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A B S T R A C T

Coal and rock dynamic disaster in deep coal mining is a typical phenomenon of coal and rock failure under the
coupled effects of stress and gas. Gas and stress have increasingly contributed to the occurrence of dynamic
disasters. A more thorough understanding of the characteristics and mechanism of infrared thermal images of
coal and rock under the coupled effects of stress and gas is needed. In this paper, infrared radiation experiments
of coal fracture under the coupled effects of stress and gas were conducted with an air sealed cylinder. The
variation law of infrared radiation during coal failure under the effect of gas was studied. Three main findings
were obtained from the experiments. (1) The infrared radiation temperature is strongly affected by gas during
the failure process of coal samples. The infrared radiation temperature of coal fracturing without gas show a
decreasing—increasing steadily—increasing abruptly trend. In contrast, in the fracture of coal with gas pressure
via the exchange of heat between gas and the coal surface, the infrared radiation temperature at the coal surface
has a decreasing—decreasing rapidly—rising trend. (2) The effects of different confining gas pressures on the
fracture of coal induce various trends in the infrared radiation temperature. In the early stage of loading, a
higher confining pressure of gas results in a smaller decrease in the infrared radiation temperature. Moreover, at
the end of loading, the infrared radiation temperature at the surface of the coal body increases with an increasing
confining gas pressure. The infrared radiation temperature has a minimum value during the loading process.
When the confining pressure of gas is 0.2, 0.4 and 0.6 MPa, the infrared radiation temperature is a minimum at
74.1%, 67.1% and 58.3% of the load ratio, respectively. (3) Cloud maps of the infrared thermal image of the
failure of gas-containing coal and contours of the infrared radiation temperature (which reflect the occurrence,
expansion, rupture position and evolution of the crack temporally and spatially) can be used to predict the form
and strength of the deformation and failure of gas-containing coal and locate precisely the position of a coal and
rock dynamic disaster.

1. Introduction

Coal and rock dynamic disasters, such as coal and gas outburst and
rock burst, are occurring increasingly frequently with increasing mining
depths (Yu and Cheng, 2012; Peng et al., 2013). Ground stress and gas
pressure escalate gradually in deep mining, and the erosive effect of gas
on coal makes the process and mechanism of coal failure increasingly
complex. A coal and rock dynamic disaster in deep coal mining is a
typical phenomenon of coal and rock failure under the coupled effects
of stress and gas (He et al., 1996; Xie et al., 2014; Hu et al., 2016). Gas
and stress have increasingly contributed to the occurrence of dynamic
disasters, and outbursts and rock bursts have gradually become a uni-
fied phenomenon. The dynamic monitoring of gas-containing coal is
one method of evaluating the hazards of the dynamic disasters of gas-
containing coal. When coal and rock dynamic disasters occur, the en-
ergy present in the coal and rock mass is released in the form of elastic
energy, sound energy, heat energy and electromagnetic energy. Thus,
there are a variety of geophysical methods for detecting coal and rock
dynamic disasters, such as the acoustic emission method (Ohnaka and
Mogi, 1982; Kong et al., 2015; Wang et al., 2017), microseismic method
(Liu et al., 2012), electromagnetic radiation method (Wang and He,
2000; He, 2003), surface potential method (Li et al., 2013) and infrared
method (Luong, 1990; Li et al., 2016). As a non-contact monitoring
method with high accuracy, high reliability and convenient operation,
the infrared method has widespread application prospects for

monitoring the spatial and temporal evolutions of coal rock failures via
infrared temperature measurements and infrared thermal imagery
( Luong, 1990).

Scholars have made remarkable progress in applying the infrared
method to the prediction of rock deformation and failure as well as the
prevention of natural and engineering disasters (Ouzounov et al., 2007;
Mineo et al., 2015; Liu et al., 2011). Luong (1990), (1987) first used
infrared thermal imaging technology to study the phenomenon of in-
frared radiation in the process of rock and concrete rupture. Gornyi
et al. (1988), Tronin et al. (2002), and Ouzounov et al. (2006) analysed
thermal infrared satellite imagery and found that a large area of
thermal infrared anomalies was present before strong earthquakes oc-
curred around the world. Brady and Rowell (1986) found that under the
action of a load, coal can produce an electromagnetic signal that can be
detected in the infrared band. Wu et al. (2004), Wu and Wang (1998)
found that before rupture, the position of the abnormal band of the
thermal image corresponds to the location of the rupture, and the
nature of the rupture is closely related to changes in the infrared ra-
diation temperature; he thermal effect of the infrared radiation tem-
perature strengthens with the effect of the micro-rupture when coal
samples are loaded to 70% of their strength. Wu et al. (2016, 2015)
explored abrupt anomalies of the infrared temperature field in the
process of rock failure. They found that the abnormalities of the
anomalies mainly appeared at the peak after the fracture stage. Ad-
ditionally, a plastic-peak rupture stage was observed after the de-
formation, and rupture of the sample surface exacerbated the
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development of the infrared-temperature field mutation. Zhang and Liu
(2011) selected a circular hole rock as a sample and analysed the
temporal and spatial evolution characteristics of thermal radiation
during the rock fracture process via numerical simulation. The pressure
and tensile stress of the sample corresponded to the heating and cooling
zones of the thermal image during the loading process. Ma et al. (2007)
used an infrared thermal imager to study the temporal and spatial
distribution characteristics of a thermal field before and after the failure
of compressional faults and extension faults and analysed the cooling
time as a precursor to destabilization failure. To make better use of the
average infrared radiation temperature method in predicting the de-
formation of rock under uniaxial compression, Sun et al. (2017) pro-
posed a new thermal infrared experimental device for controlling a
sample.

For the infrared phenomenon of damage to coal, Ma et al. (2017)
studied the quantitative relationship between the stress change and

infrared radiation change during the process of cracking under loading.
The results indicated that infrared radiation of the uniaxial loading coal
sample is typically emitted with the control effect and can be used to
monitor the fissure development and rupture condition of the coal-
bearing rock mass. Ma et al. (2013) conducted uniaxial loading ex-
periments on coal and mudstone samples. They measured the tem-
perature change in the borehole of the coal body using an infrared
thermometer and obtained the characteristics of the temperature
change of the sample. They also analysed the temporal and spatial
evolution characteristics of the infrared radiation temperature of the
sample during compression. Zhao and Jiang (2010) analysed acoustic,
thermal and strain precursory anomalies during the uniaxial and cyclic
loading of impact-prone coal samples. The thermal infrared precursor
typically occurs between the acoustic emission precursors and strain
precursors. Yang et al. (2016) studied the variation law of internal in-
frared radiation temperatures during the loading and unloading of

Fig. 1. Infrared test of failure under the coupled effects of stress and gas.
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composite coal and rock mass and found that 1) the heat generated by
dissipation and friction between the crack surface of the coal body was
greater than the heat generated by the thermoelastic effect and that the
thermal effect of the bottom sandstone played an important role. Song
and Yang (2013) employed an infrared thermal imager and the digital
speckle method to observe and analyse the temperature and deforma-
tion evolution of a coal body from its deformation to its failure. They
found that the temperature of the deformation zone was higher than
that outside the zone and that the temperature increased before peak
loading and fell after peak loading. Dong et al. (2001) conducted a
preliminary observation study on the infrared information of the de-
formation of a coal body.

The deformation and failure behaviour of a coal body in the pre-
sence of gas and high stress have been found to be different from those
without gas (Liu, 2009). The confining pressure and gas pressure have
considerable influences on the energy consumption characteristics of
coal samples. With increasing confining pressure, the total energy ab-
sorbed by coal samples, the stored elastic strain energy and dissipated
energy will increase, and the resulting thermal effects will also be af-
fected. Gas-bearing coal produces thermal effects during the fracture
process, and with the expansion of the cracks, an additional tempera-
ture field will be produced in the crack tip area. Previous studies have
performed point temperature and surface temperatures tests on the
infrared radiation of coal without gas and tested the gas-bearing coals
mainly at the point temperature, thus limiting the observation of the
coal surface temperature field. The present study investigated the
characteristics and mechanism of an infrared thermal image of a coal
body under the coupled action of stress and gas at the scale of the coal
block using the independent research and development of an infrared
coupling experiment. This work is of theoretical and practical im-
portance in terms of understanding the evolution of a coal and rock
dynamic disaster under the coupled effects of stress and gas and further
ensuring the safety of coal production activities.

2. Test system and method

2.1. Test system

This paper presents an infrared test system for failure induced by the
couple action of stress and gas that contains infrared glass made from
zinc selenide. Infrared test of failure under the coupled effects of stress
and gas is shown in Fig. 1. The test site is shown in Fig. 1 (a) and
schematic diagram of the test system is shown in Fig. 1 (b). The system
consists of eight sub-systems: a stress–gas coupling visual cylinder,
loading system, infrared camera, industrial camera, high-pressure cy-
linder and pipeline, digital pressure acquisition instrument, vacuum
pump and data acquisition system. The stress–gas coupling visual cy-
linder is equipped with an infrared window and visible-light window,
allowing the infrared camera and industrial camera to observe and
record the damage process of loading and the destruction of coal that
contains gas. The loading control system adopts an electro-hydraulic
servo testing machine that is controlled by a YAW microcomputer.
High-pressure cylinders containing high-purity gas are connected to the
stress–gas coupling visual cylinder by a piping system. The pressure
relief valve regulates the high-pressure gas in the high-pressure cylinder
to a constant output of the required low-pressure gas. The digital
pressure collector records the gas pressure in the cylinder using a gas-
pressure sensor at the bore of the stress-gas coupling visual cylinder.
The vacuum pump is connected to the gas control valve on the air vent
of the cylinder block through the suction line.

The system obtains the infrared thermal image characteristics of the
deformation and failure of coal under different conditions of the
loading stress and gas pressure and can obtain the relationships among
the infrared heat radiation temperature, loading stress and gas pressure.
The test system is placed in an experimental room to minimize the
interference of the external environment in each experiment, reduce the

effect of the environment on the thermal image of the coal rock, and
increase the accuracy of the collected experimental data.

2.2. Test procedure

The test system was constructed as shown in Fig. 1(b). The experi-
mental steps used are described in the following. The test cylinder was
tested for air tightness before the test to ensure the safety of the test and
the accuracy of the test results. The sample was arranged in the test
cylinder, and then, the positions of the infrared camera and industrial
camera were adjusted to ensure that the front of the sample was facing
the infrared camera and the industrial camera. The test cylinder was
then sealed. The vacuum pump was operated until the vacuum gauge
showed −0.1 MPa for 1 h. Next, the pressure collection system was
opened, and the pressure relief valve adjusted to fill the test cylinder at
the predetermined gas pressure. The constant-pressure valve of the
high-pressure gas cylinder was adjusted to ensure that the test cylinder
maintained a constant pressure for 4 h. The infrared camera collection
system, industrial camera acquisition system and loading system began
collecting data and was preheated for 0.5 h. The experimental control
mode was force control, the loading speed was 50 N/s, and the infrared
and pressure data were recorded synchronously. After destruction of
the sample, all systems stopped collecting data, the data were stored,
and the test was complete.

2.3. Sample preparation

The coal samples used for testing were selected from the fifth coal
seams of the Yangzhuang Coal Mine, Huaibei, China. The thickness of
the coal seams ranged from 0.39 m to 7.16 m, with an average thickness
of 2.37 m. The distribution of coal seams was stable, and it was a coal
seam in the Permian Lower Shihezi Formation with high strength. The
coal samples were processed into a cuboid shape with dimensions of
50mm×50mm×100 mm (±0.5 mm). Both ends of the coal sam-
ples were polished and dried naturally in the laboratory. Before the
experiment, the coal samples were placed in the experimental room for
24 h to ensure that the temperature of the samples was consistent with
the room temperature. To ensure safety, the gas used in the test was
high-purity carbon dioxide.

3. Test results and analysis

3.1. Infrared experimental results of breaking coal samples without gas

Fig. 2 shows the experimental results of damage to the infrared
radiation temperature of the coal different gas pressure conditions.
Fig. 2(a) shows that in the process of deformation via uniaxial loading
without gas condition, the infrared radiation temperature of the coal
sample surface decreased slightly; as the loading progressed, the surface
temperature increased gradually after fluctuating; and the temperature
sharply increased when the instability of damage, temperature muta-
tion and rupture of the sample were in good correspondence.

Fig. 2(a) reveals that at 0–16.7 s, the infrared radiation temperature
continued to decrease and reached an initial minimum at 36.3 s. At
112.5–238.5 s, the infrared radiation temperature gradually increased
with the load, with slight fluctuations. After 240 s, the sample ruptured
and the infrared radiation temperature curve fluctuated considerably.
At 254.1 s, the sample experienced a large break and the temperature
dropped by 0.06 °C. At 281.1 s, the main rupture occurred and the in-
frared radiation temperature increased by 0.199 °C. At 296.6–343.3 s,
the infrared radiation temperature remained at a high level. After 344.9
s, the infrared radiation temperature dropped.

3.2. Infrared experimental results of breaking coal samples with gas

The test results of coal samples subjected to gas pressures of 0.2, 0.4
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and 0.6MPa are compared. Fig. 2(b), (c) and (d) show the relationships
among the load, temperature and time during the loading process.

Fig. 2 shows that the infrared radiation temperature at the surface of
the sample in the presence of gas had a decreasing–decreasing ra-
pidly–rising trend. During the initial loading phase, the infrared ra-
diation temperature at the sample surface decreased rapidly. The in-
frared radiation temperature decreased by 0.29, 0.23 and 0.19 °C after
loading samples II, III, and IV for 163.7 s, 139.2 s, and 107.6 s, re-
spectively. With the loading of the samples, the infrared radiation
temperature at the sample surface increased by varying degrees,
reaching maximum values at 222.9, 295.2, and 129.5 s respectively.
The infrared radiation temperature at the sample surface then had a
second rapid decline of 0.49, 0.38, and 0.34 °C for samples II, III, and
IV, respectively. Afterward, samples II, III and IV had minimum infrared
radiation temperatures at 766.6, 559.3, and 350.4 s, respectively. As
shown in Fig. 2(c), the load acting on coal samples suddenly changed at
531.2, 737.3 and 765.4 s samples II, III, and IV, respectively, there was
large damage to the samples and the variation in the infrared radiation
temperature was 0.14, 0.08, and 0.10 °C, respectively.

Before the main rupture, the infrared radiation temperatures of
samples II, III and IV increased by 0.13, 0.19, and 0.21 °C, respectively.
With the coal sample having broken apart, the infrared radiation tem-
perature changed abruptly.

3.3. Infrared thermal image characteristics of breaking coal samples
containing gas

Sample II is taken as an example to characterize the evolution of the
surface temperature field during the loading process under the presence
of gas. According to the temperature and load curve of the coal sample,
the infrared image was selected and processed employing image dif-
ferencing. MATLAB software was then used to extract infrared-image
temperature data, and SURFER software was used to produce the in-
frared radiation isotherm cloud map of the sample surface. The infrared
images of loaded sample II are shown in Figs. 3 and 4. The evolution of
the coal surface crack imagery is shown in Fig. 5.

Fig. 2(b) reveals that the average infrared temperature of sample II
decreases during the loading process. At 24.5 s, because of the het-
erogeneity of the coal body, the surface temperature distribution of the
sample is uniform, and a yellowish high-temperature point appears in
Fig. 4(a2). In the range of 303.3–610.7 s, as shown in Fig. 3(b1)–(d1)
and Fig. 5(b3)–(d3), there are no discernible changes in the infrared
thermal image and surface crack propagation. Fig. 4(b2) shows the
lower part of the sample infrared high-temperature region, revealing
the overall infrared radiation temperature decreases with loading of the
sample surface. In Fig. 4(c2), the high-temperature yellow area in the
middle lower part of the sample decreases in size, and the left and right
upper corners of the sample appear green, corresponding to low tem-
perature. At 610.7 s, the high-temperature yellow area in the lower part
of the sample disappears completely, and the lower part of the sample
expands further.

Fig. 2. Curves of temperature and load over time in the loading process.
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The average temperature of sample II appears to be a minimum at
766.6 s. The upper purple part of the infrared image enlarges to a
maximum size, as shown in Fig. 3(e1). The infrared cloud exhibits a
wide range of light-blue low-temperature regions and is the lowest in-
frared temperature in the infrared isotherm cloud map, as shown in
Fig. 4(e2). These light-blue low-temperature regions correspond to the
timing of the minimum temperature shown in Fig. 2(b). The tempera-
ture gradually rises, the light-blue region gradually becomes a green
region, and the generation and expansion of a crack occur, as shown in
Fig. 5(f3). At 1047.9–1059.6 s, a microrupture of the sample occurs,
and then, the crack gradually expands, eventually forming the main
crack. Figs. 3(g1)–(i1) and 4 (g2)–(i2) have better correspondence.
Fig. 5(g3)–(i3) directly shows that the cracks of the sample continue to
expand, deepen and gradually connect. At 1047.9 s, the upper left of the
sample has high-temperature spots, with the middle of the upper right
to the lower left of the tilt under the high-temperature band. At 1054.7
s, the destruction of the sample intensifies, the left high-temperature
region gradually expands to the middle, the fissure increases, and the
main rupture occurs. At 1059.6 s, the coal sample ruptures, high-tem-
perature spots of the coal sample further expand via friction, and a
high-temperature red area appears in the rupture zone. After the sample
ruptures, the high-temperature concentrated region of the sample

covers the entire sample.
Fig. 5(j3) shows the fracture surface under further exposure to

friction; at this point, the sample surface falls off. At 1082.4 s, a yellow
area appears on the surface of the sample, and the temperature in the
high-temperature region of the crack decreases, but its range increases.

4. Discussion

4.1. Effect of gas on the infrared radiation temperature of coal failing under
loading

Fig. 2 shows that gas strongly affects the infrared radiation tem-
perature as coal fractures under loading. Without gas, the infrared ra-
diation temperature at the surface of the sample had a decreasing—-
steadily increasing—increasing sharply trend. Moreover, under
different gas pressures, the temperature had a decreasing—decreasing
sharply—increasing trend. Additionally, the temperature reached a
minimum in the middle and later stages of loading.

Without gas, in the preliminary stage of loading, a large number of
primary microcracks and epigenetic cracks gradually closed under the
external load (Feng et al., 2004; Pan et al., 2008). Heat was extruded
with the gases passing through internal pores, resulting in heat

Fig. 3. Original infrared map for the loading of sample II.

Fig. 4. Difference infrared radiation isotherm cloud image for the loading of sample II.
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absorption. As a result, the infrared radiation temperature of the surface
of the sample decreased. After the compaction stage, the loading of the
sample steadily increased, and the thermoelastic stage commenced. The
infrared radiation temperature at the coal surface increased gradually
because of the thermal elastic effect. With increases in the fracture
dislocation friction temperature, the main rupture occurred, internal
heat was transferred to the surface of the sample, and the infrared ra-
diation temperature at the surface of the coal increased sharply in the
late stage of loading.

Because of the continuous movement of gas molecules, the grav-
itational force acting between molecules of the coal was affected in the
environment of the gas pressure. The gas confining pressure increased,
the movement of the gas was intensive, and the intermolecular forces
weakened within the coal body, affecting the structural strength of the
coal. Fig. 2(b), (c) and (d) show that the surface temperature decreased
by 0.20, 0.14 and 0.07 °C when the gas pressure was 0.2, 0.4 and 0.6
MPa, respectively. Analysis shows the effect of gas adsorption on micro-
fractures in coal; as the confining pressure increases, there are more
micro-cracks and cracks in the coal, and the permeability of the coal
gaps increases (Zhang et al., 2003). Thus, gas was removed from inside
the coal at the beginning of loading, and the surface temperature of the
coal gradually decreased with increases in the pressure drop. The in-
frared radiation temperature at the surface of the sample changed from
a minimum value to the main rupture and fluctuated to varying de-
grees. The infrared radiation temperature rose 0.13, 0.19, and 0.21 °C at
0.2, 0.4, and 0.6MPa, respectively. At this stage, because of the increase
in gas pressure, cracks in the coal body expanded more rapidly and the
strength increased. Because of the expansion of cracks, the coal tem-
perature increased by friction. At this stage, the thermal effect of fric-
tion at the rupture surface was the dominant thermal effect and was
greater than the effect of surface heat exchange. The surface tempera-
ture of the sample increased considerably. The increase in temperature
was related to the intensity of the friction. The sample had a local high-
temperature point, and micro-cracks gradually expanded and pene-
trated to form the main crack. Subsequently, the sample was destroyed,
and the internal heat of the crack was transferred to the surface of the
sample. After the main rupture, the friction between macroscopic fis-
sures was aggravated by the large amount of heat, and there was a
sharp increase in the infrared radiation temperature. The overall tem-
perature of the sample increased.

There was a minimum infrared radiation temperature in the process

of loading and failure of the coal containing gas. When the gas pressure
was 0.2, 0.4 and 0.6MPa, the infrared radiation temperature was a
minimum for load ratios of 74.1%, 67.1% and 58.3%, respectively. The
results indicated that the gas inside the coal body was discharged in the
early and middle stages of loading and a small amount of adsorbed gas
desorbed and absorbed some of the heat. The heat exchanged between
the surface of the sample and the surrounding gas leads to decrease
infrared radiation temperature of the coal surface continuously. In the
later stage of loading, under the action of stress and gas pressure, the
micro-cracks of coal gradually formed, merged, expanded and pene-
trated, the fractures gradually concentrated, macroscopic failure cracks
formed, and the sample deformed before finally being damaged. The
coal body internal rupture and rub, and the adsorbed gas in the coal
body desorbed from the coal body. At this stage, the frictional thermal
effect of the rupture surface was the main thermal effect. The friction
produced a considerable amount of heat than gas desorption absorbed
heat. The infrared radiation temperature increased, and thus, there was
a minimum infrared radiation temperature during the loading process.
In the environment of the gas pressure, the gravitational force between
molecules of the coal was affected by the continuous movement of gas
molecules. When the gas was absorbed, the volume of the sample ex-
panded, reducing the coal bearing capacity (George and Barakat, 2001).
When the gas confining pressure increased, the movement of the gas
was violent, the internal molecular force between the coal particles
decreased, and the mechanical structure changed, reducing the struc-
tural strength of the coal. The minimum of the infrared radiation
temperature appeared earlier when the friction effect of the rupture
surface occurred more readily. Thus, in the loading process, the
minimum infrared radiation temperature load gradually decreases with
increasing gas confining pressure.

4.2. Analysis of the evolution of the infrared temperature field of coal
bearing gas

In the process of coal failure under loading, the surface infrared
radiation temperature changed via the thermal effect, the frictional
thermal effect and the heat exchange with gas. Fig. 4(a2)–(e2) show
that the surface temperature field of the coal had a downward trend in
the early and middle stages of loading because the coal gas was
squeezed out in the initial stage of loading and the endothermic effect
reduced the coal temperature. In the middle stage of loading, less heat

Fig. 5. Crack evolution during the loading of sample II.

Journal of Natural Gas Science and Engineering 55 (2018) 444–451

449



was generated by the thermoelastic effect than by the heat exchange
between the surface of coal and gas. The surface temperature of coal
decreased, whereas the surface temperature distribution was not con-
sistent. The upper temperature of coal changed considerably, and there
were precursory anomalies in the lower temperature region. After the
fracture occurred, the main rupture was in the upper part of the coal
and extended to the lower part of the coal. The region of lower-tem-
perature coal was damaged.

5. Conclusion

A failure test of raw coal was conducted under the conditions of no
gas and different gas pressures using a self-developed infrared experi-
ment system for the failure of coal under the coupled effects of stress
and gas. The effect of gas on the infrared radiation temperature of coal
in the process of loading failure was discussed. The following conclu-
sions can be drawn based on the results of this paper:

(1) The gas strongly affected the infrared radiation temperature of coal
as the coal became damaged in a loading process. Under the con-
dition of no gas, the infrared radiation temperature at the coal
surface had a decreasing—steady rise—increase suddenly trend;
under the condition of coal containing gas, there was heat exchange
between the gas and coal surface, and the infrared radiation tem-
perature at the coal surface had a decreasing—decreasing ra-
pidly—rising trend.

(2) The process of the loading failure of coal containing gas under the
condition of different gas pressures was as follows. In the early
stage of loading, the infrared radiation temperature decreased with
increasing gas confining pressure. In the later stage of loading, the
infrared radiation temperature at the coal surface increased with
increases in the confining pressure of the gas. From the late stage of
the loading process to the main rupture occurred, the infrared ra-
diation temperature at the surface of the coal increased with in-
creasing gas confining pressure.

(3) A minimum infrared radiation temperature occurred during the
loading process. For gas pressures of 0.2, 0.4 and 0.6MPa, the
minimum infrared radiation temperatures appeared at load ratios of
74.1%, 67.1% and 58.3%, respectively.

(4) An infrared thermal image of coal containing gas damage reflects
the evolution of the deformation and failure of the coal. The in-
frared temperature variation of coal containing gas failure has a
good correspondence in the fracture area of the coal, and infrared
thermal imaging results can be used to predict the strength and
failure location of a coal body.
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