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Pillar rheological failure is one of the important reasons to induce earthquake, surface collapse, and water inrush disaster in
underground mining engineering. Pillar is generally present under an inclined state and is significantly influenced by
combining compression and shear loading. However, many scholars regard the long-term strength of coal or rock mass under
pure uniaxial compression loading as the main evolution index of pillar strength, which is not consistent with engineering
practice. In this paper, a new inclined uniaxial compression strength (IUCS) test system was developed and then used to carry
out the IUCS test and creep test of coal specimens combined with an acoustic emission (AE) technology at various inclination
angles (0°, 5°, 10°, 15°, and 20°). The variation of time-dependent deformation, peak strength, long-term strength (LTS), creep
fracture model, and AE behavior of the coal with the inclination angels were discussed in detail. The results indicated that the
peak strength and LTS of the coal nonlinearly decreased with the inclination angle increasing. The proportion of the peak
strength to the LTS had remained constant between 58.5% and 62.9%, which can be considered as the inherent properties of
coal rock. The creep failure model of the coal was transformed from tension-splitting failure at the inclination angle of 0° and
5° to tension-shear failure at the inclination angle of 10°-20°, which revealed that the inclination angles were favorable to the
initiation and propagation of shear cracks. No matter any inclination angles, AE events can be divided into quiet period, low
amplitude rising period, and high amplitude rising period with the periodic mutation of multistage loading points. Moreover,
the cumulative AE energy gradually decreases with the increase of the inclination angles, which indicated that the shear stress
caused by the specimen inclination can make crack initiation and propagation with less energy absorption. The research results
will assist in the long-term strength design and time-dependent stability assessment of the coal pillar.

1. Introduction

Coal pillar, as a common engineering structure in under-
ground mining engineering, has made critical contribution
to control the ground subsidence and water intrusion pre-
vention [1, 2]. Moreover, coal pillar can also be used as the
support systems to ensure the stability of mining roadway
and safety of mine worker. Recently, the construction of
underground reservoir has become an extremely important

method for realizing the water resource preservation during
mining in northwest of China, where the coal pillar is the
main component of underground reservoir as the water bar-
rier [3–5], as shown in Figure 1. Hence, it is necessary to
comprehensively investigate the long-term strength (LTS)
and macroscopic-microscopic fracture behavior of coal pil-
lar for optimizing the strength design. In most previous
studies, the pure uniaxial compression strength (UCS) was
used to evaluate the bearing capacity of pillar, which is
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inconsistent with the practice engineering condition [6–9].
Numerous geological surveys have shown that many pillars
generally had a certain inclination angle. As a result, the
axial direction of pillar is not parallel to the direction of
maximum principal stress and a shear stress component will
occur in this situation, which make the specimens in a state
of combining compression and shear stress. However, Chen,
Pariseau, and Das et al. have noted that the shear stress com-
ponent is beneficial to crack initiation and propagation of
coal rock and can weaken the strength of pillar, which
should be considered for designing the strength of pillars
[10–12]. Furthermore, some researchers have also pointed
out that the strength and fracture characteristics of pillar
are closely related to the creep behaviors [13–15], which
cannot be ignored in the strength design of pillar. Therefore,
a comprehensive understanding of the creep mechanical and
failure behavior of coal rock under different inclination
angles is extremely important in mining.

Creep phenomenon reflects the time-dependent defor-
mation characteristics of coal rock under a constant loading
below their peak strength. Many researchers have done a
large number of creep tests of coal in order to better under-
stand the instability characteristics of coal pillar. Those creep
tests mainly focused on the reports of uniaxial compression
or confined compression loading conditions, which are
unable to reflect the creep mechanical response of coal pillar
under inclined compression test condition [16–18]. How-
ever, numerous studies suggested a significant impact of
shear stress caused by inclination angle on pillar stability.
By considering the shear effect, Pariseau [11] and Foroughi
and Vutukuri [19] improved the formula for assessing pillar
safety and concluded that shear loadings could weaken the
stability of pillars. The research by Suorineni et al. [20] indi-
cated that pillar strength decreases with the increase of incli-
nation angles, proposing the limitation of conventional
empirical equations in pillar design. For investigating the
relationship between inclination angle and UCS of coal, He
and Chen et al. [21–23] developed a combined compression
and shear test (C-CAST) system and performed a series of

uniaxial compression tests on coal specimens under various
inclination angles. The experimental results showed that the
strength experienced a decrease with inclination angles
enlarging, and the coal specimens were prone to shear failure
at a large inclination angle. Wu et al. [24] also carried out the
inclined UCS test of coal specimens by using the C-CAST
system, finding that the UCS of coal specimens can reach
to their maximum at 5° inclination angle and then gradually
decrease with the increasing inclination angle. The above
studies demonstrated that the inclination angle has an
extremely important effect on the strength of coal pillar,
which should be considered in the design of pillar strength.

To more effectively reveal the LTS and creep fracture
mechanism of coal pillar under inclined compression load-
ing, this paper conducts a set of inclined uniaxial compres-
sion strength (IUCS) tests and creep tests on coal
specimens under various inclination angles using the IUCS
test system and then analyzes the impact of inclination
angles on creep deformation curve, LTS, and creep failure
model. The acoustic emission (AE) technique is also intro-
duced to investigate the characteristics of AE energy released
in specimen creep failure under various inclination angles
and to support a discussion over the mechanism of inclina-
tion angle effect on creep cracking. The outcomes of this
paper are expected to provide theoretical references for the
LTS design and stability assessment of inclined coal pillars
occurring in complicated geological condition.

2. Materials and Methods

2.1. Materials. The coal specimens were sampled from
Changzhi City, Shanxi Province, China, and then cored into
cylinders of 100mm height and 50mm diameter, with both
ends polished for a better flatness. The sampling location
and tested specimens are shown in Figures 2 and 3, respec-
tively. In Figure 4, the XRD results show that calcite and
amorphous are the main mineral composition of the tested
samples. Before performing creep tests, the quality, diame-
ter, height, and wave velocity of specimens were tested.
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Figure 1: Schematic diagram of underground reservoir structure.
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Finally, the specimens with 1050m/s in wave velocity and
1.27 g/cm3 in average density were chosen for the creep test.
Figure 3(b) shows the scanning electron microscopy (SEM)
results, indicating that the selected samples have good com-
paction and uniformity, which can reduce the test error
caused by the sample structure.

2.2. IUCS Test System. Figure 5 shows the configuration of
the IUCS test system. This system is composed of two iden-
tical adapters on the top and bottom, respectively. A rotat-
able calibration device, fixed connection device, and a
fixing screw device are the main components of an adapter.
The angle scale attached to the rotatable calibration device
can fix the inclination degree designed for each specimen.
Before testing, the specimen is placed between the top and
bottom adapters, and then, the IUCS test system is fixed
onto the material testing system (MTS). The AE system is
used to monitor the energy signals released by specimens,
with four type RS-54A probes and 300 kHz resonant fre-
quency. Relevant parameters are set as preamplifier being
40 dB and threshold value 40dB, respectively. The peak def-
inition time (PDT), hit definition time (HDT), and hit lock-
out time (HLT) are also set as 50μs, 100μs, and 500μs,
respectively [10]. In addition, the four probes are pasted
onto the surface of tested specimens using a couplant (hot-
melt adhesive), which can help to collect acoustic emission
signals better. The installation position is shown in
Figure 5(a).

2.3. UCS and IUCS Comparative Analysis. Figure 6 shows
the stress and deformation state of the specimen before
and after the test under different loading methods. As shown
in Figure 6, the external loading force is parallel to the spec-
imen axis in the traditional UCS test. However, there is an
angle θ between the external loading force and specimen axis
in the inclined UCS test. Hence, a shear stress component
will occur in the IUCS test system, which does not exist in
the traditional UCS test. This result will make the specimens
in a state of combining compression and shear stress. In this
case, the axial stress component, shear stress component,
and axial strain of specimens can be expressed as [13]

σθ =
F cos θ

A
,

εθ =
χ

d
,

τθ =
F sin θ

A
,

ð1Þ

where σθ and εθ refer to the axial stress component and
axial strain, τθ is the shear stress component, F is the vertical
force posed by MTS on the ends, A and d are the cross-
sectional area and the initial height of specimens, respec-
tively. χ is the platen displacement. It should be noted that
the IUCS test system exists certain end effect due to the exis-
tence of groove inside the rotatable calibration device, but

Shanxi

Changzhi City

Figure 2: Sampling site of specimens to be tested.

(a) (b)

Figure 3: Standardized coal specimens and microstructure profile.
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Figure 4: XRD-based composition analysis of coal specimens.
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Figure 5: Configuration of the IUCS test system: (a) real products’ picture; (b) schematic diagram [23].
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Figure 6: Stress and deformation state of the specimen before and after the test [2].
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less affected the experimental results, which has been verified
in literature [21–23].

2.4. Methods and Procedures of Creep Tests. The methods
and procedures of creep tests are as follows:

(i) IUCS test system installation and loading proce-
dures: Step 1: rotate the rotatable calibration device
to the designed inclination angle, and fix it using
screws. Then, place a specimen on the central
groove of the calibration device (the bottom
adapter), and fix it through accessories. Finally,
move the IUCS test system onto the MTS. Step 2:
operate MTS to load slowly till the specimen is
about to touch the top adapter, and then, start the
preloading. When the prestress reaches 0.1 kN, the
loading process ceases automatically. Repeat this
process till the specimen is completely fixed. Then,
perform the follow-up tests

(ii) UCS tests under various inclination angles: after
installing the IUCS test system, UCS tests on coal
specimens under various inclination angles are con-
ducted to quantify specimen UCS and provide para-
metric references for creep test design. Five different
inclination angles are designed, ranging from 0° to
20°, with an interval of 5°; each angle is tested five
times, marked from 1# to 5#. Only three UCS by
removing the maximum and minimum values are
chosen for analyzing under each angle. In the UCS
test, the specimens are loaded by incremental exter-
nal stress, and the loading rate is set as 0.5MPa/s.
Due to the limitations of the test system, it is diffi-
cult to exclude the large experimental error caused
by the horizontal slip dislocation of bottom adaptor
when the inclination angle exceeds 25° [24]. Hence,

in order to the accuracy of experimental results, the
variation range of inclination angle is set as 0°-20°

(iii) Uniaxial creep tests with various inclination angles:
based on the results of UCS tests, the uniaxial peak
strength of coal specimens under different inclina-
tion angles is obtained. According to these results,
we design six loading stages for the creep test, with
each stage sustaining 12 h. The multistage loading
method is selected as the stress path of the test pro-
cess under five inclination angles. As the previous
UCS tests, creep tests are conducted under five dif-
ferent inclination angles, and each angle is per-
formed five times. The testing schemes are as
follows. Step 1: install the IUCS test system and
AE signal acquisition system. The probes are
attached to the surface of specimens using couplant
(hot-melt adhesive). Step 2: start preloading at a rate
of 3mm/min. The loading is automatically stopped
as the prestress reaches 0.1 kN. Repeat this process
till the specimen is completely fixed. Step 3: perform
creep tests and AE signal acquisition tests simulta-
neously under a loading rate of 0.1MPa/s. After
reaching a stress loading level of 17%σmax, this value
is held for approximately 12 hours, followed by a
stress loading level of 33%σmax. Step 4: repeat Step
3 to complete the stress loading level from 33%σmax
to 95%σmax till the specimen creep failure occurs,
during which the data of each test system should
be well recorded and stored. After creep test, the
LTS, creep fracture model, and AE date of coal spec-
imens will be systematically analyzed and discussed
under different inclination angles

3. Results and Analysis

3.1. Impact of Inclination Angle on the Peak Strength. Table 1
gives the detailed UCS of coal specimens under different
inclination angles. It shows that the standard deviation of
the UCS changes between 0.002MPa and 0.288MPa, while
the relative deviation changes between 0.04% and 1.85%,
meaning that the experimental data is rational [2]. Thus, a
typical stress-strain curve of each inclination angle is chosen
and plotted in Figure 7. It shows that the stress-strain curve
of any inclination angle consists of four stages: the pore
compaction stage, approximate linear elastic stage, nonlinear
cracking stage, and postpeak drop stage. Besides that, each
curve shows a rapid decline at the fourth stage, indicating
that brittle failure behavior is evident under every inclination
angle. Additionally, the uniaxial peak strength declines with
the increase of inclination angle. Specifically, the UCS is
9.73MPa, 7.46MPa, 5.82MPa, and 4.71MPa under the
angle of 5°, 10°, 15°, and 20°, respectively, dropping by
37.4%, 52%, 62.6%, and 69.7% compared with the scenario
of 0° inclination angle. The reason is that the shear stress
generated by the inclined specimen aggravates the initiation
and propagation of internal cracks, leading the specimen
favor to failure even under lower compressive loading
[25–29].
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Figure 7: Stress-strain curves of coal specimens under various
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3.2. Impact of Inclination Angles on Creep Curve and
Deformation. Figure 8 gives the axial creep curves under var-
ious inclination angles. It can be found that the axial creep
strain increased with the increasing loading levels. Besides,
the time-dependent deformation is more evident with
increased external stress levels. However, the axial creep
strain characteristics are the same at any inclination angles.
At low creep stress levels (i.e., the stress level is below
83%σmax), the time-dependent deformation curves have
only two creep stages: the primary stage with a decreased
strain rate and the steady creep stage with a constant strain
rate. At the last creep stress level (i.e., the level is 95%σmax),
the creep curves under different inclination angles show
three creep stages: the primary stage, the steady creep stage,
and the accelerated creep stage, after which the specimens
got failed.

Figure 9(a) shows that creep curves at the last creep
stress level (95%σmax) differ from various inclination angles.

It can be found that the critical accelerated creep strain
increases linearly with the increase of inclination angles,
while the creep time when specimens fail decreases linearly.
Besides, the creep strain rate at the last loading level is
shown in Figure 9(b). It indicates that the inclination angles
significantly impact the creep strain rate when the loading
level is 95%σmax. Actually, the creep strain rate increases
particularly significantly under more inclined angles, i.e.,
under the angle of 15° and 20°. It means that the propagation
and penetration of cracks tend to be faster under higher
inclination angles.

3.3. Impact of Inclination Angles on LTS of Coal Specimens.
Previous research showed that the LTS of rock mass is lower
than its UCS. Additionally, the instability of rock structures
such as coal pillars is relative with time. Thus, the LTS is an
essential mechanical parameter reflecting the time-
dependent characteristics of rock masses [30, 31]. At
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Figure 8: Axial strain-time creep curve of coal specimens under various inclination angles.
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present, there are three main methods to determine the LTS
of coal rock: isochronous stress-strain curves method, transi-
tion creep method, and the inflection point of the steady
creep rate method [32, 33]. Among these methods, the iso-
chronous stress-strain curve method is the most widely used,
which will be used in this study to obtain the LTS of coal
specimens under various inclination angles.

The isochronous stress-strain curves give the relation-
ship between the creep stress and strain at the same dura-
tion, as shown in Figure 10. Actually, the curves under
each inclination angle have a bifurcation point where the
corresponding stress is defined as the LTS of coal rock.
Table 2 shows the LTS value of coal mass at various inclina-
tion angles. As shown in Table 2, the standard deviation of
the LTS changes between 0.02MPa and 0.08MPa, while
the relative deviation changes between 0.1% and 2.52%,
meaning that the experimental data is rational. In addition,
there is an obvious quadratic negative correlation between
the LTS and inclination angle. The decrease rate of the
LTS also decreases with increasing inclination angles. For
instance, when the inclination angle varies from 0° to 10°,
the LTS attenuates from 9.58MPa to 4.65MPa by
4.93MPa. However, when the inclination angle varies from
15° to 20°, the LTS attenuates from 3.66MPa to 2.96MPa
by 0.70MPa. Hence, the inclination angle is adverse to the
LTS of coal pillars, which can be considered in the LTS
design of coal pillars. Moreover, according to Tables 1 and
2, the average proportion of the peak strength to the LTS
of coal specimen had remained constant between 58.5%
and 62.9%, which can be considered as the inherent proper-
ties of coal rock.

3.4. Creep Failure Modes of Coal Specimens. Figure 11 shows
the pictures of coal specimens after creep tests. To further
analyze the failure modes, Figure 11 also gives the sketches
of propagation cracks and detached block of the failed spec-
imens under different inclination angles. When the inclina-
tion angle is 0°, the broken specimens have several tensile

cracks approximately parallel to the loading direction and
few shear cracks, as shown in Figure 11(a). The failure mode
under this inclination angle is mainly tensile splitting with
localized shear sliding, and the broken specimens are rela-
tively complete. When the inclination angle is 5°, the failure
specimens have several tensile cracks and some shear cracks
with an angle of the specimen axis, as shown in Figure 11(b).
The failure mode under this inclination angle is still tensile
splitting with localized shear sliding, while the broken spec-
imens exist with few caved coal fragments. When the incli-
nation angle is between 10° and 20°, main cracks extend
with an angle, which is larger than that under the 5° sce-
nario, of the loading direction, as shown from
Figures 11(c)–11(e). The failure model under this inclination
angle is mainly shear sliding along with tensile splitting, and
the broken specimens are fractured. The testing results indi-
cate that inclination angles significantly impact the creep
failure modes and the degree of fragmentation specimens.
In all, the failure modes gradually transform from the pure
tensile-splitting mode to a combination of both splitting
and shear sliding with increasing inclination angles.

3.5. AE Response of Coal Specimens in Creep Process to
Various Inclination Angles. During the initiation, propaga-
tion, and penetration of cracks, coal rocks can release large
amounts of energy in stress waves, which can be collected
by the AE technique. Therefore, the evolution of micro-
cracking processes can be effectively detected by monitoring
the AE signals emitted by coal specimens during creeping.
Figure 12 compares the time-dependent variation of the
AE energy, accumulative AE energy, and creep deformation
of coal specimens under different inclination angles.
Figure 13 shows the relationship between the accumulative
AE energy and time or inclination angle, respectively. The
following can be found from Figures 12 and 13:

(i) No matter any inclination angles, AE events can be
divided into quiet period, low amplitude rising
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Figure 9: Axial strain-time creep curve and deformation rate of coal specimens for stress loading level of 95%σmax under various inclination angles.
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Figure 10: The LTS of coal specimens under various inclination angles.
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Figure 11: Continued.
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period, and high amplitude rising period with the
periodic mutation of multistage loading points

(ii) The AE quiet period accounts for the elastic strain
energy accumulation in the process of creep test,
during which the stress loading level is between
17%σmax and 33%σmax. In this stage, the internal
natural cracks close gradually, while the external
loading level has not reached the threshold for crack
initiation. Thus, the specimens can only release a
small amount of energy when applied instantaneous
loadings

(iii) The AE low amplitude rising period accounts for
the crack initiation and propagation, during which
the stress level is between 50%σmax and 83%σmax if
the inclination angle changes from 0° to 5°. Addi-
tionally, the loading level is between 50%σmax and
67%σmax if the inclination angle changes from 10°

to 20°. In this stage, the accumulative AE energy
increases at a relatively low rate, indicating that
the cracks start to initiate in the specimens under
constant external loading at each level

(iv) The AE high amplitude rising period accounts for
the propagation and penetration of cracks, under
which the stress level is 95%σmax if the inclination
angle changes from 0° to 5°. Besides that, the loading
level is between 83%σmax and 95%σmax if the incli-
nation angle changes from 10° to 20°. In this stage,
the accumulative AE energy curve, with a relatively
high increased rate, shows a distinct inflection point
changed from the low amplitude rising period to the
high amplitude rising period. It means that the
specimens release large amounts of deformation
energy, indicating that the cracks have propagated
and start to rapidly coalesce

(v) The total accumulative AE energy decreases nonli-
nearly with the increase of inclination angles, indi-
cating that the shear stress caused by inclination

angle can cause crack initiation and propagation
with less energy absorption

Starr [34] deduced the formula of average relative shear
displacement between two cracks under the shear stress,
which is expressed as

Us = π 1 − vð ÞS · c
2G , ð2Þ

where G and v refer to the shear modulus and Poisson’s
ratio, respectively; c and S refer to the length of cracks and
shear stress, respectively. Then, Starr described the relation-
ship between the reduction of elastic strain energy and shear
stress during the crack propagation process based on Equa-
tion (2), which is expressed as

We = π 1 − vð ÞS2 · c2

2G : ð3Þ

Equation (3) indicates that the reduction of elastic strain
energy is proportional to the square of shear stress, meaning
that higher shear stress releases lesser AE energy. Chen [10]
performed IUCS tests on yellow sandstones under various
inclination angles using the IUCS test system. The results
showed that shear stress in the specimens gradually
increases with inclination angles, while the AE energy
released by specimens under large inclination angles
decreases. This phenomenon is basically consistent with
the experimental results in this study.

4. Discussion

Above analyses indicate that the creep property of coal pil-
lars is not only impacted by various factors such as the stress
level, temperature, and moisture but also the pattern of the
external loadings. Suorineni et al. [20] showed a negative
correlation between pillar strength and inclination angles,
believing that the shear stress component induced by incli-
nation angle is the primary reason for pillar strength

Main crack
propagation area

Extension cracks

Block caving Partial loss

Main crack
propagation area

Main crack
propagation area

Main crack

(e) 20°

Figure 11: Fracture photographs of coal specimens at various inclination angles.
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Figure 12: Relationship between AE energy and creep strain of coal specimens under various inclination angles.
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attenuation, which was agreed by Ma et al. [35]. If the coal
pillar is vertical, coal specimens are under pure uniaxial
compression, where the direction of external loading is par-
allel to the specimen axis. The coal specimens are mainly
subject to compressive stress and few to shear stress. There-
fore, only a higher stress level can lead to the crack initiating
and propagating, suggesting a robust LTS of specimens. In
this circumstance, the creep failure tends to exhibit a
tensile-splitting mode. As the inclination angle increases,
the angle between the external loading direction and speci-
men axis increases accordingly. It hence leads to an
enhancement of the shear stress component. Resultantly,
internal cracks can initiate and propagate under a lower
stress level, leading to the LTS of specimens gradually
declining. The previous tensile-splitting failure mode (0° to
5°) evolves to a composed mode (10° to 20°), incorporating
shear failure as the primary and splitting failure as the aux-
iliary. Therefore, it suggests that the inclination effect on coal
pillars should be considered in the LTS design.

There is a remarkable correlation between the accumula-
tive AE energy and LTS: the energy attenuates with the
strength declines. At lower inclination angles, the specimen
fails as a tensile-splitting mode dominated by compressive
stress with higher LTS. During the creep test, the initiation
and propagation of cracks have to overcome the cohesive
effect between particles within the coals at higher stress
levels. Hence, the energy released after the failure is more
remarkable. As the inclination angle increases, more shear
stress occurs in the specimens, further weakening the LTS
of coals, making it easier to reach the cracking threshold
even under a lower stress level. Therefore, the specimens
release lesser energy after the failure at high inclination
degrees.

5. Conclusions

Based on the self-developed IUCS test system, this study
performs a series of uniaxial compression tests and uniaxial

creep tests on coal specimens under various inclination
angles. It is aimed at investigating the effect of inclination
angle on the creep failure behavior and macroscopic crack-
ing characteristics. Additionally, we also study the energy
release rule in the multistage creep process by using the
AE technique. The main conclusions are as follows:

(i) The axial creep strain characteristics are the same
when the inclination angles are different. When
the stress level is below 83%σmax, the creep curves
have only two creep stages: the primary and steady
stages. When the level is 95%σmax, the creep curves
show three creep stages: the primary-steady-
accelerated creep stages. The critical accelerated
creep strain increases linearly with the increase of
inclination angles, while the creep time when speci-
mens fail decreases linearly

(ii) The LTS of coal specimens attenuates nonlinearity
with the inclination angle increases, suggesting that
the LTS of coal pillars can be weakened due to their
inclination. Hence, the inclination angle should be
considered for designing the LTS of coal pillars.
The proportion of the peak strength to the LTS
had remained constant between 58.5% and 62.9%,
which can be considered as the inherent properties
of coal rock

(iii) The inclination angles significantly impact the creep
failure modes and the degree of fragmentation spec-
imens. The failure modes gradually transform from
the pure tensile-splitting mode (0° and 5°) to a com-
bination model of both splitting and shear sliding
(10°-20°) with increasing inclination angles

(iv) Under any inclination angles, AE events during the
creep test can be divided into quiet period, low
amplitude rising period, and high amplitude rising
period. The total accumulative AE energy decreases
nonlinearly with the increase of inclination angles,
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indicating that the shear stress can cause crack initi-
ation and propagation with less energy absorption.
The total accumulative AE energy of coal specimens
is also highly correlated to their LTS; the lower the
long-term strength, the lesser the AE energy
released
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