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ABSTRACT

Wellbore instability is the main challenge encountered during borehole construction, particularly when
employing water-based drilling fluid (WBDF) under complex geological conditions. A novel wellbore
strengthening material of acrylic resin enhanced by hydrophobically modified calcium carbonate par-
ticles (ARH) is synthesized by emulsion polymerization. Transmission electron microscope and particle
size analysis reveal that ARH exhibits a spherical structure with a Z-average diameter of 277.6 nm. The
lap shear strength test shows ARH effectively adheres to two rock slices with a stress of 0.4838 MPa.
Uniaxial compressive strength experiments of simulated rock cores verify that ARH can greatly enhance
the compressive strength of the simulated core column to 7.1567 MPa. The incorporation of ARH
significantly enhances the compressive strength of shale cores, with increases of 18.0620 and
18.9147 MPa compared to those immersed in water and base fluid, respectively. Further microporous
membrane plugging experiments show that the filtration losses of 2% ARH in 4% base fluid through 0.1,
0.2, and 0.45 pm microporous membranes are 13.5, 13.2, and 27 mlL, respectively, demonstrating
excellent plugging capabilities for enhancing wellbore stability. This work generates important theo-
retical foundations and practical recommendations for wellbore strengthening applications utilizing
ARH in complex drilling environments.
© 2025 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

economic efficiency of deep wells. Thus, effectively reinforcing the
wellbore wall to maintain wellbore stability has become a critical

With the advancement of petroleum exploration into deeper
formations, the geological conditions encountered in drilling oper-
ations have become increasingly complex, significantly raising the
probability of encountering fragile formations. These formations
typically exhibit loose rock structures, poor cementation, and
extensive fractures (Sun et al., 2024a; Zhao et al., 2019; Jiang et al.,
2025). Under the combined influence of drilling fluid invasion and
in-situ stress release, these conditions readily result in decreased
wellbore stability, triggering enlargement, drill pipe sticking, or even
wellbore collapse, severely restricting the safe construction and
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issue that urgently needs to be resolved in deep drilling operations.

Currently, the commonly used method for wellbore reinforce-
ment is introducing plugging materials into drilling fluids to plug
subsurface pores and fractures. Typical plugging agents cover
inorganic materials, organic additives, and organic-inorganic com-
posites (Huang et al., 2022; Xu et al., 2023; Feng and Gray, 2017; Lei
et al, 2022; Liu et al., 2023). Inorganic plugging agents exhibit high
plugging strength due to their inherent rigidity (Sun et al., 2024b;
Liu and Ott, 2020; Liu et al.,, 2025). However, their fixed particle
sizes limit their ability to accurately match the varied formation
pore and fracture sizes. Organic plugging agents effectively conform
to complex fracture and pore structures due to their favorable
deformability, but they are disadvantaged by insufficient plugging
strength and reduced long-term stability (Yang et al., 2025a; Wang
et al, 2024; Luo et al, 2025). Organic and inorganic mixture
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plugging agents aim to integrate the beneficial properties of these
two material types (Xu et al., 2023; Yang et al., 2025b). Nonetheless,
because their plugging method primarily relies on physical mixing,
their plugging layers are susceptible to migration and instability
under continuous drilling fluid circulation, thereby failing to
maintain lasting effectiveness. Researchers have investigated the
chemical incorporation of inorganic and organic materials to
enhance the stability of the wellbore (He et al., 2024; Yang et al.,
2024; Tang et al., 2022). Xu et al. (2023) introduced a plugging
agent (PANS) with a rigid inorganic internal structure and a flexible
organic external shell for WBDF. PANS showed a 71.4% enhancement
in blocking performance after thermal aging at 180 °C when it was
assessed using sand layers graded from 100 to 120 mesh. Recently,
wellbore strengthening materials with chemical adhesive proper-
ties have emerged as an innovative research direction (Huang et al.,
2023; Zhang et al.,, 2018; Gu et al., 2004). Wang et al. (2023) pre-
pared a kind of biomimetic wellbore stabilizer (TA-PVA) based on
multiple hydrogen bonding, which can adhere to silica micro-
spheres with an adhesion force of 164.46 mN/m.

Inspired by these works, this study develops a kind of acrylic
resin enhanced by hydrophobically modified CaCO3; (ARH) as
wellbore strengthening material to maintain wellbore stability in
fractured formations, integrating the merits of physical blockage,
deformation filling, and chemical adhesion. The molecular struc-
ture and crystalline form are confirmed by FTIR, solid-state NMR,
and XRD analyses. Thermal properties of the prepared ARH are
characterized using thermal gravimetric analysis (TGA), while
differential scanning calorimetry (DSC) is employed to determine
the glass transition temperature. Lap shear strength tests, simu-
lated and real core column compressive strength tests, and
microporous membrane plugging experiments confirm that the
synthesized ARH could effectively cement wellbore rocks, enhance
core mechanical strength, and plug pore fractures, providing a
feasible solution for wellbore stabilization.

2. Materials and methods
2.1. Chemicals

Styrene (>99.5%), methyl methacrylate (>99.5%), acrylamide
(99%), 3-(isobutene-1-ylcarbonyloxy)propyltrimethoxysilane (KH-
570, 97%), and calcium carbonate were all purchased from Mack-
lin. Sodium salt of alkylphenol ether sulfonated succinate ester
(0S, 40%) was obtained from Shandong Yousuo Chemical Tech-
nology Co., Ltd.

2.2. Hydrophobic modification of calcium carbonate

Hydrophobic modification of calcium carbonate (HCaCO3) was
fabricated by following Tang’s work (Tang et al., 2014). The original
CaCO3 underwent a drying process at 120.0 °C in an oven for 24 h
to remove surface-adsorbed water. The dried CaCOs (10 g) was
ultrasonically suspended in 150 mL of ethyl acetate with ultrasonic
stirring, and then 0.5 g KH-570 was added. The resulting suspen-
sion was transferred into a flask and stirred under reflux at 75 °C
for 3.5 h. Upon completion of the reaction, the solid product was
isolated via filtration, washed thoroughly three times with ethyl
acetate, and finally subjected to vacuum drying at 50 °C for 24 h,
yielding HCaCO3 powders.

2.3. Synthesis of acrylic resin enhanced by hydrophobic calcium
carbonate

Acrylic resin enhanced by hydrophobic calcium carbonate
(ARH) was synthesized by emulsion polymerization. 30 g styrene
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and 10 g methyl methacrylate were thoroughly mixed using
magnetic stirring for 15 min. Afterward, 10 g of HCaCO3 was
introduced into the previously prepared solution with vigorous
stirring to achieve uniform dispersion. 10 g acrylamide and 15 g OS
were then added to a 140 g water solution with ultrasonic
dispersion for 15 min as the water phase. The aqueous phase was
gradually introduced into the organic phase using a homogenizer
at a speed of 3000 rpm for 10 min. The mixture was placed into a
three-neck flask, followed by heating to a temperature of 80 °C,
after which 0.075 g of ammonium persulfate (pre-dissolved in
2.5 mL distilled water) was introduced as an initiator. The mixture
solution underwent reaction at 80 °C for 3.5 h to obtain a uniform
acrylic resin emulsion enhanced by HCaCOs; (ARH). The acrylic
resin (AR) was synthesized using an identical method, except
without the addition of HCaCOs. For comparison, the acrylic resin
with CaCOs3 (ARC) was prepared under the same conditions,
incorporating unmodified CaCOs into the formulation. Fig. 1 dis-
plays the synthetic route of ARH. Initially, KH-570 is hydrolyzed
and grafted onto the —-OH of CaCOs3 particles, achieving hydro-
phobic surface modification (Fig. 1(a) and (b)). Subsequently,
acrylamide, methyl methacrylate, and styrene monomers are
polymerized on the HCaCOs via free-radical polymerization initi-
ated by ammonium persulfate to obtain the ARH particles

(Fig. 1(c)).

2.4. Characterization of acrylic resin enhanced by hydrophobic
calcium carbonate

2.4.1. Structural and physicochemical properties

Fourier transform infrared spectroscopy (FT-IR) analysis was
examined using IRTacer-100 (Shimadzu, Japan) to verify the mo-
lecular structure information of the synthesized products. X-ray
diffraction patterns were collected by an X-ray diffractometer to
obtain the crystal structure (PANalytical X-pert 3, Almelo,
Netherlands). Solid-state NMR spectra were recorded on a Bruker-
A]VANCE 400 spectrometer with a resonance frequency of 400 MHz
("H).

2.4.2. Thermodynamic analysis

The thermal decomposition characteristics of AR and ARH were
investigated using a thermo-gravimetric analyzer (TA Instruments,
USA). The heating program of this experiment was set from 30 to
600 °C at a constant heating rate of 10 °C per minute.

The glass transition temperature (Tg) is one of the key prop-
erties of polymers. A differential scanning calorimeter (DSC,
NETZSCH, Germany) is used to confirm the Tg of AR and ARH.
Under a nitrogen atmosphere, the sample was heated progres-
sively from ambient conditions to 300 °C, applying a heating rate
of 5 °C/min.

2.5. Performance evaluation tests of drilling fluid

2.5.1. Rheology and filtration loss experiments

To prepare the base fluid, 400 g of sodium bentonite (Na-Bent)
and 14 g of NayCO3; were incrementally added into 10,000 mL of
deionized water under vigorous agitation for 24 h to complete
hydration and form a 4% bentonite base fluid. Subsequently,
different weight-to-volume ratios of AR and ARH were introduced
into 400 mL portions of the prepared base fluid. The mixtures were
subsequently homogenized at 6000 rpm, with the process main-
tained for 20 min to ensure uniform dispersion of the additives.

Each drilling fluid formulation was thermally treated in a roller
oven at 180 °C over a period of 16 h to evaluate its thermal aging
characteristics. Both rheological performance and filtration loss
were evaluated following the procedures outlined by the American
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Fig. 1. Synthesis of acrylic resin enhanced by HCaCO3 (ARH).

Petroleum Institute (API). Apparent viscosity (AV), plastic viscosity
(PV), and yield point (YP) were calculated based on dial readings
recorded at 600 and 300 rpm (6sgo and #30p), using the standard
API formulae:

AV = 6600/2 (mPa-s) (1)
PV = 0gop — 6300 (MPa-s) (2)
YP = (0300 — PV)/2 (Pa) (3)

Filtration loss experiments were performed using a medium-
pressure filtration apparatus (SD4) manufactured by Qingdao
Haitongda Special Instrument Co., Ltd. A filter paper featuring pore
sizes ranging from 2 to 5 pm was used as the filtration medium.
The cumulative volume of filtrate was recorded after 30 min of
operation under a constant pressure of 0.7 MPa.

2.5.2. Wellbore strengthening performance

Lap shear strength tests were conducted on a universal testing
machine (WDW-200, Shanghai Precision Instrument Co., Ltd.) to
examine the anti-shear performance. In a lap shear test, the core
samples were cut into rectangular slices measuring 3 cm by 15 cm,
with a bonding area of 3 cm by 10 cm. Using a spoon equipped
with a spatula at one end, 2 g AR or ARH were uniformly spread
onto one core slice. Another core slice was then placed on top to
fully cover the coated surface. The two slices were secured
together using a clamp and then transferred to an oven at 160 °C
for 4 h. Next, the samples were permitted to cool to ambient
conditions, followed by the removal of the clamp and the
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measurement of shear strength. Test speed is set at 5 mm per
minute. Shear strength is calculated by dividing the maximum
shear force by the corresponding contact area.

Compressive strength tests were carried out on the same uni-
versal testing machine. Three artificial cores were made using the
following method. First, 50 g of 40-80 mesh rock cuttings were
mixed with 14 g of aqueous solution containing the sample at a
50% mass fraction, and the mixture was stirred thoroughly to
ensure uniformity. Then, the rock cuttings with sample aqueous
solutions were loaded into a core pressing mold and compressed
with a pressure of 5 MPa to obtain complete rock columns. Next,
the rock columns were heated in an oven maintained at 160 °C for
4 h. The compressive strength tests were conducted after the core
column had cooled at room temperature. To investigate the impact
of ARH on the strength of formation cores, standard shale core
columns from the same block were soaked in aqueous solution and
base fluid (with an ARH concentration of 2%) for 12 h, then dried at
100 °C, after which unconfined compressive strength tests were
conducted.

2.5.3. Plugging performance

Plugging performance was carried out in the medium pressure
filtration apparatus using microporous membranes with varying
pore dimensions (0.1, 0.2, and 0.45 pm) as the filtration media. The
data on filtration loss with increasing time was collected using an
electronic balance connected to a computer. After the plugging
experiments, the dried microporous membranes were analyzed to
determine shifts in pore size characteristics employing a mem-
brane pore size analyzer (iPore 900, China).
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3. Results and discussion
3.1. Characterization of physicochemical properties

Fig. 2 shows the FT-IR spectra of CaCO3, HCaCOs, AR, ARC, and
ARH. The absorption bands at 871 and 710 cm™~! represent typical
vibrations of calcium carbonate (Fu et al., 2023; Kristova et al.,
2015). Absorption peaks at 2954, 2872, and 1160 cm~! in
HCaCOs3 can be assigned to the bending vibrations of -CH3, —CH>,
and the stretching vibration of Si-O. It can be inferred that KH-570
modified CaCOs3 successfully (Li et al., 2015). The determination
results about the activation degree of HCaCO3 in the supporting
information also confirm this point. The absorption peaks of AR,
ARC, and ARH around 1731 cm™! are attributed to the stretching
vibrations of the C=0 functional group. The characteristic peak of
CaCO; with 871 cm™! appears in the curves of the ARC and ARH
spectra (Tang et al., 2014; Yerro et al., 2016), indicating the incor-
poration of CaCO3/HCaCOj3 in ARC/ARH. The absorption peak of the
Si-O bond overlaps with the characteristic peaks of the polymer.
Therefore, the Si—-O peak was not discernible in the ARH sample
(Cai et al., 2010).

As exhibited in Fig. 3, pristine CaCO3, HCaCOs, AR, ARC, and ARH
are examined through XRD patterns to verify the crystalline
structure and phase constituents. Diffraction peaks located at 260
values of 23.1°, 29.5°, 36°, 39.5°, 43.1°, 47.6°, 48.6°, 56.4°, and 57.5°
correspond to the crystallographic planes (012), (104), (110), (113),
(202), (018), (116), (211), and (122), which are characteristic of the
calcite form of CaCOs (Li et al., 2010). HCaCO3 possesses the same
peaks as the calcite structure, indicating that hydrophobic modi-
fication has no significant effect on the crystal form of calcium
carbonate. The XRD pattern of AR shows no obvious diffraction
peaks, possibly because the polymer chains exist in a disordered
state without regular crystalline structures. The peaks of the ARH
sample in the XRD pattern appear in the same positions but with
lower intensity, compared with CaCO3; and HCaCOs3, which can be
attributed to the adsorption of the amino group in ARH on the
crystal plane and inhibits its further growth (Li et al., 2010; Wang
et al., 2006; Lakshminarayanan et al.,, 2003; Mahadevan et al.,
2021). It is generally believed that inorganic materials exhibit
poor compatibility with polymers (Kickelbick, 2003; Althues et al.,
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Fig. 2. FT-IR spectra of different samples.
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Fig. 3. XRD spectra of different samples.

2007). As observed in Fig. S1, due to the poor compatibility be-
tween calcium carbonate and the polymer matrix in the ARC
sample, unmodified calcium carbonate particles agglomerate
during the emulsion polymerization process, forming large-sized
aggregated particles. Therefore, the subsequent structural and
performance characterizations are not pursued in this study.

Solid-state NMR spectra provide the structural information of
insoluble composite materials. As shown in Fig. 4(a), the chemical
shift at 5.5 ppm resonance originates from olefinic protons. The
broad signals at 6.4 and 6.0 ppm are associated with —-OH groups,
and the 4.1 ppm peak is due to methine/methylene protons adja-
cent to a carbonyl. In addition, the 1.8 and 1.3 ppm resonances
correspond to Si-CH, protons from KH-570. Consistency with
literature chemical-shift ranges substantiates the conclusion that
KH-570 is grafted onto calcium carbonate (National Institute of
Industrial Science and Technology). As for AR in Fig. 4(b), the ar-
omatic proton signal appeared at 6.8 ppm can be attributed to the
benzene ring structure. The characteristic peak at 3.5 ppm corre-
sponds to the methyl protons adjacent to the carbonyl group. As
displayed in Fig. 4(c), the characteristic peak at 8.3 ppm is assigned
to the amino proton (Ng et al., 2001). The aromatic protons exhibit
characteristic signals at 7.2 and 6.5 ppm (Wegner et al., 2011). The
peak at 3.1 ppm corresponds to the methyl protons adjacent to the
carbonyl group (Chang et al,, 2002). Meanwhile, the signal at
1.2 ppm originates from the methylene protons of the KH-570
component. The coexistence of the methylene signal of KH-570
at 1.2 ppm with characteristic resonance peaks of other mono-
mers, such as aromatic proton peaks at 6.8, 7.2, and 6.5 ppm (from
styrene monomer), the proton peak of the carbonyl group-
adjacent methyl from methyl methacrylate monomer at 3.1 ppm,
and the amino proton peak of acrylamide monomer at 8.3 ppm in
the spectra confirms that the methacryloxy groups on the CaCO3
surface have copolymerized with other vinyl monomers.

3.2. Thermodynamic performance analysis

As petroleum exploration and drilling operations increasingly
target deeper and ultra-deep formations, there is a growing de-
mand for drilling fluid additives possessing enhanced thermal
stability. Therefore, the thermal stability of AR and ARH is inves-
tigated by TGA. As presented in Fig. 5(a) and (b), the weight loss of
AR and ARH can be categorized into three distinct phases. The first
stage of weight loss for AR and ARH occurs at temperatures of
30-199.2 °C and 30-181.7 °C, respectively. This stage is assigned to
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the evaporation of free water and physically adsorbed water. The
next decomposition stage ranges from 199.2 to 356.7 °C for AR and
from 181.7 to 356.7 °C for ARH, with weight losses of 14.38% and
14.18%, respectively, mainly attributed to the degradation of a
small portion of side chains. The third stage ranges from 356.7 to
485 °C, with total weight losses reaching 97.45% for AR and 90.8%

Temperature, °C

Fig. 5. TGA (a, b) and DSC (c, d) of AR and ARH.
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for ARH. The final residue of ARH was 6.87% greater by weight
compared to AR, which can be attributed to the calcium carbonate
encapsulated by the acrylic resin.

DSC curves of AR and ARH are shown in Fig. 5(c) and (d). The
glass transition temperatures (Tg) of AR and ARH are 142.1 and
1511 °C, respectively, indicating that incorporating HCaCOs



K.-H. Lv, J. He, X.-B. Huang et al.

improves the Tg of the samples. The increased Tg value of ARH
may result from interactions formed between HCaCOs; and the
acrylic resin, which restricts polymer chain movement and then
elevates the Tg value (Zhang et al., 2024; Lu and Nutt, 2003).
Previous studies have verified that attractive particle-polymer
interaction may cause slower dynamics of polymers and lead to
increased Tg values (Klonos et al., 2016; Garcia-Chavez et al,,
2013).

3.3. Morphology of AR and ARH

Fig. 6 displays the morphology of AR and ARH. AR exhibits
uniform spheres with an approximate Z-average diameter of
72 nm (Fig. 6(a—c)). When enhanced by HCaCO3, it can be observed
that the light gray polymer shell coats the inorganic HCaCO3 par-
ticles in Fig. 6(b), and the Z-average diameter increases to 277.6 nm
from Fig. 6(c). The apparent photographs of AR and ARH can
distinguish the difference between AR and ARH (Fig. 6(d)). AR is
transparent with a bluish hue and exhibits good fluidity. After the
addition of HCaCOs, the resulting ARH becomes milky white with
increased particle size, which further demonstrates that HCaCOs is
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c
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100 1000
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successfully incorporated into the ARH, causing changes in
appearance, particle size, and flow behavior.

3.4. Rheology and filtration loss performance

The key indicators that govern the operational safety and
effectiveness of drilling fluids are their rheological behavior and
fluid loss control capability. Thus, the rheological properties and
filtration behavior of AR and ARH in base fluid are examined in
Fig. 7. As for AV in Fig. 7(a), the values exhibit a mild rise from
10.5 to 12 mPa-s with the increased concentrations from 0.5% to 2%
before aging. After undergoing heat treatment at 180 °C for 16 h,
the AV of the base fluid with 2% ARH increases to 12.5 mPa-s as a
result of ARH interacting with clay particles, thus enhancing the
grid structure of the drilling fluid. The same trend also appears in
PV changes in Fig. 7(b). For example, the PV value of the base fluid
with 2% ARH increases by 3 mPa-s in comparison to the PV value of
the base fluid. As presented in Fig. 7(c), adding ARH may slightly
affect the YP value. For filtration performance in Fig. 7(d), incor-
porating ARH displays minimal influence on fluid loss before ag-
ing. Nevertheless, following thermal aging at 180 °C for 16 h, the

Fig. 6. TEM images (a, b), particle size distribution (c), and photographs (d) of AR and ARH.
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Fig. 7. Rheological (a, b, ¢) and filtration performance (d) of base fluid before

base fluid exhibits a noticeable reduction in fluid loss upon the
incorporation of varying concentrations of ARH. At an ARH con-
centration of 2%, the fluid loss reaches 17.6 mL, representing a
reduction of 8.4 mL compared to the aged base fluid without ARH.
Overall, the addition of ARH in the base fluid shows little effect on
AV, PV, and YP, but it effectively reduces fluid loss.

3.5. Wellbore strengthening performance

3.5.1. Lap shear strength test

The lap shear strength test can effectively reflect the adhesive
performance of additives in drilling fluid. Fig. 8(a) illustrates the
schematic of the lap shear strength test, where AR or ARH is uti-
lized to adhere core slices under vertical tension forces. Fig. 8(b)
and (c) present the appearance of core slices bonded by AR and
ARH before and after the lap shear strength test. Fig. 8(d) shows
the relationship between displacement and stress using AR and
ARH to adhere core slices. As displacement increases, the stresses
rise to peaks and then drop sharply. As for AR, the shear strength is
determined to be 0.1311 MPa, whereas the shear strength of the
ARH reaches 0.4838 MPa, representing a significant improvement
compared to the AR, with an improvement of 0.3527 MPa. This
result demonstrates that the addition of inorganic materials
notably enhances adhesive performance, which is of great
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importance for fractured formations with poor adhesion
properties.

3.5.2. Compressive strength test

To simulate the fractured formation, artificial standard core
columns (2.5 cm x 5.0 cm) were made with 40-80 mesh rock
cuttings. The photographs of three artificial core columns before
and after the compressive strength test are presented in Fig. 9(a—f).
It is noticed that the stresses of all samples rise to peaks with
increased displacement, and then drop to zero (Fig. 9(g)). Although
water treatment alone can produce core columns with an intact
appearance, they display pronounced deformation and fracturing
under low stress. The AR shows moderate improvement, with a
maximum stress of 2.2118 MPa. Notably, the ARH demonstrates
superior mechanical performance, with a peak stress of
7.1567 MPa and the most significant displacement before failure,
indicating enhanced strength and toughness. The findings indicate
that the introduction of HCaCOs greatly enhances interfacial
compatibility with the polymer matrix, leading to improved me-
chanical performance of the ARH sample.

To more precisely reflect the effect of ARH on the compressive
strength of shale cores, uniaxial compressive strength tests were
conducted after immersing the shale core samples in different
fluid systems. Shale core columns before and after compressive
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Fig. 8. Schematic diagram of lap shear strength test (a), sample images of core slices adhered by AR (b) and ARH (c) before and after lap shear strength test, and curves of stress-

displacement (d).
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Fig. 9. Photographs of rock core columns before (a, b, c) and after (d, e, f) compressive strength tests and stress-displacement curves of rock cores (g) treated with different

samples.

strength tests are displayed in Fig. S2. As shown in Fig. 10(a), the
peak compressive strength of the core soaked in water is
63.1075 MPa, whereas immersion in the ARH aqueous solution
increases the stress to 81.1695 MPa. Compared to the base fluid
alone (with a compressive strength of 50.7299 MPa), Fig. 10(b)
further demonstrates that the addition of ARH to the base fluid
markedly enhanced the core strength to 69.6446 MPa. The results
further indicate that incorporating ARH can conspicuously
improve the mechanical strength of rock cores.

3.6. Plugging performance

Plugging formation pores and fractures serves as a practical
approach for preventing drilling fluid penetration into reservoir
rock and maintaining borehole integrity. Hence, plugging experi-
ments were conducted using microporous filter membranes of 0.1,
0.2, and 0.45 pm as filtering substrates to evaluate the plugging
effect on small-pore formations. As shown in Fig. 11(a—c), the
filtration loss of solution through microporous filter membranes
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increases sharply at first and gradually turns to be steadied. Fluid
loss declines with the rising concentration of ARH. When the
concentration increases to 2%, the filtration losses through
microporous filter membranes of 0.1, 0.2, and 0.45 pm were
decreased to 13.5, 13.2, and 27 mL, respectively, indicating excel-
lent plugging performance for nanopores. For the 0.2 pm micro-
porous membrane, the increased particles (Z-average diameter is
277.6 nm) are slightly larger than the pore size, allowing them to
quickly form a robust and dense bridging structure at the pore
entrance. This optimal particle-to-pore size ratio enables the ARH
particles to rapidly establish a dense and stable filter-cake bridging
layer at the pore throat. Such a suitable size match ensures that the
particles neither penetrate deeply into the pore structure, causing
loose blockage, nor are too large to effectively accumulate, thus
efficiently preventing fluid infiltration and significantly reducing
filtration loss. This ideal match between particle size and pore size
demonstrates the core principle of the particle bridging plugging
theory, effectively explaining the lowest filtration loss observed
with the 0.2 pm membrane.
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Fig. 10. Stress-displacement curves of shale core samples treated with water, ARH aqueous solution (a), base fluid, and ARH (b) in base fluid.

The changes in pore size distribution after plugging with ARH
are shown in Fig. 11(d-f). Initially, the membrane pore sizes are
concentrated around 100 nm (Fig. 11(d)). With increasing ARH
concentrations (0.5%, 1.0%, 1.5%, and 2.0%), the pore size distri-
bution shifts toward smaller diameters, indicating that larger
pores are effectively blocked. However, due to the relatively small
pore size, larger particles struggle to fully penetrate and plug the
pores, leaving some larger pores inadequately plugged. As
exhibited in Fig. 11(e), for the 0.2 pm membrane, after treatment
with varying concentrations of ARH, a noticeable refinement in

pore size distribution occurs, particularly at higher concentra-
tions (1.5% and 2.0%), where larger pores virtually disappear. This
indicates that the particle size is ideally matched to the 0.2 pm
pores, rapidly and efficiently forming a dense and stable bridging
layer at the pore entrances, resulting in superior plugging per-
formance. After ARH plugs the 0.45 pm membrane, the pore size
distribution slightly decreases, and larger pores remain incom-
pletely plugged, indicating that the particles are relatively small
compared to the pore size, resulting in limited plugging efficiency

(Fig. 11(f)).
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Fig. 11. The variation of fluid loss over time after plugging with microporous filter membranes of different pore sizes (a, b, ¢) and pore size distribution of the membrane before
and after plugging (d, e, f).
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3.7. Wellbore strengthening mechanism

As shown in Fig. 12(a), the developed wellbore strengthening
material (ARH) achieves effective plugging and cementation of
pores and fractures in fractured formations through the synergistic
interaction between the two core components: polymeric matrix
and hydrophobically modified calcium carbonate particles
(HCaCO3). The combined action forms a robust plugging and rock-
bonding effect at the wellbore wall, thereby strengthening the
wellbore.

Specifically, the HCaCOs particles in ARH first form a rigid
supporting framework through physical accumulation and frac-
ture filling. Meanwhile, the polymeric matrix in ARH enhances
wellbore stability through interactions with the fractured forma-
tion. When the polar amide groups in the polymer molecular
chains come into contact with the formation rock surface, they
form strong intermolecular hydrogen bonds and van der Waals
forces, significantly improving the adhesive force between ARH
and the rock. Simultaneously, the polymer chains exhibit strong
cohesive force via hydrogen bonding, n-r stacking, and physical
entanglement, ensuring that the polymer structure is not easily
damaged, which would lead to bonding failure (Zhang et al., 2025;
Xiao et al., 2022; Kou et al., 2025).

As depicted in Fig. 12(b), fractured formations are prone to
instability during drilling operations (manifested as rock fragment
detachment or borehole collapse), and such issues are further
exacerbated by the infiltration of drilling fluid (Wang et al., 2020;
You et al., 2014). When ARH is added to WBDF, it efficiently pen-
etrates the microscopic pores and fractures of the formation with

Adhesive force

Van der Waals
gravity

Intermolecular
hydrogen bond

g

(b)

ractured formation

- Water-based drilling fluid
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fluid flow. As the downhole temperature gradually exceeds the
glass transition temperature (Tg) of the polymeric matrix, the
polymer molecular segments gain mobility, causing the matrix to
soften and undergo elastic deformation (Kumar et al., 2023;
Hameed et al., 2007). This elastic behavior allows the polymer to
conform to the irregular geometry of pores and fractures, while the
HCaCOj3 particles provide the support within this elastic structure.
Through their synergistic spatial complementarity, tight and
comprehensive filling is achieved, significantly enhancing well-
bore stability.

4. Conclusions

This study develops a novel acrylic-based wellbore strength-
ening material (ARH) by incorporating hydrophobically modified
calcium carbonate particles to mitigate wellbore instability under
complex geological conditions. ARH exhibits uniform spherical
particles characterized by a Z-average diameter of 277.6 nm. TGA
and DSC analysis indicate ARH possesses excellent thermal sta-
bility, with an onset decomposition temperature exceeding 180 °C
and a Tg value of 151.1 °C, indicating its suitability for applications
under high-temperature conditions. Mechanical testing reveals
excellent adhesion strength (0.4838 MPa) in lap shear strength
tests and substantial core reinforcement, achieving a uniaxial
compressive strength of 7.1567 MPa. Compared to shale core col-
umns soaked in water and base fluid, the compressive strength of
shale cores treated with ARH increased by 18.0620 and
18.9147 MPa, respectively. Microporous membrane plugging ex-
periments further confirm ARH's superior plugging ability, with

Cohesive force

& @ Viscoelastic ARH particle

Fig. 12. Wellbore strengthening mechanism of ARH.
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filtration loss volumes of 13.5,13.2, and 27 mL through 0.1, 0.2, and
0.45 pm membranes, respectively, at an added ARH concentration
of 2%. These results highlight ARH's excellent plugging and well-
bore strengthening properties, making it a promising candidate for
wellbore strengthening material in WBDF.

Although ARH has demonstrated excellent thermal resistance,
mechanical strength, and plugging performance, there remains
potential for further performance enhancement through material
and process optimization. In particular, the grafting efficiency of
KH-570 onto calcium carbonate plays a critical role in determining
the dispersion stability and interfacial compatibility of the modi-
fied particles within the resin matrix. Future studies could explore
the hydroxylation of CaCO3; before KH-570 modification to in-
crease the density of reactive ~OH groups on the particle surface.
This pretreatment is expected to facilitate a higher grafting rate,
thereby enhancing the interfacial bonding and overall perfor-
mance of the composite material. Additionally, investigations into
alternative coupling agents, surface activation methods, and resin
formulations may provide new insights into optimizing ARH for
broader applications in extreme drilling environments.

In summary, this study developed a novel acrylic-based well-
bore strengthening material by incorporating hydrophobically
modified calcium carbonate into the acrylic resin matrix, providing
a new material solution for enhancing wellbore stability in WBDF
systems.
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