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Abstract: It is well known that the effect of shale hydration causes wellbore instability due to
water phase invasion of drilling fluid to lamellar shale rich formations. This is because of that the
mechanical properties (compressive strength, elastic modulus, etc.) of lamellar shale surrounding
the borehole, which is rich in clay minerals, will decrease significantly after hydration. In this study,
using the lamellar shale in the continental stratum of the southern Ordos Basin, the mechanical
properties of lamellar shale were studied by compression tests considering the effect of lamellar
structure and hydration from a macroscopic point of view. In addition, the mechanical mechanism
was discussed combined with the CT scanning tests results from a microscopic point of view. The
results demonstrate the following points. Lamellar shale has stronger anisotropy than bedding shale,
the compressive strength (deviatoric stress) and elastic modulus of lamellar shale are both lower than
those of bedding shale, and it is more prone to tension fracture. With the increase in the angle (β)
between the lamina and the axial direction from 0◦ to 90◦, the compressive strength of lamellar shale
decreases when β < 30◦ and then increases, the elastic modulus of lamellar shale decreases greatly
when β < 30◦ and then tends to flatten. With the increase in hydration time, the compressive strength
and elastic modulus of lamellar shale both gradually decrease, and the rates of their decrements
reduce. The mechanical properties of lamellar shale are more affected by hydration than those of
bedding shale. The hydration of lamellar shale leads to the formation of new fractures and the
expansion of existing fractures in the junction area between the laminae and rock matrix, resulting in
easy tension fracture along the laminae of shale.

Keywords: lamellar shale; mechanical properties; anisotropy; hydration; failure characteristics

1. Introduction

With the advancement of shale oil exploration and development technology, exploiting
huge shale oil resources has gradually become viable, and the shale oil resources have
already played an important role in many countries [1–6]. The continental shale is generally
mixed up with silty, tuffaceous or argillaceous minerals, presenting a horizontal lamellar
structure with dark and light colors [7]. Affected by this lamellar structure, the mechanical
properties and hydration mechanism of lamellar shale in the continental formation are
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significantly different from those of bedding shale. As a result, the existing borehole stability
calculation methods and anti-collapse technical measures for bedding shale formation are
difficult to adapt to deal with the borehole instability problem of the lamellar shale oil
reservoir. Therefore, it is important to understand the hydration–mechanical properties
and micro-instability mechanism of lamellar shale, to provide a basis for the study of the
borehole stability prediction technology of lamellar shale reservoir.

There are obvious bedding planes in shale, and the weak bedding planes lead to
the shale forming significant transverse isotropic characteristic [8–10]. This characteristic
causes the direction of stress loading on the shale bedding to have a significant impact on
the failure of shale. For example, when the stress is parallel to the shale bedding plane, the
shale forms local shear failures or tension fractures that are parallel to the bedding plane;
when the stress is perpendicular to the bedding plane, only local shear failure occurs [11,12].
Therefore, the strength, elastic characteristics, crack propagation and corresponding strain
of shale all vary with the angle of stress and the bedding plane (β) [13,14]. Singh et al. [15]
summarized previous data and found that when β = 30◦, the compressive strength of shale
is lowest, whereas when β = 90◦, the compressive strength is highest, forming a “U” shape
between compressive strength and β [9]. In addition, the shear failure caused by wellbore
pressure relief and the fracture extension in reservoir fracturing are all affected by bedding
planes, complex natural pores and fractures, showing the anisotropic failure characteristics
of shale formation [16–18]. As mentioned above, although many achievements have been
made in the anisotropic characteristics of shale, there are few reports on lamellar shale.

Because shale is generally rich in clay minerals, the mechanical properties of shale
are significantly affected by water intrusion [19]. Liang et al. [20,21] believe that surface
hydration occurs on the particles of clay minerals; these minerals then exhibit hydration
swelling, which generates a swelling stress. Lyu et al. [22] and Minaeian et al. [23] found
that the strength, Young’s modulus and brittleness index of shale gradually decrease with
the increase in water content. Therefore, Shi et al. [24] believe that secondary fracture failure
caused by self-absorption is one of the main reasons for wellbore instability in hard and
brittle shale formations. Thus far, many mechanics–chemistries coupling methods have
been established to study the borehole stability of the shale reservoir [25–27]. For example,
Ma and Chen [28] established a qualitative description method for shale hydration damage
based on CT scanning data of shale to analyze shale borehole stability. Chen et al. [29]
found that the number of weak shale planes, the difference in the occurrence of weak
shale planes and different water saturations have a significant impact on wellbore stability
while drilling through shale formation. Regarding shale hydration mechanics and wellbore
stability research, currently, there are also few reports on lamellar shale.

In summary, at present, there are relatively few studies on the anisotropic and hy-
dration characteristics of lamellar shale. Therefore, using the lamellar shale in Chang 73
Submember (third Submember of the Triassic Chang 7 Member), Yanchang Formation of
Upper Triassic, southern Ordos Basin, uniaxial and triaxial compression tests and CT scan-
ning experiments were conducted to study the mechanical properties and microstructure
characteristics of lamellar shale affected by hydration. This can guide the study of borehole
instability mechanisms and borehole stability analysis of lamellar shale formation during
drilling operations using water-based drilling fluid.

2. Samples and Methods
2.1. Samples

The samples collected from the Chang 73 Submember, Yanchang Formation southern of
Upper Triassic, southern Ordos Basin (Figure 1), and the sampling depth was 1400–1500 m.
Chang 73 Submember is mainly composed of black shale, with a small amount of mudstone
and siltstone. Its main mineral components are clay, quartz, potash feldspar, calcite,
plagioclase, dolomite and pyrite, among which the content of clay and quartz are relatively
high (Table 1).
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Figure 1. Geographical location characteristics of Ordos Basin and study area (modified from [30]).

Table 1. Mineral components of Chang 73 shale oil reservoir in Ordos.

Mineral Clay Quartz Potassium Feldspar Plagioclase Calcite Pyrite

Range (%) 9.4~47.2 23.9~56.5 0~32.4 0~18.2 0~14.6 0~22.6
Average value (%) 28.1 33.0 11.5 9.2 5.1 12.0

The lamellar shale (Figure 2a) is different from the bedding shale (Figure 2c) which is a
kind of rock with an obvious thin bedding structure dominated by clay minerals (kaolinite,
hydromica, etc.). The lamellar shale is mainly constituted by a black shale matrix and
siltstone, which form the alternate interlayer structure with various patterns and thickness.
The downhole full diameter core (Figure 2a,c) was drilled (diameter of the base = 25 mm,
height of cylinder = 50 mm) at different axial direction–lamina (bedding) angles (β) of 0◦, 30◦,
60◦ and 90◦, respectively, as shown in Figure 2b. The schematic diagram of sample drilling is
shown in Figure 2b. The number of samples taken from each angle of bedding shale was 3
(12 in total), and the number of samples taken from each angle of lamellar shale was 9 (36 in
total). All of those samples were used for the mechanical test and CT scanning test.

Figure 2. Lamellar shale sample preparation: (a) downhole full diameter lamellar shale sample with
diameter = 102 mm; (b) schematic diagram of sample drilling; (c) downhole full diameter bedding
shale sample with diameter = 102 mm.
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2.2. Experimental Procedure
2.2.1. Compression Experiments

Forty-eight shale samples were dried in a thermostatic drying oven at 85 ◦C for 24 h. In
order to study the difference in mechanical properties between bedding shale and lamellar
shale, 24 rock samples were selected for uniaxial mechanical tests. The 24 rock samples have
four axial direction–lamina (bedding) angles (β), each of which has three bedding shale
samples and three lamellar shale samples. First, according to the “Regulation for testing
the physical and mechanical properties of rock—Part 5: Test for determining the water
absorption of rock” (Chinese Standard, Standard ID: DZ/T 0276.5—2015), two samples
from each β of bedding shale and lamellar shale were hydrated in distilled water at 80 ◦C
for 24 h and 48 h, respectively. Then, the total of 24 samples after drying following the
24-h and 48-h hydration tests, were subjected to uniaxial compression test. The testing
method is according to the “Regulation for testing the physical and mechanical properties
of rock—Part 18: Test for determining the uniaxial compressive strength of rock” (Chinese
Standard, Standard ID: DZ/T 0276.18—2015).

In the remaining 24 lamellar shale samples after drying, two samples from each β
were taken for 24-h hydration test, and two samples from each β were taken for 48-h
hydration test. In this way, two sets of samples were obtained. One piece of a dry sample,
one piece of 24-h hydration sample and one piece of 48-h hydration sample under each
β in a set. To further explore the effect of hydration on mechanical properties of lamellar
shale, the two sets of samples were subjected to triaxial compression tests with confining
pressures of 15 MPa and 30 MPa, respectively. The testing method is according to the
“Regulation for testing the physical and mechanical properties of rock—Part 20: Test for
determining the strength of rock in triaxial compression” (Chinese Standard, Standard ID:
DZ/T 0276.20—2015).

The uniaxial compression tests and triaxial compression tests were all conducted using
a triaxial rock mechanics testing apparatus (RTR—1000, GCTS Ltd., Phoenix, AZ, USA).
The axial loading rate was 0.03 mm/min. This loading rate was determined according
to the strain control loading method in the two Chinese standards as mentioned above.
Compared with the stress control loading method [31], the strain control loading method
has an advantage that the stress–strain curve of residual stress stage can be easily obtained.
During the experiments, the axial stress, axial and radial deformation data of the sample
were recorded in real time. The calculation methods of the compressive strength (deviatoric
stress), Poisson’s ratio, elastic modulus and other mechanical parameters refer to the
literature [32]. The shale anisotropic magnitude is described by RC [33]:

Rc
σci(90)

σci(min)
(1)

where σci(90) is the uniaxial compressive strength of the sample for β = 90◦, and σci(min) is
the minimum value of σci obtained from oriented samples of uniaxial compression tests.

2.2.2. CT Scanning Experiment

To observe the internal microstructure of the lamellar shale samples under the dry
condition, after hydration, triaxial fracturing after hydration, and to analyse the damage of
the shale caused by the interaction of hydration, force and lamellar structure CT scanning
was performed.

Firstly, a dry sample for β = 0◦ was hydrated in 80 ◦C distilled water for 48 h, and
then triaxial tests were performed on the sample under confining pressure of 30 MPa. CT
tests were carried out on the conditions of this sample when it was dry, after hydration and
after triaxial compression. These experiments were conducted using the MICROXCT-400
three-dimensional reconstruction imaging X-ray microscope. The method of CT scanning
experiment is based on using X-rays to create a three-dimensional data set image of a sample
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by superimposing continuous two-dimensional cross-sections; in this case, the internal
pore and fracture structure information can be clearly and intuitively reflected [34,35].

3. Results and Analysis
3.1. Comparison of Mechanical Properties between Bedding Shale and Lamellar Shale

The uniaxial compression test results of the samples of lamellar shale and bedding
shale with different hydration times are shown in Table 2. The compressive strength
(deviatoric stress) and elastic modulus of bedding shale are greater than those of lamellar
shale under the same testing conditions. For example, for the samples with the same
axial direction—lamina (bedding) angle (β), the dry bedding shale samples has 30.2–50.7%
higher compressive strength and 34.1–50.2% higher elastic modulus than dry lamellar
shale samples. The anisotropic magnitude of the dry lamellar shale sample under uniaxial
conditions is 1.33 and that of the dry bedding shale sample is 1.15, which indicates that the
anisotropy of the lamellar shale is stronger than that of the bedding shale.

Table 2. Uniaxial compression test results.

No. Sample Types
Axial Direction and
Lamina (Bedding)

Angles (◦)

Compressive Strength (MPa) Elastic Modulus (GPa)

Dry
Samples

24-h Hydration
Samples

48-h Hydration
Samples

Dry 24-h Hydration
Samples

48-h Hydration
SamplesSamples

1

Bedding shale

0 116.18 102.63 97.43 16.51 15.46 14.69
2 30 107.33 96.56 92.95 12.55 11.44 10.73
3 60 119.45 109.21 103.54 12.12 11.19 10.03
4 90 123.54 113.71 110.21 11.83 10.76 9.88

1

Lamellar shale

0 83.49 76.94 73.18 12.31 10.91 9.72
2 30 71.21 61.17 57.34 9.07 8.11 7.65
3 60 83.12 73.41 69.97 8.79 7.74 6.96
4 90 94.91 81.14 78.13 8.47 7.32 6.84

The influence of hydration on the strength and elastic modulus of lamellar shale is
greater than that of bedding shale. For example, after 48-h hydration in distilled water, the
strength of lamellar shale for β = 30◦ decreases by 19.5%, while the strength of bedding shale
for β = 30◦ decreases by 13.40%. The elastic modulus of lamellar shale for β = 30◦ decreased
by 15.66%, and the elastic modulus of bedding shale for β = 30◦ decreased by 14.50%.

3.2. Anisotropic Mechanical Properties of Lamellar Shale

Figure 3 shows the complete stress–strain curves of the dry samples of lamellar shale
and bedding shale [32]. The complete stress–strain curves of dry lamellar shale samples
are obtained by testing the samples for β = 0◦, 30◦, 60◦ and 90◦, respectively, under
confining pressure of 15 MPa. The complete stress–strain curves of dry bedding shale
samples are obtained by testing the samples for β = 0◦, 30◦, 45◦, 60◦ and 90◦, respectively,
under confining pressure of 10 MPa. The complete stress–strain curves of both lamellar
shale (Figure 3a) and bedding shale (Figure 3b) present a significant elastic deformation
characteristic with a long elastic strain increment. Their differences are mainly manifested
in: (1) The compaction stage of bedding shale is not obvious, while the compaction stage
of lamellar shale is significant, especially for the sample with β = 90◦. This may be due to
the fact that more fractures and larger interfaces near the rock matrix and clay minerals
in the lamina can lead to a significant micro-fracture closure process in the early loading
stage. (2) The residual stress of the lamellar shale after the failure decreases slower with the
increase in strain compared with that of the bedding shale.
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Figure 3. Complete stress−strain curves of the dry samples of (a) lamellar shale and (b) bedding
shale [32].

Comparing the complete stress–strain curves of the lamellar shale samples for each
β, it is found that the compaction stage is more obvious and the elastic deformation stage
is shorter when β is closer to 30◦. For example, when β = 30◦, the axial strain increments
in the compaction stage and the elastic deformation stage are 0.26% and 0.69%, respectively;
when β = 0◦, the axial strain increments in the compaction stage and the elastic deformation
stage are 0.17% and 0.87%, respectively. This indicates that lamellar shale would be more
like elastic and brittle rock while β is closer to 0◦ or 90◦, and would be more like plastic rock
when β is closer to 30◦. This may be due to the fact that while β is closer to 30◦, shear failure
would be more likely in the clay minerals lamella. In this case, the rock would present a plastic
deformation because of that the deformation and failure of the lamina mainly show plastic
characteristics due to that it is mainly composed of silty, tuffaceous or argillaceous minerals.

Figure 4 shows the change curves of the compressive strengths (deviatoric stresses) of
dry shale samples with various β. From Figure 4, it can easily be seen that the confining
pressure has a great influence on the compressive strength of lamellar shale, showing that
the greater the confining pressure is, the higher the compressive strength will be. For
example, the compressive strength of the sample for β = 30◦ under the confining pressure
of 30 MPa increases by 31.5% compared with the compressive strength (83.44 MPa) of the
sample under the confining pressure of 15 MPa. In addition, the compressive strength of
lamellar shale decreases when β < 30◦ and then increases with the increasing β, showing a
“U” shape relationship between compressive strength and β, which is the same as the result
of bedding shale [32]. Moreover, the anisotropic magnitude of the lamellar shale sample
is 1.65 under the confining pressure of 15 MPa, and the value is 1.45 under the confining
pressure of 30 MPa, indicating that confining pressure would reduce the anisotropy of
lamellar shale, which also shows the same result as that of bedding shale [32].
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Figure 4. Changes in compressive strength (deviatoric stress) of dry shale with various axial
direction—lamina angles (β).

Figure 5 shows the variation curves of the elastic modulus and Poisson’s ratio of dry
lamellar shale samples with various β. It can be seen from Figure 5 that the elastic modulus
of the lamellar shale sample increases with the increase in confining pressure (Figure 5a).
For example, the elastic modulus of the sample for β = 30◦ increases by 15.7% under
the confining pressure of 30 MPa compared with that of the sample under the confining
pressure of 15 MPa. With the increase in β from 0◦ to 90◦, the elastic modulus of the lamellar
shale sample decreases sharply when β < 30◦, and then tends to flatten (Figure 5a). On the
other hand, the Poisson’s ratio of the lamellar shale sample decreases with the increase in
confining pressure. For example, the Poisson’s ratio of the sample for β = 30◦ under the
confining pressure of 30 MPa decreases by 6% compared with that of the sample under
the confining pressure of 15 MPa. In addition, under various confining pressures, with the
increase in β from 0◦ to 90◦, the Poisson’s ratio increases when β < 30◦ and then decreases
rapidly (Figure 5b). The maximum Poisson’s ratio appears for the sample with β = 30◦, and
the values are 0.17 and 0.16 for the samples tested under the confining pressure of 15 MPa
and 30 MPa, respectively.

Figure 5. Changes in elastic modulus (a) and Poisson’s ratio (b) of the dry shale samples with axial
direction—lamina angles (β).

3.3. Influence of Hydration on Mechanical Properties of Lamellar Shale

Figure 6 shows the complete stress–strain curves of the lamellar shale samples for
β = 30◦, under the confining pressure of 15 MPa, after different hydration times. It can
be seen from Figure 6 that with the increasing hydration time, the elastic deformation
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stage gradually becomes shorter, and the compaction stage, plastic deformation stage
and residual stress stage become more significant. For example, the strain increments of
the dry sample, and the samples after 24-h hydration and 48-h hydration in the elastic
deformation stage and plastic deformation stage are 0.58%, 0.49%, 0.42% and 0.12%, 0.22%,
0.55%, respectively. Compared with the dry sample, the axial strain increment in the elastic
deformation stage of the sample after 48-h hydration reduces by 27.5%, and the axial strain
increment in the plastic deformation stage increases by 358%. This indicates that with the
increase in hydration time (water content), the lamellar shale gradually develops from
elastic and brittle deformation to plastic deformation. This rule is similar to the result of
bedding shale obtained in the literature [32], but the difference is that lamellar shale shows
more significant change under the effect of hydration. This may be due to the fact that the
inclusion of lamellar structures, which contain a lot of clay minerals, would have more
significant swelling deformation after hydration compared with bedding shale [36]. Thus,
the increase in rock particle spacing is more obvious, leading to the reduction in elastic
brittleness and increase in plasticity and ductility [37].

Figure 6. Complete stress−strain curve of the lamellar shale samples for β = 30◦ under confining
pressure of 15 MPa, after different hydration times.

Figure 7 shows the variation curves of the compressive strength (deviatoric stress) of
lamellar shale with different hydration times under the confining pressure of 15 MPa. As
shown in Figure 7, with the increase in hydration time, the compressive strength of lamellar
shale gradually decreases, and the rate of decrease gradually reduces too. For example,
for the sample with β = 30◦, the compressive strength of the sample after 24-h hydration
decreases by 14.7% compared with that of the dry sample, and the compressive strength
of the sample after 48-h hydration decreases by 8.6% compared with that of the sample
after 24-h hydration. Comparing the compressive strength variation of the samples with
different β affected by hydration, it is found that the compressive strength of the sample
with β = 30◦ is more significantly affected by hydration than those of the samples with other
β. For example, after 48-h hydration, the compressive strength of the sample with β = 30◦

decreases by 22.0% compared with the dry sample, while the sample with β = 0◦ and 90◦

decreases by 15.0% and 20.2%, respectively. These findings are similar to those obtained for
bedding shale [32], but compared with bedding shale, the compressive strength of lamellar
shale with various β decreases more significantly. This may be due to the higher content of
clay minerals in lamellar shale, which makes it can easier be hydrated, leading to a more
obvious reduction in its mechanical properties. Especially for the sample with β = 30◦, its
failure surface is closer to the lamellar plane, and the compressive strength would decrease
more significantly.
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Figure 7. Compressive strength (deviatoric stress) of the lamellar shale samples under confining
pressure of 15 MPa changed with hydration time.

Figure 8 shows the variation curves of the elastic modulus of lamellar shale with
different hydration times under the confining pressure of 15MPa. As shown in Figure 8,
with the increase in the hydration time, the elastic modulus of the lamellar shale sample
gradually decreases, and the rate of decrease gradually reduces too. For example, for the
sample with β = 30◦, the elastic modulus of the sample after 24-h hydration is 11.9% lower
than that of the dry sample, and the elastic modulus of the sample after 48-h hydration is
5.1% lower than that of the sample after 24-h hydration. In addition, the elastic modulus of
the samples with different β is affected differently by hydration. For example, after 48-h
hydration, the elastic modulus of the sample with β = 30◦ decreases by 16.3% compared
with that of the dry sample, while the elastic modulus of the samples with β = 0◦ and 90◦

decreases by 13.5% and 11.7%, respectively. It appears that the most significant changes in
the elastic modulus are affected by hydration for the sample for which β is closer to 30◦.
These findings are similar to those obtained for bedding shale [32]. This may be due to the
high clay minerals content in the lamellar shale oil reservoir of the Ordos Basin and the
existence of a large amount of berry pyrite wrapped in clay minerals [38]. Therefore, the
mechanical properties are significantly reduced after hydration. In particular, the sample
with β = 30◦ is more likely to be destroyed at the lamina plane, and the elastic modulus of
it decreases more significantly than that for the samples with other β.

Figure 8. Elastic modulus of the lamellar shale samples under confining pressure of 15 MPa changed
with hydration time.
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3.4. Failure Characteristics of Lamellar Shale

Figure 9 shows the failure characteristics of the lamellar shale samples after compres-
sion tests. It indicates that the failure of lamellar shale is controlled by the stress and the
axial direction—lamina angle (β), showing a variety of failure modes. For example, under
the confining pressure of 0 MPa, the sample with β = 0◦ mainly exhibits tension failure
along the lamina (Figure 9a), while the sample with β = 90◦ exhibits shear failure with a
certain angle to the lamina plane (Figure 9b). Under the confining pressure of 30 MPa, the
sample with β = 0◦ has composite failures, constituted by tension failure (tension cracks)
along the lamina (blue line in Figure 9c) and shear failure (shear cracks) at a certain angle
relative to the lamina (red line in Figure 9c), while the sample with β = 90◦ exhibits shear
failure at a certain angle relative to the lamina (Figure 9d).

Figure 9. Shale samples after compression tests and schematic diagram of fractures: (a) the dry
sample with an axial direction—lamina angle of 0◦ after uniaxial compression test; (b) the dry sample
with an axial direction—lamina angle of 90◦ after uniaxial compression test; (c) the sample hydrated in
distilled water at 80 ◦C for 48 h with an axial direction—lamina angle of 0◦ after triaxial compression
test under confining pressure of 30 MPa; (d) the samples hydrated in distilled water at 80 ◦C for 48 h
with an axial direction—lamina angle of 90◦ after triaxial compression test under confining pressure
of 30 MPa; (e) the sample hydrated in distilled water at 80 ◦C for 48 h with an axial direction—lamina
angle of 30◦ after triaxial compression test under confining pressure of 30 MPa. The blue line indicates
the failure line along the lamina, the red line indicates the failure line intersected with the lamina.

Previous studies indicate that the failure mode of bedding shale under high confining
pressure is inclined shear failure [39]. In this paper, the reason for the composite failure
of the lamellar shale sample with β = 0◦ under high confining pressure may be due to the
sand–shale lamellar structure with weaker mechanical properties. In addition, the weak
cementation between the lamina and the shale matrix has a large number of fractures near
the lamellar structure [40], so there is also a tension failure along the lamellar structure.
Thus, the lamellar shale sample with β = 0◦ after triaxial compression test under high
confining pressure forms a complex composite failure mode. The failure mode of the
lamellar shale sample with β = 30◦ is similar to that of bedding shale, both of which are
shear slip failure along the lamina plane/bedding plane [39], as shown in Figure 9e. This is
because of that the rock sample tends to fail at the angles of 30◦–45◦ relative to axial stress
under the compression test condition [32], especially for the lamellar shale after hydration,
for which the clay minerals hydration can highly decrease the cohesive force and frictional
force in clay minerals layers. This would be why the compressive strength of lamellar shale
is lowest for the sample with β = 30◦, as mentioned in Sections 3.2 and 3.3.
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3.5. Microstructure Characteristics of Lamellar Shale

Figure 10 shows the CT scanning image of the dry lamellar shale sample, the 48-h
hydration lamellar shale sample and the 48-h hydration lamellar shale sample after a
triaxial compression test under the confining pressure of 30 MPa. As shown in Figure 10a,
the dry lamellar shale sample is relatively dense, its minerals are cemented tightly and
there are no obvious fractures in the dry lamellar shale sample. As shown in Figure 10c,
in the top view of the sample after hydration in distilled water at 80 ◦C for 48 h, there
are two parallel unequal length fractures, the one near the center is longer and the other
one is shorter. The front view image shows two fractures, one wide and one narrow, and
they are approximately parallel with each other. The three fractures in the left view image
are also basically parallel to each other with the same width but different lengths. In
the different observation views in Figure 10b, the hydration fractures in the sample are
consistent with the lamellar direction, which implies that water tends to flow along the
laminae, showing the anisotropic permeation characteristics of water in lamellar shale [41]
and resulting in hydration swelling damage in the laminae. Thus, lots of tensile cracks
along the laminae (Figure 10b), which will lead to significant plastic deformation, would
develop in the lamellar shale after hydration. Therefore, the strength and elastic modulus
decrease significantly when the failure of the lamellar shale sample after hydration is along
the laminae under compression test, and the rock would develop from an elastic–brittle
characteristic to an elastic–plastic characteristic, as mentioned in Section 3.3.

Figure 10. CT scanning images of the lamellar shale samples: (a) the dry lamellar shale sample;
(b) the 48-h hydration lamellar shale sample; (c) the 48-h hydration lamellar shale sample after triaxial
compression test under the confining pressure of 30 MPa.

The fractures in the hydrated lamellar shale sample after a triaxial compression test
under the confining pressure of 30 MPa distribute parallel to the lamina direction, forming
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a large tensile fracture from the top and left views (Figure 10c). Compared with the
tensile fracture characteristics of the lamellar shale sample after hydration in distilled water
at 80 ◦C for 48 h (Figure 10b), the widths of the fractures increase and the number of
them is larger after the triaxial compression test. Therefore, it can be deduced that the
hydration fractures along the lamina direction can highly promote the failure of lamellar
shale during a triaxial compression test, showing that with the increase in deviatoric stress,
these hydration fractures would be extended and some new factures can also be produced
along the lamellar direction, making the rock more likely to be damaged with a plastic
characteristic and weak mechanical properties.

From what has been discussed above, we should pay close attention to the wellbore
stability of lamellar shale formation during drilling operations using water-based drilling
fluid. First, since the water tends to flow along the lamina resulting in hydration damage in
the lamina that can highly decrease the rock strength, as mentioned in Sections 3.3 and 3.5,
a geological analysis should be conducted in detail to understand the distribution char-
acteristics of lamellar shale, and water-based drilling fluid should be avoided for drilling
operations in lamellar shale formation if possible. Second, because lamellar shale has
the lowest strength for the sample with β = 30◦ and highest strength for the sample with
β = 90◦, as mentioned in Sections 3.2 and 3.3, the direction of the wellbore should be pre-
cisely designed to obtain a high stability of the wellbore, considering the lamina direction
and in situ stress distribution. Third, due to the fact that the strength of lamellar shale
decreases significantly with the increase in hydration time, as mentioned in Section 3.3,
a fast drilling operation and a high-quality plugging capability of the drilling fluid are
recommended for drilling lamellar shale formation if water-based drilling fluid is used.

4. Conclusions

Using the lamellar shale in the continental stratum of the southern Ordos Basin, the
mechanical properties and corresponding mechanisms of lamellar shale were studied by
compression tests and CT scanning tests, considering the effect of lamellar structure and
hydration. Based on the results, the following conclusions can be drawn.

First, under the same conditions, the compressive strength and elastic modulus of
bedding shale are both greater than those of lamellar shale, and the anisotropic magnitude
of lamellar shale is greater than that of bedding shale.

Second, the complete stress–strain curve of lamellar shale has a longer elastic defor-
mation stage, but compared with bedding shale, its compaction stage, plastic deformation
stage and residual strain stage are more significant. While the axial direction–lamina angle
(β) of sample is closer to 30◦, the compaction stage and plastic deformation of the sample
would be more obvious, and the elastic deformation stage would be shorter.

Third, with the increase in β from 0◦ to 90◦, the compressive strength of lamellar shale
decreases when β < 30◦ and then increases, showing a “U”-shaped variation relationship;
the elastic modulus of lamellar shale decreases greatly when β < 30◦ and then tends to
flatten; Poisson’s ratio increases when β < 30◦ and then decreases rapidly. With the increase
in confining pressure, the anisotropy magnitude of lamellar shale decreases gradually.

Fourth, with the increase in hydration time, the elastic deformation stage of lamellar
shale becomes shorter, and the compaction stage, plastic deformation stage and residual
stress stage become more significant. The compressive strength and elastic modulus
of lamellar shale gradually decrease, and the rate of decrease reduces too. Under the
influence of hydration, lamellar shale will develop from elastic–brittle deformation to
plastic deformation. Moreover, when β is closer to 30◦, the compressive strength and elastic
modulus of lamellar shale decreases more significantly, and the development towards
plastic deformation becomes more obvious.

Fifth, the failure of lamellar shale is significantly affected by the clay minerals lamina.
Hydration causes the expansion of clay mineral lamina to produce tensile fractures. In
triaxial compression tests under high or low confining pressures, the failure occurs along
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the lamina direction, making the plasticity of lamellar shale become stronger and the
mechanical properties decrease significantly.

Finally, the mechanical properties of lamellar shale after hydration, as mentioned
above, can provide guidance for the study of borehole instability mechanisms and borehole
stability analysis of lamellar shale formation during drilling operations using water-based
drilling fluid.
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