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a b s t r a c t

Although there are abundant shale gas resources in China, shale gas is generally buried much deeper than 
foreign countries. For large-scale development, there are still many core technologies that have not yet 
been solved. In this paper, we have analyzed microstructure of formation rock and its mineral composi
tion, and the mechanism of wellbore instability is revealed by studying the petrophysical properties and 
characteristics of the wellbore instability strata in the Changning-Weiyuan area. The laboratory innova
tively constructs the “solid phase intercalation-liquid phase expansion stripping method” and obtains 
high-quality graphene nanosheets. The results of the performance test and the HTHP filtration test on the 
graphene nanosheets show that it achieves the lowest HTHP filtration loss (8.0 mL) among tested addi
tives, outperforming super-fine  CaCO3(8.6 mL) and conventional agents (9.2 mL), while minimally 
affecting rheology. Other performance tests indicate that high-quality graphene nanosheets made by our 
laboratory can be well dispersed in solvent with almost no obvious aggregation and it has the median 
particle size ranges from 212 nm to 228 nm, which means it has perfect ability to plug micro-crack in the 
Changning-Weiyuan area. The oilfield  application shows that adding 0.75% graphene nanosheets to the 
field mud significantly enhanced wellbore stability, achieving zero mud loss and a 94.6% drilling rate in the 
target zone, while reducing HTHP filtration to below 2.4 mL.

© 2026 Southwest Petroleum University. 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

At present, wellbore instability in shale formation is one of the 
major problems facing oil and gas exploration in China [1,2]. The 
complex mechanical and physicochemical interactions between 
drilling fluids and shale formations often lead to borehole collapse, 
tight hole, and other drilling complications, especially in deeply 
buried marine shales with developed bedding planes and micro- 
fractures [3,4]. Oil-based drilling fluid  has been widely used in 
shale gas development due to its excellent inhibition, high- 
temperature resistance, lubrication and pollution resistance [5]. 
Its superior performance in stabilizing water-sensitive shale for
mations has been extensively documented [6,7]. However, 

nanoscale pores and fractures are developed in the shale forma
tion in southern Sichuan, and complex downhole problems such as 
wellbore instability often occur even under the application of oil- 
based drilling fluids,  resulting in huge economic losses [8]. It is 
believed by some researchers that the oil-based drilling fluid  is 
more likely to invade the formation micro-fractures under the 
action of pressure difference [9]. Therefore, when using oil-based 
drilling fluids,  the selection of plugging agent becomes more 
important [10]. Nanomaterials are atomic groups or molecular 
groups composed of a small number of atoms and molecules, with 
the size range of 1–500 nm in at least one dimension. Compared 
with larger micron size particles, nanomaterials have small par
ticle size and large specific surface area, which greatly changes the 
physical and chemical properties. In order to plug nanoscale pores 
and fractures efficiently, researchers began looking for substances 
that are physically small, thermally stable, and environmentally 
friendly drilling fluid agents. The conventional plugging particles 
in drilling fluid are mostly micron size, which means it is difficult 
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to seal nanoscale cracks in formations [11,12]. Nanomaterials are 
completely different from conventional materials in physical 
chemistry, heat, fluid mechanics and other aspects, which allows 
researchers to stabilize wellbore by changing the composition, 
type and particle size of nanomaterials [13].

To address the challenge of sealing sub-micron fractures, re
searchers have explored various nanomaterials. Amanullah & Al- 
Tahini [14] early demonstrated the significance  of nanotech
nology in developing “smart” drilling fluids with tailored proper
ties. Subsequently, Vryzas & Kelessidis [15] provided a 
comprehensive review of nano-based drilling fluids, highlighting 
their superior performance in fluid loss control and wellbore sta
bilization compared to conventional micron-sized additives. 
Nanomaterials are atomic groups or molecular groups composed 
of a small number of atoms and molecules, with the size range of 
1–500 nm in at least one dimension. Compared with larger micron 
size particles, nanomaterials have small particle size and large 
specific  surface area, which greatly changes the physical and 
chemical properties. In order to plug nanoscale pores and fractures 
efficiently, researchers began looking for substances that are 
physically small, thermally stable, and environmentally friendly 
drilling fluid agents. The conventional plugging particles in drilling 
fluid  are mostly micron size, which means it is difficult  to seal 
nanoscale cracks in formations [16,17]. Specifically, Hoelscher [18] 
reported that conventional CaCO3 particles (2–10 μm) failed to 
plug fractures below 1 μm, whereas specially engineered silica 
nanoparticles significantly  reduced fluid  invasion in laboratory 
tests. Nanomaterials are completely different from conventional 
materials in physical chemistry, heat, fluid  mechanics and other 
aspects, which allows researchers to stabilize wellbore by chang
ing the composition, type and particle size of nanomaterials [13].

Among these nanomaterials, graphene and its modified block
ing agents come from a wide range of sources and have the po
tential to be applied to high temperature resistant drilling fluids. 
Graphene has a high specific surface area and small particle size, 
which increases the internal friction between the particles and 
improves the viscosity of drilling fluid.  At the same time, the 
graphene particles can physically plug the nanoscale pores to 
reduce fluid  loss. Modified  graphene, such as amino modified 
graphene oxide (EDA-G), can greatly improve the sealing perfor
mance. For example, Yang Bai [19] synthesized two-dimensional 
nano graphene oxide using redox method. Performance tests 
have shown that R-GO, as a nanoplugging agent for OBDF, can form 
a dense sealing layer on the surface of shale nanopores and frac
tures, thereby enhancing the stability of shale formations. Hon
gwei Zhang [20] has developed a relatively affordable liquid-phase 
shear exfoliation method for producing graphene with a small 
amount of layered structure. On site applications have shown that 
graphene agents have good compatibility with water-based dril
ling fluids, which can improve the sealing effect of drilling fluids, 
help solve wellbore instability problems, and reduce reservoir 
damage caused by mud filtrate invasion. Compared with different 
inorganic materials, it is found that after the drilling fluid  with 
EDA-G enters the formation, EDA-G adsorbs on the shale surface to 
form a tight semi-permeable film, which effectively prevents the 
intrusion of water in the shale formation [21]. As for rheological 
property, Chai et al. add graphene oxide (GO) to oil-based drilling 
fluid, it is found that the oxygen-containing functional group of GO 
interacts with oil to improve the thermal stability and viscosity of 
drilling fluid, while the rheological properties of drilling fluid do 
not change [22]. In summary, the application of graphene is mainly 
manifested in modified  materials. However, the volume of the 
graphene increases after being modified, which weakens its ability 
to block nanoscale cracks.

In this paper, we have analyzed the petrophysical properties 
and characteristics of the wellbore instability strata in the 
Changning-Weiyuan area and return to the essence of crack seal
ing: using graphene nanosheets plugging materials to form a 
perfect sealing range, and finally forming an oil-based drilling fluid 
formula suitable for long horizontal sections of shale in 
Changning-Weiyuan area.

2. Materials and methods

2.1. Formation rock microstructure and mineral composition

The microstructure and content of clay minerals in shale differ 
greatly [23,24], which results in the great difference of shale hy
dration. Therefore, the shale of Longmaxi Formation in different 
areas of Sichuan Basin is selected for experimental study, and 35 
groups of the shale samples are tested for whole-rock mineral 
composition and clay mineral composition by X-ray diffraction 
[25,26]. The test result are presented by weighted average, ac
cording to mass percentage of each groups. The cracks in the core 
of Longmaxi Formation are analyzed by environmental scanning 
electron microscopy (SEM) at 20.0 kV, and the comparing scales 
are 20 μm, 40 μm respectively.

2.2. Optimization of nano plugging agent

The measurement of filtration behavior and mud cake proper
ties of oil-based drilling fluids  is fundamental to the control and 
treatment of drilling fluids as the properties of the filtrate itself. 
The filtration characteristics are measured by a high temperature 
and high pressure filtration apparatus. According to the charac
teristics of mineral composition and micro-fractures, 4 kinds of 
plugging agents are selected for high temperature and high pres
sure filtration  test:control group (oil-based drilling fluid),  previ
ously used plugging agent, graphene nanosheets, and super-fine 
powder of calcium carbonate. The plugging ability of the plugging 
agent is evaluated using a ceramic filter disc with a mean pore size 
of 220 nm to simulate nano-scale pore throats. The oil-based 
drilling fluid  (5# white oil + 20.0% CaCl2(mass fraction 
25%) + 3.0% organic montmorillonite + 0.5% calcium oxide + 2.0% 
wetting agent +0.5% plugging agent) adding with each plugging 
agent is used as the testing fluid. The temperature of rheological 
test is 65 ◦C, and high temperature and high pressure filtration test 
is at 130 ◦C.

In terms of graphene nanosheets, based on the technique of 
non-oxidation intercalation (oxidation is not required in repo
duction), the laboratory innovatively constructed the “solid phase 
intercalation - liquid phase expansion and stripping method” to 
prepare high-quality intrinsic graphene nanosheets. “Solid phase 
intercalation” is a method that specific molecular insert into the 
space of the graphene layer using competitive adsorption, and 
“liquid phase expansion and stripping” means stripping graphene 
in liquid phase. The process is shown in Fig. 1. The method has 
broken through the limitations of high-quality nano-graphene in 
terms of product quality, production efficiency, environmental 
protection and cost control, and established the “solid phase 
intercalation-liquid phase expansion stripping method” for the 
preparation of high-quality intrinsic graphene nanosheets [27,28].

2.3. Performance tests of nano plugging agent

Performance tests mainly include 4 aspects: Morphology 
analysis of nano plugging agent, particle size analysis, sedimen
tation stability analysis and HPHT filtation  experiment. The 
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morphology of graphene is analyzed using scanning electron mi
croscopy (SEM). Before the test, the graphene nanosheets are 
dispersed in deionized water (10% solid content). The particle size 
of graphene nanosheets is analyzed by Omni multi-angle particle 
size analyzer and Zeta potential analyzer. Sedimentation stability 
is a technical index reflecting the distribution state of graphene 
nanosheets in solvent. The sedimentation stability of graphene 
nanosheets is analyzed by using Turbiscan MA2000 concentration 
system dispersion stability dispersion instrument, and the solvent 
is white oil. In HPHT filtation  experiment, the temperature of 
rheological test is 65 ◦C and high temperature and high pressure 
filtration test temperature is 130 ◦C.

3. Result and discussion

3.1. Analysis of formation rock mineral composition and 
microstructure

3.1.1. Rock mineral composition
The X-ray diffraction analysis results are shown in Fig. 2. The 

mineral composition includes clay minerals, quartz, dolomite, 
calcite, siderite, feldspar and other minerals. The content of each 
mineral is different in shale rock samples, mainly quartz. The clay 
minerals are composed of illite, chlorite, Aemon mixed layer and 
kaolinite, without montmorillonite, mainly illite. The high content 
of quartz and the absence of montmorillonite indicate that this 
type of shale is a hard brittle shale with high mechanical strength, 
high hydration and weak expansion ability.

3.1.2. Rock microstructure
The microstructure of Longmaxi Formation shale is shown in 

Fig. 3. It can be seen from (a) and (b) that the clay mineral 

particles in the rock samples are lamellar, and the lamellar clay 
particles tend to be oriented along the bedding direction, indi
cating that the bedding is also developed on the macro level. From 
Figure c and d, micro cracks are developed in the rock samples, and 
non-clay minerals such as quartz and feldspar are obviously mixed 
in the clay minerals. The distribution of these minerals is hetero
geneous, and the rock are easy to slide along the bedding direction, 
weakening the rock mechanical strength.

3.1.3. Formation fracture characteristics
The micro fracture of Longmaxi shale are developed and widely 

distributed. The fractures are measured to be between 104 nm and 
244 μm, and the distribution curve is shown in Fig. 4: D5 = 0.52 μm, 
D10 = 0.70 μm, D50 = 2.29 μm, D90 = 8.91 μm. Most fractures are 
below 10 μm, and even some are below 700 nm. Formation shale 
cementation is weak, easy to cleavage, and the formation frag
mentation degree is large. Moreover, the multi-size small holes are 
developed, and the width of tiny cracks are extremely different. 
Therefore, the existing plugging technology is difficult  to form 
effective plugging, which has caused serious wellbore collapse.

These results indicate that a significant  portion of the micro- 
fractures are sub-micron (width < 1 μm). The developed graphene 
nanosheets, with a median particle size of 212–228 nm, are spe
cifically designed to target and plug these critical narrow fractures.

3.1.4. Analysis of wellbore instability
According to the lithologic characteristics analysis of the 

Longmaxi Formation shale [29], the formation rocks are hard 
shale, showing weak water-sensitivity and high brittleness. With 
the increasing of well depth, micro-fractures are easy to occur on 
the wellbore under the action of external forces. The quartz par
ticles are in point contact with each other, and the needle-like clay 

Fig. 1. Solid phase intercalation-liquid phase expansion exfoliation process.

Fig. 2. Mineral composition of shale: (a) rock mineral composition; (b) clay mineral composition.
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particles are randomly filled  between microcrystalline quartz 
particles, resulting in weak orientation characteristics of the whole 
formation. In the rock structure, microcrystalline quartz particles 
constitute the rock skeleton. The organic matter mainly exists in 
the pores between quartz grains and does not act as the stressed 
skeleton. Due to late compaction and cementation, the inter
granular pores are polygonal or triangular and have the charac
teristics of hard pores in mechanical properties. The whole-rock 
mineral analysis and clay mineral analysis show that the formation 
mainly has weak water-sensitive brittle shale. The intrusion of 
drilling fluid  filtrate leads to the decrease of shale cementation 
strength and the increase of pore pressure near wellbore, thus 
inducing the expansion and extension of micro-fractures, which is 
the main cause of wellbore collapse and instability [30–32].

Based on the above, there are countless micro-fractures smaller 
than 1 μm. However, due to the lack of micro and nano particles 
[33], the drilling fluid  used before is unable to meet the re
quirements of micro-fracture plugging. The filtrate invades into 
the formation, causing the expansion of micro-cracks and the 
instability of wellbore. It is concluded that the key to solve the 
problem is to strengthen the plugging ability of oil-based drilling 
fluid, and slow down the pressure transfer and filtrate intrusion in 
the formation.

3.2. Results of nano plugging agent optimization

It can be seen from Table 1 that the addition of plugging agent 
has little effect on the rheology of oil-based drilling fluid.  The 
addition of graphene nanosheets has the least effect on the 
rheology of oil-based drilling fluid. The high temperature and high 
pressure filtration loss is also the smallest, 8.0 mL, indicating that 
the nano-graphene sheets have plugging performance under the 
condition of only using nano plugging agent.

3.3. Analysis of graphene nanosheets as plugging agent

3.3.1. Morphology analysis
The morphology of graphene nanosheets is analyzed by scan

ning electron microscopy (SEM). Prior to the test, the graphene 
nanosheets are dispersed in deionized water (10% solid content). 
The SEM observation results are shown in Fig. 5: nano-graphene 
sheets is well dispersed in the deionized water with almost no 
obvious aggregation.

Fig. 3. SEM of micro cracks.

Fig. 4. Statistics on the number of micro-fractures in shale.
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3.3.2. Particle size analysis
The test results in Fig. 6 show that the median particle size 

ranges from 212 nm to 228 nm, and the average particle size 
ranges from 122 nm to 458 nm. The size of nano graphene sheets 
are smaller than 1 μm, which means they can enter microfractures 
in shale formations and form a sealing layer.

3.3.3. Sedimentation stability analysis
The test results are shown in Fig. 7. It can be seen from Figure a 

and b that the light curves of drilling fluid with 24 measurements 
basically coincide, which proves that the graphene nanosheets 
have good dispersion stability in oil-based drilling fluid.

3.3.4. Evaluation of improved oil-based drilling fluid
The density, rheological properties, electrical stability and 

filtration properties of drilling fluid  are measured. The wellbore 
mud is from drilling fluids  in Changning, Weiyuan and West 
Chongqing. Laboratory test mud: drilling fluid  + micron CaCO3 
powder (2–20 μm) + 0.75% Nano graphene sheets. The data in the 
table are the average values of testing three times. The experi
mental results are shown in Table 2: The addition of plugging 
agent and 2D nano-graphene sheet has little effect on the rheo
logical properties of drilling fluid,  indicating that plugging agent 

and nano-graphene sheet have excellent compatibility. And the 
drilling fluid density can be adjusted from 1.75 cm3 to 2.15 cm3. 
The viscosity of the drilling fluid system is appropriate to ensure 
the cuttings-carrying capacity. At the same time, after adding 
plugging agent and nano-graphite sheet, the emulsion breaking 
voltage is significantly higher than that of field drilling fluid, and 
HTHP filtration is less than 2.5 mL, which meets the requirements 
of target shale gas formation.

4. Field application

Well N209H69-2 is located in the Changning anticline at the 
junction of the southern Sichuan fold belt and the Loushan fault- 
fold belt in Sichuan Basin. The well was drilled to a depth of 
4907 m with a horizontal section of 2107 m. This well served as a 
key field  trial for the graphene nanosheets-enhanced oil-based 
drilling fluid system. The application of this novel nano plugging 
agent directly addressed the prevalent wellbore instability chal
lenges in the micro-fractured Longmaxi shale.

The graphene nanosheets played a pivotal role by effectively 
plugging the nanoscale fractures, thereby significantly  reducing 
filtrate invasion and enhancing wellbore wall strength. This was 
evidenced by the achievement of zero mud loss throughout the 

Table 1 
Optimization results of nano plugging agents.

Sample number AV/(mPa⋅s) PV/(mPa⋅s) YP/Pa YP/PV Es/V HTHP filtration/mL

1 36.5 30.0 6.5 0.217 823 12.8
2 38.0 32.0 6.0 0.188 875 9.2
3 37.5 33.0 4.5 0.136 963 8.0
4 39.0 33.0 6.0 0.182 1087 8.6
5 38.0 32.0 6.0 0.188 1256 9.6

*Note: Sample 1 is control group(oil-based drilling fluid), Sample 2 contains drilling fluid and previously used plugging agent, Sample 3 contains drilling fluid and nano 
graphene sheets, Sample 4 contains drilling fluid and superfine powder of calcium carbonate.

Fig. 6. Particle size analysis of graphene nanosheets: (a) the first measurement; (b)the second measurement.

Fig. 5. Scanning electron microscope image of graphene nanosheets: (a) 5000x; (b) 10000x; (c) 10000x.
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operation, a clear indicator of superior fracture sealing. The 
improved wellbore stability allowed for the seamless use of rotary 
steerable systems from the kick-off point to the horizontal section, 
successfully overcoming the historical drilling difficulties  in the 
“Steering Restricted Area” of the eastern Daba area. Consequently, 
an outstanding “platinum target” drilling rate of 94.6% was 
attained.

The integration of this advanced fluid  system contributed to 
exceptional drilling efficiency. The well set two new records in the 
East Daba area of the Changning block: the shortest drilling cycle 
(55.98 days) and the shortest drilling-completion cycle (63.98 
days). The success of Well N209H69-2 has established a technical 
benchmark for high-quality and efficient drilling and completion 
operations, paving the way for the economic development of shale 
gas in the region. It conclusively demonstrates that the graphene 
nanosheets-based plugging technology is a robust and effective 
solution for stabilizing long horizontal sections in complex shale 
formations.

5. Conclusions

(1) In response to the prevalent wellbore instability caused by 
widespread micro-nano fractures in the Longmaxi shale 
formation of the Changning-Weiyuan area, this study 
developed a high-performance oil-based drilling fluid sys
tem incorporating intrinsically modified  graphene nano
sheets as a key plugging agent. The graphene nanosheets 
were synthesized via an innovative “solid-phase inter
calation–liquid-phase expansion exfoliation” method. Their 

plugging efficacy and adaptability were rigorously evaluated 
using high-temperature high-pressure (HTHP) filtration 
tests with a 220 nm membrane, particle size analysis, 
sedimentation stability tests, and rheological 
measurements.

(2) The synthesized graphene nanosheets exhibited a median 
particle size (D50) of 212–228 nm, enabling them to physi
cally enter and seal sub-micron fractures. Performance tests 
demonstrated that adding 0.75% graphene nanosheets 
achieved the lowest HTHP filtration  loss (8.0 mL) among 
tested additives, outperforming conventional agents, while 
minimally affecting the rheology of the base fluid. The pri
mary mechanisms for enhanced wellbore stability include: 
(i) the physical bridging and sealing of nano-scale fracture 
apertures by the graphene sheets, drastically reducing 
filtrate invasion; and (ii) the formation of a dense, 
adsorption-based barrier on shale surfaces, which 
strengthens the wellbore wall and mitigates pressure 
transmission.

(3) Field application in Well N209H69-2 confirmed  the tech
nology's effectiveness. The graphene-enhanced drilling fluid 
system contributed to zero mud loss and a “platinum target” 
drilling rate of 94.6%. It facilitated the use of rotary steerable 
systems through challenging sections, ultimately helping to 
set records for the shortest drilling cycle (55.98 days) and 
drilling-completion cycle (63.98 days) in the block. Labora
tory comparisons showed that the optimized system 
reduced the HTHP filtration  loss of field  mud to below 
2.4 mL, significantly  improving overall wellbore stability. 

Table 2 
Conventional performance evaluation of drilling fluid from each well.

Well Type ρ/(g⋅cm-3) AV/(mPa⋅s) PV/(mPa⋅s) YP/Pa φ6/φ3 G10s/10min/ 
Pa

Es/V HTHP filtration/mL

N209H69-2 WM 1.75 55.5 43 12.5 9/8 5.5/11 1369 2.4
LM 1.75 57 45 12 9/8 5/11 1414 2

Z203H3-5 WM 1.87 61.5 53 8.5 6/4 3/7 724 1.6
LM 1.87 61.5 56 5.5 6/4 3/7 805 1.2

Z201H70-2 WM 2.15 83 72 11.0 9.5/7 3.5/12 1123 1.8
LM 2.15 85 74 11.0 9/7 3.5/9 1211 1.2

*Note: 1. Rheological test temperature is 65 ◦C; 2, high temperature and high pressure filtration test temperature 130 ◦C; 3. AV is the apparent viscosity, PV is the plastic 
viscosity, YP is the dynamic shear force, φ6 is the reading of the rotary viscosimeter at 6 revolutions, φ3 is the reading of the rotary viscosimeter at 3 revolutions, G10s/10min is 
half of the reading of the drilling fluid at 10 s and 10 min at 3 revolutions; Es represents the demulsification voltage of drilling fluid; WM represents wellbore mud from 
oilfield; LM represents laboratory test mud.

Fig. 7. Evaluation results of sedimentation stability performance (a) 12 h transmitted light curve; (b) 12 h backlight curve.
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This work establishes a reliable technical approach for the 
efficient  and stable drilling of long horizontal sections in 
micro-fractured shale formations.
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