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Triaxial compression tests are conducted on Longmaxi shale under high tempera-
ture and high confining pressure condition corresponding to a depth of 3000 m_for
two typical bedding plane orientations (0° and 90°). It is found that the crack initi-
ation stresses and crack damage stresses of the Longmaxi shale specimens with dif-
ferent vein orientations are different, reflecting that the inclination of the bedding
plane has a non-negligible influence on the microcrack initiation and propagation.
In addition, the brittleness index of the Longmaxi shale with a bedding plane orien-
tation of 90° is greater than that with an orientation of 0°, which confirmed that the
brittleness index is related to the structural orientation under a high temperature
and high confining pressure condition. Concerning the failure patterns, both the
shear and tensile fracture modes has been observed.
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Introduction

Shale reservoirs in China are mainly concentrated at depths of 2500~4500 m [1]. In
deep shale reservoirs, engineering practices showed that such an environment of high tempera-
ture and high stresses brings a great challenge in reservoir volume stimulating. The essential
reason is that the high temperature and high confining pressure (HTHCP) condition controls the
mechanical properties of shale rock. Therefore, an insight on the mechanical properties of shale
rocks under a HTHCP condition is critical for stimulation treatments in deep shale reservoirs.

Due to the existing of veins, the shale is usually treated as a transversely isotropic
material [2, 3]. To investigate the effect of veins on crack propagation in shale, several three-
points-bending tests on shale specimens were conducted in [4]. The directional anisotropy in
the compressive strength, tensile strength, elastic modulus and Poisson’s ratio was reported in
[5-8]. It should be mentioned that the tests were conducted without the consideration of confin-
ing pressure and temperature condition. Under different confining pressures, triaxial compres-
sion tests were carried out on shale in [9-11], showing that the compressive strength of shale
increases with increasing confining pressure, and the resultant anisotropic characteristic of the
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mechanical properties of shale is obvious. The mechanical properties of shale under different
temperatures were investigated in [12]. Although the mechanical behaviors of shale under seri-
als of temperature or confining pressure conditions have been investigated, the in-situ tempera-
ture and stress environment corresponding to a specific depth are not considered in the previous
studies. Up to now, quite a few publications investigated the mechanical properties of shale
under a coupled temperature and confining pressure condition. Therefore, the failure behaviors
of shale in a deep environment are still unclear. Some experiments to research mechanical prop-
erties of shale under coupled temperature and confining pressure conditions were performed
in [13, 14]. However, they used an experimental confining pressure ranging from 5 MPa to 25
MPa, which was considerably lower than the ground pressure of deep shale reservoirs.
Motivated by the previous results, the main aim of the paper is to present that the triax-
ial compression tests are conducted on Longmaxi shale under HTHCP conditions correspond-
ing to a depth of 3000 m for two typical bedding plane orientations (0° and 90°). The influence
of HTHCP on the mechanical properties and failure behavior of Longmaxi shale with different
bedding plane orientations is discussed. Meanwhile, the brittleness index, elastic parameters,
crack initiation stresses and crack damages stress of deeply buried shale is further obtained and
analyzed to provide the reliable data for the design of the reservoir volume stimulating.

Experimental procedure
Rock samples

The Longmaxi shale blocks with obvious veins are collected for this experiment from
Chongqing, Southwest China. To investigate the bedding effect, standard cylindrical samples with
different bedding plane orientations (0° and 90°) are cored from a big block of Longmaxi shale.

Temperature, confining pressure and test procedure

Based on the well logging report of formation temperature and geo-pressure in the
studied area, the experimental temperature and confining pressure are easily determined for a
specific depth. Generally, the formation temperature increases linearly with depth:

ot
T=t +—H
" OH (1)

where 7T is the formation temperature, ¢, — the surface temperature, 0t/0H — the temperature
gradient, and H — the formation depth. The annual average surface temperature of the area is
18 °C. The temperature gradient is 2.43 °C/hm. Therefore, the temperature at a depth of 3000
m can be estimated as 90.93 °C by eq. (1). The minimum horizontal stress of the shale gas res-
ervoir at a depth of 3000 m is 69.82 MPa. Consequently, confining pressure is set to 69.82 MPa.

The MTS 815 rock mechanics test system was used to carry out the HTHCP triaxial
compression tests on the Longmaxi shale. To avoid the thermal stress concentration of the
shale samples caused by excessive heating, the desired temperature is reached by heating at a
constant rate of 12 °C/h. Then, after desired confining pressure is reached, tests are performed
under strain controlled until the specimen is totally broken.

Results and analysis
Stress-strain curve characteristics

The stress-strain curves of the Longmaxi shale with different bedding plane orien-
tations (0° and 90°) are shown in fig 1, which can be divided into four stages under HTHCP
conditions.
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Figure 1. Stress-strain curves of Longmaxi shale for different bedding plane orientations;
(a) 0=10°, (b) 0=90°

For the linear elastic deformation stage, Stage I, only a few primary microcracks are
present or the primary microcracks are basically closed. Concerning the stable microcrack
propagation stage, Stage II, the internal microcracks of the Longmaxi shale begin to propa-
gate stably once the axial stress reaches the crack initiation stress. The previous linear elastic
deformation stage is no longer maintained. Meanwhile, the slope of the stress-strain curve is
slowly decreasing during this stage. With the propagation of the microcracks, a volume-ex-
panding phenomenon will occur in the Longmaxi shale, reflected in the unstable microcrack
propagation stage, Stage IIl. The sample is nearing the destruction stage. For Stage IV, when
the microcracks develop into macroscopic cracks, the bearing capacity is reduced, and the axial
stress rapidly reaches the peak strength and then decreases with a sudden drop (which indicated
a brittle fracture behavior). In general, the deformation characteristics for the two bedding plane
orientations (0° and 90°) are basically the same under HTHCP conditions. The stress-strain
curves are typical type-II curves.

Strength characteristics Table 1. Strength, nominal elastic

Shale mineral and particle distributions, es- modulus, and Poisson’s ratio

pecially the bedding structures formed by the ori- 01°] o; [MPa] E [GPa] ¥
entation of clay minerals during the deposition 0 414.01 21.97 018
process [15, 16]. Therefore, elastic parameters and

strength of shale are significantly anisotropic. The %0 476.32 3179 0.19

nominal elastic modulus, £, and Poisson’s ratio, v, are computed using straight parts (20-50%
peak stress stage) of the stress-strain curves. The obtained strength, nominal elastic modulus
and Poisson’s ratio of Longmaxi shale with the orientation of 90° are greater than those with
an orientation of 0° under HTHCP conditions. As shown in tab. 1. The anisotropy ratios of the
elastic modulus and strength are 1.45 and 1.15, respectively.

The crack initiation stress, o,; and crack damage stress, o4, during loading are very
important in investigating mechanical behaviors of rocks. As previously stated, the crack initi-
ation stress represents the stress level that the occurence of the stable growth of micro-cracks,
whereas the crack damage stress means that the micro-cracks starts to unstably propagate. That
is saying the crack initiation and damage stresses could, to some extent, reflect the weakening
process of a given rock. In this paper, these two stresses are determined based on the crack vol-
umetric strain method [17, 18]. When deformation is in an elastic stage, the elastic volumetric
strain is approximately equal to the total volumetric strain. When deformation is reflected in the
stable microcrack propagation stage, the crack volume begins to increase, following the crack
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initiation stress. With the propagation of microcracks and slippage of the internal cracks of the
rock, a volume-expansion phenomenon occurs. The total volumetric strain-axial stress curve
will have an inflection point, which corresponds to the crack damage stress.

The total volumetric strain of the shale can be assumed to be composed of the elastic
volumetric strain and crack volumetric strain [18] i. e.:

& =&, t&, =& +2¢ 2

where ¢y is the total volumetric strain, ¢, — the elastic volumetric strain, ¢., — the crack vol-
umetric strain, ¢; — the axial strain, and ¢; — the circumferential strain. The elastic volumetric
strain [18]:
1-2v
Eoy = E (0-1 _0-3) 3)
where v is Poisson’s ratio, £ — the elastic modulus, o; — the axial stress, and o; — the confining

stress. From egs. (2) and (3) the crack volumetric strain can be written [18]:

1-2v
&y =& +28 _T(O-l -0o;) (4)

According to eq. (4), the crack volumetric strain-axial stress curve of Longmaxi shale
can be obtained under HTHCP conditions, as shown in fig. 2. The obtained crack initiation

stress and damage stress of the Longmaxi shale with different bedding plane orientations (0°
and 90°) are summarized in tab. 2.
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Figure 2. Stress-volumetric strain curves for different bedding plane orientations; (a) 8 =0°, (b) 8 =90°

Table 2. Physical and mechanical parameters As indicated in tab. 2, the crack
of the Longmaxi shale initiation stress and crack damage stress
6[°] | 0.4[MPa] | o,[MPa] | 0./ 0, [%)] | 04/ 0; [%] of the Longmaxi shale with an orienta-
tion of 90° are greater than those with
an orientation of 0°. For shale rocks,
90 210.04 422.39 44.1 88.7 the micro-cracks in the matrix will ul-
timately determine the crack initiation
stress and weak planes will initiate and propagate separately. As known, the strength of weak
plane is much lower than that of matrix. Therefore, the micro-cracks in weak planes will initiate
and propagate at a relatively low stress level. Consequently, the sample with a 0° vein angle
usually possesses lower strength, crack initiation stress and crack damage stress.

0 157.33 368.22 38.0 88.9

Brittleness index

The brittleness index is a crucial index for fracability evaluating of shale reservoir. Up
to now, many methods were proposed to calculate the brittleness index. Referring to the methods
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proposed by Rickman et al. [17] and Guo [19], the brittleness index of Barnett shale was calculat-
ed using its elastic modulus and Poisson’s ratio. Meanwhile, it was reported that the elastic mod-
ulus and Poisson’s ratio of Longmaxi shale in the Sichuan Basin range from 8-56 GPa and from
0.1- 0.36, respectively, [20]. The brittleness indexes for Longmaxi shale are modified [20]:

BRH=5—__8100 (%)
v—0.36
=——-100 (6)
M= 0.1-0.36
B — BRIT—E + BRIT—V (7)

RIT-T
2

where Bgr.x 1s the normalized dynamic elastic modulus, Bz, — the normalized dynamic Pois-
son’s ratio, and By;..r — the brittleness index.

Using egs. (5)-(7), the brittleness index of the Longmaxi shale can then be calcu-
lated. For a bedding plane orientation of 0°, and 90°, the brittleness index is 49.16 and 57.5,
respectively. This result indicates that the brittleness index of Longmaxi shale is related to the
structural orientation under HTHCP conditions. Therefore, it is not enough to calculate the brit-
tleness index only using some parameters for an arbitrarily chosen vein angle. For engineering
practice, to better evaluate the fracability of shale reservoir, it is obvious that a lower brittleness
index should be adopted. Meanwhile, the plastic properties of the Longmaxi shale are enhanced
under HTHCP conditions, as shown in fig 1. As a result, it is not sufficient to use the elastic
parameters to determine the brittleness index.

Failure behaviors

The failure modes of Longmaxi shale are closely related to the loading conditions,
external environment and internal structural differences. The failure samples of the Longmaxi
shale with different bedding plane orientations under the HTHCP conditions are shown in fig 3.

(@)

Figure 3. Broken samples of Longmaxi shale with different bedding plane orientations;
(a) 8=0°, (b) =90°

B Ll (b) e |

For the orientation of 90°, the sample failures due to two main pairs of V-shaped
macro-cracks in a shear failure mode, resulting in some cones. The top of the V-shaped shear
plane is parallel to the bedding plane, which indicates a tensile splitting behavior. Flaking of
curved fragments occurs on the flank of cone, which obliquely intersects the shear surface of
cone. For the orientation of 0°, multiple tensile cracks form perpendicular to the bedding planes
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and finally converge along the macro shear plane. As the axial stress increases, a potential plane
of weakness is gradually activated and cohesion is gradually lost, resulting in the formation of
cracks. Finally, this plane develops into a shear plane. For the tensile cracks in beddings, based
on the stress-strain curve, the elastic deformation of the Longmaxi shale under compression is
clearly dominant, resulting in considerable elastic energy accumulation before rock failure; this
energy is released along a weak plane or microcracks on the post-peak stage. Consequently,
tensile failure of a weak bedding plane is induced, creating a secondary crack.

Conclusion

The triaxial compression tests on Longmaxi shale were conducted for two typical
bedding plane orientations under a high temperature and confining pressure corresponding to
a depth of 3000 m. The results could be as the design and evaluation of stimulated reservoir
volumes at a depth of 3000 m. Under a HTHCP condition, obvious non-linear deformation was
observed for both orientation cases (0° and 90°). However, the ultimate failure of the investi-
gated shale samples was brittle due the sudden drop of the stress-strain curves. The compressive
strength, elastic modulus, Poisson’s ratio, crack initiation stress and crack damage stress for a
bedding plane orientation of 90° are greater than those for a bedding plane orientation of 0°
under HTHCP condition. The calculated brittleness index of the Longmaxi shale with a bed-
ding plane orientation of 90° is greater than that with an orientation of 0° and confirms that the
brittleness index of the shale is related to the structural orientation under HTHCP conditions.
Concerning the failure patterns, the shear and tensile fracture modes were observed for the two
typical bedding plane orientations. Especially, the sudden releasing of the stored elastic strain
energy inside a sample could lead up to a tensile interlaminar failure along the weak planes.
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Nomenclature

Brirr —normalized dynamic elastic modulus,[—] Greek symbols

Bprr — brittleness index, [] ¢y — crack volume strain, []
Bz, —normalized dynamic Poisson’s ratio, [] 6w  —elastic volume strain, []

B —clastic m odulus, [GPa] gy —total volume strain, [-]

H  —formation depth, [m] &  —axial strain, []

T — formation temperature, [°C] & _ lateral strain, []

fo - surface temperature, [*C] 6,  —crack initiation stress, [MPa]
0t/0H — thermal gradient, [°Cm™'] 6,  — damage stress, [MPa]

v — Poisson’s ratio, [-] o,  —axial principle stress, [MPa]
References 03 — confining pressure, [MPa]
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