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Coal bursts are one of the formidable hazards in underground coal mines, yet it is still not fully explored due to the complex stress
environment that exists during mining. To better understand the bursting mechanism of coal under real-time mining conditions,
it is necessary to develop an experimental method capable of reproducing in situ stress and loading-unloading paths of coal in in
situ conditions. In this study, a self-developed true triaxial testing system was used to investigate the damage and failure
characteristics of coal samples under true triaxial loading and dynamic unloading conditions. Acoustic Emission (AE)
monitoring was used to capture the fracturing of the loaded coal. Passive Velocity Tomography (PVT) and Cumulative AE
Energy Density (CAEED) were used to analyse damage evolution characteristics of the coal samples under true triaxial loading
conditions. A high-speed camera was used to record the failure of the coal samples when the minimum principal stress o was
suddenly unloaded. It was found that continuous coal damage occurred primarily during the true triaxial loading period. The
peak number of AE events in the coal samples increased and then dropped as o, levels increased. High and low wave velocity
zones in the coal samples represent regenerations of the high-density zone and fracture emergence, respectively. Significant
energy release zones transferred and expanded as the triaxial loading level increased. Under significant triaxial loads, the coal
samples failed and were severely damaged, and the dynamic unloading of o, caused ejections of coal fragments at low
velocities. The outcome of this study provides in-depth understanding of the failure mechanism of coal under in situ conditions.

decades, more intensive coal extractions are carried out at
greater depths. Deep coal and rock mass present a compli-

Rockbursts are one of the most formidable hazards in under-
ground mining. It is defined as the dynamic failure of rock
mass accompanied by an instant energy release, which
causes violent fragment ejection into the excavations [1, 2].
When this phenomenon occurs in a coal mine, it is typically
referred to as a “coal burst” [2]. With the huge coal demand
for the increasing global energy consumption in recent

cated geological environment with high in situ stress, where
the dynamic failure of coal and rock mass is frequently trig-
gered by large-scale mining activities [3, 4]. Coal bursts have
been documented in major mining countries, including
China, Australia, the United States, Poland, India, and South
Africa, resulting in a large number of fatalities and economic
losses [5-7]. However, even after more than a half-century
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of extensive investigation, the mechanism of coal and rock-
bursts is still not entirely understood due to many contribut-
ing factors and uncertainties [8].

The strength and failure modes of the coal and rock
mass are directly related to the in situ stress conditions,
which is one of the main factors controlling the burst prone-
ness [9]. Unexpected coal and rockbursts frequently occur
near the tectonics where in situ stresses are highly aniso-
tropic. Commonly, there are two in situ stress conditions
in mines: (1) triaxial compression away from the excavation
surface with 0, #0 (the maximum principal stress), o, #0
(the intermediate principal stress), and o5 # 0 (the minimum
principal stress) and (2) biaxial compression on the excava-
tion surface with o, #0, 0, #0, and 05 =0 [10, 11]. True-
triaxial loading systems have been developed in laboratories
to replicate such polyaxial stress conditions of rocks [12, 13].
The mechanical characteristics and internal damage of true
triaxial loaded rocks have been extensively studied using
Acoustic Emission (AE) technology and numerical analysis.
AE technology makes use of seismic waves emitted from the
fractures in the coal and rock samples to locate internal
damage and understand the failure mechanism. It was found
that the rock strength usually experiences an increase and a
subsequent decrease with the o, increase [14, 15]. Tibbo [16]
found that the differential stress (o, — 0;) is the critical fac-
tor to initiate rock damage under a true triaxial compression.
Haimson and Chang [14] stated that the increase of o, can
expand the elastic range of rocks, which is characterised by
a higher onset of dilatancy relative to the o, at failure. Based
on the experimental results, several failure criteria have been
also developed to estimate rock strength in triaxial compres-
sing conditions, such as Mogi criterion [17], Mogi-Coulomb
criterion [18], and Drucker-Prager criterion [19]. However,
compared to the rocks, limited investigations have been con-
ducted on the damage characteristics of coal under true tri-
axial loading conditions. Since coal has many joints and
cleats, its mechanical properties greatly vary as compared
to that of rocks, which makes it challenging to analyse its
damage characteristics [20]. Some research work has been
conducted on triaxial loaded coal, such as its strength with
varying o, [21], brittleness and AE energy [22], fractal
dimensions of AE signals, and permeabilities for water and
methane [23, 24]. Considering the significance of the aniso-
tropic stress environment in triggering coal burst hazards, a
turther study is required to understand coal behaviours in
different triaxial stress conditions.

Apart from the in situ stress conditions, dynamic
impacts are also an important factor involved in the initia-
tion of coal and rock bursts. It refers to the transient stress
change during mining activities that can trigger violent rock
failure when under critical conditions [20, 25]. Dynamic
unloading during the mineral extraction is a major source
of dynamic impacts in mines, which can suddenly reduce
the coal and rock strength near the excavation surface and
induce burst hazards [10]. Experiments have been con-
ducted extensively to examine the dynamic unloading-
related rockburst mechanism. Many researchers have suc-
cessfully simulated the dynamic unloading of the rock sam-
ples by dropping a loading bar(s) in the true triaxial loading
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system [26, 27]. He et al. [28] and Su et al. [13] found that an
anomalous time-dependent fractal dimension and specific
frequency spectrum characteristics were presented prior to
rockbursts. He et al. [29] observed higher amplitude and
lower frequency AE events before the bursting failure, and
a dramatic increase in energy release was detected during
the unloading process. However, the research on the
dynamic unloading to coal is still in its early stages. Previous
works mostly focused on coal under conventional triaxial or
biaxial compressions with regular or cycling loading [30].
Hence, to gain a deeper understanding of the coal burst
mechanism under in situ conditions, it is necessary to con-
duct experimental tests of dynamic unloading effect on coal
under true triaxial compression.

In this paper, an experimental study was conducted on
the coal damage characteristics under varying true triaxial
loads and dynamic unloads. The study was conducted using
a modified true triaxial testing system that can simulate in
situ loading and dynamic unloading paths of the cubic
rock/coal sample and monitor the AE signals during the
whole testing process [31]. The characteristics of time-
varying stresses, total strain, and number of AE events of
the coal samples under different levels of true triaxial load-
ings were investigated. Passive Velocity Tomography
(PVT) and Cumulative AE Energy Density (CAEED) tech-
niques were adopted to study the stress and damage evolu-
tion characteristics of coal during the triaxial loading and
load holding periods. The failure mode of the triaxial loaded
coal samples after suddenly unloading o, was analysed by
using a high-speed camera.

2. Experimental Technology and Procedure

2.1. True Triaxial Coal-Rock Dynamic Behaviour Testing
System (TTCDBTS). The true triaxial coal-rock dynamic
behaviour testing system (TTCDBTS) was self-developed
by the China University of Mining and Technology.
TTCDBTS is a multifunctional coal burst testing system
designed for conducting static and/or dynamic experiments,
including triaxial loading test, dynamic loading test, and
unloading test. It has a servo-controlled true triaxial loading
part, a sample fixture cell, a Split-Hopkinson-Pressure-Bar
(SHPB) part, and a single face unloading part (see
Figure 1). TTCDBTS can apply independent loads in the
three principal stress directions to the sample fixture cell
via six servo-controlled hydraulic pumps. The sample fixture
cell was made up of six loading plates, which were used to fix
the cubic sample and transmit the loads from the testing sys-
tem. Six strain gauges were installed on the loading plates to
measure the strain of the sample during the testing proce-
dure. To simulate the dynamic unloading effect during the
mining process, a droppable loading bar was built between
the sample fixture cell and a horizontal pump, which can
implement a sudden release of the minimum principal stress
(03) at one face of the cubic sample (see Figure 1(b)). Fur-
thermore, TTCDBTS can conduct dynamic loading tests by
using the SHPB part, which can transmit one-dimensional
waves to the samples through a long elastic bar.

Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/doi/10.2113/2022/5447973/5683597/5447973.pdf

bv auest



Lithosphere

o0, and 0, loading part

03 loading and single
face unloading part

()

(©

FIGURE 1: (a) True triaxial coal-rock dynamic behaviour testing system (TTCDBTS), (b) sample fixture cell, which is also shown in Figure 3,

and (c) single face unloading part with a droppable loading bar.

2.2. Coal Samples. The coal samples for the present investi-
gation were taken from the 5# coal seam of the Huating Coal
Mine in Gansu Province, China. The average uniaxial com-
pression strength (UCS) of the test coal was found to be
13.7MPa. All the coal samples were cut into cubes from
the coal blocks. The dimensions of the coal sample were
50mm in width, 50 mm in length, and 100 mm in height.
Huating Coal Mine is a typical burst-prone mine, which
has experienced frequent coal burst hazards due to its com-
plex geological environments and unfavourable mining con-
ditions. The seismic monitoring system at this mine has
recorded more than 200 coal bursts since 2008. The largest
coal burst event that the local seismic monitoring system
has recorded had seismic energy of 28.6 MJ, which caused
roadway damage of tens of meters and support failure. The
coal mine is prone to severe tectonic stress due to the pres-
ence of the fold structure in the coalfield. According to the
geostress measurements, the average maximum principal
stress (0,) was 25.788 MPa in the horizon, the average inter-
mediate principal stress (¢0,) was 17.502 MPa in vertical, and
the average minimum principal stress (o) was 15.496 MPa.
Therefore, the significant horizontal stress in this mine dom-
inates the in situ stress, which is roughly 1.5 times the verti-
cal stress [31]. The target #5 coal seam has a depth of 550 to
800m, a deep angle between 1° and 15°, and an average
thickness of about 40 m. Such an extremely thick coal seam
was designed to be extracted in three layers, and the longwall
top coal caving method was used for each 13m thick layer
(see Figure 2). Additionally, the “gob-side entry driving”
(GED) method was used in the mine [32], to increase the
coal recovery ratio. Herein, narrow coal pillars with widths
of only 10 m or less were left between longwalls in the same
layer. Intensive coal extractions and unfavourable mining
methods can contribute to significantly high stresses in the
coal and rock mass. Under such conditions, the dynamic
loading and unloading disturbance during the mining pro-
cess can easily trigger coal burst damage near the excavation.

2.3. AE Monitoring. The AE signals from the tested coal
samples were successively collected using the PCI-2 AE
acquisition equipment, manufactured by the Physical
Acoustics Corporation (PAC). The system included a built-
in waveform processing module, a filter circuit, a preampli-
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FIGURE 2: Typical stratigraphic column in Huating Coal Mine.

fier, an A/D conversion module, and a computer. The max-
imum sampling rate of the system was 40 MSPS, and the
PDT, HDT, and HLT were set as 50 us, 200 us, and 300 ys,
respectively. AE sensors were produced by PAC with fre-
quency ranges of 100~400 kHz. Their spatial layout around
the sample is shown in Figure 3(a). Two AE sensors were
placed in the centre of the top and bottom faces of the sam-
ple, respectively. The remaining six AE sensors were placed
on the three side faces of the sample, with two sensors
arranged diagonally on each side face. No AE sensor was
placed on the side face to be loaded by the droppable loading
bar, which is marked dotted face in Figure 3(a). A total of
eight AE sensors were embedded in the loading plates of
the sample fixture cell to achieve continuous AE monitoring
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FIGURE 3: (a) AE sensor layout around the sample. The dotted-lined face is the one for unloading purposes. (b) Components of one side
loading plate with two AE sensors. (c) An AE sensor adaptor and its inner components.
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FIGURE 4: (a) Schematic diagram of the sample fixture cell loaded from the X (horizontal), Y (horizontal), and Z (vertical) directions. (b) The

actual sample fixture cell with a sample inside in TTCDBTS.

during the triaxial loading operation, which is shown in
Figure 3(b). Each AE sensor was fixed and protected by a
sensor adaptor, which can be replaced to fit sensors of differ-
ent sizes. A rubber pad and a string were placed on the back
of the sensor in the adaptor to provide a tight attachment
between the sensor and the sample surface in order to get
clear acoustic waves from the loaded sample (see
Figure 3(c)).

2.4. Testing Procedure. Six tests with different stress paths
were carried out to replicate the in situ triaxial loading and
unloading conditions of the coal mass in the Huating Coal
Mine. The coal sample was cut into cubes with dimensions
of 50 mm (width) x 50 mm (length) x 100 mm (height) and
installed in the sample fixture cell (see Figure 4(a)).
TTCDBTS applied loads from three orthogonal directions
on the coal sample (see Figure 4(b)): the maximum principal
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FIGURE 5: Loading paths of triaxial loading tests and dynamic unloading tests.

stress in the horizontal direction (o), the intermediate prin-
cipal stress in vertical direction(o,), and the minimum prin-
cipal stress in horizontal direction(o;). To investigate the
influence of high tectonic stresses on the damage in coal,
o0, for the six tests were set as 26 MPa, 31 MPa, 36 MPa,
41 MPa, 46 MPa, and 71 MPa, respectively. According to
the measured average in situ principal stresses in Section
2.2, 0, and o, were set as 18 MPa and 16 MPa, respectively.
The testing procedure was divided into three periods: triaxial
loading test period, load-holding period, and dynamic
unloading test period, which are explained in Figure 5. In
the triaxial loading test period, the loads in all directions
were firstly increased to 16 MPa. Then, o; was kept as
16 MPa, while o, and o, increased to 18 MPa. Finally, the
loads in the X direction were increased to the expected o,
and the loads in the Y and Z directions were kept as o,
and o,, respectively. The loading rate during the triaxial
loading test period was maintained between 2 x 10~ mm/s
and 5x10°mm/s. Following the triaxial loading test
period, the loads in the three directions were kept constant
for about 8-10 minutes. In the dynamic unloading test
period, o5 applied by the droppable loading bar was sud-
denly released and one sample face was exposed (see
Figure 4(b)), while o, and o, were kept constant for 1
minute. The coal sample exhibited dynamic failure with
fragment ejections due to the dynamic unloading of o3,
which was captured by the high-speed camera.

3. Methodology of Damage Assessment in True
Triaxially Loaded Coal Samples

3.1. Passive Velocity Tomography (PVT). The internal dam-
age evolutions and stress conditions of the triaxially loaded
coal sample were characterised using the PVT technology.
PVT can inversely calculate the P-wave velocity field inside

the rocks by using the AE events location and first arrival
times of seismic waves. PVT is an ideal tool for quantify-
ing stress levels and damage characteristics in coal and
rock mass because it presents an exponential relationship
between the stress applied to the rock and the P-wave
velocity [4]. Suppose that the i seismic wave has the
ray path L; in the sample and the travel time T; from
the source to the sensor, the relationship between L; and
T, can be described as

dL
i) g = S 0)

where V(x,y,z) is the wave velocity along the ray path at
a point and S(x,y,z) is the slowness of the seismic wave.
Considering that the wave ray path is commonly non-
straight due to the high heterogeneity of the material,
the velocity inversion can be computed by discretising
the coal sample into m voxels. Therefore, T; can also be
expressed as

T,= ) d;S;, (2)

where d;; is the ray length of the i seismic wave in the jh
voxel, and §; is the slowness of the 7 voxel. d;; equates to
zero if the ray does not pass the voxel. The unknown ray
paths of seismic waves and slowness in the grids can be
derived by back calculating the matrix of slowness S, ray
lengths in voxels D, and travelling times T for n ray paths
in the sample (matrix size = n x m):

T=DS—S=D'T. (3)
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FIGURE 6: Example of ray density in the horizontal slices at Z =30 mm (a), 50 mm (b), and 70 mm (c).

Because of the highly anisotropic distribution of ray
paths in the voxels, the matrix in Equation (3) was solved
using the Simultaneous Iterative Reconstructive Technique
(SIRT) [33]. SIRT is an iterative method for ray tracing
that minimizes the residual time for rays by adjusting
the ray distances in voxels through which the rays pass.
In this study, the tested coal samples were divided into
voxels with dimensions of 5x5x5mm for PVT
calculation.

The PVT performance of characterising damage evolu-
tion of the loaded sample was controlled by the number of
AE events used for calculation. A larger density and coverage
rate of ray paths in the sample were produced by PVT calcu-
lations employing more AE events, which led to a more
accurate result. However, if more AE events need to be col-
lected over a longer period of time, the PVT result may not
be as timely and may not accurately reflect the damage evo-
lution of coal samples during the loading process. To ensure
both the accuracy and timeliness of the PVT results, AE
events with numbers between 100 and 400 were used for
each PVT calculating cycle in this study. Figure 6 shows
ray density distribution using 100 AE events at three hori-
zontal slices at Z = 30 mm, 50 mm, and 70 mm in a coal sam-
ple for example. From Figure 6, it can be observed that the
ray paths from 100 AE events covered most of the area of
the slices, indicating a sufficient coverage rate in the coal
sample. The high ray density with values over 44 at Z =50
mm slice (see Figure 6(b)) guarantees the high PVT resolu-
tion of imaging damage in the sample core. Additionally, the
coal sample under true triaxial loads with o, =36 MPa, 0,
=18 MPa, and 05 = 16 MPa had the largest number of AE
events during the loading period (2525). The real-time dam-
age characteristics were accurately represented by the six
PVT cycles with less than 400 AE events, which will be dem-
onstrated in detail in Section 4.2.

3.2. Cumulative AE Energy Density (CAEED). The release of
AE energy is a sign of rock fracturing, which are closely
related to the damage characteristics and failure intensity
of the coal and rocks [34]. Therefore, an index termed
CAEED was proposed to quantify the energy release level
and damage evolution of triaxial loaded coal samples utiliz-
ing the energy of AE events. Similar to the PVT calculation,

the CAEED calculation divided the tested coal samples into
voxels with dimensions of 5% 5 x5mm. CAEED distribu-
tion can be extremely concentrated in coal samples due to
the full growth of cleats and joints, making it challenging
to identify the areas with medium-low CAEED. The CAEED
index adopts a logarithmic function to better visualize the
cumulative AE energy features of the tested coal sample.
For voxel point i, its CAEED is derived by using the nearby
historical AE events within the radius R:

CAEED; = ) 0.51n (1+U)),
j=1

(4)

where m is the number of the historical AE events within the
radius R and U is the energy of the ™ AE events. U is in
units of attojoule (aJ), which is 107 joule (J). When deter-
mining R, it is important to maximize the use of AE events
close to each voxel while minimizing their reuse between
the adjacent voxels. In this study, R was determined as the
half of the body diagonal of the 5 x5 x 5mm voxel, which
is 4.3 mm (see Figure 7(a)). Figures 7(b) and 7(c) show an
example of the longitudinal sections and cross-sections of
the CAEED distribution in the triaxial loaded coal sample.
A significant amount of CAEED was found in the top centre
of the sample, whereas only a medium-low level was found
in the lower half of the sample. It signifies a significant het-
erogeneity of the AE energy release of the coal sample under
the true triaxial loading.

4. Results

4.1. AE Characteristics of Coal Samples under True Triaxial
Loading. Figure 8 shows the results of time-varying stresses
and AE events number of coal samples under different true
triaxial loading and unloading conditions. The results show
that o, of the loaded coal sample reached a value of
71 MPa, which is more than 5 times the coal UCS
(13.7 MPa). It implies that the coal strength under true triax-
ial loading was significantly higher than that under uniaxial
loading. The majority of the AE events were detected in all of
the coal samples during the loading period, indicating con-
tinuous damage caused by the fracturing of the coal. With
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distribution in a triaxial loaded coal sample.

the increase of o, levels, the peak number of AE events in
the loading process first increased and then decreased. When
0, =26 MPa and 31 MPa, the peak numbers of AE events in
the coal samples were 18 and 17, respectively (see
Figures 8(a) and 8(b)). The highest numbers of AE events
in the loaded coal samples increased dramatically at o, =
36 MPa, 41 MPa, and 46 MPa, to 118, 200, and 170 events,
respectively (see Figures 8(c)-8(e)). However, the peak
number of AE events decreased to 25 when o, =71 MPa
(see Figure 8(f)). Such a phenomenon is counterintuitive
because an extremely high level of triaxial loading tends to
cause more damage to the material. This is evident by the
overlap of the frequent AE signals during the test. A high
load of 0, =71 MPa led to the instantaneous formation of
lots of fractures. Their AE signals were stacked together,
making it difficult to distinguish using the AE monitoring
system [35]. During the load holding period, the coal sam-
ples with o, no less than 36 MPa presented successive AE
events, which indicates the ongoing fractures and damage
in the coal (see Figures 8(c)-8(f)). When o, was suddenly
released in the dynamic unloading period, the coal samples
with o, ranging from 26 to 46 MPa had very few seismic
events, with a maximum of 6 AE events during the period
(see Figures 8(a)-8(e)). However, the coal sample with
0, =71MPa had a dramatic increase of AE events with
values of 15, which indicates severe damage and failure
due to the sudden o, unloading (see Figure 8(f)).

4.2. Damage Evolution of True Triaxial Loaded Coal
Samples. PVT and CAEED were employed to investigate
the damage evolution of the true triaxial loaded coal sam-
ples. As discussed in Section 3.1, each PVT calculation cycle
requires AE events with numbers ranging from 100 to 400 to
ensure the timeliness and accuracy of the results. Table 1
lists the number of AE events and PVT cycles for triaxial
loaded coal samples with different o,. Massive seismic data
was created by coal samples with o, ranging from 36 to
46 MPa, which contributed 6-9 PVT calculating cycles in
the loading period and the load holding period. In contrast,
because insufficient AE events were detected in the coal sam-

ples with o, of 26, 31, and 71 MPa, they presented less than
two calculating cycles in the loading period and no calculat-
ing cycle in the load holding period. All the tested samples
had no PVT calculation in the dynamic unloading period
as almost no AE signals were detected. To demonstrate the
detailed damage evolution characteristics of the triaxial
loaded coal, the PVT and CAEED results of the tested sample
with 0, = 36 MPa were analysed in this section, which has 9
calculating cycles (see Figure 9). Adjacent calculating cycles
commonly showed similar PVT and CAEED results; hence,
the PVT and CAEED results for cycles II, IV, VI, and VIII
of the tested sample with o, = 36 MPa were selected to char-
acterise the damage evolution in the coal, which are shown
in Figure 10.

Figures 10(a)-10(c) show that there is a large amount of
AE activities in the coal sample during the triaxial loading
period. Strong AE events with energy larger than 10k aJ
accumulated in the upper half part of the sample, indicating
an intensive emergence of fractures. Such damage in the coal
sample is also shown as the anomalous wave velocity distri-
butions using PVT, which can be seen in Figures 10(e)-
10(g). As observed in Figure 10(e), when o, reached 58.4%
of the maximum (21/36 MPa), small zones of low velocity
with values lower than 1.0km/s and high velocity with
values higher than 1.3 km/s were observed in the upper half
part of the sample. This indicates the occurrence of partial
stress concentration and fracture emergence in the coal dur-
ing the initial loading period. When o, reached 84.3% of the
maximum (30.3/36 MPa), low velocity zone with values
lower than 1.0 km/s expanded along the central longitudinal
axis of the sample (see Figure 10(f)). At the same time, the
high-velocity zone at the top of the sample with values larger
than 1.3 km/s expanded. This implies that successive damage
has occurred in the coal during this loading period. The PVT
result in Figure 10(g) shows that when o, reached 98.8% of
the maximum (35.6/36 MPa), many high wave velocity
zones appeared along the central longitudinal axis of the
sample, where velocities were larger than 1.1 km/s. However,
rare low-velocity zones with values smaller than 0.9 km/s
were also detected in the sample. This could be due to the
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F1GURE 8: Time-varying stresses and AE event number of coal samples under different true triaxial loading and unloading conditions.

coalescence of fractures caused by the increasing o,. During
the load holding period, high wave velocity zones with
values more than 1.5 km/s migrated from the top to the bot-
tom of the sample, where a higher degree of stress concen-
tration was observed. Low wave velocity zones with values
less than 1km/s enlarged and expanded to the top and mid
of the sample, which could have been caused by the contin-
uous emergence of new fractures in the area. Several AE
events were still discovered in the coal sample during the
load holding time (see Figure 10(d)), and a large area of

anomalous velocity zones was found around the axis of the
sample (see Figure 10(h)), indicating continuous damage
during the period. The PVT evolution characteristics prove
that many fractures generated in the coal at the initial stage
of the triaxial loading, as indicated by the expansion of the
low wave velocity area. Due to the high triaxial loads and
the accompanying rise in the o, level, the cracks that have
occurred had a tendency to consolidate. Partial stress con-
centration was detected in triaxial loaded coal, which was
evident by the appearance of the high wave velocity zones.
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TaBLE 1: Number of AE events and PVT cycles for triaxial loaded coal samples with different o,.

0, of coal samples (MPa)  AE events number during the test

Number of PVT cycles during the

Number of PVT cycles during

loading period the load holding period
26 136 1 0
31 299 2 0
36 3109 6 3
41 4641 6 3
46 3320 5 1
71 166 1 0
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F1GURE 9: Distribution of PVT/CAEED calculating cycles for the triaxial loaded coal sample with o, =36 MPa, 0, = 18 MPa, and 0, =16

MPa.

Figures 10(i)-10(k) show the evolution of CAEED in the
coal sample during the triaxial loading period. It implies that
the AE energy was mainly released around the central longi-
tudinal axis, with the maximum CAEED value increasing
from 16 (see Figure 10(i)) to 26 (see Figure 10(k)). As o,
increased, the zones with maximum CAEED developed from
lower half part to the upper half part of the sample. Contin-
uous coal damage during the load holding time led to an
increase in CAEED and enlarged CAEED zones in the upper
half part of the sample, with the maximum CAEED reaching
up to 30 (see Figure 10(1)). The results in Figures 10(i)-10(1)
indicate that intensive energy release in the triaxial loaded
coal commonly occurred in the core of the sample, and as
the level of triaxial loading increased, the significant energy
release zone transferred and expanded.

To investigate the high and low wave velocity character-
istics of coal under different triaxial loading conditions, the
velocity anomaly index (VA) was used to evaluate the degree
of the wave velocity anomaly in the tested samples. Each
tested coal sample was divided into voxels with dimensions
of 5 x 5 x 5mm for PVT and CAEED calculation. There were

a total of 2000 voxels in a sample. For the i voxel, its veloc-
ity anomaly index VA; is calculated as [3]

C, ., —C

(i) P

—_ 5
CZ (5)

where C,, is the wave velocity of a point in the sample and C}

is the average wave velocity in the sample. For high wave
velocity zones, a higher VA presented more fracture coales-
cence and/or a higher degree of stress concentration,
whereas, for low wave velocity zones, a lower VA presented
more fracture emergence and/or connections. Figure 11
shows the number of voxels with negative VA in the tested
samples at the last PVT calculating cycle of the triaxial test
loading period. For the triaxial loaded coal samples with o,
in the range of 26 MPa to 46MPa, the minimum VA
increased with the increasing o,. The coal samples with o,
of 26 MPa and 31 MPa had more negative VA voxels than
other coal samples, and their minimum VA was found to
be lower than -0.4. The total number of negative VA voxels
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Figure 10: Distributions of AE events, PVT, and CAEED at different calculating cycles for the triaxial loaded coal sample with o, =36 MPa,
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FiGUre 11: Number of voxels with negative velocity anomalies
(VA) in triaxial loaded coal samples with different o,.

decreased for the coal samples with o, from 36 MPa to
46 MPa, while the minimum VA increased, ranging from
-0.3 to -0.1. Under extremely high triaxial loads of o, =71
MPa, the number of negative VA voxels in the coal sample
showed dramatic increase, and the minimum VA was lower
than -0.4. The results showed the presence of many pre-
existed fractures in the coal, which were unable to coalesce
under the lower level of triaxial loads with o, <31 MPa.
The preexisted fractures started to coalesce when the triaxial
loads were between 36 MPa and 46 MPa. This was repre-
sented by the decrease in the negative VA voxel numbers
and an increase in minimum VA. The extremely high triaxial
loads with o, =71 MPa led to significant damage in coal,
causing intensive fracture development.

Figure 12 shows the number of voxels with positive VA
in the tested samples at the last PVT calculating cycle during
the triaxial test loading period. The coal samples with o, =
26 MPa and 31 MPa had more positive VA voxels than that
present in other coal samples, and their maximum VA was
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FIGURE 13: Total strain of coal samples under true triaxial loading with different o,.

larger than 1. When o, was between 36 MPa and 41 MPa, the
number of positive VA voxels decreased significantly, and the
maximum VA was less than 0.6. A very low velocity anomaly
level was observed in the coal sample when o, was 46 MPa.
Only a few voxels with VA larger than 0.1 were detected,
and the maximum VA was no more than 0.2. The coal sample
under the extremely triaxial stress of o; = 71 MPa presented a
significant number of positive VA voxels, with the maximum
VA greater than 1. This was similar to the coal samples under
lower levels of triaxial loads (with o, of 26 MPa and 31 MPa).
The results in Figure 12 indicate the high VA zones were
caused by the high heterogeneity in the coal under lower levels
of triaxial loads. When triaxial loads increased, the zones with
high density began to undergo damage by generating frac-
tures, which led to a decrease in maximum VA values and pos-
itive VA voxels number. The coal sample under an extremely
high level of triaxial loads experienced sufficient damage, but
the significant o, contributed to regeneration of high-
density zones in the coal, as evidenced by the appearance of
massive positive VA voxels.

4.3. Damage Mode under True Triaxial Loading and
Dynamic Unloading. The total strain of the coal samples
with different loading conditions was calculated to explore
the deformation characteristics of coal under true triaxial
loading and dynamic loading, and the result is given in
Figure 13. Total strain, also known as volumetric strain, is
the sum of the strains from the three loading directions.
When samples are subjected to triaxial stresses with o, less
than 41 MPa, a positive total strain was observed, indicating
that the crushed coal’s size had decreased However, when o,
reached 46 MPa, the total strain of the sample became nega-
tive, which decreased as o, increased. This phenomenon
implies that the strain in the o, and o5 directions turned
to be negative, and the sum of their absolute values was large
than the strain in the o, direction. The true triaxial loads
with o, of 46 MPa and 71 MPa contributed to further coal
damage, which corresponded to strain-softening conditions.
The significant stress deviations (o, — 0, and 0, — 03) led to
negative strain with increased absolute values in the o, and
0 directions.
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FIGURE 14: Failure mode of coal samples after true triaxial loading and dynamic unloading tests with different ¢,. (a) o, =26 MPa, (b)
0, =31 MPa, (c) 0, =36 MPa, (d) 0, =41 MPa, (e) 0, =46 MPa, (f) 0, =71 MPa.

FIGURE 15: Dynamic failure moment of the triaxial loaded coal sample (o, =71 MPa, 0, = 18 MPa, and ¢, = 16 MPa) when suddenly
releasing o5 by dropping the loading bar in the horizontal direction. The red ellipse marks the ejected coal fragments from the coal sample.

Figure 14 shows the failure mode of coal samples after
true triaxial loading and dynamic unloading tests. When
0, =26 MPa, the coal sample remained intact, and no visible
fragments detached from the body (Figure 14(a)). When
0, =31 MPa, a small amount of coal fragments was found
to be falling from the lower boundary of the sample
(Figure 14(b)). It implies that the triaxial loads and dynamic
unloads caused partial damage in the coal sample. When
0, =36 MPa, flaky coal fragments was found on one side of
the sample (Figure 14(c)). Such phenomenon can be illus-
trated by the fractures development along with the internal
fissures of the coal sample, i.e., cleats and joints. When
0, =41 MPa, the coal on the edge of the sample was split,
but the major part of the sample remained intact
(Figure 14(d)). At o, =46 MPa, the sample failed along
with the formation of internal fissures in the coal, and
only a few parts of the coal were found on the bottom
loading plate, suggesting that such a triaxial loading
caused the failure of the coal sample (Figure 14(e)). When
o0, was further increased to 71 MPa, the coal sample failed
and was severely damaged. Only a few coal fragments
were left on the bottom loading plate. It demonstrates that
under such significantly high o, and stress deviation, even

the internal fissures of the coal were sufficiently damaged,
contributing to a complete loss of the bearing capacity.

Figure 15 shows the dynamic failure instance of the tri-
axial loaded coal sample (0, =71MPa, 0, =18 MPa, and
0, =16 MPa), captured by the high-speed camera, when o,
was suddenly released by dropping the loading bar in the
horizontal direction. In Figure 15(a), the exposed coal
surface was initially complete due to the holding of the
droppable loading plate. Following that, a large number of
coal fragments erupted from the coal sample (see
Figures 15(b)-15(e)). Most of the coal fragments were in
small sizes, and their ejected velocities were typically low.
It confirms that the coal sample under an extremely high
level of true triaxial loading failed and was sufficiently dam-
aged. Therefore, the coal had almost no bearing capacity or
the stored strain energy inside, which led to low-velocity
ejections of the coal fragments.

5. Conclusions

The in situ stress and complex loading-unloading paths are
closely associated with the coal burst proneness. To better
understand the damage and failure characteristics of coal
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under mining conditions, the self-developed multifunctional
coal burst testing system, TTCDBTS, was used to reproduce
in situ triaxial loading and dynamic unloading of the coal
sample in the laboratory. Six coal samples were tested under
true triaxial loads with o, ranging from 26 MPa to 71 MPa,
0, of 18 MPa, and o, of 16 MPa. Each sample experienced
the true triaxial loading test period, the loading holding
period, and the dynamic unloading test period. The coal
strength under actual triaxial loading was found to be more
than 5 times more than the UCS. The results of AE monitor-
ing during the tests indicated that continuous coal damage
mainly occurred during the true triaxial loading test period.
The peak AE event number in the tested samples first
increased and then decreased as o, levels increased. PVT
and CAEED were used to analyse the stress and damage evo-
lution characteristics of the coal. The PVT results demon-
strated that the fracture emergence at the initial loading
stage could be presented by the expansion of the low wave
velocity area. The increasing o, level caused fracture coales-
cence and regenerations of high-density zones in the coal,
which was identified by the high wave velocity area. The
total strain of the coal samples was found to be negative
under significant stress deviations. Under an extremely high
level of triaxial loads, the coal samples failed and were
severely damaged. Ejection of coal fragments occurred at
low velocities when o was dynamically unloaded. The out-
come of this study can help in understanding the dynamic
failure mechanism of the coal mass when developing road-
ways near the geological are typical.
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