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The combination of the dipping effect and hydromechanical (H-M) coupling effect can easily lead to
water inrush disasters in water-rich roadways with different dip angles in coal mines. Therefore, H-M
coupling tests of bedded sandstones under identical osmotic pressure and various confining pressures
were conducted. Then, the evolution curves of stress-strain, permeability and damage, macro- and
mesoscopic failure characteristics were obtained. Subsequently, the mechanical behaviour was charac-
terized, and finally the failure mechanism was revealed. The results showed that: (1) The failure of the
sandstone with the bedding angle of 45° or 60° was the structure-dominant type, while that with the
bedding angle of 0°, 30° or 90° was the force-dominant type. (2) When the bedding angle was in the
range of (0°, 30°) or (45°, 90°), the confining pressure played a dominant role in influencing the peak
strength. However, within fe(30°, 45°), the bedding effect played a dominant role in the peak strength.
(3) With the increase in bedding angle, the cohesion increased first, then decreased and finally increased,
while the internal friction angle was the opposite. (4) When the bedding angle was 0° or 30°, the “water
wedging” effect and the “bedding buckling” effect would lead to the forking or converging shear failure.
When the bedding angle was 45° or 60°, the sliding friction effect would lead to the shear slipping
failure. When the bedding angle was 90°, the combination of the “bedding buckling” effect and shear
effect would lead to the mixed tension-shear failure. The above conclusions obtained are helpful for the
prevention of water inrush disasters in water-rich roadways with different dips in coal mines.
© 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

structures, there are different layouts of water-rich roadways with
different dip angles in coal mines. The combination of the dipping

Accurate and effective characterization of rock mechanical
behaviour under the H-M effect is a key scientific issue in
geotechnical engineering, including the deformation, strength,
permeability, damage and mesoscale failure. Among them, crack
initiation, propagation and coalescence, and even the formation of
a shear zone, are related to the mechanical behaviours described
above. Additionally, there are numerous microstructures, single
joint and multiple joints, where several “isolated islands” of water
and even gas are stored in the deep strata at a certain depth (Zhang
et al., 2021; Song et al., 2023a). Due to the variability of geological
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effect and H-M coupling effect can easily lead to a series of water
inrush disasters in the water-rich roadways with different dip an-
gles of coal mines. Furthermore, sandstone, as a commonly buried
geological material, is the research object for conducting mechanics
tests (Maruvanchery and Kim, 2020; Su and Liu, 2020; Kang, 2021;
Zhang et al.,, 2021; Song and Zhang, 2022). Hence, it is urgent to
systematically conduct researches on the mechanical behaviours of
bedded sandstone under H-M coupling, which could provide the
theoretical references for the prevention of water inrush disasters
in water-rich roadways with different dips in coal mines.

To date, numerous studies on the mechanical behaviours of coal
and rocks under H-M coupling have been conducted, and relatively
abundant research achievements have also been obtained. On the
one hand, under the action of high in situ stress, the mechanical
behaviours of coal reservoirs containing water occurred can be
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significantly affected. Therefore, related studies on the mechanical
behaviour of coal under H-M coupling have been conducted by
former experts. Among them, it has been verified that water can
significantly weaken the bearing strength of coal (Perera et al., 2011;
Poulsen et al., 2014; Vishal et al., 2015). Additionally, water can not
only change the pore structure of coal but also significantly affect its
deformation and permeability properties (Han et al., 2010; Pan et al.,
2010; Wang et al, 2011; Chen et al, 2013; Ren et al, 2020).
Furthermore, a series of permeability models of coal has been built
considering the H-M coupling effects (Izadi et al., 2011; Zhu and Wei,
2011; Chen et al., 2012). For example, a permeability evolution model
of coal considering the elasto-plastic deformation stages under H-M
coupling was proposed (Wang et al., 2022). Additionally, a novel
coupled H-M model considering subsidence during the gas extrac-
tion of coal seams was also established (Wu et al., 2019). On the other
hand, H-M coupled processes of rock masses with various lithologies
are also significant in rock engineering, including oil and gas engi-
neering, slope engineering, underground engineering, and nuclear
waste disposal. Therefore, scholars worldwide have conducted
related studies on the mechanical behaviours of rock masses with
various lithologies under H-M coupling, and relatively abundant
research achievements have been obtained (Wang et al., 2009;
Watanabe et al., 2010; Morris et al., 2011; Rutqvist et al., 2011; Lei
et al,, 2015; Zhou et al,, 2023). Yan et al. (2023) characterized the
mechanical behaviours of prefabricated jointed granite with
different dip angles under H-M coupling, and proposed a damage
constitutive model. Jiang et al. (2012) explored the mechanical be-
haviours of a fractured rock mass under H-M coupling with a high
water pressure of 7.8 MPa. Nguyen et al. (2018) modelled the short-
and long-term hydromechanical behaviours of argillaceous lime-
stone, including the deformation and permeability behaviours.
Additionally, the mechanical behaviours of other rocks with different
lithologies have been previously investigated (Le and Nguyen, 2015;
Hu et al, 2017; Li et al.,, 2017; Ng and Carlos Santamarina, 2023;
Zheng et al., 2022). The findings reported in the above studies have
made significant progress in understanding the H-M coupled me-
chanical behaviours of rocks with various lithologies. A solid
knowledge of the mechanical behaviour evolution characteristics of
coal or rocks under H-M coupling is crucial for stability control in
geotechnical engineering. Nevertheless, few studies have been per-
formed on the failure mechanism while considering the bedding
effect of coal or rocks under H-M coupling. Therefore, the failure
mechanism considering the bedding effect of coal or rocks under H-
M coupling is worthy of further research.

The above studies have mainly been focused on the character-
ization of the H-M coupled mechanical behaviours of coal and rocks
without consideration of the bedding effect. Furthermore, most
investigations have been limited to H-M coupled mechanical be-
haviours of bedded coal or bedded rocks with horizontal or vertical
bedding angle, but those under other inclination angles, such as
30°, 45° and 60°, have often been ignored. Therefore, it is urgent to
systematically study the bedding effect on the mechanical behav-
iours of sandstone under H-M coupling.

First, H-M coupling experiments under different bedding angles
(0°, 30°, 45°, 60° and 90°), identical osmotic pressure (4 MPa) and
various confining pressures (10 MPa, 20 MPa and 30 MPa) were
conducted. Subsequently, the evolutions of stress-strain, perme-
ability and damage, macro- and microscopic failure characteristics
were obtained. Finally, based on the strength, deformation, macro-
and microfracture characteristics, damage evolution law and
permeability evolution characteristics, the failure mechanism of
bedded sandstone with different bedding angles under H-M coupling
was revealed.
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Fig. 1. Processing scheme.

2. Test preparation and scheme
2.1. Test materials

A detailed introduction to the sampling and preparation of rock
samples can be found in Song et al. (2023a). Among them, the
general situations of rock samples are described as follows: (i) The
dense bedded structures are evenly distributed; (ii) The bedding is
significant; and (iii) The colour is greyish-black. As shown in Fig. 1,
the diameter and height of cylindrical specimens processed with
various bedding angles are 50 mm and 100 mm, respectively.

Additionally, the TOP INDUSTRIE Rock 600-50 multifield
coupling testing system was used in the tests (see Fig. 2a), and the
corresponding functional details are shown in Table 1.

2.2. Set loadings, test assistance and preparation

To obtain the mechanical behaviours of bedded sandstone un-
der H-M coupling, the H-M experiment scheme of bedded sand-
stones was designed. The specific details are described as follows:

(1) Preparations before the tests. To exhaust the air stored in the
bedded sandstone and reduce test error, the bedded sand-
stone was subjected to vacuum water saturation treatment
with negative pressure for 24 h.

(2) Acoustic emission (AE) installation and monitoring. The
emission probe was arranged on the upper and lower ends of
the outer cavity, the two probes were parallel to each other,
and the center of the two probes was on the same axis. In
addition, the transmitting signal was extracted by a dual-
channel method, and the induction frequency of the AE
probes was between 10 and 30 kHz.

(3) uCT scanning tests. Finally, pCT scanning tests of the frac-
tured bedded sandstone were conducted to obtain the
mesoscopic fracture characteristics after H-M coupling tests.
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Fig. 2. (a) TOP INDUSTRIE Rock 600-50 multifield coupling testing system and (b) seepage diagram.

2.3. Test schemes
The test schemes for this study are described as follows:

(1) Specimen installation. The installation process needs to
ensure the sealing of the heat-shrinkable sleeve and the
specimens. Therefore, seepage water can be avoided from the
minute gap between the specimens and the heat-shrinkable
sleeve as much as possible. Meanwhile, to avoid the phe-
nomenon of oil film blocking the seepage channels, the
mixing of silicone oil and water under confining pressure
needs to be avoided in the later period. The test device after
installation is shown in Fig. 2a.

(2) Set the confining pressure ¢3. After the specimens were
installed, a 1 kN axial preload was applied to the specimens
for initial fixation. Then, the confining pressure g3 was
applied to the preset gradient value, and the loading rate was
set to 1 MPa/min (see Fig. 3).

(3) Set the osmotic pressure Pg. The osmotic pressure Pg was
applied to a preset value of 4 MPa, and the loading rate was
also set to 1 MPa/min (among them, the inlet pressure P; and
the outlet pressure P, were kept at constant values of 4 MPa
and 0 MPa, respectively, see Fig. 2b).

(4) Set the axial pressure ¢4. The continuous axial loading 1 was
set on the bedded sandstone. Among them, a displacement
control mode was adopted, and the loading rate was set at
0.06 mm/min. Then, the loading was stopped until the post-
peak residual stage occurred. In the whole process, the dy-
namic permeability was measured every 10 MPa and the
corresponding seepage principle is shown in Fig. 2b. Mean-
while, the system automatically recorded and saved the
relevant data.

The steady-state method was adopted in the tests to measure
the dynamic permeability, and the corresponding dynamic
permeability was calculated as follows (Zhao et al., 2021; Yu et al,,
2022):

_ MAY
ki = Ap,Aq )

where k; is the average permeability during the time At; (m?); y is
the fluid viscous coefficient, © = 100.5 x 107 Pa s; AQ; is the
seepage volume during the time At; (m?); L is the height of the deep
bedded sandstone (m); A is the cross-sectional area of the deep
bedded sandstone (m?); Pg is the osmotic pressure (Pg = P1—P,, Py is
the inlet pressure, P, is the outlet pressure); and At; is the time
interval between recording points (s).

3. Results and discussion
3.1. Stress—strain and macroscopic failure types

There were four macroscopic failure types under H-M coupling
(see Fig. 4), i.e. type @ - shear failure through the bedding plane,
type @ - shear failure along the bedding plane, type ® - shear
failure half-along the bedding plane, and type @ - mixed tension-
shear failure.

When the bedding angles were 0° and 30°, the macroscopic
failure mode belonged to the type ®. The fracture angle was rela-
tively large under low confining pressure. Meanwhile, the shear
failure type was significant, and the local deformation developed in
the perpendicular direction. The fracture angle gradually decreased
with the increase in confining pressure.

The macroscopic failure types with the bedding angle of 45°
were mainly types @ and ®. And the cracking direction of the
macroscopic failure surfaces was basically the same as that of the
weak bedding plane of 45°, which indicated that the weak planes
with inclination angle of 45° could significantly induce and accel-
erate the emergence of the macroscopic failure surfaces. The frac-
ture angle of the macroscopic failure surfaces was basically the
same as the increase of confining pressure, which indicated that the
confining pressure had little effect on the macroscopic failure type
of bedded sandstone with a bedding angle of 45°.

The macroscopic failure type of the specimen with the bedding
angle of 60° was type ®@. The cracking direction of macroscopic
failure surfaces was basically identical with that of the weak
bedding plane of 60°, which indicated that the weak bedding plane
of 60° could also significantly induce and accelerate the emergence
of the macroscopic failure plane. Meanwhile, the fracture angle of
the macroscopic failure surfaces was also basically the same as the
increase of confining pressure. It was indicated that the confining
pressure had little effect on the macroscopic failure type of the
specimen with the weak bedding plane of 60°.

The macroscopic failure types of the specimen with the bedding
angle of 90° were types @ and @. Because the bedding angle of 90°
was parallel to the loading direction of axial stress and perpen-
dicular to the loading direction of the confining pressure, the
macroscopic local tensile cracks in vertical direction had the
obvious inducing effect. Meanwhile, the accompanying local shear
fracture characteristics were mainly attributed to the action of
effective stresses.

In conclusion, the macroscopic failure type was closely con-
nected with the weak plane structures and effective stresses. The
evolution process of the failure types with increasing bedding angle
was as follows: type ® — type ® — type @ — type @. Each type
of macroscopic failure was affected by the bedding structures.
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Table 1
Functions of the TOP INDUSTRIE Rock 600-50 multifield coupling testing system.

Test equipment Performance
indicator

Main function Advantage

TOP INDUSTRIE The threshold of
Rock 600-50 axial pressure is

Uniaxial
compression or

It can realize long-
term high-load

multifield 300 MPa; the Brazilian splitting operation; the
coupling threshold of or creep or pressure and
testing confining pressure relaxation tests; temperature
system is 60 MPa; the Triaxial loading or thresholds can meet
threshold of cyclic loading and  the relevant
temperature is unloading tests; conditions of rock
200 °C Hydromechanical mechanics; it has
coupling test high precision and
modularity
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Fig. 3. Loading path of the H-M coupling test (Song et al., 2023b).
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Meanwhile, the fundamental differences relied on the stress di-
rection and the bedding structures with different angles under H-M
coupling. However, the test results indicated that the bedding effect
that affected the failure behaviour was relatively low (brittle failure
induced by the vertical stress and the failure plane is predomi-
nantly subvertical) of bedded sandstone.

In terms of the hydraulic effect, as shown in Figs. 4b and 5, the
peak deviatoric stress with identical bedding angle under H-M
coupling was weaker than that under the single stress field con-
dition, and the hydromechanical coupling effect was significant.
Meanwhile, the radial and axial deformation resistances of bedded
sandstone under the single stress field were obviously weaker than
that under H-M coupling. Therefore, the hydromechanical coupling
effect can not only reduce the bearing capacity, but also strengthen
its deformation resistance.

As shown in Fig. 6, the fracture angle of the specimen with the
bedding angle of 30° or 90° under the single stress field was
obviously larger than that under H-M coupling. In contrast, the
fracture angle of the specimen with the bedding angle of 0°, 45° or
60° under the single stress field was significantly greater than that
under H-M coupling. It was suggested that both bedding angle and
hydromechanical coupling effect can significantly influence the
evolution characteristics of the fracture angle. Furthermore, the
fracture angle with identical bedding angle under H-M coupling
decreased with the increase in confining pressure.

3.2. Mesoscopic failure characteristics

To accurately obtain the mesoscopic failure types under H-M
coupling, it is necessary to systematically conduct the corre-
sponding pCT scanning tests. Therefore, the front, left, vertical
views and three-dimensional (3D) reconstruction of the fractured
bedded sandstone under different working conditions were ob-
tained. The corresponding details are shown in Fig. 7 and Table 2.
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Similarly, there were two main mesoscopic failure types, i.e.
type I - shear failure through the bedding plane and type II - shear
failure half-through the bedding plane. However, there were
mesoscopic failure patterns with different shapes, such as “Y"-
shape, “Tree"-shape, "m"-shape, "["-shape, "[/"-shape and
"[/]"-shape.

There were significant differences in the mesoscopic failure
types under identical bedding angle and various confining pres-
sures. In the through form of the mesoscopic failure types, the
bedded sandstone under low and middle confining pressures all
showed the mesoscopic failure of type I, while that under high
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derivation and propagation of the radial tension cracks. Meanwhile,
the high effective stress can not only improve the selection ability
of the internal dominant seepage channels, but also greatly

confining pressure all showed the mesoscopic failure of type II, and
the fracture surface was relatively single. This is due to the exis-
tence of high confining pressure, which significantly inhibited the
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Table 2
Marco- and mesoscopic failure characteristics and type determination under H-M
coupling.

8 o3 Macroscopic  Mesoscopic failure type Subordination

(°) (MPa) failure type type

0 10 Type ©® Type I with “Y"-shape Force-
dominant

20 Type ® Type I with “Y"-shape forking Force-
dominant

30 Type ©® Type Il with “Y"-shape converging  Force-
dominant

30 10 Type ® Type I with “Tree"-shape Force-
multivariate and multilevel forking dominant

20 Type ® Type I with "rm"-shape multivariate Force-
forking dominant

30 Type ©® Type II with “Y"-shape multilevel Force-
forking dominant
45 10 Type @ Type I with "/["-shape Structure-
dominant
20 Type ® Type I with "//["-shape Structure-
dominant
30 Type ® Type Il with "/"-shape Structure-
dominant
60 10 Type @ Type I with “Y"-shape converging  Structure-
dominant
20 Type ® Type I with "/"-shape Structure-
dominant
30 Type @ Type II with "/"-shape Structure-
dominant

90 10 Type @ Type I with "//"-shape Force-
dominant

20 Type @ Type I with "/"-shape Force-
dominant

30 Type ® Type II with "/"-shape Force-
dominant

improve the bearing capacity and the overall stiffness of bedded
sandstone. Therefore, the bedded sandstones under high confining
pressure can form the characteristics of shear fracture half-through
the bedding plane. Although there were similar mesoscopic failure
types under identical bedding angle and various confining pres-
sures, there were eight mesoscopic failure types in the mechanical
behaviour of mesoscopic failure from the top-down seepage
direction.

The significant shear slipping facture along the bedding plane
was formed under bedding angles of 45° and 60°. It is noted that
the bedding structures played a leading role in influencing the
failure mode. Therefore, their failure type was the structure-
dominant type. However, the shear failure through the bedding
plane or compound failure was demonstrated under bedding an-
gles of 0°, 30° and 90°. It is indicated that external loads played a
leading role in influencing the failure mode. Therefore, the corre-
sponding failure type was considered to be a force-dominated type.

There were two types of mesoscopic failure surfaces in bedded
sandstone under different working conditions: half-through type
and fully-through type. However, it was not difficult to find that the
mesoscopic failure surfaces after 3D reconstruction were smooth.
Therefore, there was no accumulation or blockage of broken par-
ticles. This was due to the comprehensive actions of axial pressure
and effective confining pressure, which resulted in continuous
extrusion deformation and secondary crushing of the broken par-
ticles in the fracture surface of bedded sandstone, thus effectively
reducing their particle size and volume. Therefore, in this process,
the continuous scouring of seepage water could effectively carry
away the particles after secondary fragmentation.

In the above mesoscopic failure characteristics, the formation of
the main failure surface was mainly caused by the coupling of axial
pressure, confining pressure and bedding structures. However, the

derived secondary microscopic cracks were caused by the
comprehensive actions of osmotic pressure and bedding structures.

3.3. Anisotropy of strength and deformation

To further clarify the anisotropy evolution law of the peak
deviatoric stress and peak strain under H-M coupling, the corre-
sponding details are summarized according to Fig. 4 (see Table 3).
The corresponding evolution is shown in Fig. 8.

The peak deviatoric stress under identical bedding angle
increased with the increase in confining pressure (see Fig. 8a).
When the bedding angle was in the ranges of (0°, 30°) and (45°,
90°), the anisotropy of the peak deviatoric stress gradually
strengthened with increasing confining pressure. Hence, the
confining pressure played a more dominant role in influencing
the peak deviatoric stress than the bedding angle. Nevertheless,
when the bedding angle was in the ranges of (30°, 45°), the
anisotropy of peak deviatoric stress was basically consistent no
matter whether the confining pressure changed. That is, when
B6e(30°, 45°), the bedding effect played a more dominant role in
influencing the peak deviatoric stress than the confining pressure
effect.

The confining pressure and bedding significantly influenced the
peak axial and radial deformation characteristics under H-M
coupling (see Fig. 8b and c). With the increase in confining pressure,
the peak axial strain under bedding angles of 0°, 30° and 60°
increased, while the corresponding peak radial strain decreased.
However, the peak axial and radial strains of the specimen with the
bedding angle of 45° did not obviously change with the increase in
confining pressure. This indicated that the confining pressure had
no obvious effects on the deformation for the specimen with the
bedding angle of 45°.

3.4. Strength parameters

To further obtain the strength parameters under H-M coupling,
the Mohr stress circles and their envelopes under different effective
confining pressures were specifically drawn (see Fig. 9). As shown
in Fig. 9, the cohesion and internal friction angle under H-M
coupling were obtained (see Table 4 and Fig. 10a).

As shown in Table 4 and Fig. 10a, corresponding to the bedding
angles of 0°, 30°, 45°, 60° and 90°, the cohesions Cp of the specimen
were 25.7947 MPa, 46.6397 MPa, 39.1187 MPa, 27.7762 MPa and

Table 3
Peak deviatoric stresses and peak strains under H-M coupling.

B(°) a3(MPa) Py (MPa) ¢'s (MPa) (01—03)er (MPa) e1cr (%) e3cr (%)  ever (%5)

0 10 4 6 1141 0.92 —0.306 0.307
0 20 4 16 136.412 1308 —-0.546 0.215
0 30 4 26 159.667 1.558 -0.869 —0.179
30 10 4 6 125.519 13 —0.542 0.215
30 20 4 16 140.984 1474 -0.521 0.433
30 30 4 26 142.458 1.662 —-0.661 0.341
45 10 4 6 91.355 1164 —0.385 0.395
45 20 4 16 106.3 1.224 -0.401 0.423
45 30 4 26 100.536 1.082 -041 0.262
60 10 4 6 93.699 1 -0.21 0.579
60 20 4 16 85.009 1.007 -039 0.227
60 30 4 26 96.18 1413 -046 0.493
90 10 4 6 103.617 1535 -0.629 0.277
90 20 4 16 105.87 1.259 -0.286 0.686
90 30 4 26 106.263 1454 -0.691 0.073

Note: (¢1—03)cris the peak deviatoric stress; eqcf, e3cf and eycr are the axial, radial and
volumetric strains corresponding to the peak deviatoric stress, respectively; ¢’3 is
the effective confining pressure, and ¢'3 = g3—Pg.
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38.6679 MPa, and the corresponding internal friction angles ¢p cohesive-weakening-frictional-strengthening process (see

were 44.1123°, 17.3071°, 17.9839°, 29.4466° and 19.1136°, respec-
tively. With increasing bedding angle, the cohesion increased first,
then decreased and finally increased, while that of the internal
friction angle was the opposite.

Under the comprehensive actions of effective stresses, the
whole deformation process of bedded sandstone is essentially the

Fig. 10b). With the progress of underground excavation, the un-
derground surrounding rocks accompanied by osmotic pressure
and bedding continue to experience this process. As a result, the
cohesion and internal friction angle of underground surrounding
rocks with different bedding angles have significant evolution
differences.
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Table 4
Cohesion and internal friction angle under H-M coupling.
8() Pg (MPa) Cp (MPa) op ()
0 4 25.7947 441123
30 4 46.6397 17.3071
45 4 39.1187 17.9839
60 4 27.7762 29.4466
90 4 38.6679 19.1136
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Fig. 10. Cohesion and internal friction angle: (a) Anisotropy, and (b) Cohesive-
weakening-frictional-strengthening process with underground excavation engineer-
ing (Song et al., 2022).

3.5. Permeability evolution characteristics

To further obtain the permeability evolution characteristics
under H-M coupling, the stress-strain-permeability curves are
drawn, and one can see that they have similar evolution charac-
teristics (see Fig. 11). Therefore, Fig. 11a is selected to give a
representative description for the dynamic permeability evolution
law.

At stage I, the stress-strain curve starts to be slightly concave,
and its slope gradually increases with increasing load. The reason is
that under the initial load, the microcracks of bedded sandstone are
gradually compacted, the opening of seepage channels starts to
decrease, and the nonlinear deformation is formed. Therefore, the
permeability at stage I significantly decreases. Numerically, the

initial permeability of 6.302 x 10~> mD slowly decreases to the
minimum permeability of 4.714 x 10~ mD.

The stress-strain curve at stage Il represents the elastic defor-
mation stage. Meanwhile, the opening and number of seepage
channels are basically stable, and the permeability is at a low value
with slight fluctuations. Numerically, the permeability fluctuates
slightly from 4.714 x 107> mD to 4.927 x 10> mD.

At stage III, the slope of the stress-strain curve begins to
decrease at the elastic deformation stage, which gradually enters
the stable crack growth stage. At this stage, the internal microcracks
begin to derive, expand and develop. Therefore, the number of
internal seepage channels increases, and the permeability slowly
increases. Numerically, the permeability slowly increases from
4,927 x 107> mD to 7.1246 x 10~> mD.

At stage IV, under the continuous action of axial loads, the
bedded sandstone enters the unstable crack growth stage. At this
stage, the damage degree is greatly increased. Meanwhile,
numerous new cracks can further grow, propagate, coalesce, and
nucleate, finally forming the macroscopic shear fracture plane.
Therefore, at this stage, the main reason for the sharp increase in
permeability is the rapid increase in the number and opening of
dominant seepage channels. In addition, the occurrence of the
maximum permeability is obviously behind the peak stress, which
indicates that the permeability evolution characteristics have a
significant lag effect compared with the stress-strain curve. The
bedded sandstone under other working conditions has similar
permeability evolution characteristics.

3.5.1. Permeability vs. confining pressure effect

To further obtain the law for the effect of confining pressure on
the permeability evolution characteristics, the stress-permeability
curves (k vs. a3) of bedded sandstone under H-M coupling are
drawn (see Fig. 12). The permeability of bedded sandstone showed
similar evolution trends under different working conditions. With
increasing confining pressure, the permeability under identical
bedding angle and identical axial stress level decreased signifi-
cantly. The radial constraint effect was significantly enhanced with
increasing confining pressure, which inhibited internal radial
cracks and compacted them. Therefore, the opening of its internal
dominant seepage channel became decreased, finally forming an
objective law that the permeability gradually decreased with the
increase in confining pressure.

The fitting curves of the initial permeability kg, minimum
permeability kmip, final permeability kg, and confining pressure are
shown in Fig. 13. As shown in Fig. 13a, the initial permeability with
identical bedding angle showed a significant negative linear rela-
tionship with the increase in confining pressure, while the initial
permeability with identical confining pressure increased as
bedding angle increased. As shown in Fig. 13b, the minimum
permeability showed a significant negative linear relationship with
increasing confining pressure, while the minimum permeability
with medium/high confining pressures increased as the bedding
angle increased. However, the minimum permeability under low
confining pressure decreased first and then increased as the
bedding angle increased. Similarly, the final permeability also
presented a significant negative linear relationship with increasing
confining pressure. In addition, the final permeability increased as
the bedding angle increased (see Fig. 13¢). Moreover, the correla-
tion coefficients R? of the above fitting functions were close to 1,
which also indicated that the confining pressure had an obvious
effect on the initial, minimum and final permeabilities.

3.5.2. Permeability vs. bedding effect
To further obtain the anisotropic evolution law of permeability,
the stress-permeability curve (k vs. () is plotted (see Fig. 14). The
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Fig. 11. Stress-strain-permeability curves under H-M coupling.
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permeability with identical confining pressure and axial stress level
increased with increasing bedding angle. Particularly, the bedded
sandstone with the bedding angle of 0° had the minimum
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Fig. 14. Stress-permeability curves under H-M coupling (k vs. §).

permeability, while that with the bedding angle of 90° had the
maximum permeability. Increasing bedding angle could greatly
shorten the equivalent length of the effective seepage path. An
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increase in the effective seepage path length significantly reduced
the permeability. That is, under the action of effective stress, the
dominant seepage channel formed was close to the same direction
as the water seepage, which led to the maximum permeability of
the bedded sandstone containing the weak plane of 90°. Therefore,
the structures of the weak plane of 90° played a leading role.
However, under the bedding angle of 0°, the formation of seepage
channels depended on the orientation, length and number of cracks
that broke down the matrix under the comprehensive action of
effective stress. According to the Griffith’s strength theory,
compared with well-developed structures of bedding planes, it was
more difficult to break down the matrix to produce more cracks,
and the ability to form dominant seepage channels was also the
weakest. Therefore, the permeability with the bedding angle of
0° was the smallest.

The fitting curves of the initial permeability kg, minimum
permeability kmin, final permeability kg, and bedding angle are
shown in Fig. 15. With the increase in bedding angle, the initial
permeability with identical confining pressure showed a significant
positive linear relationship (see Fig. 15a). Meanwhile, the initial
permeability with identical bedding angle decreased with the in-
crease in confining pressure. The minimum permeability showed
an obvious positive nonlinear relationship with increasing bedding
angle (see Fig. 15b). However, the minimum permeability curve
with the bedding angle of 30° under the confining pressure of
10 MPa showed a sudden drop, which was caused by the different
internal structural states, resulting in certain differences in the
closure mode and state of cracks. Similarly, the final permeability
also presented a significant positive nonlinear relationship with
increasing bedding angle (see Fig. 15c). Meanwhile, the final
permeability under identical bedding angle decreased with the
increase in confining pressure. The correlation coefficients R? of the
above fitting functions were close to 1, which also demonstrated
that the bedding angle had an obvious effect on the initial, mini-
mum and final permeabilities.

3.5.3. Permeability vs. coupling effect

As shown in Fig. 16a—c, evolution models of the initial, mini-
mum and final permeability were established. Among them, the
initial permeability, minimum permeability, final permeability,
bedding angle and confining pressure all showed a significant bi-
nary primary function relationship. Additionally, the correlation
coefficients R? of the above fitting functions were close to 1, which
indirectly verified the rationality of the characteristic permeability
evolution models established.

Furthermore, the combination of low confining pressure and
bedding angle of 90° parallel to the seepage direction led to the
largest initial permeability and minimum permeability (see
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Fig. 16d—e). It also indicated that the effects of the confining
pressure and bedding had significant influences on the evolution
characteristics of the initial, minimum and final permeabilities.
However, the bedding angle had slightly weaker influences on the
initial, minimum and final permeabilities than that of confining
pressure.

3.6. Damage evolution characteristics

AE parameters can effectively characterize the mechanical be-
haviours of bedded sandstone, such as the closure, compaction,
damage propagation and complete failure of internal microcracks.
Under the continuous action of external loads, the internal cracks of
bedded sandstone can experience a series of changes. In this pro-
cess, the elastic wave can be released, and the AE can effectively
monitor the whole process. Therefore, it can better reflect the
progressive failure characteristics of bedded sandstone. Therefore,
the ringing count was used as one of the parameters of AE
nondestructive monitoring. Among them, the relationship curve of
the stress-strain-ringing count under H-M coupling is shown in
Fig. 17.

The stress-strain-ringing count N; relation curves of bedded
sandstone had significant similarities (see Fig. 17). Therefore,
Fig. 17a was selected to give a representative description of the
ringing count evolution characteristics during the whole defor-
mation process.

At initial crack compaction stage I, the bedded sandstone was
subjected to the continued actions of effective stresses, the internal
primary cracks closed, and the ringing count increased slightly (see
Fig. 17).

However, when it transferred to linear elastic deformation
stage II, the ringing count distribution characteristics were mainly
sporadic with generally small values. At this stage, the bedded
sandstone was close to the elastic body, and the initial primary
cracks were almost compressed, but the weak slipping between
the bedding interfaces could also produce weak elastic wave
signals.

When entering crack stable growth stage III, the ringing count
gradually increased, which corresponded to the new crack de-
rivatives, stable growth and development at this stage.

When entering unstable crack growth stage IV, the ringing
count started to increase sharply, the growth rate was obvious, and
the ringing count reached the maximum at the peak strength. This
result indicated that new cracks expanded — nucleation — the
macroscopic and mesoscopic fractures formed at the peak strength.

When entering post-peak strain softening stage V, the bedded
sandstone still had a certain bearing capacity. Meanwhile, the
broken particles in its macroscopic fracture surfaces would have
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Fig. 15. Fitting curves of the characteristic permeability and bedding angle under H-M coupling.
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the mechanical behaviour characteristics of secondary particle
breakage under the continuous extrusion of external loads.
Therefore, the ringing count at this stage drops sharply, leaving
only some signals or even no signal of the external characteristics.

Compared with the radial inhibition of medium and low
confining pressures, the radial inhibition of high confining pressure
is more significant and effective. Therefore, the existence of high
confining pressure can more effectively inhibit the growth and
development of internal cracks in bedded sandstone. Then, it can
effectively reduce the occurrence frequency and number of internal
microcracks, thus effectively reducing the value of the ringing
count. Therefore, compared with the maximum ringing count with
identical bedding angle at high confining pressure, that at medium
or low confining pressures was obviously higher.

The damage D is defined by the cumulative ringing count
values:

b=a

(2)

where C; and C; are the cumulative ringing count values during
initial loading and complete fracture, respectively.

Therefore, the stress-strain-damage relationship curve under
H-M coupling is plotted (see Fig. 18). The damage evolution curve
had a certain similarity with the ringing count evolution curve. In
addition, there were four stages in the damage evolution curve:
initial damage stage I, damage slowly increasing stage II, damage
rapidly increasing stage III, and damage stable development stage

IV. Among them, the proportion of total damage evolution in
stage Il is the largest and that at stage I or stage IV is the
smallest.

At the initial damage stage I (corresponding to the initial crack
compaction stage), the damage was less, and the value was lower.
This was mainly due to the initial crack compaction in the bedded
sandstone.

At the damage slowly increasing stage II (corresponding to the
linear elastic deformation stage and crack stable growth stage), the
damage gradually increased, and the value also increased. This was
mainly due to the gradual emergence of numerous microcracks in
bedded sandstone, and continuous penetration or slipping friction
between bedding interfaces, which led to the gradual accumulation
and increase in damage.

At the damage rapidly increasing stage III (corresponding to the
unstable crack growth stage), the damage increased sharply. This
was mainly due to the rapid expansion, growth and nucleation of
numerous new microcracks in bedded sandstone and the formation
of the macroscopic fracture surface at the peak strength, which led
to the maximum damage at the peak strength.

At the damage stable development stage IV (corresponding to
the post-peak strain softening stage), the damage was basically
stable.

In addition, the evolution curve at the slow damage stage was
longer as increasing confining pressure. It was suggested that the
confining pressure played a leading role in inhibiting microcrack
growth in bedded sandstone compared with the bedding effect at
this stage.
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3.7. Failure mechanism

Based on the above analysis, the failure mechanism of bedded
sandstone under H-M coupling was further revealed. The details of
the failure mechanism under various bedding angles are shown in
Fig. 19. The bedded sandstones with various bedding angles expe-
rienced an evolution process in which the radial strain decreased,
the crack developed, propagated and even entered the yield status
(see Fig. 19). However, due to the comprehensive actions of the
bedding effect, the effect of confining pressure and the effect of
osmotic pressure eventually led to forming macroscopic failure
characteristics with different forms.

Among them, due to the existence of the “water wedging” effect
(Deng et al., 2017), the macroscopic and mesoscopic fracture
characteristics of shear failure through the bedding plane in forking
with bedding angles of 0° and 30° were formed. Because the pore
water pressure of seepage water could make the internal crack tips
form the secondary fracture, which could make its forking occur in
the crack tips. That is, the corresponding seepage water in the crack
tips played a role that was similar to the wedge “medium”. How-
ever, due to the existence of the “bedding buckling” effect, the
macro- and mesoscopic fracture characteristics of shear failure
with the bedding plane converging under bedding angles of 0° and
30° were formed. The reason was mainly that the angle between
the confining pressure and the weak bedding plane was relatively
small, which easily led to a weak bedding plane with low cohesion
producing the small-angle “bending” phenomenon in the hori-
zontal direction. Meanwhile, a stress concentration was easily
formed at the “bending” tips, which could effectively induce the
mechanical behaviours such as extension, expansion and conver-
gence of microcracks at multiple places, and finally form the macro-

and mesoscopic fracture characteristics of shear failure in
convergence.

The macroscopic and mesoscopic fracture characteristics of
shear slipping failure along the bedding plane under bedding an-
gles of 45° and 60° were formed. Due to the existence of the sliding
friction effect, leading to the formation of a shear fracture zone
under bedding angles of 45° and 60°. Meanwhile, the broken par-
ticles in the shear fracture zone were easily washed away by the
seepage water under H-M coupling.

The characteristics of mixed failure through the bedding plane
under the bedding angle of 90° were formed. This was mainly due
to the combination of the “bedding buckling” effect and shear ef-
fect. Because the bedding weak plane of 90° was parallel to the axial
stress, it was easy to form the “bedding buckling” phenomenon on
the weak plane under continuous actions of high effective stresses.
Meanwhile, the local shear zone is easily formed under the bedding
angle of 90°, which led to local shear failure. Therefore, the failure
mechanism of bedded sandstone with a bedding angle of 90° could
be clarified.

4. Conclusions

In this paper, the H-M coupling experiments under various
bedding angles, identical osmotic pressure and various confining
pressures were systematically conducted. The mechanical behav-
iors of bedded sandstone with various bedding angles under H-M
coupling were also quantitatively characterized, including the
strength, deformation, permeability, damage, macro- and micro-
scopic failure characteristics. Finally, the failure mechanism of
bedded sandstone with various bedding angles under H-M
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coupling was revealed. The following conclusions can be drawn as
follows:

(1) The combination of bedding angle and effective stress results
in different macroscopic failure modes of bedding sand-
stones with various bedding angles. Among them, due to a
certain angle between the direction of effective stress and
the beddings of 0° and 30°, the macroscopic failure type with
the bedding angles of 0° and 30° was shear failure through
the bedding plane; Nevertheless, due to the direction of
effective stress was basically parallel to the bedding angles of
45° or 60°, their macroscopic failure type was mainly shear
failure along the bedding plane; When the bedding angle
was 90° (which was parallel to the loading direction of axial
stress and perpendicular to the loading direction of confining
pressure), the macroscopic failure modes with bedding angle
of 90° was mainly the mixed tension-shear failure.

(2) Within Be(0°, 30°) and fe (45°, 90°), the confining pressure
played a more dominant role on influencing the peak
deviatoric stress than that of the bedding angle. Neverthe-
less, within fe(30°, 45°), the bedding angle played a more
dominant role in influencing the peak deviatoric stress than
that of the confining pressure.

(3) Corresponded to the bedding angles of 0°, 30°, 45°, 60° and
90°, the cohesions were 25.7947 MPa, 46.6397 MPa,
39.1187 MPa, 27.7762 MPa and 38.6679 MPa, respectively.
Meanwhile, the corresponding internal friction angles were
441123°, 17.3071°, 17.9839°, 29.4466° and 19.1136°,
respectively.

(4) The permeability under identical confining pressure and
axial stress level increased as the bedding angle increases.
Nevertheless, under the same confining pressure, the mini-
mum permeability showed a significant negative linear
relationship with the increase in bedding angle.

(5) The “water wedging” effect and the “bedding buckling” effect
resulted in the shear failure through the bedding plane in
forking and convergence formed under bedding angles of
0° and 30°, respectively. Additionally, the sliding friction ef-
fect led the bedded sandstone with bedding angles of 45°
and 60° forming the shear slipping failure along the bedding
plane. Finally, due to the combination of the “bedding
buckling” effect and shear effect, the failure characteristics of
the mixed tension-shear failure through the bedding plane
under the bedding angle of 90° was formed.
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