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Abstract

In underground coal mining, coal failure generally occurs due to the relatively weak strength of the coal and the high applied
mining-induced stresses. The outer complex geological conditions (i.e., tectonic structure and water intrusion) and internal
structural anisotropy of the coal introduce uncertainty in predicting its mechanical properties and failure behavior. In this
study, laboratory investigations of the mechanical properties and failure behavior of dry and water-saturated anisotropic coal
samples subjected to different true-triaxial loading stresses were conducted. The effects of water weakening, intermediate
stress, and structural anisotropy on the mechanical properties and failure behavior of the coal were systematically studied.
The results indicate that the presence of water significantly reduced the strength, elastic modulus, and strength anisotropy of
the coal. The maximum stress at failure first increased and then decreased with increasing intermediate stress. The residual
strength-to-peak strength ratios and failure plane angles of the coal showed a linear increase with increasing intermediate
stress. When the coal samples were loaded in the bedding plane direction, the brittleness of the coal was higher than when
they were loaded in the other two cleat plane directions. In addition, when the coal samples were loaded in the butt cleat plane
direction, the brittleness of the coal decreased with increasing intermediate stress. Two typical failure modes of the dry and
water-saturated coal samples were observed: shear and mixed splitting and shear failures. The dominant failure mode of the
coal also varied with the loading direction relative to the weakness planes, which could be well recognized and predicted by
the acoustic emission (AE) characteristic curves. To further reveal the fracture mechanism, the microcrack patterns of the
coal were further identified based on the AE parameters.
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1 Introduction

Coal, as a heterogeneous fractured rock, has relatively
low strength. When subjected to high stress, coal can
undergo progressive failure (Wang et al. 2013). The fail-
ure behavior of coal depends on mechanical properties
(e.g., the strength, anisotropy, and brittleness) and can
also be reflected by acoustic emissions (AEs) (Li et al.
2019; Kong et al. 2016; Liu et al. 2019c¢, d; Duan et al.
2019). In underground coal mining, mining-induced stress
concentration can easily lead to failure of the coal. With
the increasing depth of mining operations, more complex
support methods are needed, and the associated mining
hazards are also more pronounced (Mark and Gauna 2016;
Zhao et al. 2018). Knowledge of the mechanical proper-
ties and failure behavior of coal during the evolution from
deformation to failure is of vital importance to coal sup-
port design and coal burst control.

Laboratory experimental tests can provide links to field
observations and theoretical predictions. However, how
to better replicate in situ conditions in the laboratory is
still challenging. With regard to stress replication, exten-
sive uniaxial and conventional stress tests have been per-
formed on the mechanical properties and failure behavior
of coal and rock (Prikryl et al. 2003; Liu et al. 2018a, b,
2019c, d; Yang et al. 2012; Xu et al. 2018; Yin et al. 2015;
Zhang et al. 2018a, b). Various in situ stress measurements
indicate that the uniaxial and conventional stress condi-
tions are rarely found, while true-triaxial stress conditions
(6,> 0,> 03) are more general in the crust (Zoback 1992;
Kang et al. 2010; Paul and Chatterjee 2011). Limited true-
triaxial stress tests on the mechanical properties and fail-
ure behavior of specific sedimentary rock are found in the
literature (Ma and Haimson 2016; Browning et al. 2017,
Kong et al. 2018; Lu et al. 2018; Li et al. 2018). However,
to the best of our knowledge, no such true-triaxial stress
experimental tests have been performed on coal.

In comparison with other rocks, natural discontinuity
is more complex in coal with numerous cleats and bed-
ding planes. Geometrically, the cleats and bedding planes
are mutually perpendicular (Laubach et al. 1998). The
cleats and bedding planes have a great influence on the
mechanical properties and failure behavior of coal (Ran-
jith and Perera 2012; Li et al. 2016; Zhang et al. 2018a,
b; Scholtes et al. 2011). Experimental deviation could be
significant when considering coal as an isotropic medium.
In addition, coal seams are generally saturated with water,
especially for the area treated by hydraulic stimulation.
Experimental efforts have been devoted to investigating
the influence of water on the mechanical properties and
failure behavior of rock. The majority of these studies
focused on the effect of water on the uniaxial and triaxial
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compressive strength (Wong et al. 2015; Li et al. 2012;
Vasérhelyi and Van 2006) and the deformational and frac-
turing behavior (Minaeian et al. 2017; Kwasniewski and
Rodriguez-Oitaben 2009; Wasantha and Ranjith 2014). In
contrast to the numerous studies on rocks, only a few stud-
ies have explored the effect of water on the mechanical
properties and failure behavior of coal (Zhao et al. 2016;
Poulsen et al. 2014; Yao et al. 2016; Perera et al. 2011).
However, the influence of anisotropy and the presence of
water under true-triaxial compression, which represent a
more realistic site environment, have not been taken into
account.

In this paper, laboratory investigations of the mechani-
cal properties and failure behavior of anisotropic coal using
a newly developed true-triaxial apparatus were executed
under both dry and water-saturated conditions. The effects
of water weakening, intermediate stress, and anisotropy on
the mechanical properties and failure behavior were system-
atically examined. The AE energy evolution of coal during
progressive failure progress was discussed. The relation-
ship between the failure mode of coal and AE characteristic
curves was further analyzed. Microcrack patterns of coal
were then classified based on the AE parameters. Finally,
the potential field applications of the experimental results
were discussed.

2 Experimental Methodology
2.1 Sample Description and Preparation

The coal samples used in this study were collected from
working face 2461 of coal seam C1 of the Baijiao coal mine
in Sichuan Province, China. The buried depth of the sam-
pling location was approximately 580 m. The coal samples
were obtained from the same coal block to maintain good
consistency in physical and mechanical properties. The
coal samples were processed as cubes with side lengths of
100 mm (+0.02 mm) and with the surfaces ground flat and
parallel to within+0.02 mm. To select intact samples, the
prepared coal samples were scanned by X-ray computed
tomography (CT) to remove the samples with macrofrac-
tures induced by sample preparation. The coal samples were
identified by ASTM D388 as high-rank anthracites with a
vitrinite reflectance of 2.85%. The ash and volatile matter
contents measured on the crushed coal were 23.93% and
15.05%, respectively (Liu et al. 2019a, b). The bulk densi-
ties of the dry and water-saturated coal were 1.55 g/cm?> and
1.58 g/cm?, respectively. The basic mechanical parameters
and mineral components of the coal samples are listed in
Tables 1 and 2, respectively. Coal is a highly anisotropic
porous medium induced by preexisting cleats and bedding
planes; these microstructures are easily distinguished in
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Table 1 Basic mechanical parameters of the anthracite coal samples
(Liu et al. 2018a, b)

Orientation UCS (MPa) E (GPa) v Tensile
strength
(MPa)

Parallel to bedding 20.03 3.42 0.14 2.75

Perpendicular to bedding 25.28 2.95 022 1.95

UCS unconfined compressive strength, E elastic modulus, v Poisson’s
ratio

Table 2 Mineral components of the anthracite coal samples (Zhang
et al. 2016)

Kaolinite Quartz Calcite Others

Mineral content (%) 5.58 11.74 5.04 77.64

Fig. 1. A total of 54 cubic coal samples were finally pre-
pared. Half of the cubic coal samples were placed in a
105 °C drying oven for 24 h, and the rest were immersed
in a water bath for 7 days. Both the dry and water-saturated
cubic coal samples were separated into three groups based
on the different true-triaxial stress conditions. To avoid the
dispersion of test results by the heterogeneity of the coal
samples, three tests were repeated for each true-triaxial
stress condition.

2.2 Test Apparatus and Procedure

The true-triaxial test in this study was performed using a
newly developed multifunctional true-triaxial geophysical
(TTG) apparatus at Chongqing University in China. The
apparatus can apply 3D stress levels of up to 600 MPa in
two directions and 400 MPa in another direction. The defor-
mation of the coal samples is measured by six linear variable
differential transformers (LVDTSs). Detailed descriptions
of the TTG apparatus can be found in Li et al. (2016) and

Fig. 1 Prepared cubic coal
sample

Face cleats

Jiang et al. (2019). The lubricant made of petroleum jelly
and stearic acid was applied to the surface of six loading
plates to reduce the end friction effect between the loading
plates and the cubic samples.

The 16-channel PCI-2 AE monitoring system from
Physical Acoustic Corporation (PAC) was used to record
the acoustic output during the experimental test. The AE
sensors were embedded on the loading plate through the
preopened installing holes and lead grooves, and the AE
signal lines were drawn out from the sides of the loading
plates, as shown in Fig. 2a. A total of eight AE sensors were
mounted on the top and bottom faces of the specimen, as
shown in Fig. 2b. Each AE sensor had a diameter of 5 mm
and a monitoring frequency range of 100-900 kHz. The
amplitude threshold of the AE sensors was set to 45 dB,
and the preamplifier gain was selected to be 40 dB. The
time parameters for AE waveforms such as peak definition
time (PDT), hit definition time (HDT), and hit locking time
(HLT) were set to 50, 100, and 100 ps, respectively.

All the tests followed the same designed stress path, as
shown in Fig. 3a, which is also suggested by the Interna-
tional Society for Rock Mechanics (ISRM) (Feng et al.
2019). First, the coal sample was loaded hydrostatically
(where 6, =0,=03) to the desired o5 at a rate of 0.5 MPa/s.
Next, o3 was kept constant while increasing o, and o, simul-
taneously to the preset o, at the rate of 0.5 MPa/s. Finally,
0, and o5 were maintained, while o, was increased at the
displacement rate of 0.002 mm/s until coal sample failure,
which was characterized by a sudden drop in o, followed by
residual strength. The applied stress level of ¢; was main-
tained at 10 MPa, while for each constant o5, the stress levels
of o, were 15, 20, and 30 MPa. The designed stress level
could cover the stress conditions encountered in the stud-
ied area, since the measured in situ horizontal stresses were
17.25 and 28.70 MPa, respectively (Jia et al. 2006). Three
loading directions were also designed in terms of mutually
perpendicular preexisting microstructures (bedding plane,
face cleat, and butt cleat) in coal, as schematically shown

=}
g ~7F
g (=3
) (=]
— .
e 5
- (']
“ 9,
I/N
=
)
w

@ Springer



4802

Y. Liu et al.

Fig.2 Loading plate with
mounted AE sensors and the
location of AE sensors. a Load-
ing plate and b location of AE
sensors
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Fig.3 Stress loading path and
loading direction variations in
the true-triaxial tests. a Stress
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in Fig. 3b. In the loading direction 1, ¢, is perpendicular
to the bedding plane in the coal, while o, is parallel to the
face cleat and butt cleat planes in loading directions 2 and
3, respectively. After true-triaxial compression tests, all the
cubic coal samples were scanned by X-ray CT to identify the
fracture morphology and finial failure modes.

3 Results and Analysis

3.1 Differential Stress-Strain Curves of Dry
and Water-Saturated Anisotropic Coal Samples

Figures 4 and 5 show plots of the axial strain against the
maximum differential stress (¢, —o5) for a fixed o3 value
of 10 MPa, with variable o, of the dry and water-saturated
anisotropic coal samples. For all the tested coal samples,
a noticeable stress drop followed by the strain-softening
stage was observed, indicating that the coal samples present
brittle failure modes under the true-triaxial stress loading
range. Figures 4 and 5 show that the peak strength and ini-
tial slope of the stress—strain curve decreased significantly
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after absorption of water for different true-triaxial load-
ing conditions and directions. In terms of the effect of the
intermediate principal stress, the peak strength increased
first and then decreased with the increase in the difference
between o, and o;. According to the test data and the dif-
ferential stress—strain curves of the coal samples, the peak
and residual strength, the axial strain at failure point, and the
elastic and postpeak modulus were obtained and are sum-
marized in Table 3. The elastic modulus was determined as
the slope of the differential stress—strain curve at half of the
peak strength, while the postpeak modulus was calculated
from the slope of the straight line that connects the points of
the peak and residual strength.

3.2 Failure Modes of Dry and Water-Saturated
Anisotropic Coal Samples

Figures 6 and 7 show the cross-sectional and 3D recon-
struction images of failure modes of the dry and water-sat-
urated anisotropic coal samples under different true-triaxial
loading conditions. In the 3D reconstruction images, the
fracture regions are white, and the remaining regions are
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Fig.4 Differential stress—strain curves of dry anisotropic coal samples under different true-triaxial loading conditions. a Bedding plane direc-

tion, b face cleat plane direction, and ¢ butt cleat plane direction

transparent. From Figs. 6 and 7, two identifiable failure
modes are observed for dry and water-saturated anisotropic
coal samples subjected to true-triaxial stress compression:
brittle shear and mixed splitting and shear failures. The fail-
ure modes of the dry coal samples were qualitatively simi-
lar to those of the water-saturated coal samples. In terms
of observed shear failure, the final failure planes could be
categorized as the single shear band, double shear bands,
and conjugate shear bands. The traced failure plane always
connected the top and bottom end face of the cubic coal
sample. In addition, some local dilations and sliding failure
due to preexisting cleats in the coal might also occurred in
the failure plane. From the CT cross-sectional images across
the o, — 05 faces of the tested coal samples, the failure plane
angles varied from test to test. As o, increased from 15 to
30 MPa with a constant o5, the failure plane angle increased
for each loading direction, and the failure plane gradually
dipped in the o5 direction. A similar increase in the failure
plane with ¢, was found in sandstones tested under true-
triaxial stress conditions (Haimson and Chang 2000; Ma and
Haimson 2016). The failure modes of the coal samples were

different with the variations in loading directions relative
to the weakness planes of the coal. When the coal samples
were loaded in the butt cleat plane direction, shear failure
was the dominant failure mode. When the coal samples were
loaded in the face cleat plane or bedding plane directions,
both shear failure and mixed splitting and shear failure were
observed.

4 Discussion

4.1 The Effect of Water Weakening
on the Mechanical Properties and Failure
Behavior of Coal

The strength and stiffness characteristics of coal are of great
fundamental importance in underground mining, since most
potential coal seams are water saturated. The presence of
water was found to significantly weaken the uniaxial com-
pressive strength (UCS) and elastic modulus of sedimentary
rocks, including coal (Hawkins and Mcconnell 1992; Vishal
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Fig.5 Differential stress—strain curves of water-saturated anisotropic coal samples under different true-triaxial loading conditions. a Bedding
plane direction, b face cleat plane direction, and ¢ butt cleat plane direction

et al. 2015). The results tested under more realistic true-
triaxial loading conditions were limited. Figure 8 shows the
peak and elastic modulus of dry and water-saturated ani-
sotropic coal samples under different true-triaxial loading
conditions. The peak strength and elastic modulus of all the
water-saturated coal samples were lower than those of the
dry coal samples due to the water-weakening effect. Specifi-
cally, Fig. 9 presents the reduction in peak strength and elas-
tic modulus of anisotropic coal samples after water adsorp-
tion under true-triaxial loading conditions. Due to the water
adsorption, the peak strength of the coal was reduced by
between 25.1 and 45.4% with a mean strength reduction of
33.4%, while the elastic modulus of the coal was reduced by
between 5.9 and 34.5% with a mean elastic modulus reduc-
tion of 18.4% for different loading directions and true-triax-
ial loading conditions. The lower values of elastic modulus
for water-saturated coal emphasize an increase in its ductile
behavior. The coal strength and elastic modulus reduction
under water saturation were higher than the results of low-
rank coal, which were 16.8% and 7.6%, respectively (Perera
et al. 2011). The difference in some physical attributes,
such as preexisting cleat density between low-rank coal and
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high-rank coal, could play an important role in the weaker
weakening effect of coal (Vishal et al. 2015). The results
obtained under true-triaxial stress conditions of this study
were similar to the UCS reduction of water-saturated high-
rank coal, with 27.2% obtained by Poulsen et al. (2014),
indicating that the results were independent of stress condi-
tions. The weakening effect of water on strength and elastic
modulus may result from the reaction between water mol-
ecules and clay mineral content (i.e., kaolinite) within the
coal matrix (Van Eeckhout 1976). After absorbing water, the
water molecules can invade the clay minerals through pre-
existing cleats, and the associated swelling, softening, and
disintegration phenomena occur (Erguler and Ulusay 2009).
In addition, apart from the reaction with clay minerals, water
also tends to form hydrogen bonds with the adsorbed water
molecules and other surface chemical species (Busch and
Gensterblum 2011), which leads to the structural rearrange-
ment of coal and associated strength reduction. In addition,
the presence of water could also reduce the specific surface
energy and friction coefficient in coal, as reported in sand-
stones, magnifying the water-weakening effect (Baud et al.
2000). With regard to the failure behavior of the dry and
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Table 3 Mee}n values of the . Test number Peak strength  Residual Axial strain at Elastic modu-  Postpeak
pea1.< and residual strengtb, axial (MPa) strength (MPa)  peak stress (%) lus (GPa) modulus
strain at peak stress, elastic, and (GPa)
postpeak modulus of dry and
water-saturated anisotropic coal  Coal-B-D15# 53.40 27.51 233 333 1.65
fﬁr;fﬁsst‘rgg:rcggg?;eolg;r“e' Coal-F-D15# 4523 22.82 1.79 430 1.12
Coal-U-D15# 35.79 19.25 1.30 3.35 1.89
Coal-B-D20# 62.56 36.40 2.65 3.24 2.47
Coal-F-D20# 51.24 40.58 1.72 4.11 1.55
Coal-U-D20# 43.01 20.16 1.68 3.28 1.48
Coal-B-D30# 53.90 34.52 2.36 2.87 4.63
Coal-F-D30# 43.59 38.25 1.31 4.55 0.81
Coal-U-D30# 35.29 30.27 1.51 3.67 0.40
Coal-B-W15# 34.70 22.76 1.67 2.46 3.73
Coal-F-W15# 30.41 24.90 1.29 3.50 0.45
Coal-U-W15# 26.48 16.45 1.75 2.85 1.02
Coal-B-W20# 43.58 28.93 2.20 2.26 2.68
Coal-F-W20# 34.52 26.85 1.70 3.66 0.83
Coal-U-W20# 32.20 13.58 1.44 2.15 0.55
Coal-B-W30# 29.43 21.35 1.37 2.57 0.76
Coal-F-W30# 26.51 8.48 1.10 4.28 1.36
Coal-U-W30# 23.17 16.78 1.25 3.17 0.52

Test numbers refer to the dry and water-saturated coal samples tested under different conditions, i.e., Coal-
B-D15# denotes the dry coal sample subjected to 15 MPa intermediate stress in the bedding plane direction

water-saturated coal samples, there were no significant dif-
ferences in the failure modes before and after water adsorp-
tion of the coal.

4.2 The Effect of Intermediate Stress
on the Mechanical Properties and Failure
Behavior of Coal

According to the in situ stress measurements, true-triaxial
stress conditions are more general and realistic (Zoback
1992; Kang et al. 2010). For specific underground reser-
voirs, such as coal seams, geological structures (i.e., faults
and folds) are randomly distributed and might lead to high
tectonic stress (o, > o3) in the near regions. Understanding
how the mechanical properties and failure behavior of coal
evolve with intermediate stress is thus important for pre-
dicting the relevant field behavior of coal. In the commonly
used conventional triaxial tests (6, =03), the strength of coal
is enhanced with increasing confining pressure (Gao and
Kang 2017), overlooking the effect of intermediate stress.
Figure 10 shows the variations in o, at failure with differ-
ent o, values of dry and water-saturated anisotropic coal
samples. It can be seen that o, at failure increased first with
the increase in o, and then decreased when the stress ratio
o,/0, exceeded 0.5, conflicting with results obtained under
conventional triaxial loading conditions. A similar increas-
ing then decreasing trend was also found in other sedimen-
tary rocks (Fjer and Ruistuen 2002; Mogi 1967; Ma and

Haimson 2016). This trend was independent of the water
adsorption or weakness plane orientations in the coal and
could be well fitted by the polynomial equation of the second
order. In underground coal mines, the postfailure behavior of
coal is crucial to the support design. Figure 11 presents the
variations in residual strength-to-peak strength ratios of coal
under varying intermediate stresses. For both dry and water-
saturated coal, the residual strength-to-peak strength ratios
generally showed a linear increase with increasing interme-
diate stress, with only one exception of the strength data of
water-saturated coal loaded in the face cleat plane direction.
This means that the intermediate stress enhances the load
bearing capability of the coal after failure. In Fig. 12, the
field measurement results of coal pillars in underground coal
mines also show a similar upward trend, where the ratios of
the peak to residual strength of coal increased due to higher
horizontal stress with distance into the pillar. According to
the widely used Mohr—Coulomb failure criterion, the fail-
ure plane angle is constant and determined by the inherent
properties of the rock materials. However, it is clear from
Fig. 13 that the failure plane angle of both the dry and water-
saturated samples increased with the intermediate stress,
which could be fitted by a linear expression. Specifically,
the failure plane angle of the dry coal samples loaded in the
bedding plane direction increased by 19° with an interme-
diate stress increment of 15 MPa. In the face cleat and butt
cleat directions, the failure plane angle of the dry coal sam-
ples increased by 8° and 16°, respectively, with intermediate
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Fig.6 CT scan cross-sectional
and 3D reconstruction images
of failure modes of dry aniso-

tropic coal samples under differ-
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ent true-triaxial loading condi-
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b face cleat plane direction, and
¢ butt cleat plane direction
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Fig.7 CT scan cross-sectional
and 3D reconstruction images
of failure modes of water-satu-
rated anisotropic coal samples
under different true-triaxial
loading conditions: a bedding
plane direction, b face cleat
plane direction, and ¢ butt cleat
plane direction

T ; \

0,=20 MPa, o,= 10 MPa
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Fig. 8 Peak strength and elastic modulus of dry and water-saturated coal samples under different true-triaxial loading conditions. a Peak strength
and b elastic modulus
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Fig. 9 Reduction in peak strength and elastic modulus of anisotropic coal samples after water adsorption under different true-triaxial loading
conditions. a Reduction in peak strength and b reduction in elastic modulus
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Fig. 11 Residual strength-to-peak strength ratios of dry and water-saturated anisotropic coal samples under varying intermediate stresses. a Dry

coal samples and b water-saturated coal samples

stress increments of 15 MPa. Ma and Haimson (2016) also
observed an increase in the failure angle with intermediate
stress for dry sandstone subjected to true-triaxial stress. In
comparison with their results, the increase in failure plane
angles of dry coal is more significant with relatively low
intermediate stress variations.

4.3 The Effect of Anisotropy on the Mechanical
Properties and Failure Behavior of Coal

The tested coal samples contained preexisting anisotropic
discontinuities, namely, the geometrically orthogonal
bedding planes and face and butt cleats. Such weakness
planes could affect the mechanical properties and fail-
ure behavior of the coal with orientation to the applied
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Fig. 12 Variations in residual strength-to-peak strength ratio with
normalized distance into the coal pillar, where x and A refer to the
distance into the coal pillar and the coal pillar height, respectively (Li
and Heasley 2014)

stress. To evaluate the effect of anisotropy, the ratios of
strength and elastic modulus anisotropy of dry and water-
saturated coal under different intermediate stresses are
shown in Fig. 14. The vertical anisotropy is determined
by the ratio of the strength and elastic modulus obtained
in the bedding plane direction to the average values of
the strength and elastic modulus obtained in both the
face and butt cleat plane directions. The horizontal ani-
sotropy is determined by the ratio of the strength and
elastic modulus obtained in the face cleat direction to the
strength and elastic modulus obtained in the butt cleat
direction. For the coal strength, the vertical anisotropy is
higher than the horizontal anisotropy under both dry and
water-saturated conditions, regardless of variations in the
intermediate stress. Meanwhile, both the vertical and hor-
izontal strength anisotropy decreased after water adsorp-
tion. This meant that the water content within the coal
samples might suppress the degree of anisotropy in terms
of coal strength under true-triaxial loading conditions.
For the elastic modulus of coal, the vertical anisotropy
was lower than the horizontal anisotropy under both dry
and water-saturated conditions, regardless of variations
in intermediate stress. However, no significant decrease
was observed in the elastic modulus anisotropy of the coal
after water adsorption.

The brittleness is another key mechanical property of
intact coal, because it is directly linked with the failure pro-
gress and coal mass response to mining activities in the field.
Various expressions have been defined to quantify brittleness
based on different concepts (Zhang et al. 2016; Feng et al.
2019). In this study, the coal brittleness is evaluated by the
two brittleness indices based on the energy balance of the
postpeak stage of the complete stress—strain curves (Tarasov
and Potvin 2013). The brittleness index B, is determined
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Fig. 14 Strength and elastic modulus anisotropy of dry and water-sat-
urated coal under varying intermediate stresses. a Strength anisotropy
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by the ratio between the postpeak rupture energy and the
withdrawn elastic energy and is described by the following
equation:
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aw, M-E

T VI ey
where W, is the postpeak rupture energy, W, is the elas-
tic energy, M is the postpeak modulus, and E is the elastic
modulus.

The brittleness index B, represents the ratio between the
released and the withdrawn elastic energy and is described
by the following equation:

B aw, _E
AW, M’ 2)

B,

where W, is the released energy.

As schematically shown in Fig. 15, the variations in
brittleness indices B, and B, quantitatively describe the
whole scale of brittleness from ductility to absolute brit-
tleness, where the gray area and red area represent the
postpeak rupture energy and the elastic energy, respec-
tively. The failure behavior of rock could be classified as
Class I and Class II according to the difference values
of B, and B,. The left part (0 <B,, B, <1) belongs to the
Class II self-sustained failure mode, while the right part
(1<B, <+ o0 or — 0 < B, <0) belongs to the Class I uns-
pontaneous failure mode. Figure 16 shows the brittleness
of dry and water-saturated anisotropic coal under varying
intermediate stresses. All tested dry and water-saturated
coal samples belong to the Class I unspontaneous failure
mode (1 <B| <+ o or — oo <B, <0). When the coal sam-
ples were loaded in the bedding plane direction, the brit-
tleness of the coal was higher than when they were loaded
in the other two cleat plane directions. This means that
the coal samples could exhibit more violent failure when
loaded in the bedding plane direction. High brittle miner-
als such as quartz distributed along the bedding planes of
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the coal might be the reason for the higher brittleness of
the coal when loaded in the bedding plane direction (Sib-
son 1977). When the coal samples were loaded in the butt
cleat plane direction, the brittleness of the coal decreased
with the intermediate stress. No significant change in the
brittleness of the coal was observed before and after water
adsorption. The percentage of the specific failure mode
of the dry and water-saturated anisotropic coal samples
is given in Fig. 17. The dominant failure mode of the ani-
sotropic coal varied with the loading direction. When the
coal samples were loaded in the bedding plane and face
cleat directions, mixed splitting and shear failure were
more generally observed, whereas most coal samples
failed following the single shear failure mode when they
were loaded in the butt cleat direction. In comparing the
dry and water-saturated coal samples, the conjugate shear
failure mode disappeared after water adsorption.

4.4 Evolution of AE Energy of Coal

Figures 18 and 19 show the AE energy—stress curves of the
anisotropic dry and water-saturated coal samples under true-
triaxial stress conditions. It can be seen that the evolution of
AE energy of the anisotropic dry and water-saturated coal
samples during the progressive failure can be divided into
three following typical stages: the stable development of
microcracks (stage I), the unstable development of macrof-
ractures (stage II), and the postfailure region (stage III). In
stage I, the differential stress increased quickly, while the AE
energy increased slowly, which means that the microcracks
steadily initiated and propagated. In stage II, the AE energy
gradually increased and then experienced a significant rise
when the coal samples were loaded to approach its peak
strength, indicating that the microcracks were coalesced
and propagated unstably until the macrofractures formed
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Fig. 17 Bar diagram show- 100%
ing the percentage of dry and
water-saturated anisotropic coal
samples that failed in relation
to the specific failure mode. a
Dry coal samples and b water-
saturated coal samples
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Fig. 18 AE energy—stress curves of anisotropic dry coal samples under true triaxial stress conditions of 15 MPa intermediate stress: a bedding
plane direction, b face cleat plane direction, and ¢ butt cleat plane direction

in the coal samples. In stage III, the AE energy gradu-
ally decreased and then increased when the coal samples
were loaded to the residual strength, suggesting that fric-
tional sliding between the newly developed macrofractures
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controlled the postfailure region and led to the macroscopic
shear failure plane formation during this stage. For the
water-saturated coal samples, the AE energy was always
lower during the entire stages of coal progressive failure,
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Fig. 19 AE energy-stress curves of anisotropic water-saturated coal samples under true triaxial stress conditions of 15 MPa intermediate stress:
a bedding plane direction, b face cleat plane direction, and ¢ butt cleat plane direction

and the AE characteristics were less pronounced in the
postfailure region in comparison with dry coal samples. As
discussed in Sect. 4.1, the presence of water could reduce
the specific energy and friction coefficient of coal samples,
leading to lower peak and residual strength of coal. Hence,
less energy is required to induce the failure of coal, and the
AE energy was less pronounced for the water-saturated coal
samples during the stress loading process. Similar results of
the water-weakening effect on AE characteristics were also
found by Zhou et al. (2018) and Yao et al. (2016).

4.5 ldentification of Failure Modes Using AE
Characteristics of Coal

Figures 20, 21, and 22 show the cumulative AE counts
ratio versus time curves of the dry and water-saturated coal
samples loaded in different directions. A strong correlation
between failure modes and AE characteristic curves can be
observed. For the coal samples that failed in the shearing
modes, there were few AE events at the beginning of the
loading, and most AE events occurred at or very close to the
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final failure. For the coal samples that failed in the mixed
splitting and shearing modes, the coal samples had more AE
events at the beginning of the loading and throughout the
whole loading process, which showed steady linear growth
of the AE events. This difference in the patterns of the AE
curves could be used to distinguish the two failure modes
of the coal that appeared in these true-triaxial compression
tests. Specifically, when the coal samples were loaded in the
bedding plane and face cleat plane directions, two types of
AE patterns were observed, since both shearing and mixed
splitting and shear modes occurred. In the case of the shear-
ing failure, which was observed for the coal samples loaded
in the butt cleat plane direction, only the shear failure AE
pattern occurred.

To reveal the fracture mechanism of dry and water-sat-
urated coal samples under true-triaxial stress conditions,
the microcrack patterns were further identified based on
the AE parameters. The average frequency (AF) value
and rise time/amplitude (RA) value are directly associ-
ated with the microcrack patterns (Aggelis 2011) and are
used to classify the microcrack patterns in this study. In

120
S
S0 |
g
< 80
=
=l
S 60 |
? —6,=15MPa
z 40 r 0,=20 MPa
é b — ,=30MPa
S
0 ~ 1 N ! 1 1 N J
0200 400 600 (s)oo 1000 1200 1400
me (S
(b)

Fig.20 Cumulative AE count ratio versus time curves of dry and water-saturated coal samples loaded in the bedding plane direction. a Dry coal

samples and b water-saturated coal samples
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Fig.22 Cumulative AE count ratio versus time curves of dry and water-saturated coal samples loaded in the butt cleat plane direction. a Dry
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particular, the AF value is calculated by the ratio of AE
counts to the duration time of the AE signal, and the RA
value is calculated as the rise time (delay between the
onset and maximum amplitude) divided by the amplitude.
The proportion of the AF to RA values generally has a
diploid relationship (Grosse and Ohtsu 2008; Yao et al.
2019; Lu et al. 2018). An AE signal with a low AF value
and a high RA value normally corresponds to the shear-
ing cracks, whereas a signal with a high AF value and
a low RA value represents the tensile cracks (Ohno and
Ohtsu 2010). Figures 23 and 24 show the correlation plots
between the AF and RA values of the anisotropic dry and
water-saturated coal samples under true-triaxial stress con-
ditions of 15 MPa intermediate stress. For the coal samples
loaded in the bedding plane and face cleat plane directions,
the percentages of tensile cracks were slightly higher than
the percentages of shear cracks, which means that both
tensile and shear cracks were initiated and propagated
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but tensile cracking was preferential during the failure
progress. For the coal samples loaded in the butt cleat
plane direction, more shear cracks and many fewer tensile
cracks were identified than in the coal samples loaded in
the other two directions, which indicates that coal samples
mainly experienced shear crack growth during the failure
progress. Hence, as verified by the CT cross-sectional and
3D reconstruction images in Figs. 6 and 7, both the split-
ting and shear failure planes were formed macroscopically
in the coal samples loaded in the bedding plane and face
cleat plane directions, whereas coal samples loaded in the
butt cleat plane exhibited shear failure macroscopically. In
addition, in comparison with dry coal samples, the ratios
of shear cracks during progressive failure is higher for
water-saturated coal samples, induced by the reduction in
friction coefficient and less constrained movement along
cracks due to the presence of water (Eberhardt et al. 1999;
Zhang and Gao 2015).
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Fig. 23 Plots of the correlation between the AF and RA values in the progressive failure process of anisotropic dry coal samples under true tri-
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Fig.24 Plots of the correlation between the AF and RA values in
the progressive failure process of anisotropic water-saturated coal
samples under true triaxial stress conditions of 15 MPa intermediate

4.6 Implications for Underground Coal Mine Field
Applications

Underground coal mines are generally undertaken in high
geo-stress areas, where failure of the coal is generally una-
voidable due to high stress concentrations within the coal
body during frequent mining. By monitoring the AE sig-
nal variations, failure modes of the coal could be recog-
nized and predicted, which is beneficial to burst control.
Most underground coal seams are generally saturated with
large amounts of water, especially in the regions treated by
hydraulic stimulation (Lu and Wang 2015; Zhang and Shen
2004). The presence of water could significantly reduce the
strength and deformability of the coal. When coal mining is
near high tectonic regions, the coal peak strength might be
lower, but the ratio of the residual strength-to-peak strength
is increased due to relatively high intermediate stresses.
The anisotropic preexisting natural weakness planes could
also have a great influence on the variations in the mechani-
cal properties and failure behavior of the coal. Thus, when

stress: a bedding plane direction, b face cleat plane direction, and ¢
butt cleat plane direction

determining the coal support parameters and burst control
methods, special attention should be paid to both the outer
environmental factors (i.e., structure folds and water intru-
sion) and the internal anisotropic structure of the coal. The
laboratory scale used in the current study is limited to the
centimeter level, and a larger scale of coal samples should
be implemented in future studies to improve applications
in the field.

5 Conclusions

In this study, experimental data on the mechanical prop-
erties and failure behavior of both dry and water-saturated
anisotropic coal samples under different true-triaxial loading
conditions were presented. The effects of water weakening,
intermediate stress and structural anisotropy on the mechani-
cal properties and failure behavior of coal were systemati-
cally analyzed and discussed. The following main findings
could be drawn:
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The presence of water in the tested high-rank coal sam-
ples has a great influence on the mechanical properties
of the coal. The peak strength of the coal was reduced
by between 25.1 and 45.4% with a mean strength reduc-
tion of 33.4%, while the elastic modulus of the coal was
reduced by between 5.9 and 34.5% with a mean elastic
modulus reduction of 18.4% for different loading direc-
tions and true-triaxial loading conditions. After water
adsorption, both the vertical and horizontal strength ani-
sotropy decreased, while no significant decrease was found
in the elastic modulus anisotropy. The failure modes of the
dry coal samples were qualitatively similar to those of the
water-saturated coal samples.

Intermediate stress plays an important role in determin-
ing both the mechanical properties and the failure behavior
of coal. The maximum stress at failure first increased with
increasing intermediate stress and then decreased when the
stress ratio of the intermediate stress to maximum stress
exceeded 0.5, conflicting with the results obtained under
conventional triaxial loading conditions. This trend is
independent of the water adsorption and cleat orientations
of the coal. The residual strength-to-peak strength ratios
and the failure plane angles showed a linear increase with
increasing intermediate stress.

All the tested dry and water-saturated coal samples
belong to the Class I unspontaneous failure mode with
relatively low brittleness. When the coal samples were
loaded in the bedding plane direction, the brittleness of the
coal was higher than when they were loaded in the other
two cleat plane directions. When the coal samples were
loaded in the butt cleat plane direction, the brittleness of
the coal decreased with the intermediate stress.

Two typical failure modes of the dry and water-satu-
rated coal were observed: shear and mixed splitting and
shear failures. The dominant failure mode of the coal
varied with the loading direction relative to the weakness
planes. When the coal samples were loaded in the bed-
ding plane and face cleat directions, mixed splitting and
shear failures were more generally observed, whereas most
coal samples failed following the single shear failure mode
when they were loaded in the butt cleat direction. Micros-
hear cracks were dominantly detected when the coal sam-
ples were loaded in the butt cleat plane direction. The two
typical failure modes of the coal could be well recognized
and predicted by the AE characteristic curves.
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