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During oil and gas exploitation, wellbore stability has always been the focus of many scholars. Instability of wellbore will lead to
washouts, breakout, stuck pipe, mud loss, and so on, even the abandon of the well. Shale rock is widely distributed in nature and
must be taken into account in some rock engineering applications. In order to evaluate the strength anisotropy and the influence
of moisture content of the wellbore integrity, the LMX outcrops are divided into three groups to carry out triaxial strength
experiment. Based on the fitting method of collaborative search, the strength parameters of different moisture contents are
determined; then, the effect of strength anisotropy and the moisture content of the LMX reservoir on wellbore collapse
pressure and wellbore integrity are investigated. The results show that shale strength, especially cohesion, is more sensitive to
the influence of water. With the increase of water content, the inclination angle of the minimum value obtained by shale
strength is deviated to the left, and the collapse pressure and instability area increase significantly. At the same time, it is
necessary to adjust the direction of borehole drilling to avoid the occurrence of the zone of bedding slip instability in the
direction of the minimum in situ stress, and the inversion of in situ stress should be corrected by considering the effect of
bedding on the location of the maximum in situ stress. The study on the effects of bedding and water content on the
instability zone can provide suggestions and guidance for the optimization of borehole trajectory, the control of bottom hole

safety pressure, the inversion of in situ stress, and the drilling and completion of wells.

1. Introduction

Shale gas is an unconventional resource. The Silurian Longmaxi
Formation shale in Sichuan Basin has a thickness of 65 m~516 m,
which is an ideal horizon for exploration and development [1-3].
However, previous drilling experience and related research have
found that the drilling complex conditions such as block drop,
stuck, and collapse are frequent, leading to huge economic losses.
Shale formation instability is an important issue to be considered
in drilling operations [4, 5]. Therefore, it is necessary to explore
the anisotropic strength and wellbore instability mechanism on
the basis of laboratory experimental research and theoretical
analysis.

Drilling workers at home and abroad have carried out a
lot of research on wellbore stability in drilling, which can be
divided into two aspects: stress distribution in near-wellbore

zone and strength criterion of rock around the well. In order
to evaluate the stress concentration state around the well
after drilling, Westergaard [6] first gave an elastic-plastic
stress distribution model around the well, but it required
many parameters and was difficult to obtain. Therefore, the
linear elastic borehole stress model with few demand param-
eters and convenient testing is widely used. Kirsch [7] first
gave the linear elastic borehole stress model, but it is only
applicable when the borehole points to the direction of the
main in-situ stress. Fairhust [8] obtained for the first time
a linear elastic borehole stress model for any well. Sedimen-
tary rock can be considered transversely isotropic materials,
the linear elastic parameters in vertical and parallel bedding
direction significant difference, but the study shows that
compared with the stress and the intensity, elastic aniso-
tropic effect on borehole wall safe density window is very
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limited [9-12], and the transverse isotropic well circumfer-
ential stress model only explains the sidewall of stress distri-
bution. Therefore, this paper studies wellbore integrity based
on the homogeneous linear elastic borehole stress model.
The difference of strength with the change of the angle
between bedding and load is a remarkable feature of shale
research that is different from conventional reservoir
research [13, 14]. Jaeger [15] proposed a weak plane strength
theory for the first time based on MC strength theory and
divided the failure of shale into two shear failure modes:
body and weak plane, which can well explain the anisotropy
of shale strength. It is widely used in borehole stability anal-
ysis. At present, direct shear experiments along the bedding
plane or triaxial experiments of shale with an angle of 60°
between normal and axial loads under different confining
pressures are mostly used to obtain cohesion force and inter-
nal friction angle of the bedding plane [16-20]. However, the
direct shear experiment only measured the cohesion force
and internal friction angle of the bedding plane, and based
on the shear experiment which was different from the failure
mechanism of triaxial compression, the triaxial mechanical
experiment assumed that the shale shear failure along the
bedding plane with a bedding inclination of 60°, both of
which failed to reflect the influence of bedding inclination
on the continuous change of rock strength [21-24]. In addi-
tion, shale is characterized by fine layered structure, natural
fractures, low permeability, and strong cation exchange
capacity [25], which is sensitive to water-based mud, leading
to serious wellbore instability. Therefore, oil-based mud is
widely used, but the price of oil-based mud is high and it
does great harm to the environment. When water-based
drilling fluid is used to drill in shale formation, the influence
of water on shale structure and mechanics must be mastered
[26-28].

In order to study the influence of water content and
bedding structure of shale on borehole stability, uniaxial
and triaxial strength experiments were carried out on
LMX shale with different confining pressures, inclination
angle, and water content. The minimum root mean square
error was used to fit all failure strength data. Based on the
laboratory experimental parameters, a homogeneous linear
elastic borehole stress model was adopted. The influence
of water content and strength anisotropy on the instability
area around shale wells is studied, and the borehole tra-
jectory is optimized. The research results can provide sug-
gestions for the use of water-based drilling fluid in shale
gas wells and improve the actual drilling efficiency in
the field.

2. Effect of Water Content on Shale Strength

2.1. Preparation and Experiment of Rock Samples. In general,
shale has a certain degree of anisotropy and is isotropic in
the direction of parallel planes but has different elastic char-
acteristics in the vertical plane. When the shear failure
occurs in the bedding plane, the strength of shale is signifi-
cantly reduced, but when the shear failure occurs across
the bedding plane, the strength increases [29, 30]. Figure 1
shows the schematic diagram of the relative angle between
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FIGURE 1: Schematic showing orientation of near-wellbore stress

concentrations for horizontal well with respect to bedding
orientations in layered formation [1].

the principal stress around the well and the normal relative
angle of the surrounding rock. It can be seen that the angle
between the principal stress around the well and the sur-
rounding rock changes continuously from 0° to 90° along
the well perimeter angle. Therefore, the collapse pressure at
each point around the well is not only related to the well
perimeter angle but also related to the strength of the stra-
tum rock at the point.

A total of 84 standard shale samples with bedding
inclination angle from 0° to 90° were drilled from the
same rock mass taken from this formation, and the pro-
cessing accuracy of rock samples met the requirement of
“the maximum error of end surface roughness shall not
exceed 0.02mm, and the side roughness shall not exceed
0.3mm” [31, 32]. The 84 samples were randomly divided
into three groups, each containing the same number of
cores with different bedding inclinations. After drying the
cores, the samples of the second and third groups were
placed in clean water at the same time, and the water-
filling process was strictly according to the standard (ID:
DZ/T0276.5-2015), take out the second group of samples
after soaking for 24h, and take out the third group of
samples after soaking for 24h. The moisture content of
the three groups of samples after saturated experiment is
shown in Figure 2.

The water content of shale samples after soaking for
24h and 48h is 0.594-0.738% and 0.909%-1.127%, respec-
tively. Differences in moisture in the same set of samples
may be due to different bedding orientations; further
details of preparation and testing procedures are provided
in reference 33, 34. After the water-saturation test, uniaxial
and triaxial strength tests were carried out on the three
groups of rock samples, respectively. The stress applied
process was displacement loading, and the quasistatic
loading state was maintained. The samples all failed within
5-15min [35, 36].

2.2. Jaeger’s Plane of Weakness Model. Most sedimentary
rocks have anisotropic characteristics due to their special
diagenetic processes, especially shale, which is more obvi-
ous. A lot of studies have been carried out on the aniso-
tropic strength characteristics of shale, and a variety of
prediction models have been established, but the same
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FIGURE 2: Moisture content of three groups of shales after different
water absorption times [1].

evaluation method has not been formed so far. According
to different classification criteria, it can be seen that the
existing anisotropic strength criteria can be divided into
different types, such as theoretical model and empirical
relationship model according to the existence of theoreti-
cal basis. According to its envelope trend can be divided
into shoulder type, U type, and wave type. According to
its failure mode, it can be divided into continuous type
and discontinuous type. The failure modes of stratified
shale are divided into bulk shear failure and weak plane
shear failure. Therefore, many scholars believe that the
discontinuity criterion has clear physical significance and
can better explain the instability mechanism of aniso-
tropic rock. The weak surface criterion proposed by
Zhang et al. [14] has been proved to conform to the
anisotropic strength characteristics of most shale gas res-
ervoirs in the world [23]. The physical concepts of cohe-
sion and internal friction angle in the criterion are clear
and mature in application in the petroleum industry.
Therefore, this criterion is selected to fit the experimental
data in this paper. The failure discriminant of body and
bedding plane in Jaeger’s weak surface criterion is shown
as follows:

0,-05=2(S, + 05 tan ¢,) (\/1 +tan?¢_ + tan ¢O>, (1)
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In which, o, and o0, are maximum principal stress
and minimum principal stress, respectively, MPa; S, and
Spp are cohesion of shale rock matrix and bedding plane,
MPa; ¢, and ¢, are internal friction angle of shale rock
matrix and bedding plane, deg; and S is the angle
between the maximum principal stress and the normal
direction of the weak plane, deg; as shown in Figure 1.
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FIGURE 3: Jaeger’ plane of weakness model failure envelops [24].

By analyzing Equations (1) and (2), it can be concluded
that
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where o, and 7,, are the maximum normal stress and
maximum shear stress, respectively, MPa; obviously, when
B, is infinitely close to the internal friction angle ¢, or f3,

is infinitely close to 90°, the core strength predicted by Equa-
tion (2) approaches infinity, as shown in Figure 3, according
to Equation (3), when the minimum value of the available
strength is obtained, the corresponding bedding angle is

B _M:4SO+%. (4)

min 2

2.3. Strength Parameter Fitting. In order to predict the aniso-
tropic strength of rock accurately, the strength parameters in
the model must be determined by fitting the anisotropic failure
experiment data accurately. In this paper, the minimum root
mean square error is used, as shown in Equation (5), to get
the optimal parameter [23]. The method can simultaneously
determine the four strength parameters of the Jaeger weak sur-
face criterion. First, the initial values of the undetermined
parameters are given, and the cohesion force and internal fric-
tion angle of the body and the weak surface are set to vary
within a wide range to ensure that the real values are within
the range. When the RMSE of the predicted strength and lab-
oratory strength data reaches the minimum value, the value
at this time is the real core strength parameter. In the calcu-
lation process, the search accuracy can be increased appro-
priately to save the calculation time, and then, the search
range is gradually reduced and the search accuracy is refined.
After four or five cycles of solving, the intensity parameters
with high accuracy are obtained [37, 38].
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In which, N is the number of experimental samples, o
is the tested strength of rock sample i, MPa; and o



the predicted strength of rock sample i, MPa. This method
can obtain the cohesive force and internal friction angle
which can best represent the failure strength of all confining
pressures and dip samples and avoid the error caused by
direct shear test or triaxial compression test with specific
dip core. Taking the fitting of the strength data of rock sam-
ples soaked for 48 hours as an example, the cyclic iterative
process of refining the search range of the four undeter-
mined parameters in Jaeger’s plane of weakness model is
shown in Table 1.

As can be seen from Table 1, after three times of refinement
of the search range, the accuracy of the intensity parameter can
be improved to within 5%, and RMSE basically remains
unchanged. The experimental strength data of LMX shale sam-
ples with different water contents is plotted in Figure 4, together
with the predicted strength envelope of Jaeger’s plane of weak-
ness model. The strength of the shale rock increases with the
increase of confining pressure and the decrease of water con-
tent. In addition, it decreases first with the increase of bedding
dip angle, reaches the minimum value when the bedding incli-
nation angle reaches 60°, and then increases gradually. Further-
more, it can be found that the strength of the vertical bedding
plane (3 = 0°) is greater than that of the parallel bedding plane
(B =90°). It is observed that the tensile cracks along the bedding
plane appear in the core of the parallel bedding plane during the
compression process, and the tensile strength of the rock is
much smaller than the compressive strength, which is the main
reason for the occurrence of this phenomenon. The MC crite-
rion does not fully explain this characteristic of rock material,
so Jaeger’s plane of weakness model established based on the
concept of cohesion and internal friction angle fails to distin-
guish the difference of shale strength parallel to the vertical bed-
ding plane, but this criterion can reveal the variation trend of
sample strength in the range of 3,~f, accurately. Many studies
have proved that this criterion has high accuracy in predicting
the rock strength of most shale gas reservoirs in the world,
and its application is mature in the petroleum industry. There-
fore, this criterion is used as the judgment basis for wellbore
integrity in this paper.

By analyzing the influence of water content on strength,
it can be seen that the cohesion and internal friction angle of
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rock matrix are reduced in a small range, while the cohesion
and internal friction angle of the bedding plane are signifi-
cantly weakened; besides, the cohesion is more sensitive to
the influence of water. The structure of shale rock matrix is
compact and its permeability is very low, so it is difficult
for water to enter the rock matrix; as a result, the cohesion
and internal friction angle of the rock matrix have no obvi-
ous change with the increase of water content. However,
microcracks develop in the bedding surface, which form a
channel for water. Meanwhile, rich clay minerals develop
in the bedding plane, which would soften, expand, and react
with water, and then, the cohesion and internal friction
angle are weakened. The analysis of the strength envelope
of Jaeger’s plane of weakness model also shows that, with
the increase of water content, the position where the
strength reaches the lowest point gradually shifts to the left.
If only the strength of rock sample with 8 = 60" is tested, the
strength of the shale rock with different bedding dips will be
overestimated, which will lead to the frequent occurrence of
complex situations in drilling engineering.

The failure of anisotropic shale not only depends on the
hydrostatic environment and loading direction but also
depends on the water content. The water evaporation of
cored rock will lead to the increase of shale strength. Influ-
ence of these factors should be considered in the analysis
of engineering application.

3. Wellbore Stability Prediction Model

After the formation is drilled, the in situ stress is redistributed
around the borehole, and the drilling fluid column pressure
replaces the drilled rock to support the borehole wall, and the
stress balance is reached again. In order to obtain the distribution
of the stress around the borehole, the ground stress should be first
converted to geodetic coordinates and then from geodetic coor-
dinates to borehole cartesian coordinate system. Finally, the
borehole stress distribution model in polar coordinates is
obtained [10]. Under the plane strain condition, the stress com-
ponent around the well in borehole polar coordinate system [10]
is shown in

_(owtay) (1, (0x=0y) Mo 37w Mo, 3Tw) Mo
0,= 3 l—r— o 1—4r—z+3ﬁ cos 20 +1,, 1—4r—z+3r—4 sm29+Pwﬁ—och,
_ (Out0y) o) _ (9-0y) Tw b ) "o
0g= 5 1+r_ B 1+3r_4 cos 20 + 7, 1+3r_4 sm26—Pwy—2—(xPP,
) 2
0,=0,-2v(0,~0,,) r—';’ cos 20 — 4vrxyr—’§ sin 20 —aP,,
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TaBLE 1: Example of Iterative process for Jaeger’s plane of weakness model.
Undetermined parameters RMSE
Procedure  So fo Sop Jfop Calculation accuracy (i=1:1:20) (MPa)
(MPa) (deg) (MPa) (deg)
1 41 40 28 27 So=4"(i) + 5, fo=2"(i) + 10, pr:4*(i),fbpz2*(i) +5 30.5819
2 42 39 295 268 So=0.5"(i) + 36.5,fo = 0.5 (i) + 35.5, Spp = 0.5" (i) + 23'5’fbp =0.2"(i) +24.8 30.2728
3 416 392 2945 26.85 So=0.05"(i)+41.45,fo=0.05" (i) + 38.45, Spp = 0.05" (i) + 28.95,fbP =0.05"(i) +26.25 30.2708
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FIGURE 4: Experimental data with different moisture content fit by plane of weakness model.

where r,, is the wellbore radius, mm; r is the distance
between a point in the formation and the axis of the well-
bore, mm; 0 is the wellbore circumference angle, ie., the
angle with the axis X in the clockwise direction, °; and P,,
and P,, are the wellbore fluid column pressure and formation
pore pressure, respectively, MPa.

Different from the isotropic strength model, shale aniso-
tropic strength criterion in addition to the strength parame-
ters and confining pressure, also associated with variable
bedding angle, should be determined in the borehole wall
stability analysis well weeks each point of maximum princi-
pal stress and the stratification plane to the angle, but the
determination of the maximum principal stress direction
well weeks is not intuitive, in the process of solving the well-
bore collapse pressure. The minimum principal stress
around the well is the bottom hole fluid column pressure
or radial stress, which is easier to obtain in the geodetic coor-

dinate system. As shown in Figure 1, the angle between the
minimum principal stress around the well and the normal
of the bedding plane can be obtained, and the former is com-
plementary to the angle. After obtaining the direction vec-
tors of normal bedding plane and radial stress around well
in geodetic coordinates, the angle between them can be
obtained.

The occurrence of the bedding plane in the geodetic
coordinate system is shown in Figure 5, and &, and 8, are
dipping direction and dipping angle of bedding plane,
respectively, deg; the axis Zy,, are the normal direction of

bedding plane. After mathematical derivation, the normal
vector of bedding plane can be expressed as

n = |Ccos a, sin Py, sin oy, sin B, cos B |

(7)
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FIGURE 6: Reference coordinate systems of BPCS and GCS.

As shown in Figure 6, the minimum principal stress at a
point around the borehole wall is radial stress o,; the axis Xy
of the borehole rectangular coordinate system rotates by a
certain angle with Z, as the rotation axis, which is the direc-
tion of the minimum principal stress. The coordinate trans-
formation process from the axis X, to the direction of
minimum principal stress is shown in

cos@ sinf 0 cos ay, cos P cos 0+ sin oy, cos B, sin 6

- N
N=|-sinf cos@ 0| X, = |-cosaycos B sin 0 +sin oy, cos B cos O | .

0 0 1 —sin f3,

(8)

In which, the vector direction of axis X, is expressed as
follows:

X—b> = [cos ay, cos B, sin ay, cos B, ,— sin S ]. (9)

The sine of the normal vector of the bedding plane and
the minimum principal stress vector around the well is the
angle between the normal of the bedding plane and the max-
imum principal stress direction,

.
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Since the strength model is usually expressed in the form
of principal stress, the principal stress around the well can be
obtained by substituting the stress component around the
well into

og+0 (09 +0,)* +41}
T12= =K 22 %, (11)
o;=0,.

By substituting Equations (10) and (11) into Jaeger’s
plane of weakness model, the stable state of each point
around the well can be judged. Considering the periodicity
and symmetry of the circular angle, its value range was set
as 0° to 180" in the subsequent analysis, with a given incre-
ment of 2°. The variation range of hole inclination angle
was set to be 0°~90” with an interval of 5°. The variation
range of hole azimuth was set to be 0°~360" with an interval
of 10°. The collapse pressure at borehole wall for the well
with arbitrary trajectory (e, 8,) can be obtained by setting
r=r, through Newton iteration algorithm. If r > r,, is set,
the stability of wellbore surrounding rock at the position r
away from the axis of borehole can be judged.

4. Study on Characteristics of
Wellbore Instability

4.1. Effect of Moisture Content on Unstable Region. Taking
the shale of Lower Silurian LMX Formation in CN block,
Sichuan Basin as an example, the wellbore stability is ana-
lyzed. In the CN block, the vertical crustal stress is
136.4 MPa, the maximum horizontal crustal stress is
155.0MPa, the minimum horizontal crustal stress is
117.8 MPa, and the formation pressure is 82.5MPa. The in
situ stress is a typical strike-slip mechanism. Biot effective
stress coefficient is 0.8, and the dipping direction of bedding
plane is N150°E; that is, along the horizontal direction of
maximum in-situ stress, the dipping angle of bedding plane
is 1.2°. The practice has proved that the wellbore instability
accident does not necessarily occur after the shear failure
of the rock around the well. However, the study on the dril-
ling fluid density to maintain the wellbore stability and the
instability area around the well is still rare when the shear
caving of the rock around the well is allowed within a certain
range. In addition, a large number of directional microcracks
develop along the bedding plane of shale, and simply treat-
ing them as isotropic cannot describe the actual problem.
It has also been proved in practical drilling projects that
the collapse pressure of shale borehole wall predicted by
conventional models causes serious borehole expansion phe-
nomenon. Therefore, how to obtain the influence of strength
anisotropy on the stability of rock around the well and how
to obtain the instability region around the well and optimize
the well trajectory according to the method needs to be
solved urgently.

The horizontal well drilling along the maximum hori-
zontal principal stress in the CN block is analyzed. Assum-
ing that the bottom hole pressure is 63.0MPa, the
instability region around the well with different water
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(a) The dry core (b) The core is soaked for 24 h

(c) The core is soaked for 48 h

FIGURE 7: Polar plots of shale gas well collapse pressure under different moisture contents.

(a) Laboratory tests of wellbore instability in shale (b) Laboratory tests of wellbore instability in shale
formations conducted by @kland and Cook [31] formations conducted by Bautmans et al. [32]

FiGure 8: Collapse mechanism in a thick-walled cylinder test performed with well oriented parallel to bedding.
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contents is shown in Figure 7. It can be seen that after con-
sidering the influence of the weak plane, the predicted well-
bore shape becomes “quadrilateral.” The instability region is
not only concentrated in the direction of the minimum prin-
cipal stress but also distributed on the left and right sides of
the wellbore. With the increase of water content, the insta-
bility region gradually increases, which shows that with the
extension of the contact time between the formation and
drilling fluid, the water content gradually increases; espe-
cially in the late drilling stage, the risk of wellbore instability
will increase significantly. It is necessary to strengthen the
plugging characteristics of drilling fluid, slow down the
intrusion of fluid into the bedding surface, and prevent the
accumulation of caving cuttings at the bottom of the well
by increasing the displacement.

4.2. Influence of Bedding Occurrence on Wellbore Collapse
Orientation. @kland and Cook [31] and Bautmans et al.
[32] had carried out the shale formations such as horizontal
well instability condition of indoor simulation test, as shown
in Figure 8, in the drilling process of the bedding plane
developed shale formation, instability of regional distribu-
tion in wellbore at both ends up and down, and the well sur-
rounding rock mainly occurred along the bedding surface
caving. In view of this phenomenon, the author uses the
model established in this paper to study the instability region
of horizontal wells drilled in shale formations with different
bedding inclination angles.

It is assumed that a well in the CN block is drilled with
maximum in situ stress, and the mud pressure at the bottom
of the well is 63.00 MPa. The shale strength parameters are
shown in Figure 4(c), and only the bedding plane inclination
angle is changed. When the inclination angle is 0°, 30°, and
60°, the collapse pressure at the borehole wall and the insta-
bility region around the well in the range of r,, ~2r, are
shown in Figure 9. It can be seen that with the increase of
bedding plane inclination angle, the collapse pressure of
shale body remains unchanged on the borehole wall and
reaches the maximum value at the borehole circumference
angle of 90°, and the maximum instability region occurs in
the direction of the minimum principal stress. However,
the bottom hole pressure to maintain bedding plane stability
has changed greatly, and the maximum instability area
around the well and the horizontal maximum in situ stress
have gradually increased. When the bedding plane dip angle
is 30°, the sliding instability area caused by the weak plane
and the shear failure instability area of the rock matrix are
superimposed together, resulting in the increase of wellbore
instability depth and further deterioration of wellbore stabil-
ity. It is necessary to adjust the wellbore trajectory in the
drilling process to avoid this situation.

In isotropic formation, wellbore collapse occurs in the
direction of minimum in situ stress, but in stratified shale
formation, the location of caving changes due to the anisot-
ropy of rock strength around the well. If the strength anisot-
ropy is not considered, the inversion of in situ stress based
on the caving location of the shaft wall will have serious
deviation. According to the three situations in Figure 9, it
can be found that the direction of failure region for the well

drilled along the direction of the horizontal maximum in
situ stress is in the point 6=, + 8. There is a certain

angle between the maximum caving position and the direc-
tion of the minimum principal stress around the wellbore
obtained by the wellbore instability region model consider-
ing the influence of weak plane [14]. According to this phe-
nomenon, the inversion results of in-situ stress of shale
reservoir can be corrected.

min”*

5. Conclusions

Through the above research, the following can be found:

(1) The strength parameters of shale bedding surface,
especially cohesion, are more sensitive to the influ-
ence of water, while the shale body structure is com-
pact and the permeability of water is weak, so its
strength is less affected by water. The increase of
water content will also lead to a shift of the bedding
inclination angle to the left when the shale strength
reaches the lowest value. The anisotropy of shale
strength is controlled by confining pressure, bedding
inclination angle, and water content

(2) Due to abundant bedding planes developed in shale,
it is easy to form a “quadrilateral” well after drilling.
The instability area is not only concentrated in the
direction of the minimum principal stress but also
distributed on the left and right sides of the well

(3) The position and depth of the maximum instability
zone also change with the increase of the inclination
angle of the bedding, and the superposition of the
bedding sliding instability zone and the bulk shear
instability zone will further deteriorate the wellbore
stability. Therefore, the zone of bedding instability
should be prevented from occurring in the direction
of the horizontal minimum principal stress
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