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This paper introduces the innovative technique to release the bursting liability of coal seam via microwave irradiation. To verify
the feasibility of this environment-friendly technique, a series of laboratory tests incorporating acoustic emission (AE) inves-
tigation were carried out. Test results indicated that both the uniaxial compressive strength (UCS) and bursting energy index of
raw and water-soaked coal samples were significantly reduced. In particular, the bursting liability was reduced by one level when
the values of UCS were compared, the evidence of which is the variation of wave velocities of tested coal samples. It can also be
found from the events and hits in the complete stress-strain curve and the cumulative curve of acoustic emission that the elastic
modulus of the raw and water-soaked coal samples subjected to microwave irradiation decreased by 58.42% and 29.63%, re-
spectively. This facilitates the entry into the stage of stable crack propagation more quickly, the growth rate and size of the cracks
were slower and more uniform, and there were no smaller coal fragments ejecting during the failure process of the coal samples.
Meanwhile, the proportion of high-energy events released in coal samples experienced a decline after the treatment of the
microwave. Moreover, microwave heating principally promoted the initiation and expansion of microcracks in coal samples
under the influence of microwave power of 1 kW and a heating time of 120s, which may cause the overall damage of large fractures
to break into multiple small and medium cracks. Based on the experimental results, the conceptual process of using microwave in
weakening the bursting liability of coal seam was then proposed, which will be the meaningful reference for microwave-assisted oil
recovery and coal bed methane production.

1. Introduction

Rock bursts have become one of the most severe risks in
underground coal mining. As a typical dynamic phenom-
enon, it generally causes the sudden and severe damage
associated with a rapid and violent release of the elastic
strain energy attributed to the failure of the rock mass [1-5].
Moreover, some other secondary hazards such as gas out-
bursts and roof falls will also occur together with the rock
bursts, as reported and recorded at home and abroad [6, 7].
With the increase of mining depth and intensity of coal

mines, rock bursts become more frequent than that of ever
before, such as in the USA [8], Australia [9, 10], Poland
[11, 12], and China [13]. Particularly, more than 177 mines
experienced rock burst incidents in China by the end of 2017
[13]. It has been well noted that the occurrence of rock bursts
depends not only on mining conditions but also on the burst
liability of the coal/rock [14]. Compared with the mining
conditions, the burst liability is regarded as an effective
warning symbol in the prevention of rock bursts.

In essence, the prevention and control of rock burst are
to reduce the burst liability of coal and rock mass around the
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roadway or slope to permit pressure relief and to transfer the
high stresses elsewhere at a distance [15]. In terms of coal
pressure relief, a large number of studies have been carried
out, and lots of practical techniques were then proposed,
which include drilling pressure relief [16], water infusion
[17], coal blasting [18], and hydraulic cutting [19]. Although
these onsite techniques achieved somehow benefits in re-
leasing the pressure, the effectiveness and timeliness of
pressure relief are still the main concern for coal operators.
Among them, drilling pressure relief and hydraulic cutting
are passive in changing the mechanical properties of coal.
When the coal seam is hard (f>3), it is not sufficient to
fracture the coal mass around the drilling or slit. Coal seam
water infusion is believed to be active to weaken the coal
mass, but the complex process will take a long time. Different
from water infusion, the complicated procedure restricts the
wide application of blasting techniques in pressure relief. In
addition, the potential misfire and rock bursts attributed to
the blasting technique should also be accounted for. On the
other hand, both the coal seam water infusion and hydraulic
cutting will utilize lots of water and may result in possible
water pollution.

Against this background, developing an effective, timely,
active, and environment-friendly technique to change the
properties of coal mass is becoming urgent for underground
coal mines subjected to rock bursts. The authors of this paper
presented an innovative technique in treating the coal mass
via microwave irradiation. Herein, microwave refers to the
electromagnetic =~ wave  with a  frequency  of
300 MHz-3000 GHz (3 THz), and the frequency used by
industrial, scientific, and medical (ISM) departments is
915 MHz and 245 GHz [20]. These frequencies were chosen
by international agreement to minimize the interference
with communication services.

Microwave heating is a result of interaction between
dipoles in materials and electromagnetic fields. The dipoles
are irregularly aligned without an electromagnetic field
(Figure 1(a)). As shown in Figures 1(b) and 1(c), when
applying the microwave irradiation to materials, the dipoles
in a microwave field attempt to reorient themselves with the
rapidly changing field (2.4 x 10” per second at a frequency of
2.45GHz) [21]; this movement give rise to friction and
therefore cause them to warm up [22].

In general, microwaves are either transmitted, reflected,
or absorbed by a material depending on its dielectric
properties (Figure 2) [23]. Dielectric constant (¢') and di-
electric loss factor (¢") were usually used to characterize the
dielectric properties of a material, and the two parameters
can be subsumed in the complex permittivity (¢*) in the
following form [24]:

e =€ —ig. (1)

Dielectric constant (¢') reflects the capacity of the ma-
terial to store electromagnetic energy, and dielectric loss
factor (¢") represents the dissipation of the stored energy
into heat.

When irradiating a material with heterogeneous di-
electric properties, microwaves can selectively heat the
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adsorbing phase while passing through the transparent
phase. It was verified that the organic components of coal
appear transparent to microwaves and have low dielectric
permittivity, whereas the dipoles (i.e., moisture and some
minerals including pyrite) have higher permittivity (e.g.,
¢"of water reaches 78.54 at 25°C) [25], which leads to
thermal stress difference between materials with different
permittivity.

In recent years, microwave heating has gained wide-
spread popularity in coal drying, desulphurization, pyrol-
ysis, grinding, and coal bed methane [20, 26-29]. Among
these, the research results in the field of grinding and coal
bed methane showed that microwave treatment can lead to
the formation of new cracks and promote the expansion of
the original cracks in coal mass [30]. Furthermore, Marland
et al. [31] and Lester et al. [32] showed that the overall effect
of microwave radiation on the coal calorific value and
chemical characteristics were minimal, especially under the
condition of high power and short time, so the effect on the
industrial application of coal was considered to be negligible.

At present, most research primarily focused on the
formation mechanism and evolution characteristics of fis-
sures and the formation and development of fissures that
will inevitably change the mechanical properties of coal
mass. However, little attention has been devoted to the
mechanical properties and the physical phenomena
(acoustic emission, wave velocity, and electromagnetic ra-
diation) of coal mass heated by microwave. These results
were very important for the application of microwave ir-
radiation in the mechanical modification of coal with burst
liability.

The major objective of this study is to assess the feasi-
bility of the innovative technique to weaken the bursting
liability of coal mass via microwave irradiation. In this paper,
raw and water-soaked coal samples were selected for mi-
crowave heating, and a suite of integrated diagnostic tech-
niques, including mechanical testing system (MTS) and
acoustic emission (AE), were employed to monitor the
variation characteristics of mechanical properties and
physical phenomena. Additionally, failure characteristics of
coal samples before and after microwave treatment were
observed and analyzed. After that, an engineering applica-
tion method for microwave weakening the bursting liability
of coal was proposed.

2. Experimental Materials and Methods

2.1. Preparation of Coal Samples. All coal samples used in
this research were sourced from a coal mine in Shandong,
China. A total of twelve cube specimens with dimensions of
50 mm x 50 mm x 100 mm were prepared and tested. The
test results of the bursts liability of coal seam are listed in
Table 1.

2.2. Experimental Procedure. The experimental procedure is
illustrated in Figure 3, in which the solid black and dotted
arrows designate the experimental sequence, while the red
arrows indicate the experimental monitoring process. The
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FIGUure 1: Realignment of dipoles in an electromagnetic field.

Microwaves
— — — — — Wave propagation
() (b)
Wave attenuation
— —) —)
(0)
FiGure 2: The behavior of a material within a microwave field [23].
TaBLE 1: The bursts liability results of No.3 coal seam.
Identification index of bursts liability . )
Coal seam Identification result
Dr Wer Kg R,

No.3 1824 2.90 5.60 9.36 IT weak bursting liability

Notes: DT is the duration of dynamic fracture; WET is elastic strain energy index; KE is bursting energy index; RC is uniaxial compressive strength (UCS).

black dotted line represents the raw coal samples, which
refer to the coal sample without any treatment, marked CGN
and CGY before and after the microwave heating. The solid
line represents water-soaked coal samples coal sample, re-
ferring to the coal sample immersed in water for 24 h in the
vacuum cylinder, named HSN and HSY before and after
microwave heating, respectively. Each of the above four
groups contained three coal samples (namely, CGNI1-1,
CGNI1-2, and CGN1-3). In a single experiment, the moisture
content of coal samples was measured, and the loading
process was synchronous with AE monitoring and the high-
speed camcorder.

2.3. Microwave Heating System. Microwave heating was
carried out in special microwave equipment which was

provided by the He Nan Xin Hang Microwave Technology
Co., Ltd., China, with adjustable powers at 2.45 GHz (see
Figure 3(b)). The microwave equipment consisted of two
microwave generators, two rectangular waveguides, a res-
onant cavity, and a control system. The microwave power is
either 1 kW or 2 kW, which are selectable. In this research,
all coal samples were heated for 120s in the microwave
equipment with a power of 1kW.

2.4. Loading and Monitoring System. All coal samples were
tested on the electrohydraulic servo material test system
(MTS-C64.106). The constant displacement rate of
3x10">mm/s was adopted in this research for all tested
specimens (see Figure 3(d)). The PCI-2 AE System from
Physical Acoustics Corporation (PAC) was applied in this
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FIGURe 3: Experimental procedure and the corresponding apparatuses.

research. The main feature of this monitoring equipment is
that it can acquire AE transient waveform in real-time, with
waveform processing and real-time AE events location. As
shown in Figure 4, 8 sensors (R15a) were symmetrically fixed
around the coal sample for AE signal acquisition, with an
operating frequency of 100-400kHz. Each sensor was
equipped with a 2/4/6c type preamplifier. NAC Digital High-
Speed Camcorder (GX-3) was used to record the loading
process of coal samples, which had ultrahigh photosensi-
tivity, 21.7 ym pixel, and a high dynamic range. Moreover,
the frame rate could reach 198000frames/s. In these ex-
periments, the frame rate was set at 4000 frames per second
(fps) and the resolution was 1024 x 768. Test set-up and
instrument can be found in Figure 5.

2.5. Configuration Setting for AE Data Acquisition. The noise
detection threshold was set at 35 dB with the consideration
of the prevailing background noise. To ensure accurate data
acquisition, the peak definition time (PDT), the hit defini-
tion time (HDT), and the hit lock-out time (HLT) were set to
50, 200, and 300 us, respectively [5]. The preamplifier am-
plification was concurrently set at 40 dB, while the sampling
frequency was 2MHz. The velocity of acoustic wave
transmission through the coal sample was determined via
the acoustic characteristic matrix test. In addition, the
acoustic emission events were monitored with the difference
in arrival time of the sound waves. In this research, the
vaseline was used to couple the AE sensors effectively onto
the coal samples.

3. Results and Analysis

3.1. The Variation Characteristics of Bursting Liability and
Wave Velocity of Coal Samples before and after
Microwave Heating

3.1.1. Indices of Bursting Liability. The sensitivity of the coal
samples subjected to microwave heating and the declined
strength of coal samples made it difficult to accurately
control to a 75% to 85% level of the ultimate load during
cyclic loading. Consequently, the calculation of elastic strain
energy (Wgr) was prone to large errors. Depending on the
different failure modes, artificially subjective factors influ-
ence the calculation of the duration of dynamic fracture
(D). Therefore, the bursting energy (Kg) and uniaxial
compressive strength (Rc), being more reliable, were selected
for comparative analysis. Figure 6 illustrates the complete
stress-strain curves of typical coal samples under uniaxial
compression. The stress-strain variation patterns were
consistent with low peak dispersion, leading to high reli-
ability and minimal error for data analysis. Table 2 lists the
bursting liability index, wave velocity, and moisture content
of tested coal samples before and after microwave heating.
For a clearer comparative analysis, the mean and the
standard deviation for each group of data are plotted in
Figure 7 for reference.

As can be seen from Table 2, the maximum, minimum,
and average values of the UCS of the raw coal samples before
microwave (CGN) were 11.54MPa, 10.93 MPa, and
11.35 MPa, respectively. It was slightly higher than that of
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FiGURre 5: Layout of loading and monitoring. (a) Schematic layout of loading and monitoring. (b) Real layout of loading and monitoring.

specified values presented in the bursting liability identifi-
cation. The maximum, minimum, and average values of
bursting energy (Kp) were 6.54, 4.02, and 5.02, respectively.
The average value was almost the same as that specified in
identifying the result of bursting liability. Both belong to the
“strong bursting liability” class.

The UCS and bursting energy decreased by 73.74% and
64.54%, respectively, with the average values being 2.98 MPa
and 1.78 times for the raw coal samples exposed to mi-
crowave heating (CGY). The corresponding class for
bursting liability was reduced from “weak “ and “strong” to
“none” and “weak” (Figure 7). As a result, the bursting

liability of the CGY was significantly reduced, even to the
level of “no bursting liability.”

The average values of UCS and bursting energy of the
water-soaked coal samples before microwave heating (HSN)
were 9.10 MPa and 4.10, respectively. Compared with the
CGN, the values decreased by 19.82% and 18.33%. It sug-
gests that the water intrusion had a significant weakening
effect on the mechanical properties of the coal, which agrees
well with such findings by other investigators [7]. However,
it is notable that the reduction was limited in this investi-
gation. When the water-soaked coal samples were irradiated
by microwaves (HSY), the UCS and bursting energy index



FIGURE 6: The stress-strain curves for coal samples before and after microwave heating: (a), (b) raw and water-soaked coal samples before
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microwave heating, and (c, d) raw and water-soaked coal samples after microwave heating.

TABLE 2: Related parameters for the 12 samples used in the uniaxial compression-acoustic emission tests.

Serial number P-wave velocity (m/s) UCS (MPa) Bursting energy Moisture content (%)
CGN 1-1 1142.95 11.54 4.02 1.80
CGN 1-2 1155.94 11.59 6.54 1.87
CGN 1-3 1116.49 10.93 4.51 1.75
CGY 2-1 636.90 3.51 1.04 1.48
CGY 2-2 409.35 3.15 2.40 1.30
CGY 2-3 461.19 2.27 1.91 1.65
HSN 2-1 948.01 9.00 5.53 2.68
HSN 2-2 922.37 9.16 3.17 2.81
HSN 2-3 1130.81 9.15 3.15 2.99
HSY 1-1 498.24 5.22 1.67 2.23
HSY 1-2 706.82 5.38 3.10 2.21
HSY 1-3 508.97 3.94 3.68 2.36
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FIGURE 7: Variations in bursting liability indices and wave velocity
of coal samples before and after microwave heating: I, II, and III
classification of bursting liability (I—none, II—weak, and
III—strong).

were decreased by 46.70% and 32.22%, respectively. The
UCS value was reduced from “weak bursting liability” to “no
bursting liability,” whereas the bursting energy value still
indicated “weak bursting liability” although it was greatly
reduced.

Concerning the small dispersions in UCS, the bursting
liability of either raw or water-soaked coal samples exhibited
a significant drop from “weak bursting liability” to “no
bursting liability” with microwave radiation. The bursting
energy had a higher dispersion than the UCS, especially in
the coal samples before microwave heating. The main reason
for this was that the coal samples showed the expected brittle
characteristics, and there were still multiple peaks and en-
ergy accumulation processes (stress-rising phases) in the
postpeak stage. From the perspective of energy accumula-
tion and dissipation, the actual value of bursting energy was
different from the theoretical value, which resulted in a
higher dispersion.

3.1.2. Wave Velocity. The different wave velocity indicates
the external expression of the heterogeneity in coal and rock
mass. The denser the material, the higher the elastic wave
transmission efficiency and the larger the wave velocity. On
the contrary, if the medium is loose and homogeneous,
elastic waves will appear refracted, scattered, and weakened
when passing through interfaces of different media. Thus,
the consequent energy dissipation in the process decreases
the wave velocity.

After microwave heating, the wave velocity in coal
samples was reduced, and the average velocity of raw and
water-soaked coal samples decreased by 55.86% and 33.83%,
respectively. This showed that the cracks in coal samples
were more developed. Furthermore, the average wave ve-
locity of raw coal samples decreased slightly by 7.85% after
being immersed in water. This result concurs with previously
published results [33]. Therefore, in place of the destructive

test, the wave velocity can be used as a monitoring parameter
to test the weakening effect in-situ.

3.2. Relationship between Axial Stress and Axial Strain.
Although the bursting liability indices are capable of
reflecting the mechanical characteristics of coal samples,
they were all based on the stress-strain curves. The influence
of microwave irradiation on coal samples should be further
investigated to obtain a better understating of this obser-
vation. Accordingly, 5 distinctive stages of the crack de-
velopment process (crack closure, elastic deformation, stable
crack propagation, unstable crack propagation, and post-
peak failure) can be identified in these curves [34]. For
comparison, the stress-strain curve of the typical coal sample
from each group is selected and plotted in Figure 8. This
showed that the elastic modulus of the coal samples de-
creased after microwave heating. In this study, we used the
average modulus as the elastic modulus [35]; assuming that
the strain-stress formula has the form o=f (¢), the elastic
modulus can be derived from the following equation:

E= fle) - f(sz), 2)

)

where E is the elastic modulus, ¢, and ¢, represent the strain
of the starting and ending position across the elastic stage,
respectively, and f () and f (¢,) represent the stresses at the
same start and end positions, respectively.

At the initial loading stage, the stress-strain character-
istics of all coal samples before microwave heating (CGN
and HSN) were concave. The subsequent linear segment
depicting the elastic stage was smooth and long, with a steep
slope, conforming to the phenomenon of crack closure that
occurs in the elastic stage. The average elastic modulus of raw
and water-soaked coal samples was 1.01 GPa and 0.81 GPa,
respectively. Figure 8 shows that at the peaks of the stress-
strain curves for the coal samples before microwave heating
(CGN1-1 and HSN2-3). It is apparent that the stress and
strain at the peak were larger and a large amount of elastic
energy was accumulated before the peak. The stress-strain
curve after the peak fell abruptly and became approximately
linearly. Additionally, the large stress drops occurred after
the peak and over a small strain increase, indicating that the
cracks rapidly expanded and released the energy accumu-
lated before the peak, with the and coal samples exhibiting
brittle behavior. Furthermore, such stress drops may cause
mine earthquakes, resulting in cumulative damage to the
roadway in the vicinity of the rock.

The initial portion of the stress-strain characteristics of
coal samples after microwave heating (CGY and HSY)
exhibited a shorter concave stage, and the linear segment in
the elastic stage was not smooth and long with a gentler
slope. Meanwhile, the boundary between crack closure and
elastic deformation stage was not easily discernible. These
changes were attributed to more microcracks being caused
by microwave heating and the cracks expanding while some
closed under axial loading. According to equation (1), the
average elastic modulus of raw and water-soaked samples
are 0.42 GPa and 0.57 GPa, respectively. These showed a
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decrease of 58.42% and 29.63% compared with that before
microwave heating. The accumulated energy before the peak
decreased with the reduction of peak stress and strain, and
the postpeak curves gradually dropped to the residual
strength. Moreover, the curves showed a lesser stress de-
crease over a larger strain range, causing the slope of stress
drop to be gentler. Consequently, the potential occurrence of
rock bursts was reduced when the coal mass was exposed to
microwave irradiation.

3.3. Acoustic Emission Characteristics

3.3.1. The Characteristic Variations in Acoustic Emission
Parameters. Acoustic emission (AE) was recognized as one
of the most direct methods to study the mega-damage
evolution of rock failure under loading. In this research, we
focused on the characteristics of energy release of coal
samples before and after microwave heating under loading.
As a result, the events, hits as well as energies were counted
by the event count and hit count (see Table 3).

According to the records of event count, the signals of
high-energy events can be received by 4 or more AE sensors.
This procedure was similar to the event monitoring with the
microseismic monitoring system on-coal samples were ex-
posed to microwave irradiation, microcracks increased, and
the vibration signals caused by partial microcracks expan-
sion were weak. They were not strong enough to be received
by the 4 AE sensors, and thus the hit count was used for
statistics, similar to signals monitored by the AE monitoring
system onsite.

Coal mining is easily susceptible to the high-energy
events caused by dynamic loads. It was, therefore, practically
significant to reduce the frequency of the large energy events
to prevent the occurrence of onsite rock bursts. To analyze
the variation of high-energy events before and after
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microwave heating, additional statistical records were made
of the high-energy event counts and the “b value” deter-
mined from the hit count data.

Figure 9 shows the percentage of event frequency and
energy over each interval. Although the percentage of events
is relatively low in the two intervals (1e4-1e5] and (1e6-+00),
the proportion of energy released was high, even more than
70%. Figure 9(a) enables the comparison of the frequency
records between CGN and CGY. The frequency percentage
of large energy events (1E5-+00) of the CGY was far less than
that of the CGN. Similarly, the energy percentage of large
energy events (1E6-+00) of the CGY was similarly lower.
Moreover, an interesting phenomenon is drawn from
Figure 9(a) that the frequency percentage of low-energy
events (0-1E2] of the CGY was lower. This phenomenon is
believed to be attributed to the expansion of microcracks
when the samples were heated by microwave irradiation. It
was similar to the original low-energy events under uniaxial
loading.

The interpretation and physical meaning of “b values”
has been extensively studied by seismologists [36]. The b
value reflects the proportion of large-magnitude earthquakes
relative to small-magnitude earthquakes. Consequently, a
greater number of larger-magnitude events yield a smaller b
value [37]. In rock mechanic testing, the generation or
expansion of microcracks will release elastic waves that are
similar to earthquakes. In AE applications, the peak am-
plitude was substituted for M in the Gutenburg-Richter law,
an equation widely used in the fields of concrete fracture and
rock mechanics as follows:

A
IgN =a-b—% 3
gN =a-b—, (3)

Figure 10 presents the relationship between the fre-
quency and amplitude of the AE hits (i.e., higher than the
threshold of 35dB). Regardless of the coal samples being
exposed to microwave irradiation or not, the number of AE
hits with amplitudes between 35 and 40 dB was the greatest
and subsequently decreased with increasing amplitude. It
was also noteworthy that the number of AE hits of the CGY
was more than that of the CGN for the same intervals.
Figure 11 illustrates the correlated results for AE hits of the
CGN and CGY per equation (2), and the values of b for three
coal samples in each of the CGN and CGY series were
1.1349, 1.1630, 1.1241 and 1.2548, 1.1819, 1.2475 with av-
erage values of 1.1407 and 1.2281, respectively. It is also
evident that the b value of each coal sample exposed to
microwave irradiation increased, while the proportion of the
number of high-energy hits decreased.

3.3.2. Relationship between the Stress-Strain Curve, the
Cumulative AE Hits, and Events. Figure 12 presents the
holistic record of AE events and hits that occurred
throughout the loading process of the coal samples. Based on
the analysis for various features of the cumulative curves of
AE events and hits of the CGN and CGY (taking CGN1-1
and CGY2-2 as examples), the curves consist of three dis-
tinct stages: 0a, ab, and bc. “Oa” represented the initial stage
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TaBLE 3: AE parameters of coal samples before and after microwave heating under uniaxial loading.

. The statistics of event count
Serial number

The statistics of hit count

Events Energy (a]) Average energy(a]) Hits Energy(aJ) Average energy(a])
CGNI1-1 366 2.33E+07 6.37E+04 14791 2.80E+07 1.89 E+03
CGN1-2 457 3.52E+07 7.70 E+ 04 27300 8.85E+07 3.24E+03
CGN1-3 610 3.75E+07 6.15E+04 28120 8.59E+07 3.05E+03
CGY2-1 453 1.56 E+07 344E+04 83144 3.01E+08 3.62E+03
CGY2-2 399 1.13E+07 2.83E+04 69280 1.56 E+ 08 2.25E+03
CGY2-3 617 0.92E+07 1.49E+04 42214 1.49E + 08 3.53E+03
HSN2-1 315 0.50E+07 1.59E+04 34488 1.09E + 08 316 E+03
HSN2-2 700 0.59E+07 8.43E+03 34111 0.75E+08 2.20E+03
HSN2-3 281 7.24E+07 2.58 E+05 33387 521 E+08 1.56 E+ 04
HSY1-1 717 2.27E+07 3.17E+04 36560 8.15E+08 2.23E+04
HSY1-2 506 0.84E+07 1.66 E + 04 44725 2.34E+08 523E+03
HSY1-3 808 1.45E+07 1.79E+ 04 48717 1.55E+08 3.18E+03
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FIGURE 9: Event frequency and energy percentage of events with different levels of the CGN and CGY: (a) frequency, (b) energy.

with a lower rising rate, “ab” represented the stage with a
higher rising rate, and “bc” represented the final multi-
stepped rising stage.

Regardless of the coal samples being exposed to mi-
crowave irradiation or not, the cumulative curves of AE
events and hits of coal samples fall into three stages, as
discussed above. Herein, the “oa” stage of the CGN is defined
as the crack closure phase of the stress-strain curve, the “a
stage represented the elastic deformation phase, and the “ob”
stage accounted for a high proportion of the whole curve.
The “bc” stage showed a move from the elastic deformation
phase to metastable crack propagation phases, that is to say,
passing point b, the AE events and hits began to increase
stepwise, and the size of the step gradually increased.

However, the points “a” and “b” on the cumulative curves of
AE events and hits of the CGY were left shift, as shown in
Figure 12. Namely, the proportion of “ab” phase decreased,
and the proportion of “bc” phase was more dominant. These
changes indicated that the coal samples had entered a stable
crack propagation phase more quickly under uniaxial
loading due to the microcracks or expansion caused by
microwave heating. Consequently, the elastic deformation
stage was shortened. It should be noted that the actual
position of point ¢ in Figure 12(a) should be closer to the
peak stress (i.e., the actual proportion of “bc” stage should be
higher) because the CGN1-1 suddenly ruptured and vibrated
when the stress approached the peak stress. Its sound was so
audible during this failure process that some AE sensors
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FIGure 10: Statistical relationship between AE amplitude and frequency for the CGN and CGY: (a) the amplitude distribution, (b) the

cumulative amplitude distribution.
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FIGURE 11: The correlated results for the AE amplitude-frequency
records for the CGN and CGY.

fixed around the CGN1-1 were loosened or even dropped
due to vibrations, and the subsequent vibration signals were
not received. However, these should be events and hits near
the peak stress, judging from the sound and stress drops.
There were also differences in the step size changes of
“bc” stage of the coal samples before and after microwave
heating, and particularly with the raw coal samples. When
the coal samples were exposed to microwave radiation, the
step size, either in events or hits, was significantly reduced.

These were more uniform in “bc” stage, and the portion of
“bc” stage tended to develop linearly. In other words, the
crack propagation speeded and the crack size in the coal
samples subjected to microwave irradiation became rela-
tively uniform. Because the energy was uniformly released,
the rapid failure of the larger fractures rarely occurred.
Furthermore, the step changes in the “bc” stage of the cu-
mulative AE hits curve of the CGN1-1 were highly consistent
with that in the cumulative AE events curve and were po-
sitioned closer to the peak with higher consistency. It in-
dicated that the crack propagation and fracture of the coal
samples before microwave heating often produced high-
energy events, whereas the coal sample after microwave
heating generated mostly low-energy events.

3.3.3. Characteristics of AE Events. Note that the vibration
signals from AE events were received by at least 4 AE sensors
in this research. When using such AE events located results
to analyze the coal or rock fracture, it was necessary to
consider the location error, and the PCI-2 AE acquisition
system has its error evaluation index “q”; - “Fall Event
Correlations,” the closer the value of “q” was to 1, the more
accurate the location results were. Table 4 shows the sta-
tistical results of “q” values for AE events on the coal samples
during the uniaxial compression test, except for coal sample
CGY2-3. The “q” values for the other coal samples were
greater than 0.9, accounting for more than 75%, whereas the
q values were greater than 0.7, accounting for more than
90%. These showed that the AE events locations were ac-
curate and reliable. With the intent of ensuring the accuracy
of location results and analysis, the error evaluation index gq
of the events presented herein was greater than 0.7.
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FIGURE 12: Stress-strain curves and the cumulative AE events and hits for the CGN1-1 and CGY2-2: (a) CGN1-1, (b) CGY2-2.
TaBLE 4: The statistical records of “q” values of AE events for coal samples.
CGN (%) CGY (%) HSN (%) HSY (%)
The q value ranges
1-1 1-2 1-3 2-1 2-2 2-3 2-1 2-2 2-3 1-1 1-2 1-3
>0.7 93.72 96.06 90.85 90.27 92.48 89.14 93.65 91.93 96.79 94.98 94.66 94.05
>0.8 88.25 92.56 85.55 87.39 87.47 82.66 90.48 85.98 93.57 89.96 87.35 86.74
>0.9 79.51 86.43 76.24 80.75 84.71 74.72 84.44 76.91 85.71 83.54 81.62 83.52

Figure 13 shows the spatial location and three-plane
projection of AE events of the CGN1-1 and CGY2-2. The AE
events displayed clustering phenomena in the CGNI-1,
whereas the spatial distribution of AE events in the CGY2-2
was relatively uniform. The reason was that the microcracks
increased in the coal samples after microwave heating, and
the microcracks penetrated each other during the uniaxial
compression test for coal samples so that the coal sample was
destroyed uniformly and not only along some specific po-
sitions. As shown in Figure 13, the number of AE events with
energy greater than 1E5aJ (magenta and red spheres) in the
CGN1-1 was significantly more than that in the CGY2-2,
while there were no AE events with energy less than 10aJ in
the CGY2-2, which were consistent with the analyzed results
in Section 3.3.1.

3.4. Postpeak Failure Mode. The essence of rock burst failure
was the mutual transformation of different forms of energy
inside coal samples. When the external loads exceed ultimate
strength, the coal sample will release energy in the form of
kinetic energy from small coal fragments. Figure 14 presents
the uniaxial loading process of the CGN1-1 and HSN2-3 (the
coal samples before microwave heating), indicating that the
relatively strong burst liability and brittleness characteristics
caused small coal pieces to be ejected all around. Particularly,
with the raw coal samples before microwave heating (CGN1-
1), even larger coal pieces were ejected a few centimeters
away and several AE sensors were instantly shaken off,
accompanied by a loud sound.

The failure process of coal samples under uniaxial
compression can be divided into three stages, including the
initiation, propagation, and coalescence of microcracks. The
collective behavior of a large number of microcracks was of a
special law. Figure 15 shows the real graphs and schematic
diagrams of the cracks in the CGN1-1 and CGY2-2. The red
solid line represented the cracks in the schematic diagrams.
The varied width of stroke indicates the width of the cracks,
and the blue dotted line represents the damage zone. The
common features of these cracks that appeared in the
postpeaking phase of the CGN1-1 and CGY2-2 (before and
after microwave heating) were that the cracks broke through
along one or more longitudinal cracks. The difference was
that there were small transverse cracks between the longi-
tudinal cracks of the CGY2-2. The sound observed from the
crack propagation was weak, accompanied by small coal
pieces dropping rather than ejection.

It can be seen from Figure 16 that most of the coal
samples maintained their relative integral state on the test
platform after test. During the movement of the coal
samples, the final failure mode of coal samples before mi-
crowave heating (CGN) remained unchanged, with the large
broken degree (Figure 16(a)). When coal samples after
microwave heating (CGY) were removed from the test
platform, the coal samples easily collapsed as a whole,
displaying even internal failure, with a small broken degree
(Figure 16(b)). It is also suggested that a large number of
microcracks formed by microwave heating caused the full
destruction of the coal sample. After microwave heating
during the uniaxial compression test, the coal samples
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FIGURE 13: The space location and three-plane projection of AE events of the CGN1-1 and CGY2-2. (a, b) Three-plane projection of AE

events of the CGN1-1 and CGY2-2.

FIGURE 14: The ejection of small coals in the CGN1-1 and HSN2-3 during uniaxial compression tests: (a) CGN1-1, (b) HSN2-3.

remained intact on the test platform mainly due to the
friction between the fragments. But once it was slightly
disturbed, the coal sample collapsed as a whole.

4. Discussion

4.1. The Weakening Mechanism of Coal Samples with Bursting
Liability Subjected to Microwave Irradiation. Mechanism
comprehension, prediction, and control are the three major
challenges related to rock burst hazards. The prevention and
control of rock burst need to reduce the bursting liability of
coal effectively. An engineering application method for
weakening the bursting liability of coal by microwave ir-
radiation will be carefully introduced in this paper.
According to the research results of many scholars in the
field of grinding and coal bed methane, microwave irradi-
ation caused the initiation and propagation of microcracks.
It has been verified by the results of the reduction in the wave
velocity of coal samples after microwave heating. However, it

is still not clear how these cracks changed the mechanical
properties and the physical phenomena of the coal mass. In
this paper, it was shown that the uniaxial compressive
strength of raw and water-soaked coal samples decreased by
73.74% and 46.70% after microwave irradiation. Further-
more, the bursting energy index decreased by 64.54% and
32.22%, respectively. From these two parameters, the burst
liability of the raw coal sample decreased by one grade. Based
on this evidence, we can conclude that when the coal was
irradiated by microwave, the increase and expansion of
microcracks can reduce the burst liability of coal mass.
The number of new cracks and the size of crack ex-
pansion in the coal subjected to microwave irradiation
depends on the thermal stress difference between materials
with different dielectric constants (inorganic and organic
matter). The thermal stress difference depends not only on
the sensitivity of the constituents of the coal to the mi-
crowave but also depends on the power and time of the
microwave. The greater the microwave power, the shorter
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Figure 16: The failure mode of the (a) CGN and (b) CGY.

the time and the greater the thermal stress difference.
Meanwhile, the development of microcracks caused by the
phase transition of inherent moisture (from liquid to gas) in
coal mass cannot be ignored [31]. Although the dielectric
property of coal increased with the increase of moisture
content, the higher water content strengthened the differ-
ential heat [38], The thermal stress difference will not in-
crease infinitely with the increase of moisture content under
certain microwave power, and the high moisture content
during microwave heating may also affect the phase tran-
sition of inherent moisture (over a short time measured in
seconds).

As mentioned earlier, when coal samples were heated for
120s in the microwave equipment with a power of 1kW, it
decreased the grade of busting liability indexes for water-
soaked coal samples (moisture content of 2.68%-2.99%) was
not as good as that of raw coal samples (1.75%-1.80%). Li
et al. [23] studied the permeability changes of coal under
microwave irradiation for different water saturation con-
ditions and showed that when the power was 8 kW, and the
moisture content reached 6%, the heat conduction was
enhanced, but the permeability was reduced. This obser-
vation also indicated that a certain microwave power cor-
responded to a reasonable moisture content range, with the
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event of achieving the optimal weakening effect of coal with
bursting liability. In terms of energy release, a single strong
energy event will become several medium energy events.

The initiation and expansion of microcracks formed by
the microwave irradiation can not only affect the mechanical
properties of coal samples but also the characteristics of
energy release during the uniaxial compression test. The
results showed the proportion of high-energy events and AE
hits with large-scale in the coal samples when subjected to
microwave irradiation decreased. Although microwave
heating had little effect on the expansion of large-size cracks,
it is important in the initiation and propagation of micro-
cracks, which made the integral sample to be destroyed of
large-size cracks to multiple cracks with smaller size. In
terms of energy release, a high-energy event turned into
several low-energy events.

Considering that the discussion on the experimental
results was based on the equipment with the microwave
power of 1 kW and heating time of 120s, further study is still
needed to optimize the bursting liability and acoustic
emissions of coal samples under other powers and time
conditions. In addition, more coal samples with different
water contents should be tested as well.

4.2. The Prospect of Engineering Application for Weakening
Coal Mass by Microwave Irradiation. In the field of mi-
crowave-assisted oil recovery and coal bed methane, mi-
crowave heat injection-assisted extraction and antireflection
have been widely studied [31]. The method needed to use
antennas to transmit microwaves down the well or boreholes
to irradiate oil reservoirs and coal seams. Based on the
concepts presented in previous research, we proposed a
method of microwave weakening coal seam with bursting
liability for the prevention of rock burst.

There are two main schemes for the engineering appli-
cation of this method. One is the in-situ modification of coal
seams with bursting liability. In this case, the holes can be
either drilled from the surface or underground to nonimpact-
prone coal seams with no bursting liability to the coal seams
with bursting liability and then placing the antenna along the
borehole into the coal seam for microwave heating. The other
scheme is to use the existing drill holes (such as large-di-
ameter pressure relief holes) in the coal seam with bursting
liability, which can actively reduce the strength of the coal
seam in advance and expand the existing pressure relief range.
This method is mainly suitable for relatively hard coal seams
(f=3). These two methods could verify the effect of pressure
relief by measuring the wave velocity between adjacent holes.
Microwave heating is more dangerous in the underground
than on the ground, so it is necessary to equip relevant sensors
to monitor gas and temperature in the borehole. Meanwhile,
the microwave radiation protection net can be arranged on
the coal wall of the roadway near the borehole to avoid af-
fecting human health.

5. Conclusions

To verify the feasibility of the innovate technique in
weakening the bursting liability of the coal seam via the
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microwave irradiation, comprehensive laboratory tests were
conducted with the application of the acoustic emission
(AE). Based on the discussion on the experimental tests, the
following conclusions can be drawn:

(1) The bursting liability of two types of coal samples was
significantly reduced, the evidence of which is the
declined UCS and the bursting energy index. Al-
though the bursting liability of raw coal samples was
reduced by one grade, the bursting liability of water-
soaked coal samples was still in the “weak bursting
liability” grade;

(2) The decrease of high-energy events according to
statistical analysis of event count and hit count is the
other evidence to verify the effectiveness of the
microwave irradiation;

(3) The possibility of burst failure of coal samples after
microwave heating was greatly reduced from the
perspective of energy accumulation and dissipation
(reduction of elastic modulus, peak strain, and stress
drop in the postpeaking phase).

(4) Subjected to the treatment of the microwave heating,
both the crack expansion speed and size of tested
coal samples are relatively uniform, which is mu-
tually verified by the uniform events spatial distri-
bution and the fully fractured coal samples.

Note that the main aim of this research is to validate the
feasibility of the treatment of coal samples with the bursting
liability. Only the single coal seam was investigated. How-
ever, further research on the surrounding rock of the coal
seams including the roof and floor of which should be
conducted before the practice applications.
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