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Abstract

The development of shale bedding and fractures exacerbates the invasion of drilling fluid,
leading to significant reservoir damage. This article elucidates the strength degradation
behavior of shale with bedding orientations of 0° and 90° under drilling fluid immersion,
as determined through triaxial compression experiments. An improved Hooke-Brown
anisotropic strength criterion has been established to quantitatively characterize the degra-
dation effects. Additionally, a dynamic mechanism of pore pressure accumulation was
simulated. The research findings indicate the following: (1) As the intrusion pressure
increases from 6 MPa to 8 MPa, the penetration depth significantly increases. In the hori-
zontal bedding direction (0°), cracks dominate the flow mode, resulting in a sudden drop in
strength; (2) An increase in bedding density or opening exacerbates the degree of invasion
and strength degradation in the horizontal bedding direction, with a degradation rate
exceeding 40%. In contrast, the vertical bedding direction is influenced by permeability
anisotropy and crack blockage, leading to limited seepage and minimal degradation. By
optimizing the dosage of emulsifiers and other treatment agents through orthogonal ex-
periments, a low-viscosity, high-shear-strength plugging oil-based drilling fluid system
was developed, effectively reducing the invasion depth of the drilling fluid by over 30%.
The primary innovations of this article include the establishment of a quantitative model
for Reynolds number degradation for the first time, which elucidates the mechanism of
accelerated crack propagation during turbulent transition (when the Reynolds number
exceeds the critical value of 10). Additionally, a novel method for synergistic control be-
tween sealing and rheology is introduced, significantly decreasing the degradation rate of
horizontal bedding. Furthermore, the development of the Darcy—Forchheimer partitioning
algorithm addresses the issue of prediction bias exceeding 15% in high-Reynolds-number
regions (Re > 30). The research findings provide a crucial theoretical foundation and data
support for the optimized design of drilling fluids.

Keywords: bedding shale; drilling fluid invasion; strength degradation; failure criterion;
pore pressure
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1. Introduction

In practical drilling operations, vibrations in the drill string can induce fractures in
shale reservoirs, creating pathways for drilling fluid to invade the formation. This invasion
allows the drilling fluid to interact with the shale reservoir, thereby altering the mechanical
properties of the bedding shale and impacting wellbore stability. When drilling fluid filtrate
penetrates the formation along bedding planes or weak surfaces of the shale, the water
absorption and swelling capacities of various clay minerals exhibit significant directional
variation, demonstrating pronounced anisotropy. Furthermore, the hydration and swelling
rates of different clay particles differ, resulting in varying swelling pressure differentials.
This imbalance of internal stresses within the formation diminishes the strength of the shale,
making it susceptible to wellbore instability along bedding planes and weak surfaces [1].

Extensive rock mechanics experiments and field evaluations have been conducted by
both domestic and international researchers. These studies have confirmed the significant
impact of bedding planes and weak surfaces on the stability of shale wellbores. Further-
more, the invasion of drilling fluid filtrate into the formation increases pore pressure and
reduces rock strength, exacerbating wellbore instability. On one hand, numerous schol-
ars have conducted research on the anisotropic characteristics of shale strength. Zheng
et al. [2] evaluate the anisotropic mechanical properties of shale by tri-axial tests and predict
shale anisotropic properties by well-logging data interpretation. The shale mechanical
properties of different bedding-plane orientations were studied. Lee et al. [3] derived an
analytical model for shale-wellbore stability considering strength anisotropy. This method
pre-calculates the safety of the wellbore at various positions, enabling the optimization of
the drilling trajectory to prevent wellbore collapse. Zhang et al. [4] considered the influ-
ence of bedding and anisotropy, establishing an improved wellbore stability evaluation
model that accounts for the time-dependent characteristics of rock compressive strength
and developed a logging data-based evaluation method. Ahmed et al. [5] analyzed the
transmission mechanism of water in shale and established an anisotropic shale-wellbore
pressure transfer model based on non-equilibrium thermodynamics. They investigated
the effects of formation anisotropy and well inclination on wellbore failure, proposing
appropriate drilling fluid densities based on well inclination and azimuth by incorporating
strength anisotropy into geomechanical models. Asaka et al. [6] conducted an anisotropic
wellbore stability analysis for an offshore gas field. They calculated stress concentrations
around circular boreholes in anisotropic shale using the Amadei solution and derived
induced pore pressures from Skempton parameters based on anisotropic poroelastic theory.
Ma et al. [7] considered the influence of rock anisotropy, derived a stress distribution
model for vertical wellbores, and established a fracture pressure calculation method for
anisotropic formations, analyzing the effects of bedding orientation, degree of anisotropy, in
situ stress, and pore pressure. Li et al. [8] experimentally determined the anisotropic elastic
and strength parameters of Longmaxi shale in the deep southern Sichuan Basin. They
analyzed bedding orientation using imaging logs and determined the magnitude and ori-
entation of in situ stress through laboratory experiments and logging data, establishing an
anisotropic shale-wellbore collapse pressure model and analyzing collapse pressures under
various formation conditions. Yan et al. [9] think that the establishment of an appropriate
rock physics model has a direct impact on the accurate determination of rock anisotropy
parameters and P-S wave velocity. Luo et al. [10] found that the mechanical properties of
shale exhibit significant anisotropy and confining pressure effects. The lubricating effect of
oil-based drilling fluids on bedding planes enhances anisotropy, leading to shear failure
along these planes, with failure modes influenced by bedding orientation.

On the other hand, some scholars have conducted extensive research on the changes in
the mechanical properties of shale due to drilling fluid invasion. Zhou et al. [11] determined



Symmetry 2025, 17, 981

30f22

the mechanical properties of the shale before and after immersion in drilling fluid. Based on
the experimental results, combined with the spring combination model and fault activation
theory, a quantitative evaluation of fault activation risk was conducted. Wang et al. [12]
used nuclear magnetic resonance (NMR) scanning, while we measured the intrusion depth
at layer joints while eliminating the interference from solid particles in the drilling fluid
during weighing. Liu et al. [13] conducted mechanical tests on Longmaxi shale before and
after immersion in drilling fluid. They discovered that bedding fractures in Longmanxi shale
are well-developed, and the effects of drilling fluid immersion significantly impact the
mechanical strength of bedding shale, with varying degrees of strength reduction observed
in shale samples with different bedding angles. Geng et al. [14] examined the changes
in mechanical parameters, such as peak strength, elastic modulus, and Poisson’s ratio
of shale, under the weakening effects of drilling fluid. Utilizing the strain equivalence
principle and Weibull statistical distribution theory, they established a damage constitutive
model for rock subjected to the combined effects of drilling fluid immersion and uniaxial
loading. Wang et al. [15] investigated evaluation methods for assessing the degree and
impact of drilling fluid invasion in ultra-low-permeability sandstone reservoirs. Their
approach integrated dynamic analysis, seepage theory, and material balance principles,
combining both dynamic and static analyses. Dong et al. [16] developed a thermo-hydro-
mechanical coupling model that describes the geophysical field characteristics and wellbore
failure. Their research demonstrated that drilling fluid invasion results in stress and strain
concentration around the wellbore, which adversely affects wellbore stability. Deng [17]
formulated a theoretical model to predict wellbore stress in shale formations, taking into
account the combined effects of seepage and hydration. He employed an implicit difference
method to solve the model, thereby obtaining variations in wellbore stress under different
conditions. Additionally, he established a collapse pressure prediction model for shale
wellbores, also considering the combined effects of seepage and hydration. Li et al. [18,19]
used the DEA-SBM model and GML index to conduct static and dynamic evaluations of
carbon emission efficiency, and the Tobit model was used to analyze the factors affecting
this efficiency from both internal and external perspectives. They also determined the depth
of drilling fluid invasion into shale under varying confining pressures and displacement
times through displacement experiments and nuclear magnetic resonance (NMR) scanning.
They established a mathematical relationship between the depth of drilling fluid invasion
and factors such as invasion time, invasion pressure differential, confining pressure, bed-
ding angle, and drilling fluid viscosity. This relationship provides a foundation for the
subsequent determination of collapse pressure and collapse cycles in bedding shale. Suo
et al. [20] examined the invasion patterns of drilling fluid in laminated shale, conducting
displacement experiments and NMR scanning to ascertain the depth of drilling fluid in-
vasion into laminated shale at different displacement times. Based on their experimental
findings, they developed a new mathematical model for laminated shale that incorporates
the effects of drilling fluid invasion. Wang et al. [21] simulated the process of drilling
fluid permeating layered shale through fluid invasion experiments, deriving the variation
patterns of mechanical parameters in the shale matrix and bedding planes. They analyzed
the effects of different types of drilling fluids, formation bedding, well inclination, well
azimuth, formation dip angle, and drilling cycle on collapse pressure and collapse area.
Ma et al. [22] found that drilling fluid invades the formation along bedding planes during
seepage, which reduces the cohesion and internal friction angle of the bedding planes. This
alteration makes the wellbore rock more susceptible to sliding along the bedding planes,
thereby increasing the risk of wellbore collapse.

While existing studies predominantly investigate either the anisotropic mechanical
properties of shale or the isolated effects of drilling fluid invasion on wellbore stability, the
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coupled interactions between these factors remain insufficiently explored. In bedding-shale
reservoirs, prevalent bedding fractures facilitate drilling fluid invasion, which subsequently
degrades the rock’s mechanical integrity and precipitates wellbore instability. To address
this knowledge gap, this study systematically examines the mechanical responses and
failure mechanisms of bedding shale under drilling fluid exposure through uniaxial and
triaxial compression tests conducted at varying bedding orientations. The experimental
results elucidate the strength degradation mechanisms induced by fluid-shale interactions,
providing a theoretical foundation for optimizing drilling fluid systems in bedding-shale
formations.

2. Experimental Study on the Compressive Strength of Deep-Bedded
Shale Under Drilling Fluid Invasion

2.1. Core Sampling and Experimental Design

To investigate the influence of drilling fluid invasion on the strength characteristics
of bedded shale in deep formations, a systematic experimental program was designed to
evaluate compressive strength under varying confining pressures and different durations of
fluid invasion. The experimental matrix comprises two test series: (1) Compressive strength
tests conducted at a confining pressure of 30 MPa with oil-based drilling fluid invasion
durations of 0 h, 24 h, 48 h, 72 h, 96 h, and 120 h; (2) Compressive strength assessments at a
72 h invasion duration under three confining pressures (0 MPa, 15 MPa, and 30 MPa).

Due to the development of shale bedding and fractures, the success rate of traditional
methods for preparing samples is low. The wire cutting method was employed to prepare
standard rock cores measuring 25 mm x 50 mm along the 0° and 90° directions of the
shale-bedding plane. Both ends of the sample were cut flat and polished to achieve an
aspect ratio of approximately 2. The parallelism of the upper and lower end faces of the
sample must be maintained within £0.03 mm. To ensure the accuracy of the experiment,
three samples were prepared for each angle. The core sample is illustrated in Figure 1.
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Figure 1. Schematic diagram of oriented core sample preparation.

2.2. Compressive Strength Testing Apparatus

All experiments were conducted using a GCTS RTR-1500 triaxial rock testing system
from Tempe, Arizona, USA, which is equipped with high-temperature and high-pressure
(HTHP) capabilities. This apparatus has a maximum load capacity of 100 kN (with a
relative error of less than +0.50%) and a strain measurement range of 0.2-100% of full
scale (FS), as illustrated in Figure 2. The testing protocol employed axial displacement
control, following a two-stage loading sequence: (1) Axial loading at a rate of 10 mm/min
until initial contact between the indenter and the specimen was confirmed; (2) Subsequent
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loading at a reduced rate of 0.1 mm/min after resetting the displacement baseline to ensure
precise strain acquisition.

Axial pressure -
loading device

Confining pressure
loading device

Figure 2. GCTS RTR-1500 high-temperature and high-pressure rock triaxial testing system.

2.3. Compressive Strength Test Results

The triaxial compressive strength results of shale specimens subjected to oil-based
drilling fluid invasion are presented in Table 1, while the time-dependent strength evo-
lution is illustrated in Figure 3. The data reveal distinct mechanical responses based on
bedding orientations. At a 90° bedding orientation (with the loading direction parallel
to the bedding planes), the triaxial compressive strength showed minimal variation as
the exposure time to the drilling fluid increased. At a 0° bedding orientation (with the
loading direction perpendicular to the bedding planes), a rapid reduction in linear strength
occurred within the first 48 h, followed by an accelerated degradation phase (from 48 to 72
h) at a rate of 1.21 MPa per hour. Beyond 72 h, the strength stabilized asymptotically, indi-
cating the presence of a critical weakening threshold. Mechanistic analysis indicates that
short-term exposure to oil-based drilling fluid has a minimal impact on the shale matrix.
The observed degradation in strength primarily results from fluid invasion along bedding
planes, which undermines interlayer cohesion. In the case of a 0° bedding orientation, the
orthogonal alignment of the loading direction to the bedding planes reduces bedding-induced
anisotropy, leading to minimal time-dependent variations in strength. Conversely, at a 90°
bedding orientation, axial loading directly activates the shear strength of the shale matrix,
thereby exacerbating the effects of bedding-controlled strength deterioration. Based on these
observations, time-dependent strength degradation models for bedded shale subjected to
drilling fluid invasion have been established, as formulated in Equations (1) and (2):

y1 = 0.0003x% — 0.0629x + 77.046 1)
—0.2281x + 70.885, 0-48 h
y2 = { —1.2125x 4 118.12, 48-72 h 2)
30,>72h

where x represents the drilling fluid invasion time, h; y denotes the triaxial compressive
strength under 30 MPa confining pressure, MPa.

The analysis of the data presented in Table 2 indicates that shale specimens subjected
to a 72 h immersion in drilling fluid retain significant anisotropy in compressive strength
when subjected to confining pressure between horizontal (0°) and vertical (90°) bedding
orientations. When loaded parallel to the bedding planes (0°orientation), the triaxial
compressive strength of specimens immersed in oil-based drilling fluid exhibited a 56.5%
reduction compared to baseline values, along with a 5.4% decrease in cohesion. In contrast,
specimens loaded perpendicular to the bedding planes (90° orientation) demonstrated
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only a 4.1% reduction in strength, with negligible changes in cohesion. Although mechan-
ical degradation occurred in both orientations, the vertical bedding direction exhibited
substantially less-pronounced weakening effects, which can be attributed to the inherent
heterogeneity of laminated shale formations. This experimental investigation systemat-
ically quantifies the mechanical evolution of bedded shale through comparative triaxial
testing conducted before and after the invasion of oil-based drilling fluid. The physical
characterization focused on two critical orientations: horizontal bedding planes (0° load-
ing) and vertical bedding planes (90° loading). The acquired dataset provides essential
parameters for developing constitutive models that describe the interaction mechanisms
between drilling fluid and shale, specifically addressing the strength anisotropy induced

by fluid invasion in organic-rich laminated shales.

Table 1. Experimental results of triaxial strength following immersion in oil-based drilling fluid.

Coring

Rock

Confining

Rock Mechanics Parameters

Triaxial

Drilling L. Well Soaking Yo /

. Direction Sample Pressure . C ; oung's Poi ’
Fluid T ompressive oisson’s
e ype ©) Number Number (MPa) Time (b) Strength N{K/‘Iill:;;ls Ratio

(MPa)
G2 1-1 30 0 70.87 23.44 0.172
G2 1-2 30 24 66.44 22.89 0.155
0 G2 1-3 30 48 59.92 23.15 0.106
G2 1-4 30 72 30.82 11.72 0.167
Oil-Based G2 1-5 30 96 30.52 11.68 0.15
1i-base G2 1-6 30 120 30.36 11.56 0.174
Drilling
Fluid G4 2-1 30 0 76.98 20.13 0.178
G4 2-2 30 24 75.86 20.06 0.143
90 G4 2-3 30 48 74.55 19.89 0.157
G4 2-4 30 72 73.91 15.92 0.138
G4 2-5 30 96 73.55 13.24 0.159
G4 2-6 30 120 73.43 13.56 0.145
80
y1:0.0003x2—0.0629x+77.046
'_ .
< 70
Qé ~ o y,=0.2281x+70.885 0
= - o 90°
= S~
%“ 60 k- = ~a 0°Fitting curve
Z — —90°Fitting curve
¥]
=
a
gé 50
=]
o)
(=]
=
W
=)
A
y,= 30
30 f B —-— = - a
1 1 1 L | " L L |
0 20 40 60 80 100 120
Soaking time/h

Figure 3. Variation in triaxial strength of core samples after immersion in oil-based drilling fluid.
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Table 2. Triaxial mechanical properties of bedded shale before and after drilling fluid immersion.

Cori Before and Rock Confining Elastic Poisson’s Compressive Cohesion Internal
Dire(c)trilcr;r% ©) After Sample Pressure Modulus Ratio Strength (MPa) Friction
Soaking Number (MPa) (GPa) (MPa) Angle (°)
Before 1-7 0 23.15 0.196 69.34
0 Soakin 1-8 15 23.54 0.218 70.65 11.683 13.65
& 1-1 30 23.44 0.172 70.87
Before 2-7 0 20.53 0.269 73.71
90 Soakin 2-8 15 19.76 0.204 75.18 25.638 15.42
8 21 30 20.13 0.178 76.98
After 19 0 11.57 0.187 30.16
0 Soakin 1-10 15 11.79 0.202 30.73 6.225 8.11
8 1-4 30 11.72 0.167 30.82
After 29 0 15.11 0.159 70.75
90 Soakin 2-10 15 10.37 0.171 72.11 25.524 8.78
& 2-4 30 15.92 0.138 7391

3. Strength Criteria for Drilling Fluid Invasion in Bedding Shale

The moisture content of shale serves as a critical indicator for assessing the extent of
strength degradation following water absorption. By integrating the enhanced generalized
Hoek-Brown anisotropic strength criterion proposed by Saroglou and Tsiambaos, a strength
criterion for drilling fluid invasion in bedding shale has been established. The model is
founded on the following assumptions: (1) Water molecules that penetrate along the
bedding planes of shale will interact with clay minerals, resulting in hydration; (2) The
strength degradation of bedding shale is attributed to the hydration of clay minerals and is
directly proportional to the moisture content within the shale.

For shale, a type of rock characterized by anisotropy, Saroglou and Tsiambaos [23]
introduced a parameter (kg) based on the Hoek-Brown strength criterion to describe
the anisotropic properties of shale. The enhanced generalized Hoek-Brown anisotropic
strength criterion is expressed in Equation (3):

0.5

)

01 =03+ 0cp

NS
kﬁm, U};/g +1

In the equation, pB—The angle between the shale bedding plane and the axial loading
stress, measured in degrees (°); 0.g—The uniaxial compressive strength when the angle
between the shale bedding plane and the axial loading stress is , expressed in megapascals
(MPa); kg—A parameter related to the angle g between the shale bedding plane and
the axial loading stress, If the axial loading stress is perpendicular to the shale bedding
plane, koo = 1; If the axial loading stress is parallel to the shale bedding surface, ky = 0.8;
m;—DParameters determined based on the mineral composition of shale, m; = 12.

This strength criterion for hydrated bedding shale defines a shale hydration degree
ratio ¢:

_ w
{,1uh, ®
="

In the equation, w—Moisture content of shale, %; {—Clay mineral content, %;
n—Water absorption coefficient of clay, defined as the ratio of the mass of water absorbed
by saturated shale to the mass of dried clay minerals in the shale; M;—Mass of saturated
shale, g; M;—Mass of dried shale, g.

After absorbing water from drilling fluid or formation fluids, shale undergoes hydra-
tion and expansion. This expansion stress can be regarded as an equivalent pore pressure.
Under different confining pressures and angles between the axial loading stress and the
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bedding plane, the linear correlation coefficient between the uniaxial compressive strength
of shale and its moisture content is above 0.8, indicating a strong linear relationship between
the uniaxial compressive strength and moisture content. Therefore, the water absorption
expansion stress (oy,r) at the peak uniaxial compressive strength can be expressed by

Equation (5).
w

an

In the equation, oy, represents the equivalent pore pressure of shale hydration

owr = Fp = F )

swelling stress under a stress-free state, MPa; F is the equivalent pore pressure coeffi-
cient of shale hydration under a stress-free state.

For the case where shale is subjected to uniaxial stress only, the equivalent pore
pressure can be regarded as a reduction in the uniaxial compressive strength relative to the
dried shale. Therefore, under uniaxial stress conditions, the strength of hydrated laminated
shale (0;p) can be expressed by Equation (6) as follows:

w
Ocwp = Ucp — OwF = Ucg — F— (6)

¢
Substituting Equations (4) and (5) into Equation (6), we subsequently derive Equation (7):

Fa)Md

Ocwp = Ucp — m 7)

By combining Equations (3) and (7), we establish the strength failure criterion for
hydrated laminated shale under triaxial stress conditions:

0.5
01 =03 + (Tcwﬁ [kﬁmiof%ﬁ + 1}
- FwM, kgmios (Mw—M,) 05
=03+ (Ucﬁ - Mzrz\‘ffd) [gcﬁ(waMd)waMd + 1}

(8)

4. Numerical Simulation Study on the Strength Degradation of Bedding
Shale Due to Drilling Fluid Invasion

4.1. Establishment and Validation of the Numerical Model

To verify the accuracy of the mathematical model established in this study, a drilling
fluid invasion model was developed based on the interfaces of Darcy flow and fracture flow
models. The finite element method was systematically employed to investigate the invasion
patterns of drilling fluid in shale. As illustrated in Figure 4a, the horizontal bedding plane
at 0° is depicted, while Figure 4b shows the vertical bedding plane at 90° in a horizontal
well. Utilizing the shale formation parameters listed in Table 3, the effects of invasion
pressure, the number of bedding planes, and bedding aperture on the strength degradation
of shale in the 0° and 90° bedding directions were analyzed.

Table 3. Basic parameters of shale formation.

Parameter Value Unit
Shale Elastic Modulus 25 GPa
Shale Poisson’s Ratio 0.25 /
Shale Density 2500 kg/m?
Shale Matrix Porosity 3 %
Shale Matrix Permeability 1x107% m?
Shale Bedding-Plane Porosity 15 %

Shale Bedding-Plane Permeability 1x 1077 m?
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Table 3. Cont.
Parameter Value Unit
Oil-Based Dirilling Fluid Density 1800 kg/m3
Intrusion Pressure 6,7,8 MPa
Number of Shale Bedding Planes 3,5,9 Line

Shale Bedding-Plane Aperture 1x107%1x107%1x 1073 m

(a) 0° Horizontal Bedding Plane (b) 90° Vertical Bedding Plane

Figure 4. Establishment of the numerical model.

Figure 5 illustrates the comparison between the simulation results and the experimen-
tal measurement data. The horizontal axis represents the distance from the well axis, while
the vertical axis indicates saturation levels. The comparison presented in Figure 5 demon-
strates that the simulation results closely align with the experimental data, suggesting that
the mathematical model effectively predicts changes in saturation during the experiment.
This alignment validates the model’s accuracy and effectiveness.

0.60

Simulated predicted value
0.55 e  Experimental measured value

0.50 $ $
0.45 |

£ 040 |

0.30

0.25 -

020 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 12 1.4

Distance from Well Axis/m

Figure 5. Verification of simulation and experimental results.

It is important to clarify that the model is based on Darcy’s law, which applies to
laminar flow (Reynolds number Re < 10), as well as the fracture flow equation. The
underlying premise is that fluid flow is predominantly influenced by viscous forces (i.e.,
Re <« 1). For Newtonian fluids, the Reynolds number is defined as follows:

_ poDy
H

Re )
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In the formula, p represents the density of the drilling fluid, kg/ m?3; v denotes the
Darcy flow velocity, m/s; Dy, indicates the hydraulic diameter of the bedding fracture, m; u
signifies the dynamic viscosity, Pa-s.

When the Reynolds number (Re) exceeds 10, inertial forces increase, resulting in a
transition to turbulent flow and invalidating the linear assumption of Darcy’s law. In the
simulations conducted in this study, as detailed in the parameters outlined in Table 3,
the matrix permeability is extremely low, measuring 10~29 m2. The maximum Reynolds
number of approximately 8 in the crack corresponds to an opening of 1073 m, which
remains within the laminar flow regime. For scenarios involving higher flow velocities or
wider cracks (Re > 30), the Forchheimer equation or a turbulence correction model should
be employed.

4.2. Fluid Permeability Characteristics in the 0° and 90° Bedding Directions Under Varying
Invasion Pressures

The invasion of drilling fluid into shale can lead to the accumulation of pore pressure,
thereby weakening the mechanical strength of the shale. Intrusion pressure is a critical
control parameter for the permeability of drilling fluid. Variations in intrusion pressure
directly influence the depth of drilling fluid penetration and the distribution of pore
pressure, resulting in differing degrees of strength degradation in the shale. There are
significant differences in the permeability behavior and mechanical property degradation of
shale when subjected to bedding directions of 0° (parallel to the bedding direction) and 90°
(perpendicular to the bedding direction). In cases where the shale bedding consists of three
layers and the bedding opening measures 1 x 10~* m, numerical simulation analysis is
performed to investigate the impact of drilling fluid invasion on shale strength degradation
under various invasion pressures (6 MPa, 7 MPa, and 8 MPa), thereby elucidating the
underlying mechanisms and patterns.

In the horizontal bedding direction at 0°, as the invasion pressure increases from 6 MPa
to 8 MPa, the phenomenon of drilling fluid invasion becomes increasingly pronounced.
Figure 6 illustrates that at a low invasion pressure of 6 MPa, the fluid flow near the
wellbore is relatively gentle, and the velocity distribution is fairly uniform, with only
slight increases in flow observed in localized areas. When the pressure rises to 7 MPa,
the fluid flow velocity around the wellbore, particularly at the intersections of bedding
planes, significantly increases, resulting in an area of elevated velocity that exhibits outward
diffusion. At 8 MPa, a substantial high-speed invasion zone forms around the wellbore,
accompanied by an increase in peak velocity. The drilling fluid aggressively invades along
the horizontal bedding direction, intensifying the disturbance to the shale structure. This
indicates that as the invasion pressure escalates, the drilling fluid is more likely to overcome
the resistance of shale pores and throats, rapidly infiltrating along the horizontal bedding
and exacerbating the deterioration of shale strength. Consequently, the originally stable
internal structure of the shale gradually loosens and weakens under the impact of the fluid.

For the 90° vertical bedding direction, variations in invasion pressure lead to distinct
invasion phenomena. As illustrated in Figure 7, when the invasion pressure is set at 6 MPa,
the fluid flow at the wellbore is only slightly active; however, the overall invasion depth
remains shallow, and the velocity does not exhibit significant changes, primarily concen-
trating within a narrow range near the wellbore. As the pressure increases to 7 MPa, the
penetration force of the fluid in the vertical bedding direction intensifies, resulting in a
deeper invasion depth. Additionally, the area of increased velocity extends both upward
and downward along the bedding, creating more pronounced longitudinal invasion chan-
nels. When the pressure reaches 8 MPa and the fluid invades at high speed, a significant
high-speed invasion zone forms above and below the wellbore, greatly expanding the
invasion range. The drilling fluid rapidly surges and sinks along the vertical bedding,
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exerting a strong impact on the shale and disrupting the interlayer bonding forces, which
leads to a substantial decrease in shale strength. Furthermore, this vertical invasion can
easily induce instability in the wellbore wall, further compromising the safety of drilling
operations and the integrity of the shale.

m/s
x10-12

7

0

a |
Al

(a) 6 MPa (b) 7 MPa

m/s
%1013

8

7

6

(c) 8 MPa

Figure 6. 0° bedding plane.

In contrast, when the invasion pressure remains constant, the drilling fluid invasion in
the 0° horizontal bedding direction primarily focuses on diffusion across the horizontal
plane. The fluid extends horizontally along the bedding plane, thereby expanding the
invasion area and gradually eroding the horizontal bedding structure of the shale, which
results in a deterioration of strength uniformity. Conversely, the 90° vertical bedding
direction is characterized by intensified vertical depth invasion, where fluids tend to
penetrate rapidly both upward and downward along the vertical bedding. This can cause
significant damage to the interlayer stability of the shale in the vertical direction, leading to
a sharp decrease in local strength and even posing a risk of wellbore collapse. From the
perspective of invasion pathways, horizontal bedding facilitates the lateral movement of
fluids, resulting in a broad yet relatively gentle impact range. In contrast, vertical bedding
creates a channel for the vertical penetration of fluids, which exerts concentrated destructive
forces. The extent of damage is likely to become more pronounced with increasing pressure.
There are significant differences between the two bedding orientations regarding their
invasion modes and their effects on the degradation of shale strength. Therefore, it is
essential to accurately prevent and control the risk of drilling fluid invasion during actual
drilling operations, taking into account the orientation of the bedding.



Symmetry 2025, 17, 981 12 of 22

(a) 6 MPa (b) 7 MPa

104

(c) 8 MPa

Figure 7. 90° bedding plane.

Figure 8 illustrates the distribution of water saturation after three days of invasion
by oil-based drilling fluid at invasion pressures of 6 MPa, 7 MPa, and 8 MPa, respectively.
The radial profiles of saturation indicate that at lower invasion pressures, the depth of
filtrate invasion is primarily influenced by the invasion pressure. As the invasion pressure
increases, the depth of invasion rapidly deepens. However, as the invasion pressure
continues to rise, the combined limiting effects of formation permeability, pore compression,
capillary forces, and filter cake formation become increasingly evident, impeding further
filtrate invasion and ultimately leading to the stabilization of the invasion depth. This
results in the formation reaching a dynamic equilibrium state regarding filtrate invasion.
This process highlights the dynamic equilibrium mechanism that involves the interplay of
multiple factors during filtrate invasion.

0.60
0° 60MPa —— 90° 60MPa
0.55 | 0° 70MPa 90° 70MPa
’ 0° 80MPa —— 90° 80MPa
0.50

0.25 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Distance from Well Axis/m

Figure 8. Variation characteristics of water saturation under different invasion pressures of oil-based
drilling fluids.



Symmetry 2025, 17, 981

13 of 22

4.3. Fluid Permeability Characteristics in the 0° and 90° Bedding Directions Under Varying
Numbers of Bedding Planes

Shale exhibits a significant degradation of mechanical properties under conditions of
drilling fluid invasion. The intrusion of drilling fluid can result in increased pore pressure
within the shale and structural weakening, particularly in shales with complex bedding
structures, where the degradation effect is more pronounced. When the invasion pressure is
6 MPa and the shale bedding opening is 1 x 10~* m, the strength degradation behavior of
shale at bedding direction angles of 0° and 90° is investigated through numerical simulation
methods. This study explores the effects of varying bedding numbers (three, five, and nine
layers) during drilling fluid invasion, revealing the underlying mechanisms and patterns
of degradation.

In the direction of the 0° horizontal bedding plane, as the number of bedding planes
increases from three to nine, the phenomenon of drilling fluid invasion gradually intensifies.
As illustrated in Figure 9, when the number of layers is three, the fluid flow around the
wellbore is relatively gentle, the invasion range is narrow, and the invasion velocity is
low, primarily concentrated in the vicinity of the wellbore. When the number of layers
increases to five, the invasion range expands, the fluid flow velocity significantly increases,
and the invasion depth deepens, particularly at the intersections of layers where distinct
invasion channels form. When the number of layers reaches nine, a large-scale, high-speed
intrusion zone emerges around the wellbore, characterized by a substantial increase in peak
intrusion velocity and further expansion of both intrusion depth and range. This indicates
that as the number of bedding planes increases, drilling fluid is more likely to diffuse in the
horizontal bedding direction, thereby increasing the disturbance to the shale structure and
exacerbating the degradation of shale strength.

m/s m/s
x10-12 x10-13
8 8

7 7

6 6

| |
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8
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3

-
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Figure 9. 0° bedding plane.
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From Figure 10, it is evident that in the 90° vertical bedding direction, the fluid dif-
fuses outward from the wellbore, with the velocity field gradually decreasing radially.
This transition occurs from high-velocity areas (red) to low-velocity areas (yellow and
orange), demonstrating a relatively symmetrical distribution. The bedding fracture zone
is represented as a low-velocity region (blue area), which significantly restricts the lon-
gitudinal flow of the fluid. Within the bedding fracture, the fluid flow velocity is low,
causing the fluid to diffuse primarily along the matrix area. The flow is notably influenced
by the bedding structure. Cracks manifest as regions of reduced flow velocity within the
overall velocity field, indicating their obstructive effect on fluid movement. Fluid diffusion
predominantly occurs along the highly permeable areas of the matrix, and the number of
layers has a relatively minor impact on strength.

s
x10-12

(b) 5 layers

m/s
=10°1%

]

L]

'mi)
|

(c) 9 layers
Figure 10. 90° bedding plane.

The permeability of bedding fractures demonstrates significant anisotropy, exhibiting
higher permeability in the direction parallel to the fractures and lower permeability in the
vertical direction. As the number of bedding planes increases, the bedding structure alters
the diffusion path of the drilling fluid considerably. When the bedding plane is horizontal
at 0°, a greater number of bedding planes results in a more concentrated seepage path along
the bedding plane, thereby enhancing the anisotropy of the Darcy velocity distribution.
Conversely, when the bedding plane is oriented perpendicularly at 90°, the barrier effect of
the bedding plane on the drilling fluid becomes more pronounced, significantly restricting
the seepage path.

Figure 11 illustrates the distribution of water saturation after three days of invasion
by oil-based drilling fluid under conditions with three, five, and nine bedding layers,
respectively. The radial profiles of saturation indicate that as the number of bedding layers



Symmetry 2025, 17, 981

15 of 22

increases, the invasion depth of the drilling fluid filtrate initially exhibits significant growth.
This phenomenon is primarily attributed to the additional seepage channels created by the
increased number of bedding interfaces, which greatly enhance the diffusion of the filtrate.
However, as the number of bedding layers continues to rise, the overall permeability of
the formation tends to reach a saturation point. Concurrently, limiting factors such as
capillary forces, formation heterogeneity, and filter cake effects gradually become more
pronounced, ultimately causing the invasion depth to stabilize. This trend highlights the
complex dynamic equilibrium mechanisms involved in the filtrate invasion process within
multi-bedding formations.

0.60

0° 3 layers 90° 3 layers
0.55 - 0° 5 layers 90° 5 layers
—0°9 layers 90° 9 layers

0.50
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Figure 11. Variation characteristics of water saturation under different bedding configurations of
oil-based drilling fluid.

4.4. Fluid Permeability Characteristics in the 0° and 90° Bedding Directions Under Varying
Degrees of Bedding-Plane Opening

After drilling fluid invades shale, it causes changes in shale strength, particularly in
the presence of bedding fractures. The degree of bedding opening significantly influences
the degradation process of shale strength. There is a notable difference in the mechanical
behavior of shale when the bedding direction angle is 0° compared to 90°. When the
invasion pressure is 6 MPa and the number of shale layers is three, the impact of drilling
fluid invasion on shale strength degradation was analyzed through numerical simulation,
considering different layer opening degrees (1 x 107°m, 1 x 107* m, and 1 x 1073 m).

In the horizontal bedding direction at 0°, as the bedding opening increases from
1x107®mto 1 x 1073 m, the phenomenon of drilling fluid invasion significantly intensifies.
As illustrated in Figure 12, when the bedding opening is 1 x 10~° m, the distribution of
Darcy velocity is relatively uniform, with the velocity field primarily concentrated around
the walls of the drilling hole. The guiding effect of cracks on fluid movement is weak,
resulting in the fluid mainly diffusing radially without establishing a clear preferential
permeation path. The influence of the bedding interface is relatively minor, and cracks do
not significantly increase the Darcy velocity. The degree of strength degradation in shale
is relatively low, with the primary manifestation of cracks being a reduction in bonding
strength, accompanied by localized shear slip. When the opening degree of the bedding
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plane is 1 x 10~* m, the area with high Darcy velocity begins to distribute along the
horizontal bedding direction, indicating that the cracks preferentially guide fluid diffusion.
The seepage capacity at the bedding cracks is enhanced, resulting in more pronounced
horizontal diffusion channels. Pore pressure is significantly concentrated around the
cracks, and the velocity distribution exhibits a degree of anisotropy. The material strength
deteriorates considerably, leading to crack propagation and penetration along the bedding
plane, with the primary failure mode being interlayer slip. When the opening degree
of the bedding plane is 1 x 1072 m, the Darcy velocity distribution exhibits a distinct
horizontal band-like extension, with high-value areas concentrated entirely at the cracks
in the bedding plane. These cracks create significant preferential infiltration pathways,
allowing fluid to flow predominantly along the horizontal cracks, while radial seepage is
primarily influenced by these cracks. The range of high Darcy velocities is broad and evenly
distributed, indicating that the impact of bedding cracks is at its peak. The strength of the
shale decreases sharply, leading to interlayer slip and interface delamination that penetrates
the entire model. This results in a failure mode characterized by interlayer instability.
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Figure 12. 0° bedding plane.

From Figure 13, it is evident that changes in bedding openings have a relatively minor
effect on the invasion phenomenon in the 90° vertical bedding direction. Regardless of
whether the layer opening is 1 x 107 m, 1 x 107* m, or 1 x 1073 m, fluid flow at the
wellbore remains relatively active; however, the invasion depth is relatively shallow. The
invasion range is primarily concentrated around the wellbore, with minimal variation in
invasion velocity. This suggests that increasing the bedding opening in the vertical direction
has a limited impact on drilling fluid invasion, and the degradation of shale strength is
relatively mild.
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Figure 13. 90° bedding plane.

In the direction of the 0° horizontal bedding plane, an increase in bedding-plane
opening significantly enhances the invasion of drilling fluid. Both the speed and range of
this invasion increase markedly with the degree of opening, leading to a severe deterioration
of shale strength and potentially causing wellbore instability. Conversely, in the 90° vertical
bedding direction, although the bedding opening increases, the intrusion phenomenon
remains relatively unchanged, resulting in a smaller intrusion depth and range, which has
a limited impact on the degradation of shale strength. This suggests that the horizontal
bedding direction is more sensitive to the degree of bedding opening, making it more likely
for drilling fluid to diffuse along the horizontal bedding and damage the shale structure.
In contrast, the intrusion channels in the vertical bedding direction are relatively restricted,
and the influence of bedding opening is not significant. Therefore, during actual drilling
operations, it is crucial to monitor the risk of drilling fluid invasion in the horizontal
bedding direction to effectively maintain wellbore stability and preserve shale strength.

Figure 14 illustrates the distribution of water saturation after three days of invasion
by oil-based drilling fluid through bedding apertures of 1 x 107® m, 1 x 10~* m, and
1 x 1073 m, respectively. The radial profiles of saturation indicate that the invasion depth
of the drilling fluid filtrate initially increases rapidly as the bedding aperture enlarges.
This phenomenon is primarily attributed to the significant enhancement of formation
permeability and the reduction of capillary pressure resulting from the increased bedding
aperture, which decreases the resistance to filtrate invasion. However, when the aperture
exceeds a certain critical value, the formation permeability tends to reach a saturation
point, and the influence of capillary pressure diminishes to a negligible level. At this
stage, the combined effects of filter cake formation and the inherent permeability of the
formation restrict the further expansion of the filtrate, causing the invasion depth to
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gradually stabilize. This dynamic process reflects the characteristic equilibrium among
multiple physical mechanisms during filtrate invasion.
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Figure 14. Variation characteristics of water saturation at different bedding opening degrees of
oil-based drilling fluid.

4.5. Flow Characteristics of Drilling Fluids: Flow States and Model Applicability

The drilling fluid discussed in this article is classified as a Newtonian fluid
(1 = 0.022 Pa-s); however, oil-based drilling fluids often exhibit non-Newtonian char-
acteristics, particularly shear-thinning behavior. For non-Newtonian fluids, the generalized
Reynolds number (Rey) should be employed.

2—
pv= "D}

K] (10)

ReM =

In the formula, K represents the viscosity coefficient, Pa-s"), while n denotes the
flowability index. When n = 1, the equation simplifies to the Newtonian fluid formula
(Equation (9)). If Reps > 2100, the flow transitions into the turbulent zone; however, since
the flow velocity in shale fractures is typically low (v < 0.05 m/s), Re); predominantly
remains within the laminar range.

When the crack opening exceeds 10~3 m or the intrusion pressure surpasses 10 MPa,
the local Reynolds number (Re) may exceed 30. At this stage, the influence of inertial forces
becomes significant, leading to nonlinear behavior in both the pressure gradient and flow
velocity. In such instances, the Forchheimer model should be employed.

-VP = %U + Bpv? (11)

In the formula, B represents the inertia drag coefficient, m~!. Neglecting this effect
may lead to a prediction deviation of more than 15% for high-flow pore pressure.



Symmetry 2025, 17, 981

19 of 22

5. Field Applications

The study of drilling fluid invasion into bedding shale is not only theoretically sig-
nificant but also offers considerable practical value in drilling engineering. Due to its
unique layered structure and complex mechanical properties, bedding shale is particularly
vulnerable to the effects of drilling fluid invasion, which can substantially impact wellbore
stability and the efficiency of drilling operations. By optimizing the formulation of drilling
fluid—specifically by adjusting its viscosity, density, and chemical composition—the inva-
sion of drilling fluid into shale can be mitigated. This reduction minimizes alterations in
shale strength and helps prevent wellbore collapse and other potential accidents.

In laboratory studies, key additives such as emulsifiers, organoclay, fluid loss reducers,
and sealing agents were selected and optimized through orthogonal experiments to deter-
mine their optimal dosages. This process led to the development of a high-performance
oil-based drilling fluid system characterized by strong sealing capabilities and low viscosity-
high shear properties. The system exhibits the following properties: Rheological properties:
@6 > 6, YP/PV > 0.3; Electrical stability: >600 V; Filtration performance: HTHP fluid loss
at 120 °C < 2 mL; Settling stability: 1.75 g/cm?, Ap < 0.02 after 24 h. Furthermore, to
evaluate the system’s stability, laboratory tests were conducted using a 20% brine solution
and 20% low-density solid contamination, which demonstrated excellent resistance to
contamination. The system'’s resilience to water contamination was assessed by incorpo-
rating varying amounts of brine (40% calcium chloride solution) into the drilling fluid,
which had a density of 1.75 g/cm?, thereby simulating formation water contamination.
Even with a 20% brine addition, the rheological and electrical stability of the drilling fluid
remained within acceptable limits, as illustrated in Figure 15. Additionally, the effects
of shale cuttings (140 mesh) and British evaluation clay (1:1) on the performance of the
drilling fluid were investigated. At a contamination level of 20%, the rheological properties
remained stable, as depicted in Figure 16.
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Figure 15. Effect of water addition on system viscosity and demulsification voltage.
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Figure 16. Effect of pollutant dosage on system viscosity and demulsification voltage.

6. Conclusions

(1) The horizontal bedding orientation at 0° indicates that the invasion of drilling fluid
along fractures results in a significant reduction in strength. After a soaking period of
72 h, the compressive strength decreases by 56.5%, demonstrating a degradation rate that
exceeds 40%. In contrast, the vertical bedding orientation at 90° reveals that permeability is
constrained by anisotropy and crack blockage, leading to only a slight reduction in strength
of 4.1%.

(2) When the intrusion pressure increases from 6 MPa to 8 MPa, the penetration depth
of the horizontal bedding significantly increases, and cracks become the predominant mode
of flow. The increase in bedding opening (greater than 10~* m) considerably exacerbates
the degradation of strength in the horizontal bedding direction.

(3) The initial development of a quantitative model for Reynolds number degradation
indicates that when the Reynolds number exceeds the critical threshold (Re > 10), the
transition to turbulence significantly accelerates crack propagation. Furthermore, we
propose the Darcy—Forchheimer partitioning algorithm to address the issue of prediction
bias exceeding 15% in regions with high Reynolds numbers (Re > 30).

(4) By optimizing the dosage of emulsifiers and other treatment agents through or-
thogonal experiments, a low-viscosity, high-shear-strength plugging oil-based drilling fluid
has been developed. Field applications have demonstrated that this system exhibits strong
anti-pollution capabilities, maintaining stable performance even in the presence of 20%
saltwater and solid-phase contamination. Furthermore, the depth of drilling fluid invasion
has been reduced by more than 30%.
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