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a b s t r a c t

Rock damage appears in brittle shale even prior to peak stress (i.e., before failure) due to the occurrence
of microcracks in these rocks. In this work, a coupled hydromechanical model was built by incorporating
the mechanical and fluid seepage induced stresses around a wellbore during drilling. The borehole
instability mechanism of hard-brittle shale was studied. The results show that even if a well is simply
drilled into a hard-brittle shale formation, the formation around the borehole can be subjected to rock
damage. The maximum failure ratio of the formation around the borehole increases with drilling time. A
lower drilling fluid density corresponds to a faster increase in the failure ratio of the borehole with time
and a shorter period of borehole collapse. When the initial drilling fluid density is too low, serious rock
damage occurs in the formation around the borehole. Even though a high-density drilling fluid is used
after drilling, long-term borehole stability is difficult to maintain. While drilling in hard-brittle shale,
drilling fluid with a proper density should be used rather than increasing the density of the drilling fluid
only after borehole collapse occurs, which is more favorable for maintaining long-term borehole stability.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Borehole instability is a major problem that generally exists in
oil and gas drilling and causes losses of more than 1�1010 dollars
every year worldwide (Zeynali, 2012), andwasted time accounts for
more than 40% of all non-drilling time (Dodson et al., 2004; Zhang
et al., 2009; Yan et al., 2014). Severe borehole instability may even
cause environmental disasters.

Borehole instability is mainly affected by the interaction of the
mechanical properties of rocks and the chemical properties of the
drilling fluid (Hale et al., 1993; Kanfar et al., 2015; Zhang et al.,
2018). Previously, mechanical factors were mostly analyzed by
focusing on the coupled effects of rock mechanics and porous fluid
flow, while chemical factors were examined based on the hydration
of shale. Before the 1970s, studies of these two aspects were carried
out independently (Browning and Perricone, 1963; Fairhurst and
Cook, 1966). From the 1970s to 1990s, these two aspects were
y Elsevier B.V. on behalf of KeAi Co
gradually combined, but only in the experimental research area
(Chenevert, 1970). Mechanical and chemical factors were not
coupled in quantitative borehole stability analyses until the late
1990s (Yew et al., 1990; Mody and Hale, 1993). However, such
studies were still limited to analyzing the influences of water
contents on themechanical parameters while considering chemical
effects. Yu et al. (2001) and Chen et al. (2003) proposed a borehole
stability model considering the coupled effect of fluid flow and
chemical properties in an irreversible transfer process. Subse-
quently, studies of borehole stability with multifield coupling were
expanded horizontally based on this method. A fully coupled
mechanical-chemical model was developed to include multiple
field factors: mechanics, chemistry, electric potential, and ther-
modynamics. For example, the coupled chemo-poro-thermoelastic
model has been proposed to consider the effects of temperature,
seepage, and hydration on the borehole stability of shale (Wang
et al., 2006; Ghassemi et al., 2009). The coupled fluid-solid-
chemistry model of borehole instability incorporates the fluid
flow induced by electrochemical potential and ion diffusion as well
as its effect on rock deformation (Wang et al., 2012). Recently,
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zkaiup@126.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2021.12.019&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2021.12.019
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.petsci.2021.12.019
https://doi.org/10.1016/j.petsci.2021.12.019


C.-L. Yan, L.-F. Dong, K. Zhao et al. Petroleum Science 19 (2022) 663e677
borehole stability analysis has been expanded to bedding forma-
tions and comprehensively considers the combined effect of
bedding planes and drilling fluid on borehole instability (Ma and
Chen, 2015; Gao et al., 2017a; Yan et al., 2017b; Zhou et al., 2018).

Coupled multi-field studies have been maturely applied in the
analysis of borehole stability in water-sensitive shale. However, the
mechanism of borehole instability in hard-shale formations
without obvious bedding planes is still not clearly understood.

Islam et al. (2009) established a wellbore stability model based
on poroelastic constitutive model, coupled with pressure diffusivity
formulation, to discuss a sensitivity analysis of the impact of shale
intrinsic properties on transient pore pressure and its impact on
time delayed borehole instability. Gao et al. (2017b) proposed an
equivalent isotropic material model to solve the borehole stability
in transversely isotropic formations. Through skillfully chosen
material constants in the model, created a rule to correlate the
behavior of transversely isotropic poroelastic model of borehole
with the behavior of isotropic poroelastic model. Gao et al. (2020)
proposed a semianalytical unsaturated poroelastic solution for an
inclined borehole drilled through a formation saturated with two
immiscible fluids.

Some hard-brittle shale has high strength and brittle behavior.
During drilling, the borehole may collapse even if the drilling fluid
pressure is higher than the collapse pressure and the concentrated
stress does not reach the peak strength. In particular, the water
sensitivity of such formations is weak. Borehole instability still
shows strong time-dependent features.

In the loading and unloading process, the failure of brittle rocks
is mainly caused by crack initiation, propagation, interaction and
connection, representing a main failure mode of hard-brittle rocks
(Yan et al., 2015; Eberhardt et al., 1999). In other words, brittle rocks
are subjected to rock damage even prior to peak stress, and the
failure is mainly caused by constant accumulation of rock damage.
Therefore, to study the borehole instability of hard-brittle shale, the
prepeak damage characteristics of formations must be studied.

Because the presence of damage-induced fractures reduces the
effective bearing area for the loading of formation, the circumfer-
ential stress in rocks around the borehole increases such that the
density of the drilling fluid required to maintain borehole stability
is higher (Liu et al., 1998). Shao and Khazraei (1994) studied bore-
hole stability under uniform and nonuniform in situ stresses with
several material models, such as the Laderock elastic-plastic model,
Lemaitre isotropic damage model, Costin anisotropic damage
model and linear elastic model. The results demonstrate that the
borehole wall analyzed from the Costin model is most likely to be
unstable, followed by the Laderock model, while that from the
Lamaitre model is the most difficult to damage.

By combining the microscopic damage and fracture mechanism,
Zheng (2005) and Tang et al. (2007) established a model for
calculating collapse and fracture pressures during drilling. They
examined the initiation-condition and expansion-direction of
microcracks around the borehole based on the damage mechanism
of brittle formation. They predicted the pressure at the initial
damage condition and analyzed the damage field of the formation
around the borehole. Furthermore, they obtained the range of the
damaged zone and the relationship between the stress distribution
and the geomechanical characteristics of the formation in the
damaged zone. However, their research does not consider the effect
of rock damage (prior to peak strength) on the permeability evo-
lution and the interaction between damaged shale and drilling
fluid, which shows large deviations within drilling practice.

The failure process of brittle rocks includes the generation,
propagation and accumulation of internal cracks. Microcracks
caused by these stress disturbances can change the permeability
characteristics of rocks and increase the seepage of drilling fluid
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into formations. On the one hand, microcracks change the physical
and mechanical properties of hard-brittle shale, resulting in a
gradual decrease in the strength of the formation. On the other
hand, microcracks change the pore pressure in the formation,
which changes the stress field around the borehole. Both a decrease
in rock strength and an increase in the stress field can increase rock
damage and result in an increased permeability and pore pressure
distribution, thus leading to a higher risk of borehole collapse. Such
interaction induced borehole collapse is a very common accident
during drilling in hard-brittle shale. Therefore, the coupled hy-
dromechanical model must be used to analyze the borehole
instability of hard-brittle shale. In the previous borehole stability
models that considered stress damage, the impact of the chemical
effect on the strength of damaged shale was not considered. The
coupling effect of stress-damage-seepage and drilling fluid chem-
ical effect on shale strength is comprehensively considered in the
borehole stability model in this paper to clarify the borehole
instability mechanism of hard-brittle shale.

2. Borehole stability model of hard-brittle shale

Brittle shale mainly undergoes elastic deformation and brittle
failure during the loading process, and plastic deformation and
damage before peak failure are small. However, the clay content of
brittle shale is relatively high, and the borehole wall is in the high-
pressure drilling fluid environment during drilling. Even there is a
small damage in shale, damage cracks will be expanded under the
effect of high pressure of drilling fluids, and the damage continues
to accumulate. Eventually, it is easy to cause the failure of the
borehole wall rock.

2.1. CWFS model

From the perspective of mechanics, brittle rock failure is a
process in which rock strength gradually decreases (Walton, 2019).
The number of microcracks in a rock increases from the initial stage
of failure, such that the cohesive force between the particles of the
rock gradually decreases or disappears, resulting in a decline in the
cohesive strength of the rock. With the continuous expansion and
connection of microcracks, and ultimately the appearance of mac-
rocracks, a friction force between microcrack surfaces gradually
emerges under the combined action of normal stress and shear
stress, resulting in a gradual increase in the overall friction strength
of the rock. Finally, the cohesion and friction strength of hard-
brittle rock will each tend toward a fixed value, at this time the
rock is stable at the residual strength (Hajiabdolmajid et al., 2002;
Hajiabdolmajid and Kaiser, 2003; Walton, 2019).

Based on the characteristics of brittle rock where the cohesive
strength continuously weakens and the friction strength gradually
increases during the failure process, Hajiabdolmajid and his co-
workers (Hajiabdolmajid et al., 2002; Hajiabdolmajid and Kaiser,
2003) proposed a constitutive model of cohesion weakening and
frictional strengthening (CWFS) based on the Mohr-Coulomb
strength criterion to describe the failure of hard-brittle rocks
(Fig. 1). The model assumes that the cohesion and friction strength
of brittle rocks are functions of plastic strain. The cohesion of the
rock controls the bond strength between its particles at the
beginning of loading. At this time, the initial cohesion strength of
the rock reaches the maximum value and the friction strength of
the rock is 0. As the stress increases, cracks begin to occur in the
rock, the cohesive strength gradually decreases, and the friction
strength gradually increases and is ultimately controlled. Finally,
the friction strength and residual cohesion of the rock tend toward
a fixed value, that is, the residual strength after the rock reaches
peak failure. The research results show that the CWFS model has a



Fig. 1. Schematic diagram of the relationship between cohesion, friction strength and plastic strain (εpf and ε
p
c are the plastic strains when cohesion and friction strength reach the

final fixed values, respectively) (Hajiabdolmajid et al., 2002).
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good effect on the simulation of the brittle failure range and depth
of hard rock under high ground stress (Hajiabdolmajid et al., 2002;
Hajiabdolmajid and Kaiser, 2003; Su, 2006; Qiao et al., 2012; Renani
and Martin, 2018).

The CWFS model is expressed as follows:

f ðsÞ ¼ t0 ¼ CðεpÞ þ sntan4ðεpÞ (1)

where t0 is the shear strength of the formation; C and 4 are the
cohesion strength and the angle of internal friction of the forma-
tion, respectively; εp is the equivalent plastic strain; and sn is the
effective normal stress on the failure surface of the formation.

When the effective stress exceeds the yield stress of the for-
mation, the rock around the well will undergo plastic deformation.
The equivalent plastic strain calculation formula is:

ε
p ¼

ffiffiffi
2

p

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
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p1 � ε

p2
�2 þ �

ε
p2 � ε

p3
�2 þ �

ε
p3 � ε

p1
�2q

(2)

where ε
p1, εp2 and ε

p3 are the principal plastic strains in three di-
rections, respectively.

Hajiabdolmajid et al. (2002) proposed that the original intention
of the CWFS model is to calculate the collapse range and size of
brittle rock tunnels. Therefore, the proposed model focuses on the
full stress-strain process of rock. For hard-brittle shale, the bearing
capacity of the core decreases rapidly after reaching the peak
strength during the loading process, and the residual strength is
extremely low. During the drilling process, which is affected by
high-speed circulation of the drilling fluid, the hard-brittle shale
will quickly break and lose its bearing capacity after reaching the
peak stress. The damaged rock will be quickly washed away by the
high-speed flowing drilling fluid and peel off from the well wall.
Since the formation is hard and brittle and the water sensitivity is
weak, these collapsed blocks are difficult to destroy in the drilling
fluid, and serious jamming accidents easily occur during the trip-
ping process. Therefore, when drilling in hard-brittle shale forma-
tions, the stress on the borehole wall must always be maintained
below the peak strength to ensure safe drilling. To better describe
the constitutive characteristics of hard-brittle shale before the
peak, and more easily select model parameters, the CWFS model is
modified. The relationship between cohesion, internal friction
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angle and plastic strain is limited to the peak strength to better
describe the prepeak constitutive characteristics of hard-brittle
shale, and facilitate acquisition of the parameters (Yan et al., 2017a).
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where Ci is the initial cohesive strength of hard-brittle shale; εpe is
the equivalent plastic strain when the formation reaches peak
failure; Ce is the cohesion strength when the formation reaches
peak failure; 4e is the internal friction angle when the formation
reaches peak failure; and m and n are constants related to the
mechanical properties of the materials, m ¼ 2 and n ¼ 0.6 are used
in this paper.

Assuming that the brittle rock satisfies equation 4 ¼ 0 at the
initial stage of loading, the initial cohesive strength Ci is 1/2 of the
rock cracking strength. Since damage to the hard-brittle shale is not
obvious before the linear elastic stage, for facilitating calculation,
we believe that cracks in the hard-brittle shale start to develop
from the linear elastic stage, that is, Ci is 1/2 of the ultimate elastic
strength. The cohesive force Ce and the internal friction angle 4e
during rock failure can be obtained through the results of con-
ventional uniaxial and triaxial strength experiments.
2.2. Elastic-plastic damage model

The plasticity of rock materials refers to frictional sliding be-
tween fracture surfaces in rocks, while rock damage indicates the
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initiation and propagation process of internal cracks (Jia et al.,
2009). In the stress loading process, damage indicates that the
effective bearing area of rocks is reduced. According to the
plasticity-damage coupling theory, 1) plasticity and damage affect
each other through their potential functions, and 2) the coupled
effect of plasticity and damage is generated through the evolution
of their internal variables (Shen et al., 2001). To study the degree
and range of hard-brittle shale formation damage under different
drilling mud densities, a damage evolution model of hard-brittle
shale formations based on plastic strain was built.

For formations with rock damage, the microstructure of the
formation can change, which changes the material state and
macroscopic mechanical properties of the formation, thus causing
the mechanical characteristics of the formation to vary accordingly
with damage (Jia et al., 2009). To apply the plastic damage model of
hard-brittle shale formations to the analysis of borehole stability,
the damage variable and its evolution law should be defined. In this
work, the assumptions of damage variables are simplified as fol-
lows (Yang et al., 2000): hard-brittle shale formations are intact
before drilling, and the proportion of damaged materials in for-
mation gradually increases with the development of plastic defor-
mation; the damage variable of formation is related only to the
history of plastic deformation.

The total deformation of hard-brittle shale formations consists
of elastic deformation, plastic deformation and damage deforma-
tion. The elastic-plastic damage model can be expressed as:

fdεg¼fdεpgþ
n
dεd

o
þ fdεeg (5)

where {dε}, {dεp}, {dεd}, and {dεe} represent the total strain, plastic
strain, damage strain, and elastic strain of the formation rock dur-
ing drilling, respectively.

The relationship between the increment of elastic stress and
elastic strain is determined by the elastic stiffness matrix, and the
increment of elastic strain can be expressed as:

fdεeg ¼ ½E*��1fdsg (6)

with

½E*� ¼ ½E*��1fdsg (7)

where [E*] is the elastic stiffness matrix; [E] is the elastic consti-
tutive matrix under an undamaged state. Under three-dimensional
(3D) coordinates, the elastic matrix is a symmetrical 6 � 6 matrix
containing 36 components. Moreover, {ds} and Dd represent the
stress increment matrix and the stress damage factor during
loading on the formation, respectively.

The increment of the plastic strain of the formation is deter-
mined according to plastic potential theory. From the perspective of
damage mechanics, the yield function and potential function of a
damaged formation can be separately defined as follows:

Fðs;HðcÞ;DdÞ¼0 (8)

Gðs;HðcÞ;DdÞ¼0 (9)

where F(), G() and s indicate the yield function, plastic potential
function and stress of a formation, respectively; c is the scalar of the
internal variable for describing the equivalent plastic strain of the
formation; H() refers to the function of the internal variable c and is
used to characterize the hardening or softening characteristics of
the formation when plastic deformation develops in the formation.

In hard-brittle shale formations, plastic deformation and for-
mation damage are assumed to appear simultaneously; then, the
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expressions of plastic strain and damage strain are shown as
follows:

fdεpgþ
n
dεd

o
¼ l

�
vGðs;HðcÞ;DdÞ

vs

�
(10)

where l is related to the hardening laws of the formation, and the
specific value can be determined according to the following
equation.

l¼

�
vF
vs

�T

½E*�fdεg
�
vF
vs

�T

½E*�
�
vG
vs

�
� A

(11)

where A represents the hardening parameter of the formation.
When the effective stress in the formation is {ds}, the loading

condition under the plastic state is

Fðfsg; kÞ¼ 0 (12)

where k is correlated with the plastic strain of the formation. In
hardening materials, k equals the plastic work performed by the
formation in the generation of plastic deformation.

dk ¼ fsgTfdεpg ¼ lfsgT
�
vG
vs

�
(13)

Based on classical elastic-plastic mechanics theory, the plastic
constitutive matrix of damaged formations can be obtained as
follows:

	
Ep*


 ¼
½E*�

�
vG
vs

��
vF
vs

�
T½E*�

�
vF
vs

�
T½E*�

�
vG
vs

�
� A

(14)

2.3. Effective stress principle

Hard-brittle shale is a porous medium consisting of a solid
matrix and fluids in pores. Deformation and failure of rocks are
mainly influenced by effective stress. According to Biot's effective
stress theory, Eq. (11) can be obtained.

sij
0 ¼sij � aPpdij (15)

where sij and sij
0 refer to the components of total stress and

effective stress on rocks around the borehole, respectively; and Pp,
dij and a denote the pore pressure, Kronecker symbol and coeffi-
cient of effective stress, respectively, a is defined as follows:

a¼1� KV

KS
(16)

where KV represents the compressive modulus of the volume of
rocks in the formation; KS refers to the compressive modulus of
solid matrix particles in rocks.

2.4. Equation for the damage evolution of hard-brittle shale

Hard-brittle shale is assumed to be subjected to rock damage
only during plastic deformation rather than in the elastic state.
Furthermore, damage to and plastic deformation of a formation
appear simultaneously. The relationship between the damage
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factor and equivalent plastic strain of hard-brittle shale formations
is a first-order exponential attenuation function. Therefore, the
relationship between the normalized damage factor and normal-
ized equivalent plastic strain is shown as follows:

D¼A0 exp
��ε

pn

a

�
þ B0 (17)

A0 ¼
1

exp
�
�1

a

�
� 1

(18)

B0 ¼ � 1

exp
�
�1

a

�
� 1

(19)

where D represents the normalized damage factor. When D¼ 1, the
stress of rocks reaches the peak strength and failure occurs; when
D ¼ 0, no damage occurs in the formation. In addition, a indicates
the material parameter of hard-brittle shale, which can be deter-
mined through experiments; ε

pn represents the normalized
equivalent plastic strain and can be expressed as follows:

ε
pn ¼ ε

p

ε
pe (20)

2.5. Evolution equation for the permeability of hard-brittle shale

In the compressive test, the failure of brittle rocks results from
the initiation, propagation and connection of microcracks in the
loading process. After microcrack initiation, even if stress does not
reach the peak strength, the permeability of rocks gradually in-
creases (Fig. 2) (Souley et al., 2001). The permeability of intact hard-
brittle shale formations is very low, and stress slightly affects
seepage. However, for damaged formations, new damage appears
in the formation due to the interaction of stress and pore pressure
on microcracks. In addition, with the constant accumulation of
formation damage, more microcracks are generated, and the in-
teractions of seepage, stress and damage are magnified.
Fig. 2. Schematic of the physical property change in
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Shale typically has a high porosity and low permeability, and the
porosity of some shales can reach approximately 40%, while the
permeability is very low (Jia, 2009). In the petroleum industry, the
porosity of connected pores is generally known as the effective
porosity. Although the total porosity of shale formations is high, the
connectivity between pores is poor. Therefore, the effective
porosity and permeability are extremely low. When the stress state
of the formation changes considerably, microcracks appear inside
the rocks due to stress damage such that the closed pores become
connected with each other. Although the volume of new cracks is
not large, they all connect the pores and channels, which signifi-
cantly increases the corresponding porosity of the connected pores
and channels in shale.

The permeability of brittle granite (with low permeability)
before peak failure can reach a value of more than a thousand times
that before loading (Souley et al., 2001; Oda et al., 2002). By testing
the permeability of shale in the loading process, Jiang et al. (Jiang
et al., 2002) obtained a similar result in that the permeability of
shale before peak failure substantially increased.

In previous studies of wellbore instability, permeability of a
formation around a borehole was generally expected to remain
unchanged, although it was practically changed when drilling a
borehole. The permeability of damaged formations evolves in
accordance with the cubic law of seepage (Jia, 2009).

k¼ k0ð1�DÞ þ kDD
�
1þ ε

PF
v

�3
(21)

where k0 and kD indicate the permeability of an intact formation
and the damaged formation, respectively; εPFv represents the volu-
metric strain of the damaged section, which can be calculated as

ε
PF
v ¼DεPv (22)

where ε
P
v denotes the plastic volumetric strain.

2.6. Borehole instability criterion of hard-brittle shale

Borehole collapse is generally considered to be the result of
shear failure, which is caused by a large difference between the
concentrated tangential and radial stresses around the wellbore
rock in the loading process (Souley et al., 2001).
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due to low drilling fluid density. In general, in the cylindrical co-
ordinate system of a borehole, three principal stresses around the
borehole have the following laws when the borehole wall collapses
(Chen et al., 2008).

(1) Vertical stress. With an increase in the distance from the
wellbore wall to the far field formation, the vertical stress
along the orientation of the maximum horizontal stress
gradually increases, while that along the orientation of the
minimum horizontal stress gradually decreases. In a forma-
tion far from a borehole, the vertical stress in each direction
is eventually equal to the overburden pressure of the
formation.

(2) Radial stress. Radial stress is generally the smallest principal
stress on the borehole wall when borehole collapse occurs.
With an increase in the distance from the wellbore wall to
the formation, the radial stress in each direction gradually
increases.

(3) Tangential stress. Tangential stress is generally the largest
principal stress on the borehole wall when borehole collapse
occurs. As the radial distance increases, the tangential stress
in each orientation gradually decreases. Tangential stress has
a maximum value on the wellbore wall along the orientation
of the minimum horizontal stress and a minimum value at
the orientation of the maximum horizontal stress. On the
borehole wall at the orientation of the minimum horizontal
in situ stress, the circumferential stress is maximal, and the
difference between the circumferential stress and radial
stress is the largest. Borehole instability generally appears at
this position, and an ellipse-shaped borehole is finally
formed (Zoback et al., 1985), as demonstrated in Fig. 3.

In this study, the Mohr-Coulomb criterion is applied to define
the shear failure of rocks in the borehole wall. The criterion is
represented by the principal stresses as shown in Eq. (20) (Chen
et al., 2008). When the concentrated maximum and minimum
principal stresses on the wellbore wall exceed the rock strength,
shear failure occurs on the wellbore wall.

s1 ¼ s3tan
2
�p
4
þ 4

2

�
þ 2Ctan

�p
4
þ 4

2

�
(23)

where s1 and s3 indicate the maximum and minimum effective
principal stresses, respectively; 4 and C represent the friction angle
and cohesion of the rocks, respectively.

In hard-brittle shale, the damage states and changes in the
Fig. 3. Schematic diagram of borehole instability.
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permeability of the formation around the borehole vary under
different drilling fluid densities, and the change laws of the pore
pressure around the borehole and the strength of the formation
relative to the soaking time in drilling fluid are closely related to the
density of the drilling fluid. For these reasons, the variation laws of
the collapse pressure with time are distinct when using different
drilling fluids to drill a well. Therefore, obtaining time-dependent
laws of explicit collapse pressure is difficult. To study the time ef-
fects of borehole stability in hard-brittle shale formations, accord-
ing to the Mohr-Coulomb strength criterion, the concept of the
failure ratio of rocks around a borehole wall is introduced to
determine whether a borehole wall is stable. The failure ratio of the
formation is defined as follows:

K ¼ s1

s3tan2
�
p
4 þ 4

2

�
þ 2Ctan

�
p
4 þ 4

2

� (24)

where K represents the failure ratio of a formation.
By substituting the principal stresses of the formation around

the borehole into the above equation, the failure ratio of the for-
mation can be obtained. A failure ratio equal to 1 indicates that
shear failure appears in the formation and that the borehole be-
comes unstable. When the failure ratio is smaller than 1, the
borehole wall is still stable. A smaller failure ratio indicates better
borehole stability. The failure ratio is used to characterize borehole
stability in this study.
3. Time-dependent strength of hard-brittle shale

After drilling, the drilling fluid and filtrate invade the formation.
Water-sensitive shale formations can become hydrated by the
infiltrated drilling fluid, thus generating expansion stress. More-
over, the strength of a formation gradually decreases with
increasing soaking time. In hard-brittle shale formations, the con-
tent of water-sensitive minerals is extremely low, and the presence
of chemical inertness between the drilling fluid and rock substrates
does not easily cause hydration of the formation. Therefore, the
strength of the formation is only slightly affected by the drilling
fluid. However, in the loading process of hard-brittle shale,
microcracks constantly appear, leading to different stress states,
numbers and volumes of microcracks. While drilling, the stresses
around the borehole are redistributed, and stress concentration
occurs. The stress state of hard-brittle shale deeply buried under-
ground changes in this process, which easily causes stress damage.
At this time, the drilling fluid infiltrates into the formation along
the microcracks induced by stress damage, which influences the
mechanical properties of hard-brittle shale. The influences of dril-
ling fluid infiltration on damaged hard-brittle shale are mainly
shown demonstrated as follows: first, drilling fluid infiltration in-
creases the fluid pressure. Second, drilling fluid infiltration changes
the properties of fracture planes in shale and lubricates the fracture
planes. Moreover, such infiltration decreases the friction strength of
the microcrack planes and the fracture toughness at the tips of the
microcracks, which results in higher stress being transferred to the
tips of the cracks and accelerates further propagation of micro-
cracks. The interaction of these two aspects leads to the phenom-
enon that the strength of damaged shale weakens with time, and
the decrease in the amplitude of strength after hard-brittle shale
comes in contact with drilling fluid is closely correlated with the
damage degree of rocks.

To study the influence laws of drilling fluid on the strength of
hard-brittle shale under different stress states, rock cores were
divided into five groups. Among them, one group of rock cores was
directly soaked in the drilling fluid, while the other four groups



Fig. 4. Schematic diagram of load stress and normalized damage factors (Yan, 2014;
Wang et al., 2016a).
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were first compressed under loads equivalent to 30%, 60%, 80% and
95% of the uniaxial compressive strength (sc) under uniaxial con-
ditions and then soaked in drilling fluid (Wang et al., 2016a). The
aim is to test the sc of each group of rock cores after soaking for a
certain time. Different loading stresses can induce distinct degrees
of stress damage (as displayed in Fig. 4). On this basis, the influence
laws of the interaction of the stress damage and drilling fluid on the
strength of hard-brittle shale were studied.

Based on the above experimental method, the sc of each group
of hard-brittle shale cores after soaking in drilling fluid for 48, 96
and 168 h were obtained. The average sc of the samples without
soaking in drilling fluid was 83.1 MPa.

Fig. 5 presents a comparison of the sc of the shale cores as a
function of the soaking time in drilling fluid after loading under
different stresses. As shown by the experimental results, as the
soaking time in the drilling fluid increased, the sc of hard-brittle
shale gradually decreased. The decrease rate is the maximum at
the beginning and then gradually reduces and finally tends to be
gradual. After hard-brittle shale has been in contact with the dril-
ling fluid for one week, the sc is basically no longer affected by the
soaking time. Before soaking, the cores with different stress dam-
ages are affected differently by soaking in the drilling fluid, and
greater stress damage corresponds to a larger decrease in the
amplitude of the sc after soaking. For the cores that were not
subjected to stress loading before soaking, the sc is reduced by
approximately 12% after soaking for seven days, indicating that
hard-brittle shale has weak water sensitivity and is slightly affected
Fig. 5. Comparison of the strength of hard-brittle shale after soaking in the drilling
fluid (Yan, 2014).
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by the drilling fluid in the intact state. The uniaxial strengths of the
cores compressed by a stress equivalent to 30%, 60%, 80% and 95% of
the sc before soaking decreased by 14%, 18%, 29% and 52% after
soaking for seven days, respectively. Obviously, when the stress
applied before soaking is low, the stress damage exerts a small
influence on the decrease in the amplitude of the sc of hard-brittle
shale. However, once the loading stress exceeds a certain limit, the
decrease in the amplitude of the sc grows rapidly.

When hard-brittle shale is contacted by drilling fluid, driven by
physical and chemical reactions, such as the chemical potential and
capillary force, the drilling fluid infiltrates into the interior of the
rocks along microcracks, thereby changing the properties of the
microcracks such that the sc of rocks gradually decreases with
increasing soaking time. After saturation with the filtrate of the
drilling fluid, the shale stops absorbing water, and the sc of the
formation decreases slowly under these conditions. The decrease in
the amplitude of the sc of shale is not only affected by the soaking
time in the drilling fluid but is also correlated with the stress state
of the cores before soaking. Moreover, this decrease is related to the
stress damage degree in the cores. Therefore, the effect of the
damage factor must be introduced in the influence laws of the
drilling fluid on the sc of hard-brittle shale.

scðt;DÞ¼scI �A,f ðDÞexp
�
�B
t

�
(25)

f ðDÞ¼C,expðE ,DÞ (26)

D¼Dd
Df

(27)

According to the experimental results, the change law of the sc
of hard-brittle shale with soaking time in drilling fluid is shown as
follows.

scðt;DÞ ¼ scI � 10:3expð1:52,DÞexp
�
� 15:7

t

�
(28)

where sc(t,D) and scI represent the strength of the formation at
moment t after drilling and the original strength of the formation
before drilling, respectively; A, B, C and E are constants related to
the formation properties and physical and chemical properties of
the drilling fluid; Dd, Df and D indicate the stress damage factor
when the formation comes into contact with the drilling fluid, the
damage factor when the load reaches the peak stress of the for-
mation and the normalized stress damage factor, respectively; t
refers to the contact time of the drilling fluid with the formation
around the borehole.

4. Damage of hard-brittle shale after drilling

Finite element models had been used to study the formation
damage and multi-physical field coupling around the wellbore by
some researchers, and achieved good results. Gaede et al. (2013)
proposed a constitutive model, based on non-equilibrium ther-
modynamics, that accounts for anisotropic damage distribution,
anisotropic damage threshold and anisotropic damage evolution,
and implemented this constitutive model using the finite element
method, to calculate stressestrain curves and borehole stresses.
Wang et al. (2016b, 2017a, 2017b) obtained the wellbore failure
characteristics by proposing a finite element analysis technology by
hydraulic-mechanical-chemical-damage coupling for wellbore
stability analysis of transversely isotropic rock, and calculated the
time-dependent collapse and fracture pressure of laminated rock.
Ma and Zhao (2018) proposed a dual-porosity finite-elementmodel



Fig. 6. Calculation model for a borehole under elastic-plastic damage of hard-brittle
shale (sH and sh are the maximum and minimum horizontal in situ stresses,
respectively).

Table 1
Calculation parameters.

Parameter Value

Vertical depth 3000 m
Overburden pressure 69 MPa
Maximum horizontal in situ stress 65 MPa
Minimum horizontal in situ stress 45 MPa
Orientation of maximum horizontal in situ stress N 0� E
Pore pressure 30 MPa
Elastic modulus 18000 MPa
Poisson's ratio 0.2
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for wellbore stability analysis in fractured rock with the consider-
ation of elastoplastic damage response.

A secondary development was initiated based on the ABAQUS
finite-element package for numerical simulation studies. ABAQUS
is a general purpose finite-element-analysis code that can analyze
fluid seepage and mechanical problems in porous media and has
been widely used to solve mechanical problems around a wellbore
in recent years (Guo et al., 2016; Lin et al., 2017).

Based on the above method, a calculation model for elastic-
plastic damage of hard-brittle shale is established, as shown in
Fig. 6. On this basis, the mechanism of damage evolution of hard-
brittle shale formations around a borehole after drilling is
explored. The calculation parameters are displayed in Table 1.

Figs. 7e9 show the distribution law of normalized damage
factors in the vicinity of a borehole after drilling with the drilling
fluids of different densities. After drilling, the formation around the
borehole does not fail when drilling fluids with these densities are
used, and the borehole remains stable. However, due to a large
concentration of stress, a certain area of the damaged zone appears
around the borehole, and the maximum damage factor is found on
the borehole wall at the orientation of the minimum horizontal in
situ stress, indicating that the stress concentration is most signifi-
cant at this position. The damaged zone showing the largest dif-
ferences between the radial stress and circumferential stress
mainly appears in the vicinity at the orientation of the minimum
horizontal in situ stress, which is consistent with the fact that the
major axis orientation of the elliptical borehole is parallel to the
orientation of the minimum horizontal in situ stress when borehole
instability occurs.

A damaged zone was found mainly around the formation at the
orientation of the minimum horizontal in situ stress, where the
difference between the radial stress and circumferential stress was
the largest, which conformed to the fact that the orientation of the
long axis of an ellipse-shaped borehole caused by collapse was
parallel to that of the minimum horizontal in situ stress. Addi-
tionally, large scale stress damage appeared in the interior of the
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formation where the included angle with the orientation of the
maximum horizontal in situ stress was approximately 45�. How-
ever, because the damaged zone was located in the interior of the
formation, showing a nonsignificant stress concentration, the
damage factors were all low, which had an insignificant influence
on the physical properties of the formation.

The damage factor decreased with increasing distance to the
wellbore wall. With increasing drilling time, the damage factor of
the formation around the borehole gradually increased, while the
increased amplitude gradually declined. After the borehole was
completed for a certain period, the damage factor gradually stabi-
lized. The increase in the damage factor was mainly due to drilling
fluids flowing into the interior of the formation, thus resulting in an
increase in the pore pressure of the formation around the borehole
and a reduction in the radial effective stress.

The damage factors in these conditions were all smaller than 1,
implying that the wellbore wall was still stable when the borehole
was drilled under various drilling fluid densities. During drilling, a
lower drilling fluid density corresponded to a larger damage factor
at the site with the same distance to the wellbore wall. Moreover,
the damage scope of the formation gradually expanded with the
decrease in drilling fluid density, which indicated that a lower
drilling fluid density corresponded to a higher damage degree of
the formation around the borehole and easier borehole instability.

5. Evolution law of the permeability coefficient of hard-
brittle shale around a borehole

Figs. 10e12 show the distribution law of the permeability co-
efficient in the vicinity of a borehole after drilling with different
drilling fluid densities. After drilling, because the formation around
the borehole was subjected to stress damage, microcracks occurred
in the formation to further cause the permeability coefficient of the
damaged zone to substantially increase, which is similar to the
damaged zone where the permeability characteristics of the for-
mation changed in the vicinity of the formation at the orientation of
the minimum horizontal in situ stress. Within a certain zone where
the included angle with the maximum horizontal in situ stress di-
rection was 45�, the permeability coefficients also slightly
increased. However, the permeability coefficient did not change
significantly when the damage factor was low and its amplitude
increased with an increasing damage degree. The permeability
coefficient substantially changed only when the damage factor was
larger than a certain value. Moreover, the total change range of the
permeability coefficient was large. Therefore, the permeability co-
efficient of the formation at 45� (the nephogram in Fig. 9) failed to
apply because the increase in the amplitude was quite low. With
increasing drilling time, the permeability coefficient of the forma-
tion gradually increased, and the change range of permeability
coefficients of the formation also gradually increased. After the
borehole was drilled, the maximum permeability coefficient
appeared in the wellbore wall at the orientation of the minimum
horizontal in situ stress. Due to the heterogeneity of the in situ
stress, the permeability of the formation around the borehole
showed considerable anisotropism after the well was drilled.
Moreover, the permeability of the formation at the orientation of
the minimum horizontal in situ stress was far larger than that of the
formation at the orientation of maximum horizontal in situ stress.

These figures show that a lower drilling fluid density during
drilling corresponds to be a larger increase in the amplitude of the
permeability coefficients of a formation. Moreover, the change
range of the permeability increased with decreasing density of the
drilling fluids. By taking the densities of the drilling fluids used in
the study as an example, the permeability coefficient increased by
at most 619 times when the borehole was drilled using a drilling



Fig. 7. Normalized damage factors of the formation around the borehole after drilling with drilling fluids of different densities (rw is the drilling fluid density).
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fluid with a density of 1.0 g/cm3, while the permeability coefficient
increased only 188 times when using a drilling fluid with a density
of 1.5 g/cm3. Because the permeability of the formation at the
orientation of the maximum horizontal in situ stress remained
unchanged, the anisotropism of the permeability of the formation
around the borehole decreased substantially with the reduction in
the density of the drilling fluids.
6. Borehole instability mechanism of hard-brittle shale

6.1. Critical drilling fluid density for borehole stability

Because borehole instability occurs at the orientation of the
minimum horizontal in situ stress (Zoback et al., 1985; Yan et al.,
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2014), Fig. 13 presents the change law of the failure ratio of the
formation around the borehole at the orientation of the minimum
horizontal in situ stress with time when drilling with drilling fluids
of six different densities. Based on the calculation results, a lower
drilling fluid density corresponds to a larger failure ratio and more
readily occurring borehole instability. The maximum failure ratio is
always found in the borehole wall and gradually decreases toward
the interior of the formation. Furthermore, greater proximity to the
borehole wall corresponds to a faster decrease rate, and the ratio
gradually tends to become stable in the formation, which indicates
that borehole instability first appears in the borehole wall due to
the greatest stress concentration in the borehole wall, the
maximum circumferential stress and the minimum radial effective
support.



Fig. 8. Variation in the normalized damage factor at different orientations on the
wellbore wall when different drilling fluid densities are used.

Fig. 9. The influence of drilling fluid density on the normalized damage factor along
the direction of the minimum horizontal stress.
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The failure ratio of the formation under the same density of
drilling fluid is initially the minimum value after drilling and
gradually increases with time after drilling. After the formation
with an initial maximum failure ratio less than 1 is soaked in the
drilling fluid for a certain time, the failure ratio may become equal
to 1. In other words, the borehole wall that was initially able to
remain stable after drilling may collapse after a period, that is the
time effect of borehole collapse, because as the soaking time in-
creases, the formation strength gradually decreases under the
interaction of stress damage and soaking in the drilling fluid.

A smaller distance to the borehole wall corresponds to a greater
stress concentration and a higher damage degree of the formation.
Therefore, under the interaction of stress damage and soaking in
the drilling fluid, the rate of decrease in formation strength is faster
at positions closer to the borehole wall. As a result, the failure ratio
of the formation at different distances from the borehole wall in-
creases at different rates with time, and a smaller distance from the
borehole wall corresponds to a faster increase rate for the failure
ratio.

Fig. 14 shows the change law of the failure ratio in the borehole
wall at the orientation of the minimum horizontal in situ stress,
namely, the change law of the maximum failure ratio of the for-
mation around the borehole with time after drilling with drilling
fluids of six different densities. According to the calculation results,
under all drilling fluid densities, the maximum failure ratios of the
formation around the borehole increase with time. Immediately
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after drilling the borehole, the increase rate of the failure ratio is the
maximum value and then gradually decreases. One week after
completing the borehole, the failure ratios tend to be stable and
barely change. The increase in the amplitudes of the failure ratios
under different densities of drilling fluids with time varies
considerably, and a lower drilling fluid density corresponds to a
larger increase in the amplitude of the failure ratio with time
mainly because a lower drilling fluid density corresponds to greater
stress damage of the formation around the borehole and more
significant strength of the formation decreases caused by seepage
of the drilling fluid into the formation.

Fig. 15 displays the period of borehole collapse under different
drilling fluid densities. Here, the period of borehole collapse is
defined as the time from drilling to shear failure occurring of the
borehole wall. The duration of the period of borehole collapse in-
creases with increasing drilling fluid density. Under this calculation
condition, when the density of the drilling fluid is less than 1.3 g/
cm3, although the borehole wall is stable in the early stage of
drilling, the borehole wall will collapse within a very short time
after drilling because of the rapid increase in the failure ratio. The
period of borehole collapse is less than three days. Although the
duration of the borehole collapse period increases with increasing
drilling fluid density, the increase in the amplitude is very low;
therefore, the increase in the density only slightly affects the period
of borehole collapse. However, when the density of drilling fluid
exceeds a certain value, the period of borehole collapse increases
substantially. For example, when the density is 1.4 g/cm3, the
period of borehole collapse increases to 16 days, which is much
longer than that when the density is 1.3 g/cm3. When the density of
the drilling fluid is 1.5 g/cm3, the failure ratio is always smaller than
1; thus, the borehole remains stable for a long time and does not
collapse.

A critical density of the drilling fluid is evident when drilling in
hard-brittle shale. When the drilling fluid density is lower than this
critical value, the borehole tends to be unstable after drilling over
time, and any changes in the drilling fluid density have small in-
fluences on the improvement of borehole stability. However, when
the drilling fluid density is higher than the critical value, the
borehole stability increases considerably. Therefore, it is significant
to evaluate the critical value of the drilling fluid density while
drilling in hard-brittle shale.

6.2. Influence of the initial drilling fluid density on borehole
stability

In drilling practice, the following situations can sometimes be
encountered. When the borehole of a well collapses in hard-brittle
shale, the density of the drilling fluid is increased to a certain value
(for a convenient description, the density is denoted as rm) to
inhibit borehole collapse, thereafter the borehole wall stabilizes for
a certain time and then collapses again. However, for an adjacent
well, a drilling fluid with a density of rm is used at the beginning of
drilling in this formation, and the borehole can be stabilized for a
very long time and may even never collapse. To explain this phe-
nomenon, this study explored the change laws of the failure ratio of
a formation around a borehole drilled initially using a drilling fluid
with a low density (rw ¼ 1.0, 1.1, 1.2, 1.3, and 1.4 g/cm3) and then
using a drilling fluidwith densities of 1.4 and 1.5 g/cm3 after drilling
has commenced. Fig. 16 shows the change law of the maximum
failure ratio of the formation around a borehole with time after
drilling. Fig. 17 demonstrates the period of borehole collapse using
a drilling fluid with different initial densities and then changing to
the same density after drilling.

When the initial density of the drilling fluid is low, the
maximum failure ratio rapidly rises with drilling time, even if the



Fig. 10. Permeability coefficients of the formation around the borehole after drilling with drilling fluids of different densities.

Fig. 11. Variation in the permeability coefficients at different orientations on the
wellbore wall when different drilling fluid densities are used.

Fig. 12. The influence of mud densities on the permeability coefficients of the for-
mation around the borehole at the orientation with the minimum horizontal in situ
stress.
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Fig. 13. Variation in the failure ratio around the borehole with drilling time.
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drilling fluid is changed to a high-density drilling fluid after drilling.
A lower initial drilling fluid density corresponds to a larger increase
in the amplitude of the failure ratio and a shorter period of borehole
collapse. For instance, when the drilling fluidwith a density of 1.5 g/
cm3 is utilized in a later stage, if the initial density is smaller than
1.2 g/cm3, the borehole collapses within five days, but the borehole
can be stabilized for 16 days when the initial density is 1.3 g/cm3,
which is basically the same as the period of borehole collapse under
the condition of drilling with a drilling fluid with a density of 1.4 g/
cm3 at all times, indicating that drilling fluids with densities of 1.4
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and 1.5 g/cm3 play the same role in stabilizing the borehole wall for
a long period under these conditions. The main reason is that
serious stress damage has occurred in the borehole wall when
drilling fluid with a low density is used for drilling and the effect of
the damage cannot be recovered. The damaged shale interacts with
the drilling fluid, thereby substantially reducing the strength of the
formation, and has little effect on whether the density of the dril-
ling fluid is increased after drilling. Therefore, if the initial density
of the drilling fluid is too low, it is difficult to maintain long-term
stability of the borehole even though the drilling fluid is changed



Fig. 14. Variation in the maximum failure ratio with drilling time and drilling fluid
density.

Fig. 15. Variation in the period of borehole collapse with drilling fluid density.

Fig. 17. Variation in the borehole stability cycle with different initial drilling fluid
densities when the final density is the same.
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to a high-density drilling fluid after drilling.
This conclusion is consistent with the actual drilling conditions

of hard-brittle shale in some oilfields, such as the Shahejie For-
mation in the Bohai Oilfield, China. A well in this oil field used a
drilling fluid with a density of 1.22 g/cm3 for drilling when the
Shahejie Formation was had just been drilled. Later, due to collapse
of the wellbore, the drilling fluid density was continuously
increased to 1.45 g/cm3, but damage had already occurred in the
Fig. 16. Variation in the maximum failure ratio with different initial d
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wellbore at this time. By increasing the drilling fluid density,
although the borehole instability was suppressed in the short term,
it quickly increased. When an adjacent well was drilled in the
Shahejie Formation, 1.38 g/cm3 drilling fluid was used, and then the
drilling fluid density was quickly increased to 1.42 g/cm3 and then
to 1.45 g/cm3. This well is relatively smooth throughout the drilling
process, with almost no borehole instability.

Borehole instability of hard-brittle shale results from the inter-
action of stress damage and drilling fluid. Therefore, for hard-brittle
shale formations that easily suffer borehole instability, a complete
understanding of the mechanical characteristics of the formation
and accurate prediction of the period of borehole collapse under
different densities is required before practical drilling starts.
Moreover, in the initial stage of drilling, a drilling fluid with a
proper density should be used instead of increasing the density of
the drilling fluid only after the borehole collapses, which is favor-
able for maintaining long-term borehole stability, improving dril-
ling efficiency and maintaining safety in drilling.

7. Conclusions

(1) After drilling, although a borehole is stable, a certain area of
damaged zone can be found in the vicinity of the borehole
and is mainly concentrated in the formation near the bore-
hole at the orientation of the minimum horizontal in situ
stress.
rilling fluid densities (changed to the same density after drilling).
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(2) With increasing soaking time in the drilling fluid, the
strength of hard-brittle shale gradually decreases. Greater
stress damage corresponds to a larger decrease in the
amplitude of the strength of the shale after soaking. The
influence of the damage factor on the decrease in the
amplitude of the strength increases with increasing damage
factor. The uniaxial strength of cores that were not loaded
before soaking and loaded to 30%, 60%, 80%, 95% of the uni-
axial compressive strengthwas reduced by 12%,14%,18%, 29%
and 52%, respectively, after 7 days of soaking.

(3) The maximum failure ratio of a formation around a borehole
increases with increasing drilling time, and the borehole
stability gradually becomes poorer. Even if a borehole is
stable after a well is initially drilled, the borehole instability
is likely to appear after a certain period. A lower drilling fluid
density corresponds to faster increases in the failure ratio
with time and a shorter period of borehole collapse. The
drilling fluid has a critical density (1.3 g/cm3 in this paper).
When the drilling fluid density is lower than this critical
value, the borehole tends to be unstable after drilling as time
progresses, and any changes in the drilling fluid density have
small influences on improvements in borehole stability.
However, when the drilling fluid density is higher than the
critical value, the borehole stability increases substantially.

(4) When the density of the drilling fluid initially used is
extremely low, the formation around the borehole is sub-
jected to serious stress damage. Although the drilling fluid is
changed to a high-density drilling fluid after drilling, the
failure ratio rapidly increases with drilling time, thus
complicating the maintenance of long-term borehole sta-
bility. When a drilling fluid with a density of 1.5 g/cm3 is
utilized in a later stage, and if the initial density is smaller
than 1.2 g/cm3, the borehole collapses within 5 days, but the
borehole can be stabilized for 16 days when the initial den-
sity is 1.3 g/cm3, which is basically the same as the period of
borehole collapse under the condition of drilling with a
drilling fluid with a density of 1.4 g/cm3 at all times. While
drilling in hard-brittle shale formations, a proper initial
density of the drilling fluid should be used rather than
increasing the density of the drilling fluid only after the
borehole collapses, which is beneficial to stabilization of the
borehole for a long time.

(5) Borehole instability of hard-brittle shale results from
reduced strength of a formation because drilling fluid in-
filtrates the interior after microcracks are generated in the
formation around the borehole due to the stress damage
caused by the concentration of stress in drilling. Any mea-
sures that can reduce the damage degree of a formation
around a borehole and the influences of drilling fluid on
microcracks are favorable for long-term borehole stability.
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