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Stress-strain-acoustic responses in failure process of coal rock with
different height to diameter ratios under uniaxial compression
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Abstract: Residual coal pillars play an important role in mining the adjacent coal seam safely, managing the gobs and
maintaining the stability of abandoned coal mines. The height to diameter ratio (H/D) affects the stability of residual coal
pillars. In this study, uniaxial compressive tests of coal specimens with five H/D (2.0, 1.5, 1.0, 0.8 and 0.6) were performed,
and the stress, strain and acoustic emission (AE) were monitored. Results show that the uniaxial compressive strength
(UCS) and peak strain increase with H/D decreasing. An empirical equation is proposed to calculate the UCS based on
the H/D. The AE activities during coal failure process can be separated into four periods. The span of quiet period and
rapid decline period shorten with H/D decreasing. The smaller the H/D is, the more complicated the failure characteristics
of coal will be. The failure form of coal with H/D of 2.0, 1.5, and 1.0 is primarily shear failure, while splitting failure
along the axial direction is the mainly mode when H/D is 0.8 or 0.6. The initiation, expansion, aggregation and connection
of micro-cracks can be reflected by the real-time spatial evolution of AE event points.
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coal mines, many residual coal pillars with different

1 Introduction

As an important raw material for electric power
generation and chemical production, coal resource
has greatly promoted the industrial and economic
development of the world. In recent years, due to
exhausted recoverable reserves, low coal prices, high
underground mining cost and geological challenges,
a large amount of coal mine was abandoned in many
coal-producing countries [1—4]. In these abandoned

height H to diameter D ratios have been arranged for
supporting the overburden strata and maintaining the
stability of the roadways and working faces [5, 6].
These factors not only reduce the recovery rate of
coal resources, but also bring many difficulties to
manage the gobs, such as pillar failure, roof collapse
and surface subsidence [7—10]. Understanding the
influence of H/D on the residual coal pillars’
performance can help to predict the failure of the
residual coal pillars and maintain the stability of
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abandoned coal mines.

Many scholars have devoted a great deal effort
to investigate the effects of size on the performance
of coal and rocks. DAS [11] and OZKAN et al [12]
performed uniaxial compression tests on rock
specimens with different H/Ds, and presented that
H/D has an important influence on the failure
property of rock. QI et al [13] studied the size effect
on the dynamic strength of rock mass. HE et al [14]
investigated the relationship between the H/D and
uniaxial compressive strength (UCS) of gypsum
sample, and found that the UCS, residual strength
and elastic modulus increase with the H/D
decreasing. STAVROU et al [15] proposed the
relationship between rock strength and rock size and
in-situ conditions. Some scholars have used various
numerical simulation software to analyze the
influence of size on rock strength [16—18].

The above research is based on macroscopic
mechanical tests. Scholars also have used various
observation techniques to study the strength and
microcrack evolution characteristics of rock and
concrete, such as X-ray computed tomography (CT)
[19], ultrasonic testing [20], resistivity testing [21,
22], scanning electron microscopy (SEM) [23-26],
digital image correlation (DIC) [27-29],
electromagnetic radiation (EMR) [30] and acoustic
emission (AE) [31-36]. Among these microscopic
observation techniques, AE technology is widely
used as a particularly useful method to study crack
propagation characteristics and provide early
warning signals for rock specimens and engineering
structural instability due to its high sensitivity to
micro-cracks.

Previous studies offered good insight to the
mechanical  properties and AE  parameter
characteristics of concrete and rock at loading
process. However, the existing researches seldom
study the relationship between the mechanical
properties and internal crack evolution about the
residual coal pillars with different H/Ds. The
uniaxial compression tests were performed using
coal or rock specimens (H/D was 2.0) to study their
AE characteristics during loading process [37, 38].
In this study, the coal specimens which were taken
from the residual coal pillars in Jinhuagong Coal
Mine were used to specifically investigate the
mechanical properties of residual coal pillars with
different H/Ds. The AE counts, the cumulative AE
counts, and the spatial distribution of AE events of

coal specimens under uniaxial compression also
were monitored to analyze the influence of H/D on
the fracturing process.

2 Experimental methodology

2.1 Coal specimens

The coal specimens were taken from massive
coals which were excavated from the No. 6 coal
seam in Jinhuagong Coal Mine, Shanxi Province,
China. The diameter of the coal specimens was
50 mm, and the height was 30, 40, 50, 75 and
100 mm (the H/D of coal specimen was 0.6, 0.8, 1.0,
1.5 and 2.0, respectively).

In order to meet the standard of the
International Society of Rock Mechanics [39] and
ensure the reliability of the experimental results, the
coal specimens were cored along the same
orientation of the massive coals. The cores were cut
and polished to ensure the non-parallelism of the
upper and lower end faces no more than + 0.3 mm,
and the deviation of the two end faces from the axis
of coal specimen no more than £0.25°. It is noticed
that there is no visible crack and damage on the
surface of specimens selected for the test. To ensure
that there is no internal crack in the specimens, the
KON-NM-4B  non-metal ultrasonic  testing
instrument was used to conduct P-wave tests on
these coal specimens, and four specimens which had
a relatively concentrated P-wave velocity of each
H/D were selected as a group [40].

After the preparation of the experimental coal
specimens, a series of tests were conducted to obtain
their physical and mechanical parameters. The
specific parameters of the coal specimens are shown
in Table 1.

2.2 Experimental apparatus

The experimental system mainly includes the
loading system and the AE monitoring system. The
loading system is composed of WAW1000
electro-hydraulic servo-control universal testing
machine. The maximum loading capacity was
1000 kN, and its loading measurement resolution
was 0.005%o. The displacement-controlled loading
mode with a rate of 0.002 mm/s was adopted to
perform the uniaxial compressive tests in this study.

The AE monitoring system mainly consisted of
RS-2A AE piezoceramic sensor, AE pre-amplifiers,
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Table 1 Physical and mechanical parameters of coal specimens

Group No. Height/mm Diameter/mm H/D Mass/g Density/(kg'-m) UCS/MPa Average UCS/MPa

1-1 100.02 48.94 2.04 238.15 1265.74 21.36

| 1-2 100.90 48.74 2.07 239.69 1273.20 22.84 2231
1-3 100.04 49.02 2.04 239.86 1270.42 23.12 .
1-4 100.16 48.90 2.05 238.03 1265.41 21.93
2-1 75.90 48.92 1.55 180.52 1265.38 26.28
2-2 75.70 49.08 1.54 180.93 1263.33 24.64

2 24.96
2-3 75.70 49.10 1.54 179.54 1252.60 23.55
2-4 75.30 48.94 1.54 178.04 1256.91 25.36
3-1 49.90 49.04 1.02 117.49 1246.55 29.15
3-2 50.40 49.06 1.03 119.28 1251.96 28.34

3 28.80
3-3 50.58 48.90 1.03 118.70 1249.58 28.07
3-4 50.86 49.10 1.04 120.06 1246.72 29.65
4-1 40.94 49.04 0.83 96.47 1247.54 30.12
4-2 39.14 49.06 0.80 92.42 1249.11 29.70

4 30.46
4-3 39.88 49.10 0.81 94.64 1253.33 32.04
4-4 39.10 49.08 0.80 92.33 1248.15 29.97
5-1 30.32 49.12 0.62 72.59 1263.40 43.20

5 5-2 30.28 49.12 0.62 71.75 1250.43 42.42 12,96
5-3 30.26 49.06 0.62 72.41 1265.86 43.54 '
5-4 49.14 30.30 0.62 71.66 1247.02 42.68

AE automatic data acquisition system and AE data
analysis computer. AE sensors’ diameter and
resonance frequency range were 18 mm and
100—400 kHz, respectively. In order to cover the
volume of specimen well, the AE sensors No. 1 and
No. 2, No. 3 and No. 4 were respectively treated as a
group and installed symmetrically on a same plane
and was fixed by adhesive tapes, and the two groups
were layout orthogonally (as shown in Figure 1). The
distance from the location of AE sensor No. 1 and
No. 2 (or No. 3 and No. 4) to the lower (or upper)
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Figure 1 Location of AE sensors

end surface of coal specimen was represented by /4
(or hy). When the H/D of coal specimen is 2.0, 1.5
and 1.0, the /; and A, was 19 mm, and when the H/D
1s 0.8 and 0.6, the A; and A, was 9 mm. To obtain a
satisfactory acoustic coupling effect, a thin layer of
Vaseline was daubed at the interface between AE
sensor and the circumferential surface of coal
specimen [6, 37]. The AE pre-amplifiers were
calibrated and their values were set at 40 dB. The
automatic data acquisition frequency was set at
2.5 MHz.

2.3 Experimental procedures

Experimental equipment was calibrated and set
before the uniaxial compression tests. The prepared
specimens were put on the lower loading plate and
then connect the relevant equipment of the two
experimental systems, respectively. The upper
loading plate was moved tardily downwards to
slightly touch the upper end surface of the specimens.
The uniaxial loading system and AE monitoring
system were turned on synchronously to obtain the
stress, strain and AE parameters during loading
process. Loading stopped automatically when coal
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specimen was overall failure, and the AE monitoring
and loading system were turned off synchronously.

3 Results and discussions

The experimental results of coal samples with
different H/Ds (2.0, 1.5, 1.0, 0.8 and 0.6) are given
in Table 1.

3.1 Mechanical characteristics
3.1.1 UCS of specimens with different H/Ds

The change of specimen strength with H/D is
shown in Figure 2. It can be seen that the UCS
decreases gradually with the increases of the H/D,
and finally approaches to a threshold value, which
means that the slope of the fitting curve decreases
with the increase of H/D, and approaches to 0
eventually. The UCS of specimens changes
exponentially with the increase of H/D. So, Eq. (1)
can be used to express the relationship between the
UCS and the H/D of the coal specimens.

UCS,;,,=UCS,, +aexp(SH / D) (1)

where UCSpp is the uniaxial compressive strength
of the specimens when the H/D is any value; UCSy
is the UCS when H/D—; a and f are parameters
which can be obtained by a series of uniaxial
compressive tests on coal specimens with different
H/D. Based on the fitting results, the parameter
UCSwm, a and f are 23.57 MPa, 223.77 and —0.24,
respectively. The correlation coefficient (R?) is 0.965,
which means that this empirical formula has a
satisfactory fitting effect. The experimental data of
the gypsum specimens [14] and red sandstone
specimens [41] also are used to verify the

120
o Coal specimen
¢ Gypsum specimen
100 - 4 Red sandstone specimen
80 UCS=40.32+179.28exp(-0.52H/D)
g R=0.992
% 60 - /
N
8 UCS=26.86+109.22exp(~0.36H/D) a
40 |-0.928 =
\ .
20
UCS=23.57+223.77exp(~0.24H/D)
0 1 1 1 R=0.965 1 1 1
0.5 1.0 1.5 20 25 3.0
H/D

Figure 2 Fitting curves of UCS with H/D of different
cylindrical specimens

applicability of Eq. (1) on different types of rocks.
The results show that the parameter UCSy, a and S
of the gypsum specimens and red sandstone
specimens are 26.86 MPa, 109.22, —0.36, and
40.32 MPa, 179.28, —0.52, respectively. The
correlation coefficient (R?) respectively is 0.928 and
0.992, which reveals that Eq. (1) fits well with the
experimental data of different rock types.
3.1.2 Stress—strain curves of coal specimens with

different H/Ds

Figure 3 shows the axial stress—strain curves of
specimens with different H/Ds under uniaxial
compression. The axial stress—strain curves of coal
specimens with different H/Ds have a similar trend
as a whole. The pre-peak stage consists of
micro-cracks compaction stage, elastic deformation
stage and micro-cracks development stage, and as
soon as the axial stress reaches the peak, the axial
stress drops rapidly (post-peak failure stage). The
peak stress and peak strain of specimens increase
with the decrease of H/D. The values of peak stress
and peak strain for specimens with H/D of 2.0, 1.5,
1.0, 0.8 and 0.6 are 21.93, 25.36, 29.65, 29.97,
4320 MPa and 1.9x107 2.6x107 3.5x107,
4.2x1072, 5.3x107%, respectively. The specimen with
H/D of 2.0 is regarded as a standard; the peak stress
and peak strain of the specimen with H/D of 1.5, 1.0,
0.8 and 0.6 increase by 15.64%, 35.20%, 36.66%,
96.99% and 36.84%, 84.21%, 121.05%, 178.95%,
respectively. It means that the axial stress and strain
negatively correlate with the H/D. However, during
the post-peak failure stage, the axial strains of
specimens with H/D of 2.0, 1.5, 1.0, 0.8 and 0.6
respectively increase by 3.12x107%, 1.04x107%,
1.48x107°, 1.30x107° and 0.13x107%, taking the

50
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—— H/D=1.5
40+ —— H/D=1.0
—— H/D=0.8
—— H/D=0.6
<
a 30
z ,
|
320 ‘
10 }
I

1 2 3 4 5 6
Axial strain/1072
Figure 3 Axial stress—strain curves of coal specimens

with different H/Ds
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proportion of the whole axial strain being 15.73%,
4.04%, 4.23%, 3.09% and 0.25%, respectively. In
addition, the axial stress reduction rate is negatively
correlated with the H/D, which means that
the specimen with a smaller H/D is more prone to
be damaged suddenly at the post-peak failure
stage.

3.2 Acoustic emission characteristics

The principle of acoustic emission detection is
that the material is deformed or damaged under the
action of external action, and the acoustic signal is
generated and emitted, through which the internal
defects and state changes of the material can be
inferred [32]. The acoustic emission monitoring of
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coal is helpful to understand its damage and failure
characteristics. The commonly used AE parameters
include AE counts, energy, amplitude, etc.

3.2.1 Evolution of AE counts

The evolution of AE counts in response to the
loading time for coal specimens with different H/Ds
is shown in Figure 4. In the process of uniaxial
compression, the AE counts at different stages are
different. But for all the specimens with different
H/Ds, the AE counts show a similar trend at loading
process and can be divided into four stages.

During OA stage, the AE counts of coal
specimen with different H/Ds maintain at a lower
level basically except individual fluctuations, and the
accumulative AE counts grow slowly, which means
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Figure 4 Evolutions of AE counts and
accumulative AE counts with loading time for
coal specimens: (a) H/D=2.0; (b) H/D=1.5;
(c) H/D=1.0; (d) H/D=0.8; (e) H/D=0.6
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that almost no AE signals occurred at this stage (as
shown in Figures 4(a)—(¢e)). Therefore, the OA stage
can be regarded as a quiet period of AE activities.
The individual fluctuations were mainly attributed to
the initial micro-cracks inside the coal specimens
compacted. The accumulative AE counts for coal
specimen with H/D of 2.0, 1.5, 1.0, 0.8, and 0.6 at
this stage are 2.62x10%, 1.65x10% 1.85x10%
0.46x10* and 0.44x10%, which account for 3.20%,
1.85%, 2.75%, 0.64% and 1.08% of the total
accumulative AE counts respectively. It means that
the greater the H/D is, the more the initial
micro-cracks inside the coal specimens contain, and
the more AE signals will be released when the initial
micro-cracks are compacted.

As the axial stress entered AB stage, the AE
activities enhanced relatively, but they still
maintained at a lower level. However, the
accumulative AE counts show a near linear growth
trend. Therefore, the AB stage can be considered a
relatively active period of AE activities. The
accumulative AE counts for coal specimen with H/D
0f2.0, 1.5, 1.0, 0.8 and 0.6 at this stage are 8.40x10%,
5.90x10*, 6.06x10%, 7.58x10* and 9.25x10*, which
account for 10.33%, 6.60%, 9.02%, 10.53%, and
22.84% of the total accumulative AE counts
respectively. During this stage, the axial stress is not
enough to force the coal specimen to generate new
micro-cracks, but the initial micro-cracks inside coal
specimens were further compacted and produced
relatively more AE activities.

The AE activity of coal specimens with
different H/Ds became intensely during BC stage.
The BC stage can be regarded as an active period of
AE activities. The AE counts increased significantly,
and the accumulative AE counts showed a rapid
growth trend. It means that massive new cracks were
produced inside coal specimens. This phenomenon
is mainly attributed to the sudden slippage of the
internal crack boundary inside coal specimen.
Cracks interconnected and propagated, resulting in a
large number of acoustic emission activities. It is
worth noting that as soon as the axial stress reaches
the peak stress, the peak AE count occurs and the
accumulative AE counts increase sharply. At the
peak stress (point C), the AE counts of the coal
specimen with H/D of 2.0, 1.5, 1.0, 0.8 and 0.6 are
9.82x10°, 5.17x10°, 1.94x10°, 5.16x10° and
3.50x10°, respectively. The accumulative AE counts
are 4.89x10°, 6.68x10°, 4.79x10°, 6.17x10° and

3.00x10°, respectively, which accounts for 60.15%,
74.66%, 71.27%, 85.64% and 74.07% of the
accumulative AE counts respectively. In addition,
Figures 4(a)—(e) also show that the rapidly
increasing AE counts and cumulative AE counts
decrease with the decrease of H/D.

During CD stage, the micro-cracks propagated
and aggregated continuously to form macro-cracks,
which intensified the internal damage of coal
specimens. As shown in Figures 4(a)—(e), the AE
signals were still produced at this stage, but the AE
activities showed a decreased trend. Therefore, the
CD stage can be considered a rapid decline period of
AE activities. The accumulative AE counts of the
coal specimens with H/D 0f2.0, 1.5, 1.0, 0.8 and 0.6
at CD stage were 2.14x10°, 1.51x10°, 1.14x10°,
0.23x10° and 0, which accounted for 26.32%,
16.89%, 16.96%, 3.19% and 0% of the total
accumulative AE counts respectively. It means that
the smaller the H/D is, the less the accumulative AE
counts in CD stage are, and the less the proportion in
total accumulative AE counts is. This is mainly
attributed to the fact that the coal specimen with
greater H/D has lower stress reduction rate, more
micro-cracks inside of coal specimens developed
and aggregated to form macro-cracks inside coal
specimens while AE signals generated continuously.
3.2.2 Effect of H/D on spatial evolution of AE events

The spatial evolution of AE events is used to
reflect the evolution of rock internal damage [36].
The location map of AE events reflects the location
of AE events source, the initial location of crack
initiation, damage
evolution degree of coal specimens during the
loading process. The spatial evolution of AE events
for the coal specimens with H/D of 2.0, 1.5, 1.0, 0.8
and 0.6 is showed in Figures 5 to 9, respectively. The
blue points are the center position of AE sensors on
the surface of coal specimens, and the AE event
points are presented by the red dots. Table 2 shows
the number of accumulative AE event points at
different loading stage and their proportion to its
total number of AE event points. Since the same AE
signal is received by the four sensors at different
times, the arrival times can be automatically
obtained, analyzed, and calculated by the software
(DS5 full information acoustic emission analysis
software) to determine its source position.

During OA stage, the AE event points were

characteristics and crack

generated randomly in the coal specimens with H/D
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of 2.0, 1.5, 1.0, 0.8 and 0.6 (as shown in
Figures 5(a)—(c), Figures 6(a)—(c), Figures 7(a) and
(b), Figures 8(a) and (b) and Figure 9(a),
respectively). This is mainly attributed to the
compaction effect of the initial micro-cracks inside
coal specimens under the uniaxial compression.
However, the AE events of the coal specimens with
H/D of 2.0, 1.5, 1.0, 0.8 and 0.6 generated at this
stage account for 14.63%, 14.57%, 8.30%, 4.02%
and 1.18% of their total number of AE events
respectively. It means that the incidence of AE events
inside coal specimens at OA stage is generally

positively correlated with the H/D, and it also means
that the higher the H/D is, the greater the probability
of initial micro-cracks inside coal specimens will be.

With the increase of axial stress, the number of
AE event points of the coal specimens with different
H/Ds increased slightly and began to show a
gradually aggregated trend at AB stage (as shown in
Figures 5(d)—(e), Figures 6(d)—(f), Figures 7(c)—(f),
Figures 8(c)—(f) and Figures 9(b)—(g), respectively).
This is mainly due to the fact that the initial micro-
cracks were further compacted, causing slippage and
misalignment between the micro-cracks,

Table 2 AE event points of coal specimen in different loading stage and their proportion to the total number

H/D=2.0 H/D=1.5 H/D=1.0 H/D=0.8 H/D=0.6
Stage N Pl% N P/% N Pl% N Pl% N P/%
OA 30 14.63 36 14.57 20 8.30 14 4.02 2 1.18
AB 42 22.49 84 34.01 87 36.10 131 37.64 67 48.24
BC 120 58.54 122 49.39 113 46.89 200 57.47 101 59.41
CD 13 6.34 5 2.02 3 1.24 3 0.86 0 0
Sum 205 100 247 100 241 100 348 100 170 100

“N” represents the number of AE points, and “P” represents the proportion of the AE event points generated in different stage to the total AE

event points generated in the whole experiment process.
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Figure 6 Spatial position of accumulative AE events in coal specimen (H/D=1.5) at different loading time: (a) 100 s;
(b) 200 s; (c) 274 s; (d) 400 s; (e) 500 s; (f) 668 s; (g) 800 s; (h) 926 s; (1) 936 s; (j) Failure pattern of coal specimen
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Figure 7 Spatial position of accumulative AE events in coal specimen (H/D=1.0) at different loading time: (a) 100 s;
(b) 245 s; (c) 400 s; (d) 500 s; (e) 600 s; (f) 634 s; (g) 750 s; (h) 837 s; (1) 875 s; (j) Failure pattern of coal specimen

so the rough surfaces bit to each other to generate AE
events. The AE events of the coal specimens with a
H/D of 2.0, 1.5, 1.0, 0.8 and 0.6 generated at this
stage account for 22.49%, 34.01%, 36.10%, 37.64%
and 48.24% of their total number of AE events
respectively.

At BC stage, the AE event points of the coal
specimens with H/D of 2.0, 1.5, 1.0, 0.8 and 0.6
increased sharply, showing a further trend of
aggregation, and expanding along the aggregation

plane (as shown in Figures 5(f)—(g), Figures 6(g)—(h),
Figures 7(g)—(h), Figures 8(g)—(j) and Figures 9(h)—
(i), respectively). The deformation of coal specimens
has changed from elastic deformation at AB stage to
plastic deformation at BC stage. With the increase of
axial stress, a large number of micro-cracks
generated, expanded and aggregated continuously
inside coal specimens. Therefore, a large number of
AE events occurred and were recorded during this
process. As shown in Table 2, the AE events of the
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Figure 9 Spatial position of accumulative AE events in coal specimen (H/D=0.6) at different loading time: (a) 100 s;
(b) 200 s; (c) 300 s; (d) 400 s; (e) 500 s; (f) 561 s; (g) 600 s; (h) 750 s; (i) 798 s; (j) Failure pattern of coal specimen

coal specimens with H/D 0f2.0, 1.5, 1.0, 0.8 and 0.6
generated at this stage account for 58.54%, 49.39%,
46.89%, 57.47% and 59.41% of their total number of
AE events, respectively.

The number of AE event points of coal
specimens increased slightly at CD stage (as shown
in Figures 5(h)—(i), Figure 6(i), Figure 7(i),
Figure 8(i), and Figure 9(i) respectively). The
number of AE events of the coal specimens with H/D
of 2.0, 1.5, 1.0, 0.8 and 0.6 generated at this stage
accounts for 6.34%, 2.02%, 1.24%, 0.86% and 0 of
their total number of AE events, respectively. During
this stage, the micro-cracks inside coal specimens
are connected and penetrate to form the macroscopic
fracture surface, which causes the loss of bearing
capacity of coal specimens. However, due to the fact
that the energy released by micro-cracks propagation
was absorbed by newly generated micro-cracks or
dissipated by the friction between the micro-crack
surfaces, the strength of AE signals was weakened
and many AE signals could not be recorded.
Therefore, the number of recorded AE events

reduced continuously. In addition, as described in
Section 3.3.1, the post-peak bearing capacity of the
coal specimen represented a negative correlation
with the H/D. Therefore, the larger the H/D of the
coal specimen is, the more the number of AE events
will be generated during CD stage.
3.2.3 Effect of H/D on failure characteristic of coal

specimens

The failure pattern of coal specimens under
uniaxial compression is mainly related to its
mechanical properties and experimental conditions
[41, 42]. As shown in Figure 5(j) to Figure 9(j), the
failure modes of different H/D coal samples are
significantly different. Figure 5(i) to Figure 9(i)
respectively show the spatial distribution
characteristics of AE event points when the coal
specimen with H/D of 2.0, 1.5, 1.0, 0.8 and 0.6 was
destroyed. Figure 5(j) shows that a 45° shear plane
appeared at the lower right part of the coal specimen
when H/D was 2.0, and extended axially to the
middle part and penetrated the coal specimen
eventually. In addition, an axial splitting plane
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appeared on the left side of the coal specimen
destroyed and mainly concentrated on the upper right
and lower left (as shown in Figure 5(i)). Figure 6(j)
shows that several shear planes appeared on the right
side of the coal specimen with H/D of 1.5. The AE
event points of this coal specimen were mainly
distributed on the right side and basically through the
specimen (as shown in Figure 6(i)). Figure 7(j)
shows that an inclined shear plane appeared on the
upper left part of the coal specimen, and the upper
right part was severely damaged when the H/D was
1.0. The AE event points of this coal specimen were
mainly concentrated on the upper and middle right
sides (as shown in Figure 7(i)). Different from the
above, when H/D is 0.8 and 0.6, many splitting
planes along the axial direction appear on the coal
sample, and the coal sample is seriously damaged, as
shown in Figures 8(j) and 9(j). The AE event points
of these two kinds of H/D coal specimens were
scattered randomly throughout the coal samples (as
shown in Figures 8(i) and 9(i)). In summary, the
failure pattern of coal specimens with H/D of 2.0, 1.5
and 1.0 was mainly shear failure. However, the
failure pattern of coal specimens with H/D of 0.8 and
0.6 was mainly splitting failure along the axial
direction. Based on the comparison of Figure 5(i) to
Figure 9(i) and Figure 5(j) to Figure 9(j), it can be
seen that the distribution characteristics of AE event
points correspond well to the failure pattern of coal
specimens under uniaxial compression. Therefore,
the AE event points can be used to infer the failure
pattern of coal specimens.

4 Conclusions

1) The UCS and axial strain of coal specimens
decrease with the H/D increasing. An empirical
equation relating H/D with UCS of coal specimen is
proposed based on the experimental data, and
certified suitable for different rock types based on the
experimental data obtained by other researchers.

2) The stress—time curve can be divided into
four periods according to the variation of AE counts
in response to the coal specimen deformation: quiet
period, relatively active period, active period and
rapid decline period. The span of quiet period and
rapid decline period shorten with the H/D decreasing,
and the accumulative AE counts during the quiet
period and rapid decline period also reduce with the

H/D decreasing. At the active period, AE signals are
recorded due to the micro-cracks expanding,
evolving and merging, which can be regarded as the
precursor information for predicting the instability of
coal pillar. In addition, the cumulative AE counts of
coal specimens showed a “slow-linear-accelerated
growth” change pattern, showing a decreasing trend
with the H/D increasing.

3) The real-time spatial evolution of AE event
points can reflect the initiation,
aggregation and connection of micro-cracks inside
the coal specimen with different H/Ds. The spatial
distribution of AE event points corresponds well to
the failure pattern of coal specimens. The shear
failure was dominant of the coal specimens with H/D

expansion,

0f 2.0, 1.5 and 1.0, and the failure pattern mainly was
splitting failure along the axial direction when the
H/D was 0.8 and 0.6. This study provides an
important reference for predicting the instability of
residual coal pillars with different H/Ds by AE
technology method.
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