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Abstract

Wellbore stability is one of the major challenges during drilling operations in shale gas
formations. Drilling fluid seepage can significantly alter the pore pressure around the
wellbore, thereby inducing wellbore instability. In this study, the Darcy pore fluid flow
model was applied to both the mud cake and wellbore to predict pore pressure, which helps
improve the accuracy of calculating collapse pressure and fracture pressure. Shale samples
were collected from the Puguang Gas Reservoir, and their composition and physicochemical
properties were systematically analyzed. The results indicate that the clay content in the
formation can reach up to 35.5%, with distinct hydrophilic characteristics, and the maximum
hydration expansion rate of the shale is 5.79%. The permeabilities of shale and mud cake
were measured via the pore pressure transmission test. Specifically, shale samples from
Sub-layer 1 exhibit the highest permeabilities for both rock and mud cake, which are
8.27 × 10−18 m2 and 2.07 × 10−20 m2, respectively. In contrast, samples from Sub-layer
3 show the lowest permeability values, being 2.76 × 10−20 m2 and 1.66 × 10−22 m2. The
borehole tensile breakdown pressure and compressive collapse pressure were calculated
using a poro-mechanical coupling model. The Sub-layer with the lowest cohesion strength
after drilling fluid immersion presents the narrowest mud density window of 0.04 g/cm3,
making it the most susceptible to wellbore stability failures; furthermore, the maintenance
of wellbore stability requires strict control of the drilling mud density within the range.
This study can provide guidance for accurate prediction of mud density window during
drilling operations in shale formations.

Keywords: wellbore stability; pore fluid seepage; mud cake; safe drilling mud density window

1. Introduction
Shale gas reservoirs have attracted considerable attention over the past decades and

account for a substantial proportion of the global oil and gas energy supply [1–4]. However,
during the drilling of long horizontal shale gas wells, wellbore instability has become
a critical factor that prolongs operational time and increases overall project costs [5–10].
Shale reservoirs exhibit extremely low permeability, and the seepage of pore fluids in
wellbore rocks, with the induced variations in the effective stress field in the near-wellbore
zone, poses a major challenge to the accurate prediction of borehole fracture and collapse
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pressures [1–4,11], which are two key parameters that exert a significant influence on the
wellbore stability of horizontal shale gas wells [12].

To mitigate drilling fluid seepage, plugging materials such as asphalt, resin-based
composites, polymers, and nanomaterials [13–19] are employed to form a dense mud cake
that blocks filtration channels and reduces pore pressure transmission. Scholars have
developed coupling models to investigate the influence of mud cake on borehole instabil-
ity [11,20–22]. Tran et al. [11] derived analytical solutions for mud cake accumulation, and
further studied the effects of mud cake properties on formation pore pressure and wellbore
stress, as well as their subsequent impacts on the safe drilling fluid density window. The
research results indicated that lower mud cake permeability can expand the safe drilling
fluid density window. The permeability of mud cake is a non-negligible factor and ne-
glecting it will lead to overestimation of the window range. Feng et al. [23,24] proposed
a numerical method and adopted the equivalent mud cake filtration model to evaluate
the effects of mud cake thickness and permeability reduction on wellbore surrounding
stress fields. Rudyak and Seryakov [25] considered both uniform and non-uniform mud
cake distributions and realized reasonable interpretation of logging data. Li et al. [26] and
Zhang et al. [27] incorporated the time-dependent characteristics of mud cake into the
hydro-mechanical model. By introducing the influence of mud cake permeability on pore
fluid flow and wellbore stress, the prediction accuracy of the safe drilling mud density
window was further improved. Wan et al. [28] and Zhang et al. [29] investigated the effects
of mud cake on fracture internal pressure, and their results indicated that lower mud cake
permeability corresponds to better performance of lost circulation materials in inhibiting
fracture propagation. In the aforementioned models, mud cake thickness and permeability
were taken as known parameters for sensitivity analysis. However, how these parameters
can be obtained based on fluid flow models and incorporate them into hydro-mechanical
models to predict wellbore collapse pressure or fracture pressure has rarely been reported.

In this study, shale samples were collected from the Qianfoya Formation of Puguang
Gas Reservoir, where widespread oil and gas indications and high organic matter abun-
dance have been identified, indicating promising development potential. As reported
by Gao et al. [30] and Bo et al. [31], severe borehole collapse occurred in the Qianfoya
Formation shale interval of the horizontal section, resulting in a total backfilling footage
of 5361 m and a total complex operation period of 372 days, which caused substantial
economic and time efficiency losses. A series of systematic laboratory tests were conducted
to characterize their chemical composition and physical properties for wellbore stability
analysis. A pore fluid flow model that considers both the mud cake and shale formation
was adopted. Mud cake thickness and permeability, as well as shale permeability, were
determined by fitting the experimental data from pore pressure transmission tests with
the model. Based on a hydro-mechanical coupling model, the wellbore pore pressure
distribution was obtained and wellbore stability analysis was performed to predict the
compressive collapse pressures and tensile fracture. The results can serve as a theoretical
guide for drilling operations in shale formations.

2. Experimental
2.1. Materials

The core samples used in this experiment were all collected from the 1st, 2nd and
3rd Sub-layers of the Qianfoya shale formation in the Puguang Gas Reservoir. The KCl
polysulfonate drilling fluid system was prepared with the following formulation: 5%
bentonite, 0.45% NaOH, 5% KCl, 0.5% encapsulating agent, 1% polymeric fluid loss reducer,
0.5% cellulose, 2% phenolic resin, 1% high-temperature resistant composite fluid loss
reducer, 2% sulfonated asphalt, 2% natural asphalt, 5% ultrafine calcium carbonate, and
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barite as the weighting agent. All chemical reagents for the drilling fluid were supplied by
the oilfield, and deionized water was used as the solvent for preparing the test fluids.

2.2. Experimental Methods
2.2.1. Characterization of Shale Composition, Structure and Wetting Properties

As shown in Figure 1, shale property was characterized for hydro-mechanical coupling
wellbore stability analysis. Before X-ray diffraction testing, the rock powder samples were
crushed, ground, and sieved through a 300-mesh sieve. The clay mineral composition of
the shale, including the types, relative contents and crystal structure characteristics of clay
minerals, was determined using a fully automatic powder X-ray diffractometer (d/max-
2500pc, manufactured by Rigaku Corporation, Japan). During the test, the prepared rock
powder samples were evenly spread on a sample stage, and the diffraction test was carried
out under the optimal working parameters: the scanning range was 3~60◦ (2θ), the scanning
speed was 5◦/min, and the step size was 0.02◦. The diffraction data obtained from the test
were analyzed to accurately identify the clay mineral composition of the shale.

Figure 1. Flowchart for experimental test.

The mesoscale structure of the sliced shale sample was observed and analyzed using a
scanning electron microscope (SU8220, produced by Hitachi Corporation, Tokyo, Japan) to
clarify the microscopic morphology, pore structure, and mineral particle arrangement of
the shale [32]. Prior to observation, the sliced shale samples were processed by vacuum
drying to remove moisture in the pores, and then sprayed with a thin layer of gold film
using an ion sputter coater to enhance the electrical conductivity of the sample surface,
avoiding charge accumulation during the electron beam scanning process which would
affect the observation effect. During the test, the accelerating voltage was adjusted within
5~20 kV according to the observation area and magnification, and the mesoscale structure
characteristics of the shale sample were observed and recorded at different magnifications.

The contact angle of deionized water on the rock surface was measured with a contact
angle analyzer (OCA20, manufactured by Dataphysics Corporation, Filderstadt, Germany),
which was used to evaluate the wettability of the rock surface [33,34]. Before the test, the
rock surface was polished and cleaned to remove surface pollutants and irregularities,
ensuring that the test surface was smooth and flat. Then, the rock sample was fixed on the
sample stage of the analyzer, and a micro-syringe was used to drop a 5 µL deionized water
droplet onto the rock surface. The analyzer automatically captured the image of the water
droplet on the rock surface and calculated the contact angle value using the Young–Laplace
equation [34].

2.2.2. Linear Swelling Rate Test

The linear expansion rate of shale was determined via a shale swelling tester (NP-01,
Qingdao Chuangmeng Technology Co., Ltd., Qingdao, China) using compacted powder

https://doi.org/10.3390/pr14061002

https://doi.org/10.3390/pr14061002


Processes 2026, 14, 1002 4 of 15

samples (Figure 1). First, 15 g of core powder was ground, sieved through a 100-mesh
sieve, dried at 105 ◦C for 4 h, and then cooled to room temperature. The powder was
subsequently placed into a cylindrical core pressing mold with a 1-inch inner diameter and
compacted under a pressure of 4 MPa for 5 min. The prepared core sample was put in
the test cell, and an axial displacement measuring rod was centered on the sample surface
and connected to a displacement sensor. After zeroing the sensor, distilled water was
injected into the test cell; the axial expansion displacement was recorded in real time, and
the corresponding expansion strain was calculated therefrom.

2.2.3. Shale Permeability and Compression Strength Test

A triaxial rock mechanics-permeability test system (THMC-I, Sichuan Huakongli
Equipment Co., Ltd., Sichuan, China) was applied to determine the permeability and
uniaxial compressive strength of rock specimens. The permeability of the mud cake and
rock was measured via the pressure transmission method and the experimental setup was
presented in Figure 2. First, a shale core was placed into the core holder, and the whole
setup was heated to the reservoir temperature of 85 ◦C. Then, a confining pressure of
5.0 MPa was applied to the core. The upstream and downstream pore fluid pipelines were
filled with a 5% KCl solution at a pressure of 1.0 MPa, and the downstream valve was
closed upon achieving saturation equilibrium. The upstream pressure was then increased
to 2.0 MPa, and the variations in downstream pressure were recorded throughout the
process. After completing the shale pressure transmission test, the upstream fluid was
replaced with drilling fluid while the downstream fluid remained the 5% KCl solution.
Both the upstream and downstream fluids were pressurized to 1.0 MPa, followed by the
closure of the downstream valve. The upstream pressure was raised to 2.0 MPa again, and the
downstream pressure changes were recorded to calculate the permeability of the mud cake.

 

Figure 2. Experimental setup for shale and mud cake permeability test.

Shale strength was determined via a triaxial testing system. Core samples with
dimensions of 1 inch in diameter × 2 inches in height were immersed in a water-based
drilling fluid at 85 ◦C for 10 days. After immersion, the uniaxial compressive strength
(UCS) was tested at a loading rate of 0.001 mm/s, and triaxial compression tests were
conducted under a confining pressure of 5.0 MPa. Based on the Coulomb–Mohr failure
criterion, the cohesive strength of the shale was subsequently derived from the strength
data obtained under different confining pressure conditions.
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3. Coupling Model for Wellbore Stability Analysis
3.1. Stress Distribution Around Wellbore

Wellbore stress distribution for inclined well can be calculated as [1,35],
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(

1 − a2

r2

)
σxx
2 +

(
1 − 4 a2

r2 + 3 a4

r4

)
σxx
2 cos 2θ +

(
1 − a2

r2

)
σyy
2

−
(

1 − 4 a2

r2 + 3 a4

r4

)
σyy
2 cos 2θ +

(
1 − 4 a2

r2 + 3 a4

r4

)
σxy sin 2θ + a2

r2 Pw

σθθ =
(

1 + a2

r2

)
σxx
2 −

(
1 + 3 a4

r4

)
σxx
2 cos 2θ +

(
1 + a2

r2

)
σyy
2 +

(
1 + 3 a4

r4

)
σyy
2 cos 2θ

−
(

1 + 3 a4

r4

)
σxy sin 2θ − a2

r2 Pw

σrθ = −
(

1 + 2 a2

r2 − 3 a4

r4

)
σxx
2 sin 2θ −

(
1 + 2 a2

r2 − 3 a4

r4

)
σyy
2 sin 2θ

+
(

1 + 2 a2

r2 − 3 a4

r4

)
σxy cos 2θ

σzz = σi
zz − ν

(
2
(
σxx − σyy

) a2

r2 cos 2θ + 4σxy
a2

r2 sin 2θ
)

σrz = σxz

(
1 − a2

r2

)
cos θ + σyz

(
1 − a2

r2

)
sin θ

σθz = σyz

(
1 + a2

r2

)
cos θ − σxz

(
1 + a2

r2

)
sin θ

(1)

where σ represents the stress around the wellbore, and the subscript represents the direction
of stress. x, y, z represent the x, y, z directions in three-dimensional coordinates, r, θ,
z represent the radial, circumferential, and vertical directions in polar coordinates, σii

represents the normal stress in the corresponding direction, and σij represents the shear
stress in the corresponding direction.

The relationship between the stress in three-dimensional coordinates and the maxi-
mum horizontal principal stress σH, minimum horizontal principal stress σh, and overlying
rock pressure σv is as follows:
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where iw represents the inclination angle and dw represents the azimuth angle. The principal
stress at the wellbore can be calculated as,

σ1 = pw

σ2 = σrr+σθθ
2 +

√(
σrr−σθθ

2

)
+ σ2

rθ

σ3 = σrr−σθθ
2 +

√(
σrr−σθθ

2

)
+ σ2

rθ

(3)

The maximum principal stress was the maximum of σ1, σ2 and σ3, while the minimum
principal stress was the minimum of σ1, σ2 and σ3.

3.2. Continuity Equation for Fluid Flow in Mud Cake and Shale

Figure 3 shows the pore pressure distribution during drilling fluid filtration from
wellbore to mud cake and the matrix. It is assumed that fluid flow in both the shale and
mud cake follows Darcy’s law, with gravity effects neglected, and that the fluid is single-
phase and incompressible. Incorporating Darcy’s Law, the general form of the continuity
equation for fluid flow in a mud cake can be expressed as follows [27]:
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αφ

K f

•
p − kc

η
∇2 p = 0 (4)

where Kf is fluid bulk modulus, MPa, φ is shale porosity, α is the ratio of mud cake porosity
over shale porosity, kc is mud cake permeability, µm2, and η is fluid viscosity, mPa·s.

 

Figure 3. Filtration from drilling fluid through mud cake to wellbore.

The continuity equation for fluid flow in shale can be expressed as [27]:

1 − K/Ks − φ

Ks

•
p − ksh

η
∇2 p = 0 (5)

where K is rock bulk modulus, MPa, Ks is rock skeleton bulk modulus, MPa, and ksh is
shale permeability, µm2.

Around the wellbore, the boundary conditions were,

r ≤ R: p = pw; r = R + d,
ksh
µ

(
∂p
∂x

)
sh

=
kb
µ

(
∂p
∂x

)
b
; r = ∞, p = p0

where r was distance from the center of wellbore, R was radius, and d was the thickness of
mud cake. pw, pb, p0 were the wellbore pressure, the pore pressure at the wellbore, and the
pore pressure of formation, respectively.

Combining the boundary conditions and Equations (4) and (5), pb can be obtained.

3.3. Calculation of Safe Drilling Mud Density

The Coulomb–Mohr failure criterion is widely adopted to judge shear failure, which
can be expressed as [1–4,27]:

(σ1 − σ3)− (σ1 + σ3)sinφ = 2Ccosφ (6)

The tensile strength failure criterion can be expressed as [1–4,27]:

σ3 = −σt (7)

In the formula, σt represents the rock tensile strength.
By solving Equations (4) and (5) via finite element method, the pore pressure at the

wellbore wall can be derived. On this basis, the stress distribution and principal stresses at
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the wellbore wall are calculated using Equations (1)–(3). The Mohr–Coulomb rock failure
criterion is adopted to judge the occurrence of shear failure, while Equation (7) is applied
to identify tensile failure. The detailed solution procedure is illustrated in Figure 4.

 

Figure 4. Calculation process of the safe mud density window.

4. Results and Discussion
4.1. Shale Mineral Composition

As shown in Figure 5, the shale is dominated by quartz, plagioclase and clay minerals
as its main mineral components. Among the three Sub-layers, the third Sub-layer has the
highest quartz content, while clay mineral abundances vary distinctly across the Sub-layers:
the first Sub-layer features the highest clay mineral content at 35.50%, which is dominated
by chlorite and illite; the second Sub-layer has the second-highest clay mineral content
at 32.31%, with chlorite as the primary constituent; and the third Sub-layer contains the
lowest clay mineral content at 18.78%, mainly composed of illite.

Figure 5. Mineral composition (a) and clay mineral components (b) of shale.

4.2. SEM Test

Figure 6 presents the mesoscale structure of shale samples in the three Sub-layers. The
rock sample from Sub-layer 1 is dominated by argillaceous material, sand-grade clastics
and calcareous components, exhibiting a silty mud texture with a shale structure. Its
argillaceous material is composed of cryptocrystalline to fine scaly particles with random
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distribution, and partial aggregates show a striated arrangement. The rock sample from
Sub-layer 2 features the same major constituents (argillaceous material, sand-grade clastics
and calcareous components), yet it has a sandy mud texture with a pseudo-shale structure.
The morphological and distribution characteristics of its argillaceous material are consistent
with those of Sub-layer 1, consisting of cryptocrystalline to fine scaly particles in random
distribution and partial striated aggregates. The rock sample from Sub-layer 3 is composed
of sand-grade clastics and interstitial material. The sand-grade clastics, dominated by
feldspar, quartz and rock fragments, are subangular and randomly distributed; the rock
fragments include claystone, siliceous rock and clay-siliceous rock, with visible mica debris
interspersed [33].

 
Figure 6. The surface SEM pictures of shale sample from Sub-layer 1 (a), from Sub-layer 2 (b), and
that from Sub-layer 3 (c).

4.3. Rock Contact Angle Test

The water contact angles on the rock surfaces were measured, with the results pre-
sented in Figure 7. The measured water contact angles of samples from Sub-layers 1, 2, and
3 were 47.00◦, 45.50◦, and 24.50◦, respectively. The shale sample from Sub-layer 1 exhibited
lower hydrophilicity than that from Sub-layer 2, whereas the sample from Sub-layer 3
showed the strongest hydrophilicity.

Figure 7. Contact angle of water on surface of shale samples from Sub-layer 1 (a), from Sub-layer
2 (b), and that from Sub-layer 3 (c).
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4.4. Linear Swelling Test

The results of the linear swelling strain test are presented in Figure 8, which show that
the sample from Sub-layer 2 had the highest hydration expansion rate, reaching 5.79% after
equilibration. In contrast, the core sample from Sub-layer 3 exhibited the lowest expansion
rate (1.28% post-equilibration), and that from Sub-layer 1 was 3.89%.

Figure 8. Linear swelling test results of shale samples.

4.5. Shale and Mud Cake Permeability Calculation

In the shale pore pressure transmission test, the boundary conditions were [34],

x = 0: p = pup; x = L:
ksh∂p
µ∂x

=
Vβ

A
∂p
∂t

where x was distance from surface of upper end and L was height of shale core slices.
Combining the boundary conditions and Equation (4), pressure change in downstream
pressure can be calculated numerically. The shale permeability was achieved by validating
the calculated data with the fluid flow model against the pore pressure transmission
test data. On the other hand, the permeability can also be obtained analytically with
Equation (8) [15,36,37].

P(l,t) − P0

Pm − P0
= 1 − exp(−λ)→ k =

λµβVl
At

(8)

where P(l,t) is downstream fluid pressure, MPa; Pm is the upstream fluid pressure, MPa; A
is cross-section area of core, cm2; k is the permeability, µm2; µ is fluid viscosity, mPa·s; β
is fluid compressibility; V is the downstream fluid volume, cm3; and l is the length of the
rock, cm. By comparing the numerical and analytical results, the method was validated.

With the drilling fluid as upstream fluid, the boundary conditions for shale pore
pressure transmission test were [35]:

x = 0, p = pup; x = d,
ksh
µ

(
∂p
∂x

)
sh

=
kb
µ

(
∂p
∂x

)
b
; x = d + h:

ksh∂p
µ∂x

=
Vβ

A
∂p
∂t

where d was thickness of mud cake and h was the height of shale core. Combining
the boundary conditions and Equations (4) and (5) [38], pressure change in downstream
pressure can be calculated. By the trial-and-error approach method, as shown in Figure 9,
the shale and mud cake permeability were achieved by validating the calculated data with
the fluid flow model against the pore pressure transmission test data [39,40].
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Figure 9. Flowchart to obtain shale and mud cake permeability.

The experimental results and corresponding fitting curves are presented in Figure 10.
By numerically fitting the pressure change data, permeability for the rock matrix in
Sub-layer 1 exhibits the highest values of 8.27 × 10−18 m2 while that of Sub-layer 2 is
3.59 × 10−19 m2, and Sub-layer 3 shows the lowest permeability of 2.76 × 10−20 m2. On
the other hand, by analytically fitting, permeabilities are 8.28 × 10−18 m2, 3.58 × 10−19 m2,
2.79 × 10−20 m2, respectively, for the rock matrix in Sub-layer 1, Sub-layer 2, and Sub-layer
3. Compared to the analytical results, the errors of numerical values are all less than 1%,
indicating high accuracy of the method [41–43]. The results reveal that mud cake for Sub-
layer 1 exhibits the highest permeability of 2.07 × 10−20 m2. By contrast, the permeability
of the mud cake in Sub-layer 2 is 1.80 × 10−21 m2 and that from Sub-layer 3 reaches the
lowest value of 1.66 × 10−22 m2. In terms of mud cake thickness, samples from Sub-layers
1 and 2 have a consistent thickness of 2.5 mm, whereas that from Sub-layer 3 features a
thicker mud cake at 3.0 mm.

Figure 10. Experimental and fitted curve of downstream pressure change for shale samples with
water solution as upstream test solution (Sub-layer 1 (a-1), Sub-layer 2 (b-1), and Sub-layer 3 (c-1)),
and those with drilling fluid as the upstream test solution (Sub-layer 1 (a-2), Sub-layer 2 (b-2), and
Sub-layer 3 (c-2)), respectively.
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4.6. Uniaxial Compression and Cohesion Strength Before and After Immersion in Drilling Fluid

Figure 11 presents the uniaxial compressive strength of rock samples from different
Sub-layers before and after 10 days of immersion in a water-based drilling fluid. Without
drilling fluid immersion, the sample from Sub-layer 3 achieved the highest compressive
strength of 141.47 MPa with a cohesion strength of 35.54 MPa; after immersion, its com-
pressive strength and cohesion decreased to 130.40 MPa and 33.49 MPa, respectively. For
the Sub-layer 1 sample, the compressive strength was 122.06 MPa prior to immersion and
dropped to 64.21 MPa post-immersion, while its cohesion strength reduced from 27.16 MPa
to 14.30 MPa, representing a decrease of 47.35%. The Sub-layer 2 sample had the lowest
initial compressive strength at 77.42 MPa, which declined to 50.97 MPa after immersion; its
cohesion strength decreased from 18.04 MPa to 10.46 MPa, with a reduction rate of 42.01%.
In summary, the Sub-layer 1 sample suffered the most severe hydration damage, and the
Sub-layer 2 sample exhibited the lowest strength after hydration.

Figure 11. Uniaxial compression strength (a) and cohesion strength (b) before and after immersion in
drilling fluid.

4.7. Calculation of Safe Drilling Mud Density Window

With the parameters shown in Table 1, pore pressure at the wellbore and safe drilling
mud density window was calculated (Figure 12).

Table 1. Basic parameters and test parameters of shale formation.

Basic Parameter Value Test Parameter Value Test Parameter Value

Well vertical depth 2487.50 m Mud cake thickness in
Sub-layer 1 2.5 mm

Cohesion strength of
shale in Sub-layer 1
after immersion

14.30 MPa

Azimuth iw 162.13◦ Shale permeability in
Sub-layer 1 8.27 × 10−18 m2

Cohesion strength of
shale in Sub-layer 2
after immersion

10.46 MPa

Inclination Angle iw 86.84◦ Mud cake permeability
in Sub-layer 1 2.07 × 10−20 m2

Cohesion strength of
shale in Sub-layer 3
after immersion

33.49 MPa

Overburden stress σv 71.37 MPa Mud cake thickness in
Sub-layer 2 2.5 mm

Maximum horizontal
stress σH

62.05 MPa Shale permeability in
Sub-layer 2 3.59 × 10−19 m2

Minimum horizontal
stress σh

55.16 MPa Mud cake permeability
in Sub-layer 2 1.80 × 10−21 m2

Pore pressure 34.15 MPa Mud cake thickness in
Sub-layer 3 3.0 mm

Poisson’s Ratio ν 0.22 Shale permeability in
Sub-layer 3 2.76 × 10−20 m2

Bulk modulus K 38.85 GPa Mud cake permeability
in Sub-layer 3 1.66 × 10−22 m2
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Figure 12. Pore pressure at the wellbore for Sub-layer 1 (a-1), Sub-layer 2 (a-2), Sub-layer 3 (a-3) and
collapse pressure or fracture pressure for Sub-layers (b).

Wellbore pore pressure was calculated via the continuity equation, incorporating the
permeability of the mud cake and shale (Figure 12(a-1–a-3)). Given that the samples from
Sub-layer 3 exhibited the lowest permeability, pore pressure transmission was delayed, with
the wellbore pressure increasing by 8.49 MPa, 5.64 MPa, and 2.80 MPa over 10 days under
drilling fluid-pore pressure differentials of 12.0 MPa, 8.0 MPa, and 4.0 MPa, respectively.
In contrast, samples from Sub-layer 1 had the highest permeability, with the wellbore
pressure rising by 10.07 MPa, 6.71 MPa, and 3.36 MPa within the same 10-day period.
Notably, the wellbore pressure of Sub-layer 1 increased sharply in the early stage, reaching
9.93 MPa, 6.62 MPa, and 3.30 MPa after just 1 day—values that were nearly identical to
those measured at 10 days. The mud cake exerted a more pronounced delaying effect on
wellbore pore pressure in Sub-layer 2 than in Sub-layer 1.

The collapse pressure and fracture pressure of Layers 1, 2, and 3 were derived, as
illustrated in Figure 12b. The variation in fracture pressure was dominated by pore pressure
evolution [44], which was determined by mud cake permeability and shale permeabil-
ity. In the initial stage, as mud cake permeability increased, pore pressure transmission
was enhanced [45,46], leading to a reduction in fracture pressure. At 1 h, the fracture
pressure values were 2.84, 2.68, and 2.46 g/cm3 for Layer 3 (lowest permeability), Layer 2
(medium permeability), and Layer 1 (highest permeability), respectively. On the other hand,
the collapse pressure was dependent on both pore pressure evolution and the cohesion
strength of shale [47]. At time = 0 (without pore pressure transmission), the pore pressure
remained at its initial value for all three layers, and the collapse pressure increased as
the cohesive strength decreased. Cohesion strength after immersion for Layer 3, Layer 1,
and Layer 2 were 33.49 MPa, 14.30 MPa, 10.46 MPa with corresponding collapse pressure
being 123, 1.53, and 1.55 g/cm3, respectively. As pore fluid filtrated from the drilling mud
into the shale formations, the buildup of pore pressure led to a rise in collapse pressure.
For Layer 1 and Layer 2, the collapse pressure increased by 0.11 g/cm3 and 0.10 g/cm3,
respectively. In contrast, the collapse pressure of Layer 3 was lower than the in situ pore
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pressure in the absence of pore fluid invasion, resulting in a nearly constant collapse
pressure over time. Consequently, compared with pore pressure transmission, cohesive
strength caused a more significant variation in collapse pressure. After 10 days, the mud
density windows for Layer 1, Layer 2, and Layer 3 were determined as 1.62–1.70 g/cm3,
1.65–1.69 g/cm3, and 1.23–1.78 g/cm3, respectively. Layer 2 exhibited the narrowest den-
sity window (0.04 g/cm3), making it the most susceptible to wellbore stability failures. In
conclusion, the safe mud density window of the target formation is relatively narrow, and
the maintenance of wellbore stability requires strict control of the drilling mud density
within the range of 1.65–1.69 g/cm3.

5. Conclusions
The physicochemical properties of the shale were experimentally characterized, and

the permeability of the filter cake and shale matrix was derived by fitting pressure trans-
mission test data. On this basis, the safe drilling fluid density window for the formation
was calculated. The main conclusions are drawn as follows:

(1) The clay content of this formation is as high as 35.5%. The average water contact
angle of each Sub-layer is 39◦, which indicates the strong hydrophilicity of the shale.
Among them, Sub-layer 3 exhibits the strongest hydrophilicity with a contact angle of
24.5◦, while Sub-layer 1 has the highest hydration swelling rate of 5.79%.

(2) Shale samples from Sub-layer 1 show the highest permeability for both the rock
matrix and filter cake, at 8.27 × 10−18 m2 and 2.07 × 10−20 m2, respectively. This
is followed by Sub-layer 2, with the rock matrix and filter cake permeability being
3.59 × 10−19 m2 and 1.80 × 10−21 m2. Sub-layer 3 has the lowest permeability values,
at 2.76 × 10−20 m2 (rock matrix) and 1.66 × 10−22 m2 (filter cake). These results
suggest that the filter cake formed on Sub-layer 1 has the poorest sealing performance.
After immersion in drilling fluid, uniaxial compression tests show that the cohesion
strength of Sub-layer 1, 2 and 3 samples is reduced by 47.35%, 42.01% and 5.77%,
respectively. Notably, Sub-layer 2 has the minimum cohesion after suffering hydration
damage induced by drilling fluid.

(3) Analysis of the safe drilling fluid density window via a coupled wellbore stability
model reveals that the shale formation has a narrow safety margin. After 10 days of
exposure, the safe density windows for Sub-layers 1, 2 and 3 are determined to be
1.62–1.70 g/cm3, 1.65–1.69 g/cm3 and 1.23–1.78 g/cm3, respectively. To ensure the
stability of the target formation during drilling, a recommended safe drilling fluid
density window of 1.65–1.69 g/cm3 is proposed.

This study provides a theoretical foundation for wellbore stability analysis by consid-
ering the mud cake seepage effect using a hydro-mechanical coupling model. However, for
the hydration weakening effect of shale in drilling fluid, only strength reduction was in-
corporated into the model. In future work, a thermal-hydro-chemical-mechanical (THCM)
model can be adopted to further improve the accuracy of collapse pressure and fracture
pressure predictions.
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