high-temperature and
strong alkali environments. It maintains robust growth activity
under these conditions and can still efficiently induce calcium
carbonate formation, which is advantageous for stabilizing bore-
hole walls in broken formations. This result demonstrates the effect
of inducing domestication and highlights the potential of the MICP
technology in addressing borehole wall stability challenges in such
environments. However, the current target temperature for the
domestication of Bacillus pasteurii is only 45 �C, which can only be
adapted to the temperature conditions of shallow holes. In the



Fig. 13. Curve of the average value of each performance index of the specimen of
Bacillus pasteurii-XG drilling fluid group.

Fig. 14. XRD pattern of pure gravel soil sample, drilling fluid group ((a) pure gravel soil
sample; (b) drilling fluid group P; (c) drilling fluid group Q).
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future, the study of induced domestication under higher temper-
ature conditions should be performed to improve the ability of
Bacillus pasteurii to adapt to higher temperature environments to
meet the needs of deep hole drilling.
4371



Fig. 15. XRD patterns of microbial drilling fluid groups ((a) Bacillus pasteurii-CMC drilling fluid group; (b) Bacillus pasteurii-XG drilling fluid group).

Fig. 16. Microstructural morphology of specimens of pure gravel soil sample and drilling fluid group ((a) pure gravel soil sample; (b) drilling fluid group P; (c) drilling fluid group Q).
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4. Conclusions

In this study, a microbial drilling fluid systemwas established by
integrating CMC, XG drilling fluids, and Bacillus pasteurii. The study
employed both direct and gradient domestication schemes to
achieve pH and temperature-coupled induced domestication of
Bacillus pasteurii within the drilling fluid. The effectiveness and
difference of the induced domesticated microbial drilling fluid on
the borehole wall stabilization in broken formations was evaluated.
The conclusions are as follows:

(1) Through the process of pH and temperature coupled induced
domestication, strains of Bacillus pasteurii capable of high
growth activity at a pH of 10.3 and a temperature of 45 �C are
obtained. Specifically, the bacterial concentration in the CMC
drilling fluid is 1.373 with a urease activity of 1.98, while in
the XG drilling fluid, the bacterial concentration is 0.931with
a urease activity of 1.76.

(2) The results from orthogonal experiments on wall enhance-
ment reveal that the higher the initial bacterial concentra-
tion, the longer the reaction time, the closer the temperature
to the target temperature of domestication, and the higher
4372
the concentration of cementing fluid but not more than
0.8 mol/L, the better is the borehole wall enhancement effect
of MICP. Moreover, in the Bacillus pasteurii-CMC drilling fluid
group, a larger quantity of calcium carbonate is produced,
which is more evenly distributed and exhibits superior wall
enhancement performance.

(3) X-ray diffraction analysis and scanning electron microscopy
tests indicate the induction of calcium carbonate in the
specimens post wall enhancement experiment. In the Bacil-
lus pasteurii-CMC drilling fluid, vaterite form of calcium
carbonate crystals are induced. In the Bacillus pasteurii-XG
drilling fluid, the induced calcium carbonate crystals are
calcite.

(4) During drilling in broken formations, the induced and
domesticated Bacillus pasteurii can withstand increased pH
and temperature in the borehole, inducing CaCO3 crystals
with the nucleation point on the bacterial body, increasing
friction and cohesion between crushed particles, thereby
improving the strength of the broken formations, reducing
their permeability, and consequently enhancing the stability
of the borehole wall.



Fig. 17. Microstructural morphology of specimens from microbial drilling fluid groups ((a, b) Bacillus pasteurii-CMC drilling fluid group; (c, d) Bacillus pasteurii-XG drilling fluid
group).
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Fig. 18. Schematic of the wall enhancement performance of different microbial drilling fluids.
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