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Abstract As a recognized special resource, tar-
rich coal can extract the country’s scarce oil and gas
resources and generate semi-coke that can replace
anthracite and coking coal. The tar-rich coal in
northern Shaanxi is prominent, but due to the dense
structure and high strength of tar-rich coal, it is easy
to cause frequent dynamic disasters in coal mining.
Therefore, the realization of pressure relief and dis-
aster reduction has become the primary problem in
mining tar-rich coal. There are many shortcomings
in conventional pressure relief methods, so a new
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method of microwave-weakening coal is proposed.
Through different water saturation treatments of tar-
rich coal samples, the longitudinal wave velocity
degradation trend and surface crack expansion law of
water-bearing coal after microwave irradiation were
analyzed, and the strength softening characterization
and energy evolution relationship under the combined
action of microwave and water were studied. Frac-
tal dimension and its internal correlation based on
the equivalent side length-mass of coal sample frag-
ments. The experimental results show that: (1) Under
the same microwave radiation condition, with the
increase of water saturation, the deterioration trend
of physical and mechanical parameters such as lon-
gitudinal wave velocity and peak strength is obvious.
(2) After microwave radiation, the uniaxial compres-
sion results show that the coal sample is damaged by
load, there is still a high residual strength, the ratio
of elastic energy to dissipation energy decreases,
and the possibility of rockburst of the coal sample
decreases. The strength softening degree of coal spec-
imen under the degradation of microwave and water
is the highest, followed by microwave and water. (3)
The fractal dimension is inversely proportional to
the moisture content and microwave radiation inten-
sity, and the fractal dimension has a significant posi-
tive correlation with the peak intensity and longitu-
dinal wave velocity. The mechanical damage law of
water-bearing tar-rich coal under microwave action is
revealed, which aims to solve the problem of weaken-
ing and reducing the impact of hard coal on-site to a
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certain extent, ensure the safety of working face, and
improve the mining efficiency of tar-rich coal. It pro-
vides basic theoretical support for microwave-assisted
hydraulic fracturing technology and effective weaken-
ing measures for hard roof treatment.

Article Highlights

1. Study the damage difference of coal samples
under the dual factors of microwave power and
moisture content.

2. Qualitatively analyzed the crack evolution rules
of oil-rich coal samples with different moisture
contents under microwave radiation.

3. Explored the effect of microwave-water interac-
tion on the sensitivity of mechanical parameters
of coal samples.

Keywords Microwave radiation - Moisture content -
Tar-rich coal - Energy evolution - Crack expansion -
Fractal dimension

1 Introduction

As a recognized special resource, tar-rich coal can
extract the country’s scarce oil and gas resources,
generate semi-coke that can replace anthracite and
coking coal, and has the advantages of high oil and
gas conversion efficiency and low production cost
(Ju et al. 2021). The coal in northern Shaanxi is rich
in oil, and the amount of tar-rich coal resources is
more than 150 billion tons, ranking first in the coun-
try. Among them, the tar yield of Triassic tar-rich
coal in northern Shaanxi is as high as 11.75% on
average, and about 0.76 tons of clean oil can be pro-
duced per ton of tar, which has great development
potential (Shi et al. 2023). However, due to the dense
structure and high strength of tar-rich coal, there are
some problems in the mining process, such as large
mining thickness, large roadway section, the large
strike length of the working face, and fast advancing
speed (Zhang et al. 2016). As a result, the problem
of dynamic disasters in coal mining is frequent, so
the realization of pressure relief and disaster reduc-
tion has become the primary problem in the min-
ing of tar-rich coal. However, conventional pressure
relief methods ( hydraulic fracturing (Gu et al. 2015;

@ Springer

Khadijeh et al. 2022), blasting pressure relief (Luo
et al. 2021), and large-diameter drilling pressure
relief (Zhang et al. 2019), etc.) have problems such
as poor orientation, easy derivation of other disasters,
and low efficiency. Therefore, this paper proposes a
new method of microwave weakening coal (Li et al.
2020), which aims to solve the problem of weaken-
ing and reducing hard coal on-site to a certain extent,
ensure the safety of the working face, and improve the
efficiency of tar-rich coal mining.

Compared with traditional pressure relief tech-
nology, microwave radiation has the following
advantages: clean, low cost, and good orientation
(Yang et al. 2021; Mushtaq et al. 2014). In recent
years, the effect of microwave radiation on coal
is remarkable, and the research form and content
are increasing day by day. In the field of micro-
wave radiation of rock mass, microwave radiation
can cause cracking of shale matrix. Cracks are
first formed in quartz grains, which are caused by
uneven heating caused by the difference of inter-
mediate electrical constants of mineral compo-
nents. (Liu et al. 2022). As a high dielectric con-
stant mineral, basalt contains more Si, Fe, and Al
elements (Zhang et al. 2022). Under the condition
of triaxial anisotropic stress, the basalt specimen
produces a fracture network dominated by ten-
sile cracks after microwave drilling and fracturing,
which reduces the energy and stress concentration
in the rock mass and achieves the effect of prevent-
ing deep hard rock rockburst (Deyab et al. 2020).
At the same time, the process of microwave pyrol-
ysis of basalt is intermittent ( quiet-active-quiet),
the cracks are continuously developed, and the
crack width is suppressed (Feng et al. 2021). The
microwave sensitivity of sandstone is low, and the
main reason for microwave crushing of water-bear-
ing sandstone is the stress change caused by water
vapor expansion and mineral thermal expansion (Lu
et al. 2022). The effective ways to crack sandstone
are high microwave power, low air fluidity, and high
water saturation. (Zhao et al. 2020). The biotite in
the granite component is a high-absorbing mineral,
which produces thermal stress difference from other
weak-absorbing minerals, resulting in rock cracking
and fracture toughness reduction (Bai et al. 2021;
Nicco et al. 2020). In the process of deep resource
drilling, the stress around the granite reservoir is
redistributed under the interaction of ground stress
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and thermal stress, forming a disturbance degrada-
tion zone and a disturbance pressure relief zone (Xu
et al. 2022). According to the distribution of micro-
cracks and macro-cracks of diorite, the microwave
damage zone is divided into a broken zone, fracture
zone, and discrete debris zone (Ma et al. 2022). The
best microwave radiation power for gabbro is 3.3kw,
and the failure mode of specimens is mainly ten-
sile shear failure in the vertical direction (Ge and
Sun 2021). In addition, microwave power, treatment
time and mineral composition will significantly
affect the heating degree of magmatic rocks (Kahra-
man et al. 2020). In the field of microwave radia-
tion of coal, the microwave is heated in the form of
a coal sample as a whole, and the temperature and
stress are concentrated. The internal of the coal
sample is dominated by compressive stress failure,
and the external edge of the coal sample is domi-
nated by tensile stress failure (Zhang et al. 2022).
After microwave irradiation, wave velocity and
other physical and mechanical parameters of the
specimen in different directions deteriorated to dif-
ferent degrees. (Hong et al. 2020). Microwave selec-
tive heating causes the uneven thermal distribution
of coal, resulting in a temperature gradient and
high thermal stress. When the temperature exceeds
a certain limit, the microcracks expand and extend
(Zhang et al. 2017; Ellison et al. 2022). The domi-
nant transformation effect of microwave on the pore
structure of coal samples is open pore and sparse
pore (Li et al. 2017). After microwave cracking
of coal samples, the post-peak softening modulus
decreases, which increases the critical load of rock
burst in the roadway, thus reducing the possibility
of rock burst (Hu et al. 2021). As a high dielectric
constant material, bound water and free water in
minerals will dissipate during microwave radiation,
and the dissipation of water will greatly change the
heating characteristics of minerals (Hu et al. 2020).

The existing research rarely involves the fracture
development and weakening transformation of tar-
rich coal under the combined action of moisture

Table 1 Test piece component analysis table

content and microwave. Given this, in this paper,
the tar-rich coal was treated with different water
saturation and the longitudinal wave velocity degra-
dation trend and surface crack expansion law of the
water-bearing coal body after microwave irradia-
tion were analyzed. The strength softening charac-
terization, energy evolution relationship, and fractal
dimension based on the equivalent side length-mass
of coal sample fragments and their internal correla-
tion were studied. The mechanical damage law of
water-bearing tar-rich coal under microwave action
is revealed, Provides basic theoretical support for
microwave-assisted hydraulic fracturing technology,
and Provides effective weakening measures for hard
roof control.

2 Experimental design
2.1 coal sample preparation

The tar-rich coal specimens were taken from the
Xiaojihan Coal Mine in Yuyang District, Yulin City,
Shaanxi Province. All coal samples were taken from
the whole coal body so that the anisotropy of the
coal was minimized. The selected coal samples were
drilled by the drilling machine, and the smoothness
was guaranteed by the equal operation of the profiler
and the grinding machine. The samples were pro-
cessed into cylindrical specimens with a diameter of
50 mm and a height of 100 mm. The component anal-
ysis of the coal samples was shown in Table 1.

2.2 experimental scheme

The experimental equipment is a self-developed
microwave radiation experimental device with a
microwave frequency band of 2450 MHz and a maxi-
mum microwave power of 2.0 kW. The RMT-150B
rock mechanics test system ( loading control sys-
tem) and RSM-SY5 ( T) nonmetallic acoustic wave
detector are designed by the Wuhan Institute of Rock

Coal sample type Tar yield (%) Industrial ingredients (%) Elementary composition (%)
Fixed carbon Moisture Ash Volatile Caf Hy,¢ Nt Ot
Tar-rich coal 8.17 58.13 4.12 4.68 33.06 82.11 4.46 0.79 12.63
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Table 2 Microwave radiation test scheme

Speci- Sample treatment Microwave  Single radia-

men method power (P/ tion time (t/s)

number KW)

Ao Dry heat treatment 0 0

Bios Natural air drying 0 0

Cios Saturated water treat- 0 0
ment

D, Dry heat treatment 2 60

Ey3 Natural air drying 2 60

Fia3 Saturated water treat- 2 60
ment

Gias Dry heat treatment 0.5 120

Gyse Dry heat treatment 1 120

Grg9 Dry heat treatment 2 120

Hi,; Natural air drying 0.5 120

Hysg Natural air drying 1 120

H;go Natural air drying 2 120

Los Saturated water treat- 0.5 120
ment

Lise Saturated water treat- 1 120
ment

Lso Saturated water treat- 2 120
ment

and Soil Mechanics, Chinese Academy of Sciences.
The experimental process is shown in Fig. 1, and the
microwave radiation system is shown in Fig. 2.

As shown in Table 2, all coal samples were labeled
and treated with different water saturation. The speci-
mens were divided into natural groups, dry groups,
and saturated groups according to their composi-
tion. The test was divided into 9 groups. Group A,
B, and C were pressure-loading groups. The peak
strength and physical and mechanical parameters of
the specimens under different water saturation were
analyzed. Groups D, E, and F were microwave irra-
diation + press loading groups. Under different mois-
ture contents, the same microwave power (2KW)
was irradiated for the same time (60 s). Groups H,
I, and G were microwave irradiation + uniaxial com-
pression group, and at the same time (120 s) was
irradiated at different microwave irradiation pow-
ers (0.5KW,1KW,2KW). The changes in mechani-
cal parameters of coal samples under different water
contents were measured in groups A, B, and C. The
changes in longitudinal wave velocity and mechani-
cal parameters of coal samples before and after

microwave irradiation under the same microwave
parameters and different water contents were meas-
ured in groups D, E, and F. The changes in longitu-
dinal wave velocity and mechanical parameters of
coal samples before and after microwave irradiation
under the same water content, the same microwave
irradiation time, and different microwave irradiation
power were investigated. Group G was the change of
physical and mechanical parameters of dry samples
before and after microwave irradiation. The influ-
ence of moisture content and microwave irradiation
parameters on coal sample specimens was studied
separately, and the interaction between the two factors
was studied.
The test steps are as follows:

1. Put the prepared dry group coal sample into the
vacuum drying oven, and dry at 80 ‘C for 24 h,
through weighing measurement, it is considered
that the moisture content is 0. After the tem-
perature was lowered to room temperature, the
longitudinal wave velocity before microwave
irradiation was measured by an ultrasonic detec-
tor. The prepared natural water-bearing group
coal sample specimens were air-dried for 48 h.
Through weighing measurement, it was consid-
ered that the water content was the same in this
state (the water content of the natural group was
3.24%, and the water content of the natural and
microwave group was 3.17%). The longitudinal
wave velocity of the natural group coal sample
was measured by ultrasonic before microwave
irradiation. The free immersion method was used
to prepare the saturated water-bearing group
coal sample. Through weighing measurement,
it was considered that the water content was the
same in this state (the water content of the satu-
rated group was 5.57%, and the water content of
the saturated and microwave group was 5.61%).
The ultrasonic detector was used to measure the
longitudinal wave velocity of the saturated group
coal sample before microwave irradiation.

2. Put the coal sample into the microwave resonant
cavity, open the gas injection equipment, inject
N, into the microwave resonant cavity, discharge
the excess oxygen in the cavity, and then seal
the operation, continue to inject N,, so that the
internal environment is close to the anaerobic
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environment, to avoid spontaneous combustion of
coal samples.

3. The microwave generator is turned on, and the
microwave energy enters the microwave resonant
cavity through the waveguide tube, acting on the
coal sample specimen, so that the temperature is
increased, and the higher content of tar and other
substances is infiltrated to form cracks.

4. When the predetermined microwave irradiation
parameters are reached, the microwave resonant
cavity stops working, the coal sample specimens
are taken out, and the surface temperature and
fracture network development are recorded.

5. After falling to room temperature, the longitudi-
nal wave velocity of the specimen after micro-
wave irradiation was measured by an ultrasonic
detector.

6. Before the loading of the press, a rubber gasket
is added to the contact surface of the coal sample
to minimize the influence of the end effect. The
rock mechanics loading control system is used to
perform uniaxial loading tests on all coal sample
specimens.

7. After the test, record the test data and analyze the
test results.

3 Experiment results
3.1 Macro-scale fracture evolution law

3.1.1 Damage difference of coal samples under two
factors of microwave power and water content

The damage definition methods mainly include defin-
ing the damage varies according to the pore area,
defining the damage tensor, and characterizing the
internal damage degree of the coal specimen accord-
ing to the macroscopic changes such as Young’s mod-
ulus and ultrasonic wave velocity (Zhao et al. 2016;
Gautam et al. 2016). In these three definition meth-
ods, macroscopic variables such as ultrasonic wave
velocity are the most convenient to characterize the
internal damage degree of coal sample specimens.
The ultrasonic wave velocity is mainly affected by
the development of internal cracks in coal specimens.
The denser the specimen is, the greater the wave
velocity is. On the contrary, the more developed the
internal cracks in the specimen are, the smaller the
wave velocity is.

The ultrasonic wave velocity of the coal sample is
measured in the vertical direction of the cylindrical
coal sample, and the longitudinal wave velocity can
be expressed as:

L
V=1 (1)

In the formula, V is the ultrasonic wave velocity,
At=t,-t;, t; is the time when the probe on the ultra-
sonic detector emits the ultrasonic wave, and t, is the
time when the lower probe receives the ultrasonic
wave.

Table 3 Changes of

. . Specimen Pro-microwave Post-microwave Specimen Pro-microwave Post-
wave velocity and elastic number (m/s) (m/s) number (m/s) microwave
mf)dulps of coal samples (m/s)
with different water
contents before and after Alas 1693.9 - Giso 1632.6 1479.3
microwave irradiation B,,n 17192 7 H, s 1618.2 1557 8

Cis 1806.6 - Hyse 1623.7 1508.6
Dj,; 1649.7 1539.6 Hyg9 1617.5 1306.7
Ejas 1622.8 1313.5 Lios 1606.9 1553.8
Fios 1677.8 1205.3 Iise 1642.6 1407.5
Gias 1607.4 1519.2 Ligo 1679.2 1207.3
Gys6 1619.7 1559.3 - - -

@ Springer
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The ultrasonic wave velocity of coal samples can
indirectly reflect the development of internal micro-
cracks. According to the research results of existing
scholars (Lin and Chen 2005; Tripathi et al. 2021),
the quantitative characterization of the internal crack
development of coal samples under microwave irra-
diation is:

p,=1-(4 2 2
[ (70> 2
In the formula, Dc represents the micro-crack
damage factor of the coal sample specimen defined
by ultrasonic wave after microwave radiation, V is
the ultrasonic wave velocity of the coal sample speci-
men in the initial state without microwave irradiation,
m/s, V, is the ultrasonic wave velocity of coal sam-
ple specimen after microwave irradiation once, m/s.
The wave velocity relationship of some coal samples
before and after the microwave is shown in Table 3.
Introducing microwave radiation, under the same
microwave irradiation time and microwave power,
the relationship between ultrasonic wave velocity and
microcrack damage factor of coal samples under dif-
ferent water content conditions is studied, thus, the
influence of microwave on the development results

Fig. 3 Changes of longi-

tudinal wave velocity and 1800
micro-crack damage factor

of tar-rich coal under differ-

ent moisture content before

and after the same micro- 1650
wave parameter irradiation

1500

1350

p-wave velocity/ (m/s)

1200

1050
D-1 E-1

-~ | Pre-microwave [_] Post-microwave -‘— variation of D,

of microfissure in coal samples is preliminarily deter-
mined when water is involved.

By microwave irradiation group D, E, and F group
before and after the vertical direction of the coal sam-
ple wave velocity and the change of coal sample Dc
microfracture damage factor relations as shown in
Fig. 3. The wave velocity measured in the vertical
direction of the specimen in the dry state is reduced
from 1627.5~1656.7 m/s to 1544.5~1588.6 m/s,
with an average decrease of 4.17% and a maximum
decrease of 6.82%. Under the condition of natu-
ral water content, the wave velocity measured in
the vertical direction of the specimen decreased
from 1589.3~1629.3 m/s to 1327.3~1517.6 m/s,
with an average decrease of 7.16% and a maximum
decrease of 17.29%. The wave velocity measured
in the vertical direction of the specimen in the satu-
rated state decreased from 1649.5-1679.3 m/s to
1207.6-1459.7 m/s, with an average decrease of
11.63% and a maximum decrease of 28.32%.

Under normal circumstances, the rock mass with
the same fracture rate, the water content increases,
the internal pores and cracks of the coal sample
specimen are filled, and the ultrasonic wave veloc-
ity should increase. However, because tar and water
molecules belong to substances with high dielectric

micro-crack damage

F-1 D2 E-2 F2 D3 E3 F3

Specimen group
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Fig. 4 Under the same
microwave irradiation time, 1800
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constant, with the introduction of microwave, tar,
which accounts for a relatively high proportion of
the components in tar-rich coal, is pyrolyzed with
the increase of temperature. The continuous escape
of pyrolysis products makes a large number of pores
and cracks generated inside the coal sample. And
with the increase of temperature, the water in the
original pores and fissures in the interior is vapor-
ized, generating water vapor, and the vapor pressure
is generated and acted on the coal sample aperture
fissures, forming a similar effect to splitting ten-
sile, making the pores and fissures further expand.
On the other hand, the water on the surface of the
coal sample evaporates to produce water vapor due
to the microwave field environment, which further
increases the temperature in the microwave field
and promotes the inoculation and expansion of the
coal microstructure. Due to these reasons, the mois-
ture content increased making the wave velocity of
coal samples far less than water and tar due to the
temperature under microwave irradiation micro-
crack structure led to the degree of wave velocity
decreases. Therefore, the introduction of microwave
and the increase of moisture content make the pores
and cracks of the coal sample increase, and the
trend of ultrasonic wave speed decrease is obvious,

@ Springer
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Specimen group

which leads to the deterioration of the coal sample
strength.

Figure 4 is the change of longitudinal wave veloc-
ity and micro-fracture damage factor in group G,
group H and the group I under different microwave
radiation intensities. As shown in the figure, under
the irradiation of dry state and low microwave power,
the development of micro-cracks in coal samples is
not obvious. It is because the microwave power is low
and the heating effect is not obvious, only less polar
substances are volatilized, so that the longitudinal
wave velocity is slightly reduced, and the change of
micro-crack damage factor is small. With the gradual
increase of microwave power, the longitudinal wave
velocity of coal samples in different states decreases,
and the micro-crack damage factors increase to vary-
ing degrees. When the microwave power increases
from 1 to 2kw, the surface and internal cracks of coal
samples further develop and expand, and the micro-
wave damage factor increases. At the same time, due
to the increase of water saturation and microwave
radiation energy, it is found that the change of micro-
fracture damage factor shows an increasing trend.
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Fig. 5 Under the same microwave radiation time, the microwave power increases, the surface crack expansion of the coal sample
and the internal relationship between the radiation power and the longitudinal wave velocity and the damage factor

3.1.2 Surface crack propagation law
under microwave radiation

The proportion of tar and water in the components
of coal samples is large, and the distribution is rela-
tively discrete. The dielectric constants of these two
substances are high. The specimens are heated in the
microwave resonant cavity, and the temperature rises
rapidly. Therefore, the temperature rise of the speci-
mens is first local and then overall. At the same time,
due to the discrete distribution of tar and water, the
surface crack propagation of coal samples with dif-
ferent water saturation under microwave radiation is
diverse.

During the experiment, the distribution of pore
cracks on the surface of coal samples before and after
microwave application under different water con-
tents was obtained by photographing, and the images

obtained under microwave application under different
water contents were summarized, classified, and pro-
cessed. The results are as follows:

In the dry state, after the coal sample is irradiated
by 1kw microwave, the hot spots are generated in the
dense distribution area of tar and other high dielectric
constant substances, and the thermal stress is continu-
ously accumulated, resulting in micro-damage. The
hot spots are continuously generated, and then the
micro-fractures are developed and extended to the
surface of the coal sample, and finally three vertical
cracks are formed ( marked 1,2,3 in Fig. 5a). After the
coal sample with less initial damage is irradiated by
2kw microwave, the width and depth of the original
crack increase, and the degree of damage increases.
With the expansion and development of crack 1 (
marked 1 in Fig. 5b), many small micro-cracks are
generated around it. These micro-cracks intersect,
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penetrate, and develop until the formation of macro-
crack 2 ( marked 2 in Fig. 5b). As the microwave
radiation continues, the small cracks in the coal sam-
ple continue to develop and evolve, forming a new
transverse crack ( marked 4 in Fig. 5b).

Under the condition of natural water content, with
the increase of water content, the surface failure point
also increases, and the location of cracks on the sur-
face of coal samples changes. The interaction between
microwave and water improves the irradiation effect.
The reason is that when the microwave is applied
at the beginning, in a short time, the temperature
increase of the specimen in the microwave resonator
is low. When the temperature does not reach 100 °C,
the free water of the coal sample volatilizes slowly.
The water-free inside and on the surface of the speci-
men increases the dielectric constant of the specimen
to some extent. On the other hand, the water molecule
has a strong polarity. In the electromagnetic field, it
swings rapidly with the high-frequency alternating
electromagnetic field. In this process, a similar fric-
tion effect is generated, resulting in a large amount of
heat. The generation of temperature gradient makes
the primary cracks in some areas of the coal sample
damaged by tension and gradually form macroscopic
secondary cracks (labeled 1,2,3 in Fig. 5c). The
degree of rupture of some holes and tiny cracks on

the surface of the coal sample continues to increase
under the action of pyrolysis rupture, resulting in the
formation of a certain amount of small cracks and
holes, and finally forming new cracks (marked 1 in
Fig. 5d).

In the saturated water state, the pyrolysis tar and
minerals contained in the internal components of
the coal sample are volatilized and removed in large
quantities with the increase in temperature, resulting
in a large number of pores. At the same time, some
pores and micro-cracks on the surface of the coal
sample continue to increase under the action of pyrol-
ysis fracture, resulting in the formation of a certain
amount of small crack holes, and finally converge to
form new cracks (labels 1, 2, 3 in Fig. 5e). The cracks
are interconnected and form a new crack network
with the surrounding original cracks. Compared with
the natural state, the fully saturated state causes the
water in the pores and cracks of the coal sample to
evaporate to produce a large vapor pressure, and the
water vaporization impacts the primary cracks on the
surface of the coal sample. The primary cracks are
continuously widened under the action of the micro-
wave and extend to the interior (Marks 1 and 3 in
Fig. 5f). And, due to the vaporization of water, the
temperature inside the cavity continues to rise, and
with the pyrolysis loss of organic matter inside the

Table 4 Physical and mechanical properties of some coal samples in different states

Speci- Average compres- Average peak Average Residual average elastic Elastic energy  dissipated energy
men sive strength / strain residual strength/  modulus/MPa density / density / (mJ-m™~)
number MPa strain Mpa (mJ-m™3)

Ajss 26.71 0.01734 0.01758 17.577 1173.9 0.17109 0.00555

Bi,s 20.41 0.01795 0.01856 0.739 793.78 0.12139 0.00662

Cias 14.84 0.02134 0.02184 0.602 545.99 0.12065 0.00615

Dy, 12.2 0.02402 0.02588 11.308 345.46 0.08313 0.01697

Ei,; 8.51 0.0202 0.02069 0.116 296.39 0.05652 0.00386

Fios 391 0.02619 0.02815 3.181 102.86 0.03202 0.00647

Gias 13.32 0.02564 0.02762 10.789 519.5 0.09163 0.01732

Gys6 13.16 0.02371 0.02513 9.475 555.04 0.08972 0.01655

Grg9 11.91 0.02436 0.02614 10.599 488.92 0.08145 0.01782

Hi,; 9.13 0.02146 0.02302 4.166 425.44 0.06489 0.00571

Hys6 8.69 0.02331 0.02501 0.217 372.8 0.06124 0.00642

H;g9 7.93 0.02246 0.02437 2.116 353.07 0.05731 0.00463

L3 4.63 0.02375 0.02516 4.16 188.73 0.03614 0.00746

Iyss 4.12 0.02761 0.02881 391 149.22 0.03425 0.00548

Lgo 3.78 0.02384 0.02576 322 155.46 0.02712 0.00568
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coal sample, new cracks occur outside the specimen
(label 2 in Fig. 5%).

3.2 Mechanical response characteristics

3.2.1 Strength softening characterization of coal
samples under the interaction of microwave
and water

Uniaxial, triaxial, and cyclic loading and unloading
tests were carried out indoors to simulate the under-
ground environment of coal samples under different
water content conditions. It is of great significance to
explore the deterioration trend and failure character-
istics of mechanical properties of coal samples under
different water content conditions (Shan et al. 2023;
Gu et al. 2023).

The loading experiment of the press is carried
out, and a series of physical and mechanical param-
eters are obtained. As shown in Table 4, the full
stress—strain curve is drawn according to the axial
displacement value and the stress of the coal sample
specimen. According to the total input energy density,
elastic energy density, and dissipated energy density,
the change in energy density in the loading process is
plotted.

A uniaxial loading experiment was carried out
to obtain the physical and mechanical parameters
of coal samples under microwave and water con-
tent. The stress—strain curves of typical coal sam-
ples were drawn. The coal samples experienced four

Fig. 6 Stress—strain curves 30 - — Dry condition -
of tar-rich coal in different — Dry and Microwave state
states Natural condition
25 Natural and Microwave state i
Saturation conditions
Saturation and Microwave state
20 _
<
A
s
215 | 4
o]
=]
n
10 4
5+ _
F
0 1 1

stages: original compaction, linear elasticity, elasto-
plasticity, and final failure.

As shown in Fig. 6, under the condition of water
content as a single variable, improving the water
saturation of the specimen, the stress—strain curves
of coal samples in different states show good simi-
larity. The curve shows that the elastic energy den-
sity decreases, the total input energy decreases, and
the peak stress decreases. Compared with dry coal
samples, the peak strength of saturated coal sam-
ples decreases by about 45%. Can be concluded
that, with the increase of moisture content of the
coal sample specimen degradation phenomenon, the
physical and mechanical parameters present coal
sample specimen present a tendency of moves to
the right compression stress—strain curve. Because
coal samples are within primary cracks, due to the
effect of "this moisture" of the water, under the
microscopic makes original crack water molecules
decreased in the internal cohesion of coal and rock
particles Under the loading of the press, the cracks
of the coal sample expand and deepen. At the macro
level, the coal samples soften, the physical and
mechanical parameters deteriorate, and the overall
mechanical properties of the coal samples decrease.

Under the premise of water content as a known
variable, microwave irradiation is introduced as
another experimental variable. The experimental
results show that with the introduction of microwave
irradiation under different water content, In the dry
state, the peak stress intensity decreased by about

0.005

0.010 0.015 0.020 0.025
Strain
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55.2%. The peak stress intensity in the natural state
decreased by about 58.7%. In the saturated state, the
peak stress intensity decreased most significantly,
reaching 74.1%. It is further verified that the pres-
ence of water makes the effect of microwave radiation
more significant.

To further analyze the strength softening degree of
tar-rich coal under microwave and water degradation
at the macro scale, the average peak strength in the
experimental data is taken as the main parameter, and
the corresponding strength softening coefficient is
calculated by the following formula:

Table 5 Moisture content and peak strength of coal samples

Sample state Average mois-

ture content

AVERAGE peak
intensity (MPa)

Geomech. Geophys. Geo-energ. Geo-resour. (2024) 10:3
R
K =—(@(=123
1= R @@ ) 3)
R
K, =—(=4,50) (@)
R,

In the formula, K, is the strength softening coef-
ficient of coal under the action of water, K, is the
strength softening coefficient under microwave and
water degradation, R, is the average peak strength
under dry state, R, is the average peak strength under
natural water content state, R; is the average peak
strength under saturated water content state, R, is the
average peak strength under dry state after microwave
application, Rs is the average peak strength under nat-
ural water content state after microwave application,
R is the average peak strength under saturated water
content state after microwave application.

According to the data in Table 5, R;, R,, and R;
are 26.71 MPa, 20.41 Mpa, and 14.84 MPa respec-
tively, and R4, Rs, and Rg are 12.20 MPa, 8.51 Mpa,
and 3.91 MPa respectively. In the condition of natural
water, the strength attenuation value of the specimen
reaches 0.76, and the strength softening coefficient

—— Fitting curvey y=1.00441x-0.07869 R?=0.99654

~N
X

The average peak intensity under the
combined action of microwave and water
Fitting curvey y = -0.3981*exp(x/5.63115) + 1.3981

@ Average peak strength under water action
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under saturated water content is 0.56. The strength
softening coefficient under natural water content after
microwave application is 0.70, and the strength sof-
tening coefficient under saturated water content after
microwave application is 0.32.

According to the above data, as shown in Fig. 7,
the fitting relationship between the moisture content
of coal samples and the strength softening coefficient
is established. Through the fitting relationship, it can
be concluded that compared with the effect of water
alone, the strength degradation effect of coal sam-
ples under the combined action of microwave and
water is more significant, the moisture content of the
specimen is proportional to the degree of strength
attenuation.

Taking dry coal samples as the main research
object is conducive to establishing the strength-sof-
tening relationship between microwave power and
various physical and mechanical parameters. By ana-
lyzing the changes of compressive strength, strain,
and elastic modulus after loading by the press under
different microwave radiation intensities, the average
peak strength, average peak strain, and elastic mod-
ulus softening coefficient of dry coal samples under
0.5kw microwave radiation intensity are 0.50,0.68

Fig. 8 The strength soften-
ing relationship between
microwave power and 1.0 |-
physical and mechanical
parameters
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and 0.44 respectively. Under 1kw microwave radia-
tion intensity, the average peak strength, average peak
strain, and elastic modulus softening coefficient of
dry coal samples are 0.49, 0.73, and 0.47 respectively.
Under 2kw microwave radiation intensity, the average
peak strength, average peak strain, and elastic modu-
lus softening coefficient of dry coal samples were
0.45, 0.71, and 0.42, respectively.

Comparing the experimental data and Fig. 8 Fit-
ting results, it can be seen that the softening effect
of coal samples under the combined action of micro-
wave and water is better than that of microwave alone
and water alone. At the same time, the changing trend
of each physical and mechanical parameter is simi-
lar. The order of influence of microwave radiation
on each parameter is peak strength> elastic modu-
lus > peak strain.

3.2.2 Evolution law of energy density of coal
samples

As shown in Fig. 9, due to the increase of water con-
tent, with the entry of water molecules between the
particles of coal samples, the bonding force between
the particles of the specimens decreases, and the

B Average compressive strength
@ Average peak strain
A average elastic modulus

— fitting curve y = 0.53*exp(-x/0.18) + 0.47
— fitting curve y = 0.56*exp(-x/0.001) + 0.44
— fitting curve y = 0.29*exp(-x/0.361) + 0.709

1 1 1 |

0.0

0.5 1.0 1.5 2.0
Microwave power / KW
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physical and mechanical parameters such as peak
stress strength and elastic modulus deteriorate, and
then the ’ softening * phenomenon of coal samples
occurs. The total input energy density and elastic
energy density generally show a downward trend.
When the energy density area continues to decrease,
the dissipated energy density can remain relatively
unchanged, or even slightly increase, and the dis-
sipated energy density data is relatively high, indi-
cating that during the loading process of the press,
the coal sample still has high residual strength after
compression failure. The ratio of the elastic energy
density to the dissipated energy density can qualita-
tively describe whether the coal sample has an impact
tendency. The larger the ratio, the smaller the energy
density contained in the coal sample after the destruc-
tion. During the loading process of the coal sample,
the energy is released in the form of kinetic energy,
the coal sample collapses, and a rock burst occurs.
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3.3 Study on fractal characteristics of coal samples
under microwave radiation

3.3.1 Fractal characteristics of coal sample
fragments

After microwave irradiation, cracks in the speci-
men gradually extend to the surface. The difference
between the microwave radiation intensity and the
moisture content of the coal sample will inevitably
make the fracture network of the coal sample simi-
lar. However, limited to the maximum output power
of the microwave resonant cavity, the coal sample
only shows that with the increase of moisture content
and microwave radiation power, fracture develop-
ment is obvious, and fracture connectivity is greatly
improved. To a certain extent, it is difficult to qualita-
tively express this * similarity ’. The water saturation
of the coal sample increases, and there is very little
initial damage inside the specimen. The microwave
acts on the coal samples with different water satura-
tion so that the number of secondary cracks increases
continuously until the coal sample is distributed in
the form of fragments after the press is loaded. In the
process of evolution, the coal sample develops from
micro-cracks to macro-cracks until the final fragment
distribution and its structural evolution and physical
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and mechanical parameters show extremely high self-
similarity, that is, the fractal of coal sample fragments
(Vishal and Chandra 2022). The fracture development
of coal under microwave radiation is closely related
to the distribution of fragments after loading by the
press. Therefore, it is of great significance to explore
the fractal characteristics of fragments of water-bear-
ing coal samples loaded by the press after microwave
radiation.

In this study, the differences in mass and size of
broken blocks of coal samples with different moisture
contents under microwave radiation were statistically
analyzed, and the influence of different external con-
ditions on the distribution of broken blocks of coal
samples was quantitatively analyzed.

The equivalent side length-coal sample debris
( block) is used to calculate the fractal dimension.
According to the interval classification method, and
combined with the actual situation, the coal sample

Table 6 Coal classification standard and analysis method

Fragment category Particle size Research method

range /mm

Particle 0,0.5) Screening
[0.5, 1.5) method mass
(1.5.3) weighing
(3,5

Medium grain [5,15) Mass weighing
[15,30)

Coarse grain [30, 45) Mass weighing
[45, 60)

debris is divided into three groups according to the
equivalent side length, which is particles (<5 mm),
medium particles (<30 mm), and coarse particles
(<60 mm). The difference in debris ( block) qual-
ity under different equivalent side lengths is studied.
After loading by the press, the coal sample is crushed
to produce a large number of particles. To further
study the distribution characteristics of coal sample
fragments, the above particle intervals are redivided,
and the coal sample fragments ( chips) with a size of
less than 5.0 mm are redivided into four small inter-
vals. Due to the large number, it is not easy to meas-
ure, and the molecular sieve with the corresponding
aperture is used for screening. For coal samples with
a size greater than 5.0 mm, the number of fragments
is relatively small. The maximum size of the frag-
ments can be measured by a vernier caliper, and then
the weight can be recorded according to the classifi-
cation of the particle size range of the fragments. The
classification criteria and analysis methods of coal
sample fragments are shown in Table 6 below.
According to the data in Table 7 and Fig. 10, it
can be seen that with the increase in water content,
the proportion of coal sample fragments in the par-
ticle group gradually decreases, and the mass pro-
portion of 0-0.5 mm decreases from 4.72 to 0.6%.
After microwave treatment, due to the increase in
microwave power, the transformation effect on the
internal structure of coal samples is enhanced, and
the physical and mechanical properties are degraded.
After the introduction of the microwave, the overall
trend of the mass percentage of medium-grained and
coarse-grained coal samples significantly improved.

Table 7 Distribution interval and mass percentage of coal fragments

Dimension/  Coal sample quality percentage under different conditions/%

mm Drying  Dryingand Dryingand Nature  Nature and  Nature and  Saturation Satura- Saturation
and 0.5 1 kw 2 kw and 0.5 1kw 2 kw and 0.5 tionand and 2 kw
kw kw kw 1 kw

(0,0.5) 4.72 2.15 1.5 1.74 1.34 1.13 1.3 0.76 0.6

[0.5,1.5) 5.59 3.61 3.72 3.22 2.89 2.17 1.96 233 1.4

[1.5,3) 10.04 5.82 4.79 5.31 3.76 4.35 5.8 3.67 3.36

[3,5) 11.66 6.97 6.78 12.28 9.13 7.31 8.38 6.07 4.1

[5, 15) 11.54 13.42 11.02 17.62 14.66 13.17 15.77 9.6 11.93

[15,30) 14.11 14.33 18.75 18.31 7.32 16.19 13.24 14.06 20.1

[30, 45) 16.95 27.77 23.64 24.66 24.58 21.7 19.58 19.49 31.57

[45, 60) 25.36 25.88 29.75 16.85 36.31 33.96 33.93 43.92 26.89
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Fig. 10 Distribution inter-
val and mass percentage of
coal fragments

Coal sample quality percentage/%
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[ 3045
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[5,15)
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The mass percentage of coarse-grained coal samples
is the highest, from 42.31 to 58.46%, with an increase
of 16.15%. Is the introduction of microwave radiation
and an increase in the moisture content, the particle
group of coal sample fragments gradually decreases,
the grain and coarse grain size range of coal sample
fragments gradually increases, and coal sample bro-
ken block distribution by large size and small size
range gradually to the middle size.

3.3.2 Effect of microwave radiation on the fractal
dimension of coal samples with different
moisture content

The G-G-S distribution function is authoritative in
deducing the fractal characteristics of coal samples
(Lai et al. 2023).

The G—G-S distribution function is expressed as
follows:

r o
(2

where m is the mass distribution parameter of the
coal sample, r is the maximum particle size of frag-
ments, and « is the block distribution parameter of the
coal sample.

At the same time, m (r) is the mass of the frag-
ments under the screen statistics when the equivalent

@ Springer
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particle size is less than the characteristic size r, and
M is the total mass of the coal sample.
Therefore, the above formula can be converted to:

mr) _ (r\*
7—(r> ©)

Derivation of the above formula can be obtained:
dm o r*"'dr (7)

The relationship between the quantity and mass
increment of coal sample fragments:

dm o PdN (¥

The relationship between the fractal dimension D,
the characteristic size r, and the number of equivalent
particle size fragment N of coal sample crushing are:

Nxr—D ©)

By combining the above formulas, it can be con-
cluded that:

_lg(M@W)/M)
a= E (10)

D=3-«a an

A is the slope value in the double logarith-
mic coordinates of 1gr-1gM (r)/M; r is the equiva-
lent side length ( the maximum value of the size
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Fig. 11 Double logarithmic curve of equivalent side length-mass distribution of coal samples in different states; a Drying and
Microwave; b Nature and microwave; ¢ Saturation and Microwave

corresponding to the interval); m (r) is the mass of
coal sample fragments under the equivalent side
length r; m is the total mass of debris (block) in
the calculation scale of coal sample; d is the fractal
dimension.

As shown in Fig. 11, in the drying state, the
microwave power was increased from 0.5kw to
2kw, and the fractal dimensions of coal samples
were 2.696, 2.473, and 2.407, respectively. Under
the condition of natural water content, the micro-
wave power is increased from 0.5 to 2 kw, and the
fractal dimensions of coal sample fragments are
2.471, 2.397, and 2.323, respectively. Under the

Fig. 12 Under the interac- [ ] Peak strength

[ P-wave velocity — o—

condition of saturated water content, the microwave
power is increased from 0.5 to 2 kw, and the frac-
tal dimensions of coal sample fragments are 2.365,
2.269 and 2.161, respectively. Under the combined
action of microwave and water, the fractal dimen-
sion decreases obviously. With the increase of
water content, the fractal dimension of coal samples
decreases linearly after the introduction of micro-
wave. Judging from the decreasing trend of fractal
dimension, the influence of microwave power on
fractal dimension is stronger than that of water con-
tent. Overall, under the combined action of micro-
wave and water, the fractal dimension decreases
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significantly, and both of them promote the decrease
of the fractal dimension.

Both water and microwave radiation intensity
can degrade coal samples, and the difference in
water content of coal samples and applied micro-
wave radiation power will inevitably make the load-
ing results of the press appear in the form of coal
sample fragments. The higher the degree of coal
fragmentation, the larger the fractal dimension, and
the fractal dimension can characterize the effect of
microwave radiation. The longitudinal wave veloc-
ity is mainly affected by the development of internal
cracks in coal specimens. The denser the specimen
is, the greater the wave velocity is. On the contrary,
the more developed the internal cracks in the spec-
imen are, the smaller the wave velocity is. At the
same time, the lower the peak intensity, the more
significant the microwave radiation effect. Fig-
ure 12 shows the relationship between microwave
radiation power and fractal dimension, longitudinal
wave velocity, and peak intensity under different
water content conditions. The results show that the
fractal dimension is inversely proportional to the
water content and the microwave radiation intensity,
and the fractal dimension is positively correlated
with the peak intensity and the longitudinal wave
velocity.

4 Discussion

According to the experimental results, the microwave
radiation effect of oil-rich coal under different water
saturation was compared. The longitudinal wave
velocity of water-saturated coal samples decreased
obviously, and the microstructure development of
coal samples such as pores and cracks was obvious.
According to the microcosmic principle of microwave
radiation, coal particles are a kind of dielectric, and
the presence of water improves the dielectric constant
of coal samples. The existing polar molecules of the
coal sample, the newly formed polar molecules of the
coal sample, and the water are rearranged under the
action of field force and constantly change their posi-
tions with the high-frequency alternating electromag-
netic field. In the change of position, the molecular
motion should overcome the interference and obstruc-
tion between the original thermal motion, and pro-
duce a friction-like effect, to increase the temperature

@ Springer

of coal. According to the macroscopic principle of
microwave radiation, under the condition of micro-
wave field heating of a water-saturated coal sample,
on the one hand, the water in the original pores and
cracks in the interior vaporizes and produces water
vapor. Vapor pressure is generated and acts on the
pores and cracks in the coal sample, forming an
effect similar to splitting and stretching, which fur-
ther expands the pores and cracks. On the other hand,
because the water on the surface of the coal sample
is in the microwave field environment, evaporation
generates water vapor, which further increases the
temperature in the microwave field and promotes the
breeding and expansion of the coal rock microstruc-
ture. Therefore, water in coal samples under micro-
wave radiation is conducive to the development of
microfissure structures and the deterioration of the
physical and mechanical properties of coal samples.

Microwave can crack tar-rich coal. When the
water content increases, the cracking effect is further
enhanced. The internal reason lies in the characteris-
tics of microwave and tar-rich coal:

Microwave penetration is strong, and the micro-
wave is radiated into the heated coal sample. The
microwave can directly penetrate the coal sample so
that the polarized molecules in the sample constantly
rearrange and change direction with the change of
alternating electromagnetic field and promote their
violent movement. In this process, the polarized mol-
ecules rub against each other, collide with each other,
produce heat and increase temperature. Because the
warming process is completed synchronously for the
whole sample, it has overall warming and fast warm-
ing, which is an efficient warming method.

Due to the selective heating of microwave, the
material components with a high dielectric constant
in tar-rich coal preferentially absorb heat, resulting
in temperature differences in some areas of the coal
sample, and then forming a temperature gradient. The
generation of temperature gradient makes a certain
amount of thermal stress act on the inside of the coal
sample. When the thermal stress is greater than the
strength of the coal sample (mostly tensile strength,
rock compressive not tensile), small cracks are gener-
ated, small cracks are developed and penetrated, and
finally macroscopic cracks are formed on the surface
of the coal sample.

Tar-rich coal contains a large amount of organic
matter, which makes it significantly different from the
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failure mode, failure mode, generation, and expan-
sion of failure points of inorganic rocks. During
microwave heating, organic matter is pyrolyzed with
an increase in temperature. The escape of pyrolysis
products greatly changes the internal structure of coal
samples. The decomposition of organic matter causes
a large number of pores in coal samples. The solid
skeleton of coal samples changes significantly, and
the physical and mechanical parameters deteriorate
obviously.

Accordingly, the main reasons for the destruc-
tion of tar-rich coal are the pyrolysis fracture of coal
caused by rich organic matter, the thermal stress dam-
age caused by the selective heating of coal samples by
microwave radiation, and the splitting tensile trans-
formation of coal samples by steam pressure formed
by water evaporation under the condition of the large
water content of coal samples.

This study provides a new scheme for the weaken-
ing of coal mine roof: in the early stage, the hydraulic
fracturing hole and microwave irradiation port were
drilled by a drilling rig, and the microwave irradia-
tion was carried out by microwave radiation equip-
ment ( microwave radiation power > 15kw). The spe-
cific microwave power and microwave radiation time
were preliminarily determined by the specific work-
ing conditions under different lithologies and differ-
ent water saturation. Then, the borehole peeping and
ultrasonic testing equipment were used to explore the
crack formation and the loosening range of the rock
after microwave irradiation, and then the microwave
power, microwave irradiation time, and the borehole
spacing between the hydraulic fracturing hole and
microwave irradiation hole were finally determined.

5 Conclusion

1. After microwave irradiation of water and tar with
high content of tar-rich coal components, due to
pyrolysis, the internal micro-crack structure of
coal samples develops, and the pores and cracks
increase. Under the same microwave radiation
condition, with the increase of water saturation,
the longitudinal wave velocity and peak intensity
decrease.

2. After microwave radiation, the uniaxial compres-
sion results show that the coal sample is damaged

by load, there is still a high residual strength,
the ratio of elastic energy to dissipation energy
decreases, and the possibility of rockburst of the
coal sample decreases. The strength softening
degree of coal specimen under the degradation of
microwave and water is the highest, followed by
microwave and water.

3. The fractal dimension is inversely proportional
to the moisture content and microwave radiation
intensity, and the fractal dimension has a signifi-
cant positive correlation with the peak intensity
and longitudinal wave velocity.
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