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Based on the high temperature and confining pressure conditions at different
depths, triaxial high temperature mechanical tests were carried out on Longmaxi
shale with horizontal and vertical bedding, respectively. The results show that
shale’s peak strength and deformation capacity increase with burial depth. The
failure mode of shale is a typical brittle failure, and the brittle index can quanti-
tatively describe the brittle mechanical behavior of shale. Because shale has an
apparent thin bedding structure, shale with different bedding directions shows pro-
nounced anisotropy in mechanical parameters and deformation characteristics.
The burial depth and bedding direction significantly impact the energy evolution
law of Longmaxi shale during the mechanical process.
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Introduction

The vast and bountiful shale gas resources in the Sichuan Basin have long been a source of
fascination for geologists and engineers alike. Efficiently developing these deep shale gas resources
requires a thorough understanding of critical technical aspects such as reservoir reconstruction and
wellbore stability control [1, 2]. Deep in-situ high temperature and high confining pressure envi-
ronment change the mechanical behavior of shale. At the same time, shale has an apparent bedding
structure, and anisotropic characteristics make deep shale’s damage and failure process more com-
plex. Therefore, the triaxial high temperature mechanical test research of shale with different depths
has guiding value for shale gas reservoir fracturing design and drilling stability control.

The study of the triaxial mechanical properties of shale has been a subject of intense
interest among scholars, who have conducted many theoretical and experimental investiga-
tions. High temperature, confining pressure, and bedding direction are closely related to the
deformation damage, crack propagation, and failure process of shale [3-5]. The anisotropic me-
chanical tests of oil shale at a high temperature reveal that the elastic modulus and compressive
strength of vertical bedding oil shale undergo an initial decrease followed by an increase [6].
Similarly, a large number of shale mechanical test results indicate that the influence of bedding
on the mechanical properties and failure characteristics of shale cannot be ignored [7-9]. Spe-
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cifically, the stratification plane affects the elastic modulus, failure mode, and energy release
level of shale [10, 11]. However, the existing research rarely considers the influence of in-situ
temperature and confining pressure conditions of deep shale reservoirs on the anisotropic me-
chanical behavior of shale simultaneously.

China’s deep shale reservoir depth is mainly in the range of 2500-4500 m [12]. This
study selected typical reservoir depths of 2000 m and 4000 m. High temperature triaxial me-
chanical tests were carried out on Longmaxi shale in two directions (horizontal bedding and
vertical bedding) based on in-situ temperature and confining pressure conditions. The mechani-
cal response law of Longmaxi shale is analyzed from mechanical parameters, brittleness index,
deformation characteristics, and energy evolution. The research results can provide a theoreti-
cal data basis for developing deep shale gas resources.

Testing information

The test rock sample is Longmaxi shale in Chongqing, China. Standard rock samples
(50 mm in diameter and 100 mm in height) were prepared from ISRM rock samples. Grind and
polish rock samples to meet the requirements of indoor rock testing. The triaxial high tempera-
ture mechanical test equipment adopts the MTS 815 Flex Test GT rock mechanics test system
of Sichuan University to carry out high temperature loading and stress-strain data collection.

The temperature and confining pressure control conditions during the test are deter-
mined according to the in-situ stress and temperature tests at the occurrence depth of 2000 m
and 4000 m. The temperature corresponding to the depth of 2000 m is 73.49 °C, and the
confining pressure is 42.64 MPa. The temperature corresponding to the depth of 4000 m is
102.7 °C, and the confining pressure is 89.15 MPa. During the test, the temperature is con-
trolled at a heating rate of 12 °C per hour. After reaching the target temperature and stabilizing,
load the confining pressure at 3 MPa per minute. Finally, the displacement control method is
adopted to load the shale sample to failure, and the loading rate is 0.04 mm per minute.

Result and analysis
Stress-strain curves

Generally, the stress-strain curve of rock under triaxial stress has five classical stages
[13]. According to the triaxial high temperature test of Longmaxi shale at different depths, the
stress-strain curves of Longmaxi shale at different depths and bedding directions are obtained,
as shown in fig. 1. Figures 1(a) and 1(b) correspond to 2000 m of horizontal and vertical bed-
ding, while figs. 1(c) and 1(d) correspond to 4000 m. All naming methods follow this rule. In
the initial crack compaction stage, the microcracks in the shale are closed, and the whole rock
sample is compacted, showing a curve of gradual increase of axial stress and slow increase
of strain. This stage is not evident because the rock sample is relatively dense and has low
porosity. In the elastic deformation stage, the stress-strain curve increases approximately lin-
early, which can be used to measure the mechanical parameters such as elastic modulus and
Poisson’s ratio. In the stable crack growth stage, the initial stress point is the crack initiation
stress. The micro-damage, weak cementation surface, and other low strength points in the shale
initiate micro-cracks. The slope of the stress-strain curve decreases, and the rock sample pro-
duces non-linear plastic deformation. In the unstable crack development stage, the initial stress
point is crack damage stress, and the volume strain of the rock reaches the maximum value.
The micro-cracks in the shale gradually generated and began to form macro-cracks. The end
stress point of this stage is peak stress. In the post-peak failure stage, macro cracks are rapidly
generated. The bearing capacity of shale decreases rapidly, and apparent brittle failure occurs.
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Figure 1. Stress-strain curves of Longmaxi shale; &, — axial strain, & — lateral strain,
and ¢, — volumetric strain

Mechanical parameters

Both elastic modulus, E, and Poisson’s ratio, v, are important mechanical parame-
ters reflecting the deformation characteristics of rock materials. The mechanical parameters
of Longmaxi shale at different depths and bedding directions are shown in tab. 1. The data of
Lu et al. [14] were quoted at a depth of 3000 m in the study. For data comparison, the same
mechanical parameter calculation method is used. The peak strength, o, of shale increases with
depth. However, the elastic modulus and Poisson’s ratio show a non-linear trend. Therefore,
studying deep rock mechanics should fully consider the influence of deep in-situ occurrence
environment. As a layered rock, the deformation and strength properties of Longmaxi shale
are anisotropic. The mechanical parameters of shale with two different bedding directions are
compared. At the same depth, the elastic modulus of vertical bedding shale is greater than that
of horizontal bedding shale.

Table 1. Mechanical parameters of Longmaxi shale with
different depths and bedding directions

Depths [m] Bedding directions g, [MPa] E [GPa] \%
Horizontal 333.99 22.10 0.17
2000
Vertical 248.15 30.66 0.13
Horizontal 414.01 21.97 0.18
3000 [14] -
Vertical 476.32 31.79 0.19
Horizontal 488.62 21.73 0.19
4000 -
Vertical 512.12 27.79 0.18

Brittleness index

Rock materials exhibit a fundamental mechanical property called brittleness that gov-
erns their deformation and fracture behavior under stress. In shale gas production engineering,
the brittle mechanical behavior of shale material constitutes a critical factor that regulates the
fracture growth pattern and profoundly impacts the hydraulic fracturing effect. Consequently,
evaluating shale brittleness is paramount for accurately assessing its mechanical behavior.

By understanding the aforementioned stress-strain curve, we can think that the un-
stable failure process of Longmaxi shale after the peak reflects the brittle deformation charac-
teristics. The elastic modulus and Poisson’s ratio of Longmaxi shale in the Sichuan basin are
8-56 GPa and 0.1-0.36, respectively [15, 16]. The brittleness index of Longmaxi shale at differ-
ent depths and bedding directions is shown in fig. 2. With the increase of the occurrence depth
of shale, the coupling effect of confining pressure, temperature, and loading stress makes the
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of Longmaxi shale is solved by the crack vol-
ume strain method [17]. According to the evolution law of crack volume strain, &, the
stress turning point at different deformation and failure stages is determined as the crack
initiation stress. The crack initiation, damage, and peak stress, o,, points determined ac-
cording to the volume and crack volume strain curves are shown in fig. 3.
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Figure 3. Stress-volumetric strain curves of Longmaxi shale

The deformation parameters and characteristic stress values of Longmaxi shale at dif-
ferent depths and bedding directions are shown in tab. 2. The analysis shows that the peak axial,
lateral, and volumetric strain (&, &3, &,,) increase with the increase of occurrence depth, and the
deep shale shows more vital deformation ability than the shallow shale. The three peak strains
of horizontal bedding shale are greater than those of vertical bedding shale. The deformation
ability of vertical bedding shale is weak, showing strong brittleness. The change rule of crack
initiation and damage stress with depth and bedding direction is the same as the peak strength.
Since the crack damage stress at 2000 m equals the peak stress, the shale directly enters the
post-peak failure stage from the stable crack growth stage. It is inferred from this phenomenon
that vertical bedding affects the brittle failure of shale samples.

Table 2. Deformation parameters of Longmaxi shale with different depths and bedding directions

Depths [m] Bedding direction | ¢, (- 10?) | &, (-10?) | &,(-10?) | o.[MPa] | o,[MPa]

2000 Horizontal 1.81 -0.73 0.65 136.99 289.24
Vertical 0.67 -0.12 0.44 119.46 248.05
Horizontal 2.34 -1.13 0.87 221.19 426.14

4000

Vertical 2.01 -0.73 0.80 231.66 488.01
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Energy evolution

The study of rock mechanics often involves analyzing the energy exchange that oc-
curs during deformation and failure [18]. Assuming that there is no heat exchange between the
shale and the outside during loading, according to the first law of thermodynamics, the total
input energy generated by the external force work of the shale under triaxial stress can be cal-
culated. The energy evolution curves of Longmaxi shale at different depths and bedding direc-
tions are shown in fig. 4. In the initial fracture compaction stage, the total input energy, elastic
strain energy, and dissipated energy increase slowly. In the elastic deformation and stable crack
growth stages, some energy is converted into elastic strain energy and stored in the shale, while
the other part is dissipated in the form of plastic properties and damage energy. In the unstable
crack growth stage, the growth rate of dissipated energy increases obviously, and the growth
rate of elastic strain energy decreases accordingly. The elastic strain energy at the peak stress
reaches the maximum value. Then it enters the post-peak failure stage of shale, and the elastic
strain energy is suddenly released and converted into dissipated energy for shale damage and
failure. At the peak stress level, the total input energy of Longmaxi shale in the shallow part is
higher than that in the deep part; At the same depth, the total input energy of horizontal bedding
Longmaxi shale is higher than that of vertical bedding.
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Figure 4. Energy evolution curves of Longmaxi shale at different depths and bedding directions

Conclusion

Different depths were selected for the mechanical properties tests of horizontal and
vertical bedding Longmaxi shale, and the mechanical parameters, brittleness index, deforma-
tion characteristics, and energy evolution laws of shale in different depths were obtained. In
the triaxial mechanical tests under different high temperatures, the peak strength of Longmaxi
shale increases with the depth, while the elastic modulus and Poisson’s ratio show a non-linear
trend. As the occurrence depth increases, the Longmaxi shale exhibits stronger deformation
characteristics. Additionally, the brittleness index of vertical bedding shale is greater than that
of horizontal bedding shale. The deformation and failure process of Longmaxi shale is accom-
panied by regular energy input, dissipation, and release.
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Nomenclature

E — elastic modulus, [GPa] Greek symbols

U  —total input energy, [kJm] & — axial strain, [-]

u, - dissipated energy, [kIm=] & ~ lateral strain, [-]

U - elqstlc strain energy, [kJm] €, — volumetric strain, [-]

v — poisson’s ratio, [] g —crack volume strain, []
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&, —peak lateral strain, [] oy — confining pressure, [MPa]

g,  —peak axial strain, [] o,  — crack initiation stress, [MPa]

&,  —peak volumetric strain, [-] 0,  —peak stress, [MPa]

o,  —axial stress, [MPa] 0.4  — crack damage stress, [MPa]
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