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In the process of drilling, the drilling fluid will invade into the bedding plane of
shale under the action of pressure difference that will cause hydration collapse
and wellbore instability. In order to ensure the wellbore stability during shale oil
and gas drilling, it is necessary to clarify the invasion law of drilling fluid along
bedding fractures during the drilling process. The immersion experiment
method is often used to study the invasion law of drilling fluid, which is quite
different from the actual invasion process of drilling fluid underground. In this
paper, the depth of drilling fluid invasion into shale under different confining
pressures and displacement times is intuitively and accurately determined by the
displacement experiment and NMR scanning first. Also, then the mathematical
relationships between drilling fluid invasion depth and invasion time, invasion
pressure difference, confining pressure, bedding angle, and drilling fluid viscosity
were established. The errors between the calculated values of the drilling fluid
invasion depth and the experimental values were less than 15%, and the
calculation accuracy was high. In addition to the influence of invasion time,
formation pressure difference and confining pressure on invasion depth were
researched through the method of numerical simulation. The results showed
that the liquid invasion depth increased logarithmically with the increase of
invasion time and formation pressure difference, but it grew slowly in the later
period and tended to be stable; the invasion depth decreased exponentially with
the increase of confining pressure, bedding plane angle, and drilling fluid
viscosity. The results in the paper provide a basis for the subsequent
determination of the collapse pressure and collapse period of bedding shale.
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1 Introduction

Shale oil and gas are important unconventional resources and are becoming more andmore
important in oil and gas production. At present, there are more and more serious wellbore
instability problems in the drilling process of shale oil and gas wells (Chen et al., 2003;
Akbarpour and Abdideh, 2020; Aslannezhad et al., 2020), and the instability proportion is as
high as 90% (Chen et al., 2014; Liu, 2014; Liu et al., 2021). Many factors will lead to wellbore
instability, such as wellbore stress concentration caused by wellbore formation, vibration of the
drilling tool assembly during drilling, and changes in formation rock properties caused by
invasion of drilling fluid into the formation. The wellbore stress concentration caused by the
formation of the wellbore and the vibration of the BHA during drilling are mainly related to the
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actual working conditions on site. The rules of drilling fluid invasion
into the formation were mainly studied, and the basic data for the
study of wellbore stability were provided in this paper. In the process
of overbalanced drilling, the liquid column pressure is greater than the
formation pressure. Under the action of pressure difference, the
drilling fluid filtrate will invade the formation, especially the shale
with well-developed bedding fractures, which will cause hydration
expansion, crushing and disintegration of shale, and then lead to the
reduction of rock strength and wellbore instability (Mody and Hale,
1993; Shi and Xia, 2011). Such phenomena of rock strength
deterioration and wellbore instability caused by drilling fluid
intrusion are quite common. Therefore, in order to solve the
problem of shale wellbore instability, it is necessary to clarify the
deterioration law of the shale strength after drilling fluid intrusions
into bedding shale so as to provide a basis for determining the collapse
pressure, the collapse period of bedding shale, the selection of drilling
fluid density, and the determination of control measures. Laboratory
experiments are usually adopted by the researchers in order to study
the process of drilling fluid invasion into shale. In a laboratory
experiment, the immersion method is usually adopted, in which
the shale samples are immersed in the drilling fluid and then the
drilling fluid filtrate invades the shale sample in all directions under
the action of capillary force (Lin et al., 2022; Liu et al., 2022). However,
the drilling fluid invades the shale reservoir only from the wall of the
well along the radial axis of the wellbore in the actual drilling process.
Therefore, there is a great difference between the immersion method
and the actual underground invasion process in the study of drilling
fluid invasion into shale. So, the accuracy of the shale strength
deterioration law obtained from this experiment also needs to be
discussed.

Therefore, in Section 2, the displacement experiment and nuclear
magnetic resonance experiment were carried out to explore the change of
invasion depth under different displacement times, displacement
pressure, and confining pressure. In Section 3, the physical model was
established for numerical simulation, the accuracy of the model was
verified according to the comparison of the results of the simulation pre-
experiment, and the single-factor influence law of drilling fluid invasion
was analyzed. Finally, the content of this paper is summarized in Section 4.
The method of displacement experiment and numerical simulation were
adopted in this paper in order to study the law of drilling fluid invasion
along the shale bedding fractures. The influence factors of drilling fluid
invasion depth were confirmed, and the mathematical relationships
between the invasion depth and a variety of factors were established at
last, which provided the basis of accurate data for subsequent studies to
determine the degradation law of the borehole strength at different
positions around the borehole. The displacement experiment method
adopted in the study could realize the one-way invasion of drilling fluid
into shale along the end face of the core column under a certain pressure
difference, which was more consistent with the actual working conditions
than that with the immersion method.

2 Experiment of drilling fluid invasion

2.1 Materials

The composition of the drilling fluid was diesel oil + 3% main
emulsion + 1% auxiliary emulsion + 3% organic soil + 3% fluid loss

reducer + 2% calcium oxide + 2% superfine calcium carbonate + 1%
film forming and blocking agent + 0.7% nano-polymer. The
standard core column size is φ25 × 50 mm, which was obtained
from shale reservoir at 2550 m depth (Figure 1), and the bedding
fracture size obtained from the CT experiment is 160.94 μm
(Figure 2).

The experimental equipment used in this paper includes a
WCS-FCJ non-isothermal steam oil displacement thermostat,
Nantong Zhongjing Machinery Co., Ltd.; an HAS-100HSB
constant pressure constant speed pump, Beijing Satellite
Manufacturing Factory; a core gripper [4.5 × 4.5 × 30/50/80
(cm)], ZR-3 intermediate vessel, back pressure valve, differential
pressure transmitter, and data acquisition system, Hai’an County
Petroleum Scientific Research Instrument Co., Ltd.; and a MesoMR
low-field nuclear magnetic resonance scanner, Nerl Miay Company
(Figure 3).

FIGURE 1
Core samples.

FIGURE 2
CT scanning results.
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2.2 Methods

2.2.1 Drilling fluid invasion experiment
The drilling fluid invasion experiment was carried out with the

displacement experimental device. First, the standard core column
(φ25 × 50 mm) was dried, and then, it was inserted into the middle
container and was vacuumized using a vacuum pump; then, it was
saturated with fluorine oil by connecting to a liquid tank. Then, the
standard core column saturated with fluorine oil was taken out and put
into the core holder. Next, the drilling fluid invaded into the standard
core column using a high-voltage drive device along one end face, and
the whole process was carried out at a constant temperature. In the
aforementioned experiments, the invasion pressure difference is the
pressure difference of the formation borehole, and the confining
pressure is larger than the invasion pressure difference by
2–3 MPa. In fact, the invasion time, invasion pressure, and the
invasion temperature could be changed according to the actual
formation conditions. In this paper, the specific conditions of the
invasion experiment are shown, as in Table 1.

2.2.2 Determination of drilling fluid invasion depth
The core column samples obtained under different invasion

conditions in Section 2.2.1 were sealed to prevent the volatilization
of the invading liquid, and then, they were placed in the low-field
NMR scanner (Nerl Miay) for hydrogen atom signal scanning and
detection. The core column has been saturated with fluorine oil
before drilling fluid invasion, so there was no hydrogen atom in the
core column. Therefore, the hydrogen atom signals captured by
NMR scanning were all from the invading drilling fluid. Along the
invasion direction of drilling fluid in NMR imaging, the distance
between the farthest imaging point of the hydrogen atom signal and
the starting point of invasion is the invasion depth of the drilling
fluid. It could be observed from the NMR T2 spectrum, the smaller
the pore, the greater the relaxation time, and the larger the pore, the
smaller the relaxation time. According to the comparison of
hydrogen atom signal peaks with different relaxation times, the
intrusion of hydrogen atoms into rocks along the matrix and
bedding fractures could be judged. It is also found that the
drilling fluid invaded less along small pores and more along

FIGURE 3
Experimental apparatus, (A) thermostat, (B) core gripper, (C) injection pump (D) intermediate container, (E) confining pump, and (F) nuclear magnetic
resonance scanner.
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bedding fractures (Figure 4A). As can be observed from NMR
imaging, the yellow bright spot in the figure is the signal of the
hydrogen atom from the invading drilling fluid (Figure 4B). The
invasion depth of the drilling fluid in shale core can be calculated
according to the ratio of the distance between the farthest imaging
point of the hydrogen atom signal and the beginning of invasion in
the overall core image.

2.3 Experimental results

2.3.1 Variation of invasion depth under different
invasion times

The invasion depth of drilling fluid under different invasion times
was tested under the conditions of invasion pressure, 5 MPa; confining
pressure, 7 MPa; invasion temperature, 125.8°C; angle to the bedding

TABLE 1 Drilling fluid invasion test conditions.

No. Sample
number

Angle to the
bedding plane β/°

Invasion
pressure/MPa

Confining
pressure/MPa

Invasion
time/d

Invasion
temperature/°C

Viscosity of the
drilling fluid/mPa·s

1 1, 2, 3, 4, and 5 0 5 7 4, 6, 8, 10,
and 12

125.8 18

2 6, 7, 8, and 9 0 6, 7, 8, and 9 8, 9, 10, and 11 12 125.8 18

3 10, 11, 12,
and 13

30, 45, 60, and 90 5 7 12 125.8 18

4 14, 15, 16,
and 17

0 5 7 12 125.8 18, 21, 24, 27, and 30

FIGURE 4
NMR spectrum. (A) NMR T2 spectrum. (B) NMR imaging.

FIGURE 5
Invasion depth of the drilling fluid at different invasion times.

FIGURE 6
Variation of drilling fluid invasion depth with confining pressure.
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plane, 0°; and the viscosity of the drilling fluid, 18 mPa·s. The results
are shown in Figure 5.

Clearly, the invasion depth increases apparently first but gives
modest growth with the increase of invasion time. When the invasion
pressure difference is constant, the contacting surface between the
drilling fluid and shale pore and fracture increases with the increase of
invasion time, and then, the friction resistance increases, which results
in the invasion pressure difference being gradually consumed, so the
invasion depth decreases.

2.3.2 Variation of invasion depth under different
confining pressures

The invasion depth of the drilling fluid under different confining
pressures was tested, when the invasion temperature was fixed at
125.8°C, the invasion time was 12 days, the angle to the bedding plane
was 0°, and the viscosity of the drilling fluid was 18 mPa·s. The results
are shown in Figure 6.

As can be observed, with the increase of confining pressure, the
invasion depth of the drilling fluid gradually decreases. This is because
with the increase of confining pressure, the pore structure of the rock is
gradually compressed and the pore size of shale fracture is gradually
closed, which leads to the gradual decrease in core permeability and
porosity. The invasion resistance becomes bigger and bigger, which
decreases the invasion depth of the drilling fluid along the bedding
fracture.

2.3.3 Variation of invasion depth under different
angles to the bedding plane

The invasion depth of the drilling fluid under different angles to
the bedding plane was tested under the conditions of the invasion
pressure of 5 MPa, confining pressure of 7 MPa, invasion temperature
of 125.8°C, invasion time of 12 days, and the viscosity of drilling fluid
of 18 mPa·s. The results are shown in Figure 7.

As shown in Figure 7, the invasion depth of the drilling fluid
gradually decreases with the increase of the angle to the bedding plane.
This is because with the increase of the angle to the bedding plane, the
resistance of the drilling fluid to intrusion along the bedding joint
gradually increases, which results in the gradual decrease in the
intrusion depth of the drilling fluid along the bedding joint. When
the angle to the bedding plane is 90°, the drilling fluid cannot invade

along the bedding plane but can only invade along the rock matrix.
Due to the small porosity of the matrix, the invasion depth is basically
unchanged.

2.3.4 Variation of invasion depth under different
viscosities of the drilling fluid

The invasion depth of drilling fluid under different viscosities of
the drilling fluid was tested under the conditions of invasion pressure
of 5 MPa, confining pressure of 7 MPa, invasion temperature of
125.8°C, invasion time of 12 days, and angle to the bedding plane
of 0°. The results are shown in Figure 8.

As can be observed, with the increase of drilling fluid viscosity, the
invasion depth of drilling fluid gradually decreases. This is because as
the viscosity of drilling fluid increases, the resistance of drilling fluid
invading along the bedding joints gradually increases, which results in
the gradual decrease in the depth of drilling fluid invading along the
bedding joints.

3 Numerical simulation of drilling fluid
invading the bedding shale

The law of drilling fluid invasion into the shale bedding fracture can
be examined intuitively and accurately by using the invasion experiment.
However, due to the limited indoor conditions and cost problems, the
indoor experiment cannot provide all the real mechanical and
environmental conditions of the underground shale reservoir.
Therefore, it is necessary to use the numerical simulation method to
further study the process of drilling fluid invasion on the basis of
experimental study results. The drilling fluid invasion model was
established based on Darcy’s law and fracture opening model, and
then, the law of drilling fluid invasion of shale was further
comprehensively explored using the finite element method.

3.1 Physical model

In order to simulate the process of drilling fluid invasion into
bedding shale under different conditions, a physical model should be
established first. In this paper, the finite element software COMSOL

FIGURE 7
Invasion depth of the drilling fluid at different angles to the bedding
plane.

FIGURE 8
Invasion depth of the drilling fluid at different viscosities of the
drilling fluid.
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was used to construct a layered shale physical model, in which the
Darcy flow and fracture flow were selected as the physical fields. The
cylindrical model was established according to the core size
(Figure 9A). The bedding fracture pore size, porosity, and
permeability of shale in the physical model were set according to
the performance parameters of shale (Figure 9B). The injection end
and pressure of the injection end were marked, and the invasion depth
of drilling fluid along bedding fractures was simulated and analyzed at
different invasion times under the action of specified invasion
pressure. Unstructured grids are used to divide the computing
domain. The number of grids is 113545.

In the physical model, there were many parameters, such as
invasion pressure, confining pressure, core permeability, porosity,
and pore size of bedding fractures. The multiple variables were
solved simultaneously by parametric scanning so as to obtain the
influence of each parameter on the model results. Specific parameters
are shown in Table 2.

The seepage velocity of the fluid can be expressed by Darcy’s law
(Yang et al., 2022) as follows:

v � −k
μ
· dp
dr

. (1)

1 v——velocity of the fluid flow, m/s.
2 μ——fluid viscosity, mPas.
3r——invasion depth from the wellbore center to fracture, m.
4 p——the liquid column pressure at m from the fracture in the
center of the wellbore, MPa.

Considering that the fracture opening of a single bedding fracture
changes with the change of fluid pressure, the opening of bedding
fracture when drilling fluid invades into the fracture at depth r is (Cao,
2016)

b � b0 + p r( ) − p0

kn
. (2)

1 b——the opening of the bedding fracture at any section, m.
2 b0——the opening of the bedding fracture at fluid pressure p0, m.
3 p (r)——the liquid column pressure at r distance from the center
fracture of the wellbore, MPa.
4 p0——original formation pressure, MPa.
5 Kn——stiffness coefficient of the bedding fracture, MPa/m.

The change of the opening of bedding fracture with pressure drop
when the drilling fluid intrusion depth is r could be calculated as
follows:

b r( ) �

�������������������������
b0 + pi − p0

kn
( )2

+ μq

πkkn ln r/ri
√√

. (3)

1 pi——well fluid column pressure, MPa.
2 ri——wellbore radius, m.

The average flow velocity equation of the fluid in the bedding
fracture was applied to the horizontal radial flow model, and then, the
flow velocity formula of the drilling fluid through the fracture surface
was obtained as follows (Yang et al., 2022):

vi � − nbn+1/n

2n + 1( )2 n+1( )/nkci
· zp
zr

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣ 1−n( )
n ·zp/zr

. (4)

1 n——power–law index of the drilling fluid.
2 Kci——consistency index of the drilling fluid, Pasn.

When there is no leakage in the borehole, the mass balance
equation of incompressible fluid is

z

zr
b vi( ) + 1

r
b vi( ) + zb

zt
� 0. (5)

At a certain invasion time, the relationship between the change of
bedding fracture opening and the change of pressure drop is

zb

zt
� 1
kn

· zp
zr
. (6)

The flow equation of the drilling fluid with the change of the
opening of the bedding fracture from the borehole wall to the
bedding fracture at the finite length fracture is obtained as follows
(Zhu et al., 2021):

zb

zt
− nb2n+1/n

2n + 1( )2n+1/ncknkci1/n
· 1
r
· zp
zr

zp

zr

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣1−n/n − n

2n + 1( )2n+1/ncknkci1/n

· z
zr

b2n+1/n
zp

zr

zp

zr

∣∣∣∣∣∣∣ ∣∣∣∣∣∣∣1−n/n( ) � 0.

(7)

TABLE 2 Parameters.

Parameter Dates Unit

Invasion pressure P1 5, 6, 7, 8, and 9 MPa

Confining pressure P2 7, 8, 9, 10, and 11 MPa

Invasion time T 4, 6, 8, 10, and 12 d

Permeability K 1.304, 1.015, 0.740, 0.623, and 0.512 mD

Porosity W 6.1, 4.6, 3.4, 2.8, and 2.5 %

Pore size R 0.078, 0.061, 0.044, 0.037, and 0.031 μm
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3.2 Numerical simulation calculation and
accuracy verification of drilling fluid invasion
depth

3.2.1 Simulation prediction and accuracy analysis of
invasion depth under different invasion times

According to the parameters in Table 2, the injection end
pressure and confining pressure are, respectively, fixed at 5 MPa
and 7 MPa, and then, the processes of drilling fluid invasion into
shale under different invasion times were simulated, as shown in
Figure 10i.

As shown in Figure 10i, with the extension of invasion time, the
degree of fluid pressure declines along the bedding fracture (according
to the variation trend of dark red, light red, yellow, light blue, and dark
blue in the cloud image) is significantly higher than that along the
matrix, and this rule becomes more and more obvious with the
increase of invasion time. This is because the permeability,
porosity, and pore size of the bedding fractures are much larger
than those of the matrix. Under the action of pressure difference,
the fluid pressure decreases faster when the permeability, porosity, and
pore size of the shale are larger. Therefore, at the same time, the
invasion depth of the drilling fluid in the bedding fractures is greater
than that of the matrix (the furthest distance between the intersection
points of light blue and dark blue in the cloud image and the
penetration end is the invasion depth of the drilling fluid).

Also, as shown in Figure 10i, under the same conditions, the
invasion degree of the drilling fluid along bedding fractures is much
greater than that of matrix, and bedding fractures are more prone to
deteriorate after invasion. Therefore, it is necessary to further explore
the pressure variation law at each position in the bedding fracture at
different invasion times so as to provide a foundation for determining
the relationship between the depth and the invasion time of the
drilling fluid along the bedding fracture.

The vector diagram of pressure and invasion position under
different invasion times is shown in Figure 10ii, in which the
invasion position of the drilling fluid in the core is taken as the
abscissa and the fluid pressure in the bedding fracture calculated by the
model is taken as the ordinate.

As shown in Figure 10ii, the fluid pressure between bedding
fractures gradually decreases with the increase of the invasion
degree under a fixed displacement time. The degree of pressure

drop varies with the invasion time. When the invasion position is
the same, the shorter the invasion time and the faster the
pressure drop.

As shown in Figure 10ii, the distance between the invasion
position when the fluid pressure is 0 MPa, and the origin is defined
as the invasion depth of the drilling fluid. Error analysis was made
between the calculated values and the experimental values of drilling
fluid invasion depth along bedding fractures at different invasion
times (Table 3).

According to the comprehensive analysis of errors, the errors
between the calculated value of the model and the measured value of
the experiment are within 15%, indicating that the model has good
prediction accuracy. The drilling fluid invasion depth can be
accurately predicted at different invasion times by the model.

3.2.2 Simulation prediction and accuracy analysis of
intrusion depth under different invasion pressures
and confining pressures

Due to the compaction of the overlying strata, the permeability,
porosity, and pore size of the core will change under different
confining and driving pressures, which will affect the invasion
process of the drilling fluid along the bedding fracture. Therefore,
it is necessary to predict the invasion depth of the drilling fluid along
the bedding fracture under different confining and invasion pressures.
Thus, the invasion process of the drilling fluid along the bedding
fracture was simulated under different invasion pressures and
confining pressures when the invasion time was fixed at 12 days,
and the results are shown in Figure 11i.

As shown in Figure 11i, with the increase of invasion pressure and
confining pressure, the degree of fluid invasion along the bedding fracture
and matrix becomes smaller, and the degree of reduction along the
bedding fracture is significantly higher than that of the matrix.

In order to further study the mathematical relationship between the
invasion depth and invasion pressure and confining pressure in bedding
fractures, the vector diagram of pressure and invasion position under
different invasion pressures and confining pressures was drawn
(Figure 11ii), in which the invasion position of the drilling fluid in the
core was taken as the abscissa and the fluid pressure in bedding fractures
calculated by the model was taken as the ordinate. As shown in
Figure 11ii, under a certain invasion pressure and confining pressure,
the fluid pressure between bedding fractures gradually decreases with the

FIGURE 9
Physical model. (A) Cylindrical model; (B) bedding fracture.
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increase of the invasion degree. With different invasion and confining
pressures, the degree of pressure drop between bedding fractures is also
different. The greater the invasion pressure and confining pressure, the
more obvious the pressure drop.

Error analysis was made between the calculated values and the
experimental values of drilling fluid invasion depth along bedding
fractures under different invasion pressures and confining pressures
(Table 4).

A shown in Table 4, the errors between the simulated calculated value
and the experimental measured value of the invasion depth under

different invasion pressures and confining pressures are within 14%,
indicating that the model has good prediction accuracy. The model can
accurately predict the invasion depth of drilling fluid along the bedding
fractures under different invasion pressures and confining pressures.

3.2.3 Simulation prediction and accuracy analysis of
intrusion depth under different angles to the
bedding plane

A major feature of stratum rational strata is that there is a set of
nearly parallel stratum surfaces, and its three-dimensional spatial state

FIGURE 10
(i): Cloud diagram of the invasion effect at different invasion times. (A) 4 days, (B) 6 days, (C) 8 days, (D) 10 days, and (E) 12 days. (ii): Changes of pressure
between bedding fractures with the invasion position at different invasion times.
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TABLE 3 Calculated and experimental values of invasion depth under different invasion times.

Invasion
pressure/MPa

Confining
pressure/MPa

Invasion
time/day

Experimental invasion
depth/cm

Calculated invasion
depth/cm

Error/
%

5 7 4 1.09 1.25 14.68

5 7 6 1.37 1.42 3.65

5 7 8 1.63 1.52 6.75

5 7 10 1.86 1.62 12.90

5 7 12 1.97 1.71 13.20

FIGURE 11
(i): Cloud diagram of the invasion effect under different invasion and confining pressures. (A) Invasion pressure 5 MPa, confining pressure 7 MPa, (B)
invasion pressure 6 MPa, confining pressure 8 MPa, (C) invasion pressure 7 MPa, confining pressure 9 MPa, (D) invasion pressure 8 MPa, confining pressure
10 MPa, (E) invasion pressure 9 MPa, and confining pressure 11 MPa. (ii): Changes of fluid pressure between bedding fractures with invasion position under
different invasion and confining pressures.
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TABLE 4 Calculated and experimental values of invasion depth under different invasion pressures and confining pressures.

Invasion
pressure/MPa

Confining
pressure/MPa

Invasion
time/day

Experimental invasion
depth/cm

Calculated invasion
depth/cm

Error/
%

5 7 12 1.93 1.70 11.9

6 8 12 1.72 1.59 7.6

7 9 12 1.43 1.47 2.8

8 10 12 1.26 1.38 9.5

9 11 12 1.15 1.31 13.9

FIGURE 12
(i): Cloud diagram of the invasion effect under different angles to the bedding plane. (A) 0, (B) 30, (C) 45, (D) 60, and (E) 90. (ii): Changes of fluid pressure
between bedding fractures with the invasion position under different angles to the bedding plane.
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TABLE 5 Calculated and experimental values of invasion depth under different angles to the bedding plane.

Invasion
pressure/MPa

Invasion
time/day

Angle to the bedding
plane/°

Experimental invasion
depth/cm

Calculated invasion
depth/cm

Error/
%

5 12 0 1.93 1.70 11.9

6 12 30 1.54 1.36 11.7

7 12 45 1.17 1.23 5.1

8 12 60 0.98 0.94 4.1

9 12 90 0.16 0.14 12.5

FIGURE 13
(i):Cloud diagram of the invasion effect under different viscosities of the drilling fluid. (A) τ= 18 mPa·s, (B) τ = 21 mPa·s, (C) τ = 24 mPa·s, (D) τ= 27 mPa·s,
and (E) τ = 30 mPa·s. (ii): Changes of fluid pressure between bedding fractures with the invasion position under different viscosities of the drilling fluid.
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(production form) is generally described by the stratum surface trend,
tendency, and inclination, in which the inclination of the stratum
surface has a very large impact on the stability of the well wall. The
weakening effects of the stratum after being subjected to the action of
the drilling fluid are different when the inclination angle changes, so it
is necessary to consider the influence of drilling fluid invasion along
different inclination angles of the layer surface on the stability of the
well wall.

According to the parameters in Table 2, the process of the drilling
fluid invading to the shale at different bedding plane angles is
simulated by fixing the injection end pressure, displacement
confining pressure, and displacement time, as shown in Figure 12i.

The vector diagram of pressure and invasion position under
different angles to the bedding plane is shown in Figure 12ii, in
which the invasion position of the drilling fluid in the core is taken as
the abscissa and the fluid pressure in the bedding fracture calculated by
the model is taken as the ordinate.

As shown in Figure 12ii, the fluid pressure between the layers of
fractures gradually decreases with the increase of the degree of
intrusion during the fixed displacement time. The degree of
pressure drop varies with the changes of the inclination angle.
When the intrusion position is the same, the greater the inclination
angle, the faster the pressure drop.

Error analysis was made between the calculated values and the
experimental values of drilling fluid invasion depths along bedding
fractures under different angles to the bedding plane (Table 5).

As shown in Table 5, the errors between the calculated and
experimental values of invasion depth under different angles to the
bedding plane are within 13%, indicating that the model has good
prediction accuracy and the model can accurately predict the invasion
depth of the drilling fluid along the bedding fractures under different
angles to the bedding plane.

3.2.4 Simulation prediction and accuracy analysis of
intrusion depth under different viscosities of the
drilling fluid

According to the parameters in Table 2, the process of the drilling
fluid invading shale at different viscosities of the drilling fluid is
simulated by fixing the injection end pressure, displacement
confining pressure, and displacement time, as shown in Figure 13i.

The vector diagram of pressure and invasion position under
different viscosities is as shown in Figure 13ii, in which the
invasion position of the drilling fluid in the core was taken as the
abscissa and the fluid pressure in bedding fractures calculated by the
model was taken as the ordinate. As shown in Figure 13ii, under a
certain invasion pressure and confining pressure, the fluid pressure

between bedding fractures gradually decreases with the increase of the
invasion degree. With different viscosities of the drilling fluid, the
degree of pressure drop between bedding fractures is also different.
The greater the viscosity of the drilling fluid, the more obvious the
pressure drop.

Error analysis was made between the calculated values and the
experimental values of drilling fluid invasion depth along bedding
fractures under different viscosities of the drilling fluid (Table 6).

As shown in Table 6, the errors between the simulated calculated
value and the experimental measured value of the invasion depth
under different viscosities of the drilling fluid are within 11%,
indicating that the model has good prediction accuracy. The model
can accurately predict the invasion depth of the drilling fluid along the
bedding fractures under different viscosities of the drilling fluid.

3.3 Analysis of drilling fluid invasion along the
bedding fracture

3.3.1 Variation law of invasion depth with invasion
time

When the drilling fluid has been contacting with the formation
for different times, the invasion depth will change accordingly. In
order to clarify the change law of drilling fluid invasion depth
along bedding fractures with invasion time, the invasion pressure
at this time was fixed as 5 MPa and the confining pressure was

TABLE 6 Calculated and experimental values of invasion depth under different viscosities of the drilling fluid.

Invasion
pressure/MPa

Invasion
time/day

Viscosity of the drilling
fluid/mPa·s

Experimental invasion
depth/cm

Calculated invasion
depth/cm

Error/
%

5 12 1.2 1.90 1.78 6.32

5 12 1.4 1.76 1.58 10.22

5 12 1.6 1.53 1.47 3.92

5 12 1.8 1.27 1.36 7.08

5 12 2.0 1.06 0.96 9.43

FIGURE 14
Relationship between invasion depth and invasion time of the
drilling fluid along the bedding fracture.
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7 MPa, the bedding plane angle is 0°, and the viscosity of drilling
fluid is 18 mPa·s. With invasion time as abscissa and invasion
depth as the ordinate, the vector diagram of invasion
depth–invasion time was drawn and mathematical fitting was
carried out. Compared to the fitting results of linear, power
function, exponential function, and logarithmic function, it is
found that the logarithmic function has the highest fitting
degree, as shown in Figure 14.

As shown in Figure 14, the invasion depth gradually increased
with the increase of the invasion time, but the increase in amplitude
gradually slowed down and finally tended to be unchanged. This is
because with the invasion of the drilling fluid into the bedding
fractures, the contact area between the drilling fluid and shale
pores gradually increases, and the pore resistance in the invasion
process becomes more and more large (Ma et al., 2022; Wang et al.,
2022), which then cancels out part of the formation pressure difference
that results in the gradual reduction of the driving force of drilling
fluid invasion and the growth rate of invasion depth. By fitting, it was
found that the invasion depth (L) of the drilling fluid is logarithmic to
the invasion time (t), and the specific functional formula is
L=0.4176 lnt + 0.6689. The invasion depth of the drilling fluid
along bedding fractures at any time under fixed formation pressure
difference and confining pressure can be obtained by using this
formula.

3.3.2 Variation law of invasion depth with formation
pressure difference

The formation pressure difference is the main driving force of the
drilling fluid invasion into the shale, which will certainly affect the
invasion depth of the drilling fluid. In order to clarify the mathematical
relationship between the invasion depth of the drilling fluid along
bedding fractures and the formation pressure difference, the invasion
time was fixed as 12 days, the confining pressure was 7 MPa, the
bedding plane angle is 0°, and the viscosity of drilling fluid is 18 mPa·s.
The vector diagram of the penetration depth–formation pressure
difference was drawn with the formation pressure difference as
abscissa and the invasion depth as the ordinate, and then,
mathematical fitting was carried out. Compared to the fitting

results of linear, power function, exponential function, and
logarithmic function, it is found that the logarithmic function has
the highest fitting degree, as shown in Figure 15.

The invasion depth gradually increases with the increase of
formation pressure difference, but the growth rate gradually slows
down.When the formation pressure difference is greater than 25 MPa,
the invasion depth gradually tends to have a fixed value. This is
because when the local pressure difference exceeds a certain value, the
interfacial drag effect caused by the capillary force becomes
particularly significant (Ma et al., 2022; Wang et al., 2022), and
these interfacial drag effects are offset with formation pressure, so
the invasion depth will not increase. The invasion depth of the drilling
fluid is also logarithmic to the formation pressure difference (ΔP), and
the specific functional formula is L = 0.1622 ln ΔP + 1.4282. The
penetration depth of the drilling fluid along the bedding fracture can
be obtained under any formation pressure difference with fixed
invasion time and confining pressure using this formula.

3.3.3 Variation law of invasion depth with confining
pressure

Due to the compaction of the overlying strata, the permeability,
porosity, and pore size of the core change under different confining
pressures, which will further affect the invasion process of the drilling
fluid along the bedding fracture. Therefore, it is necessary to analyze the
change rule of the invasion depth of the drilling fluid along the bedding
fracture under different confining pressures. In order to clarify the
relationship between the invasion depth of the drilling fluid along
bedding fractures and confining pressure, the invasion time was fixed
as 12 days, the confining pressure was 7MPa, the bedding plane angle is 0°,
and the viscosity of the drilling fluid is 18 mPa·s. With confining pressure
as the abscissa and invasion depth as the ordinate, the vector diagram of
invasion depth–confining pressure was drawn, and mathematical fitting
was carried out. Compared to the fitting results of linear, power function,
exponential function, and logarithmic function, it is found that the
exponential function has the highest fitting degree, as shown in Figure 16.

As shown in Figure 16, the invasion depth of the drilling fluid
gradually decreases with the increase of confining pressure and finally
approaches 0. This is because with the increase of confining pressure,

FIGURE 15
Relationship between the invasion depth of the drilling fluid along
the bedding fracture and formation pressure difference.

FIGURE 16
Relationship between the invasion depth of the drilling fluid along
the bedding fracture and confining pressure.
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the pore structure of the rock is gradually compressed, then the pore
size, permeability, and porosity of the core are gradually reduced, and
the invasion resistance of the drilling fluid is increased, resulting in the
decrease in the invasion depth. When the confining pressure increases
to a certain value, the bedding fractures are pressed and closed, and the
permeability approaches 0, so there is nearly no drilling fluid invading
the shale reservoir. Through mathematical fitting, the mathematical
relation between the invasion depth of the drilling fluid along the
bedding fracture and confining pressure (P2) is determined as L =
5.9246e−0.174P2, and the invasion depth of the drilling fluid along the
bedding fracture under any confining pressure with fixed time and
formation pressure difference can be obtained by using this formula.

3.3.4 Variation law of invasion depth with the angle
to the bedding plane

When the angle of the bedding plane is different, the invasion
resistance will also be different. For example, when the bedding plane
is 90°, the drilling fluid cannot invade along the bedding plane but only
along the rock matrix. The invasion depth must be small because of the
matrix with small pores. Therefore, it is necessary to analyze the variation
law of invasion depth of the drilling fluid along the bedding fracture under
different angles to the bedding plane. In order to clarify the relationship
between the invasion depth of the drilling fluid along the bedding fracture
and the bedding plane angle, the invasion time is fixed as 12 days, the
invasion pressure at this time was fixed as 5 MPa, the confining pressure
was 7 MPa, and the viscosity of the drilling fluid is 18 mPa·s. Taking the
bedding plane angle as abscissa and invasion depth as the ordinate, the
vector diagram of the invasion depth layer with the angle was drawn, and
the mathematical fitting of linear, power function, exponential function,
and logarithmic function was carried out. The results show that the
exponential function has the highest degree of fit, as shown in Figure 17.

As shown in Figure 17, the invasion depth of the drilling fluid
gradually decreases with the increase of the bedding plane angle. This
is because with the increase of the angle of the bedding plane, the
resistance of drilling fluid intrusion along the bedding fracture
gradually increases, resulting in gradual decrease in the invasion depth
of the drilling fluid along the bedding fracture.When the angle of bedding
plane is 90°, the drilling fluid cannot invade along the bedding plane. Due
to the small porosity of the matrix, the intrusion depth is basically

unchanged. Through mathematical fitting, the mathematical relation
between the invasion depth of the drilling fluid and the angle of the
bedding plane (Φ) is determined as L = 2.211e−0.019Φ. The invasion depth
of the drilling fluid along the bedding fracture under any angle to the
bedding plane can be obtained by this formula.

3.3.5 Variation law of invasion depth with viscosity of
the drilling fluid

The invasion resistance will be different when the viscosity of the
drilling fluid is different, whichwill affect the invasion process of the drilling
fluid along the bedding fractures. Therefore, it is necessary to analyze the
variation law of invasion depth of the drilling fluid along the bedding
fracture under different viscosities of the drillingfluid. In order to clarify the
relationship between the invasion depth of the drilling fluid along the
bedding fracture and the viscosity of the drilling fluid, the invasion time is
fixed as 12 days, the displacement pressure is 5MPa, the displacement
confining pressure is 7MPa, and the bedding plane angle is 0°. With the
drilling fluid viscosity as the abscissa and the invasion depth as the ordinate,
the vector diagramof invasion depthwith drillingfluid viscositywas drawn,
and mathematical fitting was performed. The results show that the
exponential function has the highest degree of fit, as shown in Figure 18.

As shown in Figure 18, the invasion depth of the drilling fluid
gradually decreases with the increase of drilling fluid viscosity. After
mathematical fitting, the mathematical relation between the invasion
depth of the drilling fluid along the bedding fracture and the viscosity
of the drilling fluid (τ) is determined to be L = 4.242e−0.046τ. The
invasion depth of the drilling fluid along the bedding fracture can be
obtained by using this formula.

4 Conclusion

The laws of drilling fluid invasion along the shale bedding
fractures were studied by experiment and numerical simulation,
and the following conclusions are derived:

(1) Compared with the static immersion experiment, the method of
simulating the drilling fluid invade into shale bedding fractures in
the displacement experiment takes into account not only the

FIGURE 17
Relationship between the invasion depth of the drilling fluid along
the bedding fracture and angle to the bedding plane.

FIGURE 18
Relationship between the invasion depth of the drilling fluid along
the bedding fracture and viscosity of the drilling fluid.
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capillary force but also the influence of liquid column pressure
difference on the process of drilling fluid invasion into bedding
shale, which realizes the unidirectional invasion of the drilling
fluid into shale and is closer to the actual process of drilling fluid
filtration into shale.

(2) Based on fissure flow and Darcy flow physical fields, the rational
model of drilling fluid invading shale bedding fractures is
established and the process of drilling fluid invasion is
simulated. Then, the mathematical relationships between the
invasion depth and invasion time, formation pressure,
confining pressure, bedding angles, and drilling fluid viscosity
are defined as L = 0.4176 lnt + 0.6689, L = 0.1622 ln ΔP + 1.4282,
L = 5.9246e−0.174P2, L = 2.211 e−0.019Φ, and L = 4.242e−0.046τ. The
errors between the calculated values of the drilling fluid invasion
depth and the experimental values under different conditions are
less than 15%, which shows highly prediction accuracy.

(3) The invasion depth of the drilling fluid along shale bedding has a
positive logarithmic relationship with the invasion time and the
formation pressure difference. With the increase of the invasion
time and the formation pressure difference, the invasion depth
gradually increases, but it grows slowly in the later stage and
finally tends to be unchanged. There are negative exponential
relationships between the invasion depth and confining pressure,
the angle of bedding plane, and the viscosity of the drilling fluid.
The invasion depths of the drilling fluid decrease when the
confining pressure, the angle of bedding plane, and the
viscosity of drilling fluid increase. When the bedding angle is
90°, the drilling fluid invades only along the rock matrix.
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