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ABSTRACT: Spontaneous combustion of coal gangue dumps not
only releases toxic and harmful gases, polluting the environment,
but also leads to explosion accidents and casualties due to
improper handling. This paper focuses on delineating the fire area,
constructing a comprehensive fire prevention and extinguishing
system, and restoring the ecological environment. Infrared thermal
imaging was used to detect the shallow fire area, while intensive
drilling was conducted to detect the deep fire area. The stability of
the coal gangue dump was enhanced by perfusing three-phase
foam for cooling and using a curing material to fill the cracks. Land
reclamation was then performed to restore the ecological
environment. The results indicate that spontaneous combustion
of coal gangue dumps can trigger the spread of the fire area from
the outside to the inside, gradually expanding due to the ‘stack
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effect’. The sources of spontaneous combustion in gangue fire areas are mainly located 3—5 m below the flat surface, and the shallow
and deep fire areas are interconnected, posing a significant danger. These research findings can serve as a reference for detecting fire
areas in coal gangue dumps and controlling environmental pollution.

1. INTRODUCTION

Energy is a material foundation for the development of the
human society. As China is a country that is poor in oil and gas
and relatively rich in coal, its energy structure has been
dominated by coal for a long time. According to statistics,
China’s raw coal production reached 4.56 billion tons in 2022,
an increase of 10.5% over the previous year. The total coal
consumption accounts for about 56.8% of the total national
energy consumption. However, the production of 1 ton of coal is
accompanied by the generation of 0.15—0.2 tons of coal gangue.
With the growth of coal production in recent years, the discharge
of coal gangue is also increasing.' Statistics show that the
inventory of coal gangue in China has reached 450—500 million
tons, with an annual increase of 37—55 million tons.” Due to the
presence of combustible materials such as residual coal,
carbonaceous mudstone, and broken wood, gangue is likely to
combust spontaneously after being accumulated outdoor for a
long time.

It is estimated that China has more than 5000 coal gangue
dumps, of which approximately 1700 have combusted
spontaneously, covering an area of about 1500 km2>* Coal
gangue dumps are prone to spontaneous combustion due to
their high contents of sulfur and carbon. The resultant dust and
toxic gases such as SO,, H,S, CO, and NO,, would lead to serious
pollution to the atmospheric environment of mining areas.” "
Besides, acidic water and toxic elements such as Cu, Cr, As, and
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Pb formed by weathering and long-term eluviation would
pollute the soil and water.””~"? In addition, as a result of coal
gangue spontaneous combustion, geological disasters such as
collapse, landslide, debris flow, and explosion are likely to occur
under high-temperature and high-pressure conditions inside the
dumps, endangering the life of residents around mining areas
and causing serious damage to the ecological environment."*~"
In recent years, research on coal gangue worldwide mainly
involves spontaneous combustion characteristics, detection of
fire areas, and fire prevention and extinguishing materials.
Scholars have conducted plentiful research and experiments
on spontaneous combustion of coal gangue. The research is
mainly divided into two aspects, the micromechanism of coal
gangue spontaneous combustion and the combustion character-
istics of coal gangue. Proximate analyzer, thermogravimetry, and
Fourier transform infrared spectroscopy are used to study the
changes in free radicals and fixed carbon contents of coal gangue
spontaneous combustion under different parameter condi-
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Figure 1. Location of the GSY coal gangue dump.

(b)

Figure 2. Local high temperature and noticeable smoke emitted from
the slope: (a) Traces after combustion. (b) White smoke emitting from
the slope.

Figure 3. Sulfur crystals detected at the flat exhaust port of the dump.

tions.'® Ren et al. believed that the combustion of coal gangue
includes two stages, namely, volatile combustion and fixed
carbon combustion, of which the latter is slower and more time-
consuming.'’ Jiang et al. explored the effect of oxygen
concentration on the variation of active groups during coal
gangue oxidation, simulated the oxidation and heating processes
of coal gangue at oxygen concentrations of 0, 5, 10, 15, and 21%,
and measured the parameters of free radicals at different
temperatures.'® Wang et al. investigated the secondary oxidation
characteristics of coal gangue under different ranks of pyrolysis.
The results suggest that the rank of pyrolysis has a certain
inhibitory effect on the emission of indicator gases in the
combustion process of the coal gangue. The increase of pyrolysis
rank raises the activation energy of oxidation reaction and delays

the rapid oxidation of coal gangue, thus effectively reducing the
risk of coal gangue spontaneous combustion.'” Zhang et al.
studied the thermal behavior and harm of coal gangue
spontaneous combustion and tested the characteristics of heat
release and heat transfer in the process.”” The combustion
behavior of 11 coal gangue was investigated by thermogravi-
metric analysis. The effects of feedstock properties (combustible
matter and mineral matter) on the combustion characteristics of
coal gangue were analyzed by Zhang et al., and the results show
that the ignition temperature of coal gangue is affected by the
volatile content and oxygen adsorption behavior jointly.”"

Coal gangue piles are used as experimental models to study
the characteristics of spontaneous combustion in coal gangue.
This approach provides an empirical basis for investigating the
distribution of temperature within coal gangue dumps and
understandin§ the dynamic reaction mechanism of spontaneous
combustion.” Jiang et al. studied the spontaneous combustion
characteristics of coal gangue dumps and the variation law of
their spontaneous combustion temperatures at different depths.
It is concluded that the temperature of coal gangue dumps at a
depth of 2.5 m is noticeably higher than the temperatures at
other depths, and it rises the fastest; eventually, coal gangue at
the depth of 2.5 m gradually develops into a source of
spontaneous combustion.”

Fire area detection and treatment materials of coal gangue
have also attracted extensive attention. The evolution of self-
heating areas on five chosen coal-waste dumps in Upper Silesia
(Poland) was quantitatively investigated with the aim of finding
a cheap and fast method for detecting and localizing coal-waste
fires on the dumps, and the appearance of hot spots and their
migration and their disappearance were observed by Adam.”*
Shao et al. employed a 3D thermal imaging methodology based
on unmanned aerial vehicle (UAV) remote sensing data. The
method was used to build the 3D temperature model and
visualize the scope of coal gangue pile fires in the 1360 bench,
the viewing bench, and the belt corridor of the Anjialing open-pit
mine in China.”® Ren et al. proposed a spatial analysis method to
achieve early warning spontaneous combustion of coal waste
dump after reclamation by integrating UAV and vegetation
(Medicago sativa/alfalfa) growth status.”® He et al. removed the
interference information on the reflectance spectra from these
images and established a relationship with the ground measured
data to monitor changes in coal gangue.”” Wu et al. carried out
an oxidation heating experiment on coal gangue samples and
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Figure 4. Air pass caused by “granular deflection.”
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Figure 5. Schematic diagram of “stack effect” on the coal gangue dump: (a) Gangue dump is in equilibrium. (b) Equilibrium state of the gangue dump

has been disrupted.

Table 1. Comparison of Fire Detection Technologies

fire detection methods
drilling

advantages

infrared remote sensing no need for extensive on-site construction, high efficiency

magnetic
operation, and economy

spontaneous potential  easy, low-cost

radon measurement

method operation

directly determine the location of the fire zone, high reliability

good anti-interference performance, stable performance, reliable

disadvantages

consuming a lot of manpower and resources

unable to detect coal fire information in deep underground areas
(below 30m)

insufficient detection depth and resolution, insensitive to initial
fire zones

insufficient detection depth and poor anti-interference
performance

deep detection depth, flexible equipment operation, low cost, and simple  the surface must have a certain thickness of cover

analyzed the law of radon release in the coal gangue at different
temperatures. The on-site measurement results demonstrate
that the isotopic radon measurement method can be adopted to
detect coal gangue fire areas more accurately with less
interference.””> Wang et al. used the temperature and the
radon concentration as the principal indicators, and the gas
concentration was a secondary index for verifying the results to
estimate the extent and depth of the fire in the coal gangue
dumps.'>**

The main fire extinguishing methods for spontaneous
combustion of coal gangue dumps include the excavation and
cooling method, the grouting method, the overlay compaction
method, the combustion control method, the low-temperature
inert gas method, the water injection method, etc.>3! Zhang
and Pan developed a coal gangue fire-extinguishing material of
gel-foam to control spontaneous combustion of coal gangue.*”
To prevent spontaneous combustion of coal gangue dumps,
Tang and Wang developed a type of bentonite-acrylamide

superabsorbent hydrogel, which can be used for cooling,
controlling combustion, and preventing coal gangue from
reburning.”® To overcome the short inhibition life of currently
available inhibitors, a novel physicochemical composite
inhibitor for the prevention of coal gangue spontaneous
combustion was developed by Huang et al. The inhibition
effect of the PAM/MMT 3%-Ca(OH), 20% composite
inhibitor was the best in the study, with an inhibition rate of
83.15%.*"

In summary, the research on coal gangue worldwide in recent
years mainly focuses on the mechanisms and characteristics of
spontaneous combustion of coal gangue dumps, the detection of
fire areas, and the development of treatment materials.”***~>’
However, case studies on the spontaneous combustion of coal
gangue dumps and its environmental remediation remain
insufficient. In this study, the coal gangue dump at Gushuyuan
Coal Mine in Jincheng City, Shanxi Province, China (referred to
as the GSY coal gangue dump) was selected as the research
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Figure 6. Technical strategy for the detection and environmental remediation of the fire area.

subject. The study included practical research on detecting and
managing fire areas in gangue dumps and identified a set of
economically efficient key technologies.

2. CHARACTERISTICS AND TREATMENT IDEAS OF
COAL GANGUE DUMPS

2.1. Overview of the Coal Gangue Area. The GSY coal
gangue dump is situated on the east side of the foot of the Baima
Temple Mountain in the north of Jincheng City, Shanxi
Province, China. The coal gangue dumping sites are located at
the junction of Wanggutuo Village (eastern gangue dump) in
Shangzhuang Township, Dazhang Village (central gangue
dump), and Xiaozhang Village (western gangue dump) in
Beishidian Township. Part of the eastern gangue dump was piled
up by the gangue moved from the urban area to the Baima
Temple in 1986, yet the other part, composed of the gangue
from the 3# and 9# coal seams with a high sulfur content, is left
over from the excavation and coal washing in 1991. The 9# coal
gangue is of a relatively small quantity, with a total stacking
capacity of 2 million tons per month. Most of the coal-washing-
induced gangue, whose sulfur content is high (2.3% on average),
is accumulated in the western gangue dump. Recently, a high-
temperature spontaneous combustion area of 1500 m* (50 m in
length and 30 m in width) was discovered at the northeast
corner of the second platform in the eastern area (Figure 1), and
the platform was 10 m high. A large high-temperature region
appeared on the slope of the coal gangue dump, emitting
noticeable smoke with a pungent odor (Figure 2). In addition,
considerable sulfur crystals were precipitated at the exhaust port
on the flat surface of the coal gangue dump (Figure 3).

2.2. Spontaneous Combustion Characteristic of Coal
Gangue Dumps. The oxidation heating process of sponta-
neous combustion in coal gangue is similar to that of coal.*®
Therefore, this review does not delve into the details of this
process. However, it is important to note that the accumulation
mode of gangue differs from that of coal, which, in turn, affects
the gas flow during the oxidation process of coal gangue. This
distinction leads to differences in the spontaneous combustion

characteristics of gangue and coal. During the natural stacking of
waste dumps, whether they are piled up on the ground or
stacked along a slope, a phenomenon known as “granular
deflection” occurs. This leads to the formation of air channels
within the gangue dumps, resulting in what is commonly
referred to as the ‘stack effect’ of the coal gangue dumps, as
depicted in Figure 4.

As shown in Figure Sa, before coal gangue in the accumulation
tends toward oxidation heating, the temperature and density
inside and outside the accumulation are equal, that is, t = ¢, and p
= po. The fluid in the accumulation is in a state of equilibrium
and does not flow. Equation 1 can be acquired according to the
equation of fluid mechanics equilibrium:

B =R=DB+pgH =P+ pgH 1
When the coal gangue in the accumulation starts to undergo
oxidation heating, t > t, and p, > p.

R =P+ pgH; R=P + pgH

B — B = (B, + pgH) — (B, + pgH) = gH(p, — p)
(2)

According to the equation of fluid mechanics, the greater the
height difference between the top and bottom of the slope, the
larger the pressure difference is between the two ends.
Consequently, the fire area of the coal gangue dump will spread
from one area to another, gradually expanding, which is called
the “stack effect” (Figure Sb). Meanwhile, when the temperature
difference inside and outside the spreading passage is larger, the
density difference between hot air and cold air will be greater. As
a result, the “stack effect” will become more obvious, and the fire
area will expand accordingly. This explains why coal gangue
dumps usually combust more intensely in the cold winter.

2.3. Technical Strategy for Treatment of Coal Gangue
Fire Dumps. Spontaneous combustion of coal gangue dumps is
normally concealed. Although it has certain appearances, such as
the precipitation of sulfur crystals and the withering and death of
plants, the scope of the fire area is not necessarily sporadic or
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superficial. Instead, according to the “stack effect,” the external
appearance usually indicates that vast stretches of a coal gangue
fire area have been formed. Therefore, the first step in
controlling the coal gangue fire area is to delineate the scope
of the fire area. Then, further technical schemes can be
established according to the actual situation. Table 1 presents a
comparison of various methods for detecting coal gangue fire
zones. Upon comparing these methods, it becomes evident that
while the electrical method, the magnetic method, and the radon
detection method offer economic advantages, the accuracy of
fire area detection may be significantly reduced due to the
impact of broken coal gangue. This reduction in accuracy can be
confirmed through subsequent drilling. Considering the large
size of the spontaneous combustion area in the gangue dump
and the need for later treatment involving the construction of
boreholes filled with fire-fighting materials, it is advisable to
employ infrared temperature measurement for detecting
shallow-fire areas and intensive drilling for detecting deep-fire
areas.

In the selection of fire prevention and extinguishing
technologies for coal gangue hill fire areas, traditional methods
have several limitations. The excavation and cooling method is
not suitable due to the uncertainty of the fire area’s depth and
scope. Additionally, this method requires significant time and
effort but produces minimal results and may lead to secondary
safety accidents during the cleaning process. Furthermore,
conventional water injection and grouting methods are
ineffective in completely eliminating the threats posed by the
fire area, particularly when the fire area is located in the middle-
upper part of the GSY coal gangue dump, where stacking is not
possible. Inert gas injection, which is unable to effectively
suffocate the fire source in the relatively fractured coal gangue
dump, also has a poor fire extinguishing effect and the possibility
of recombustion. To address these challenges, three-phase foam
fire prevention technology is utilized to cool down the fire area,
taking advantage of the good diffusivity and accumulation
properties of the three-phase foam to eliminate high-temper-
ature points. In order to prevent reburning of the coal gangue
hill, solidified materials are injected to block air leakage
channels. Finally, the coal gangue dump is covered with loess
and reclaimed to restore the ecological environment. The
technical route is illustrated in Figure 6.

3. DETECTION TECHNOLOGIES OF THE FIRE AREA

3.1. Detection of the Shallow Fire Area. The detection of
the fire area consists of two parts: infrared temperature
measurement for shallow-fire-area detection and intensive
drilling for deep-fire-area detection. The shallow fire area was
detected with the aid of a UNI-T hand-held infrared thermal
imager, which boasts a low spatial resolution, a long observation

= High temperature
=4 ————point of slope

Figure 7. Slope fire area distribution.

547

(a) ()

Figure 8. Fracture zone of the slope protection cement (high-
temperature zone A): (a) Infrared thermal imaging temperature
measurement image. (b) Condition of the fire area on site.
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Figure 9. Sliding crack zone of the slope (high-temperature zone B):
(a) Infrared thermal imaging temperature measurement image. (b)
Condition of the fire area on site.
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Figure 10. Crack zone scoured by rainwater (high-temperature zone
C): (a) Infrared thermal imaging temperature measurement image. (b)
Condition of the fire area on site.

distance, a large temperature measurement range, and high-
temperature measurement accuracy. It can easily identify high-
temperature locations through thermal imaging without the
limitation of light, even in dark nights and other harsh
environments. Shallow-fire-area detection was mainly con-
ducted in smoke areas, dead-plant areas, and sulfur crystal
precipitation areas.

After detection, three high-temperature zones A-C were
identified on the gangue slope (Figure 7). A is the fracture zone
of the slope protection cement (Figure 8); B is the sliding crack
zone of the slope (Figure 9); and C is the crack zone scoured by
rainwater (Figure 10).

3.2. Detection of the Deep Fire Area. Through
theoretical calculation and numerical simulation verification,
the effective diffusion radius of the three-phase foam is
determined to be 3m.”” During the field preparation process,
the coverage of the three-phase foam can be enhanced by
adjusting the proportion of water and soil in the solid phase,
which reduces the viscosity of the slurry. However, to ensure
complete detection and control of the fire area without any
uncovered spots, the design is still based on a minimum diffusion
radius of 3m. If the spacing between drilling holes in the same
row is set to 6m, the maximum spacing between adjacent rows

https://doi.org/10.1021/acsomega.3c05942
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Figure 11. Temperature detection by intensive drilling in the deep fire area: (a) Layout of boreholes. (b) Borehole location by GPS. (c) Borehole

construction. (d) Borehole casings. (e) Temperature detection.

Figure 12. High temperature during drilling: (a) Infrared thermal
imaging temperature measurement image. (b) Condition of the fire
area on site.

Figure 13. Burning state of coal gangue.

can only be set to 3m. Setting it to less than 3m will not cover the
entire coal gangue dumps. The boreholes were arranged in an
equilateral triangle (Figure 11a). Their diameter was 125 mm.
Besides, casings of 108 mm were installed for the convenience of
perfusion in the follow-up fire area treatment (Figure 11d). GPS
was adopted to locate the boreholes (Figure 11b), and a
pneumatic drill was used to construct the boreholes (Figure
11c). The borehole temperature was acquired and statistically
analyzed using a UT325 thermometer and a WRN series
thermocouple (Figure 11e).

In this study, the location of the fire area was mainly identified
by three indicators in the drilling process, that is, infrared
thermal imaging for initial exploration, morphology of drill
cuttings, and thermocouple temperature measurement for
verification. First, the drill cuttings discharged from the
boreholes were monitored by the infrared thermal imager.
When the drill reached 3—5 m, the temperature of the drill
cuttings reached 109 °C, suggesting that the drill had reached
the fire area (Figure 12).

Second, the drill cuttings brought out with drill pipes were
collected to estimate the burning state of the fire area (Figure
13). The drill cuttings were black coal gangue in the early stage
of combustion. When the drill reached the combustion area, the
drill cuttings were in the state of brick-red half coal gangue and
half gangue ash, accompanied by high-temperature gas emission.
When the drill arrived at the burned area, the drill cuttings
appeared as gray dust, which were hot and flying. Therefore, the
depth and distribution of the high-temperature region can be
estimated by the drill cuttings.

3.3. Delineation of the Fire Area. It was found through the
above two steps that the deep fire area of the coal gangue dump
was mainly concentrated 3—5 m underground. The temperature
at deeper positions was just 30—50 °C. Thus, it was determined
that the primary monitored area was at a depth of 3—5 m in the
high-temperature boreholes. Furthermore, the borehole temper-
ature was monitored to verify the fire area with the aid of a
UT325 thermometer and a WRN series thermocouple. Due to
the irregular surface of the slope in the investigated flat area, each
borehole was located by GPS. Samples were collected from each
borehole starting from a depth of 1 m, and the temperature was
measured and recorded every 1 m. On this basis, the
temperature contour map at different depths was constructed
(Figure 14).

Further analysis indicates that a high-temperature region was
formed between the flat surface and the slope, with the highest
temperature being as high as 150 °C (at the depth of 4 m). The
high temperature in the region of 3—5 m deep spread from the
cracks on the slope to the inside of the coal gangue dump,
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forming three fire zones. The region within the range of 3—5 m
depth was a high-temperature heat storage region, which was the
source of the fire area. Due to the short distance from this region
to the slope, oxygen was sufficient, and an open flame could be
formed. This region ignited the surrounding coal gangue, thus
developing into a larger fire area. The internal region was in a
smoldering state as a result of insufficient oxygen supply.
Therefore, the deep area of the coal gangue dump was in a high-
temperature smoldering state, while the slope and gangue loose
area were in combustion.

According to the temperature contour map at different depths
located by GPS, the scope and depth of the fire area are
delineated in the CAD engineering drawing (Figure 15). The
detection results suggest that the shallow fire area and the deep
fire area were interconnected due to the stack effect. In addition,
as a result of air leakage on the slope, the high-temperature fire
area developed and spread inward. The fire area was
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concentrated in the range of 3—5 m deep, the condition being
the most serious at the depth of 4 m.

4. TREATMENT TECHNOLOGIES OF THE FIRE AREA

4.1. Construction of the Comprehensive Fire Pre-
vention and Control System. A comprehensive fire

Figure 18. On-site preparation and perfusion of the curing material: (a)
On-site preparation of the curing material. (b) Boreholes after the
perfusion.

prevention and control system, which was capable of perfusing
water, yellow mud, three-phase foam, and curing material, was
established according to the actual situation. This system
consisted of a pulping tank, a grouting pump, a compressor, a

< R PR r

()

Figure 19. Loess backfilling on the coal gangue dump: (a) Loess
backfilling with a forklift. (b) Slope and flat surface after backfilling.
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Figure 20. Chart of infrared temperature during drilling grouting: (a)
Before governance. (b) After governance.

foaming agent, a quantitative addition pump, and a three-phase
foam generator (Figure 16). The pulping tank was responsible
for producing yellow mud and the curing material. The grouting
pump served to provide motive force for the water, yellow mud,
and curing material, with a flow rate of up to 30 m®/h and a
pressure of over 10 MPa. The compressor could provide
compressed air of 0.5 MPa at a rate of 2000 m’/h. The
quantitative addition pump was capable of accurately adding the
foaming agent to the three-phase foam generator at a regulable
flow rate of 0—1.5 m*®/H. The spiral foaming device inside the
three-phase foam generator could fully mix compressed air,
yellow mud, and foaming agent to form dense three-phase foam.
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Figure 22. Growing green plants on the slope.

4.2. Cooling with Three-Phase Foam. The three-phase
foam is a dispersive mixture of gas phase (air), solid phase
(yellow mud), and liquid phase (water) produced by foaming.
The three-phase foam has a large volume and can accumulate
upward, which is suitable for the concealed fire area of a coal
gangue dump. It can practically act in the fire area of the
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accumulated coal gangue dump, absorb heat, cool down, and
eliminate the fire source. Moreover, the yellow mud contained in
the three-phase foam can effectively wrap the coal gangue and
prevent the fire area from reburning. The procedure for
preparing the three-phase foam is as follows. First, loess and
water were mixed at a ratio of 1:3 to produce the yellow mud.
Next, powered by a grouting pump, the yellow mud was
transported to the three-phase foam generator and mixed with
the foaming agent added by the quantitative addition pump.
Finally, dense foam was produced under the action of
compressed air, as shown in Figure 16A. The foaming ratio of
this three-phase foam can reach more than 30 times; the foam
stability time is 8—36 h; and the constructed system can produce
the three-phase foam at 900 m>/h. The prepared three-phase
foam is displayed in Figure 17.

4.3. Filling Cracks with the Curing Material. To seal the
air leakage passages and prevent the fire area from reburning, the
coal gangue cracks need to be filled after the area cools down.

https://doi.org/10.1021/acsomega.3c05942
ACS Omega 2023, 8, 47690—47700


https://pubs.acs.org/doi/10.1021/acsomega.3c05942?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05942?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05942?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05942?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05942?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05942?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05942?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05942?fig=fig22&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05942?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Meanwhile, the curing material can effectively enhance the
stability of the coal gangue dump, thus reducing the formation of
new air leakage passages induced by the collapse of the coal
gangue dump.

The adopted curing material is a kind of modified inorganic
material of fly ash in the structure of fine powdered mesh. It is
characterized with good water retention, long-term stability, and
high seepage pressure. According to the on-site situation, the
curing material, fly ash, and water were mixed into a slurry in a
certain proportion, which could be completely solidified in a
certain time. The slurry was prepared in a pulping tank. The ratio
of water, fly ash, and curing material was set at 10:10:1, and the
solidification time was 20—30 min, as shown in Figure 16B.
During the perfusion, the diffusion radius of the slurry reached 2
m after 1 h and 3 m after 3 h. The perfusion ceased when the
slurry started to seep out of the ground. On-site preparation and
perfusion of the curing material are shown in Figure 18.

4.4. Land Reclamation. After the fire source was
extinguished and the cracks were filled with the curing material,
it was necessary to cover the slope and flat surface of the coal
gangue dump with loess. Afterward, green plants could be
planted to restore the ecology. The backfilling height of the loess
was 0.5 m, and 255,000 m> of loess was used considering the
looseness coeflicient 1.2. The construction picture is presented
in Figure 19.

5. RESULTS AND DISCUSSION

The whole process of coal gangue fire area treatment, including
the delineation of the fire area, the construction of a
comprehensive fire prevention and control system, and the
perfusion of fire prevention and extinguishing materials, lasted 6
months. Eventually, the threat of the fire was eliminated.
Borehole temperature fell from 228 °C to normal temperature
(36 °C), as shown in Figure 20.

Moreover, temperatures at corresponding depths were
measured with the aid of a UT325 thermometer and a WRN
series thermocouple, and the temperature contour map at
different depths was plotted (Figure 21). The comparison
results of the temperature fields manifest that all high-
temperature points dropped below 36.5 °C, indicating a notable
treatment effect on the coal gangue fire area. Finally, green plants
were planted on the slope, and the ecosystem around the dump
was restored (Figure 22).

6. CONCLUSIONS

Spontaneous combustion of coal gangue dumps not only
releases toxic and harmful gases but also pollutes water and soil.
Even worse, it may cause explosion and collapse of gangue
dumps. That is, it directly or indirectly endangers the safety of
residents near mining areas and leads to serious environmental
pollution. In this study, detection and environmental
remediation were performed on the fire area of the GSY coal
gangue dump, and the following conclusions were drawn.

(1) Just like spontaneous combustion of coal, spontaneous
combustion of coal gangue is jointly induced by physical and
chemical factors. However, the accumulation mode of gangue
differs from that of coal. Spontaneous combustion of coal
gangue dumps is likely to trigger the “stack effect,” which causes
the coal gangue fire area to spread from the outside to the inside,
gradually expanding.

(2) Through this infrared temperature measurement and
drilling chip verification, it is shown that spontaneous

combustion sources of gangue fire areas are mostly located in
the region of 3—5 m below the flat surface and can provide
evidence for similar experiments on coal gangue dumps.

(3) The fire area scope can be precisely delineated by applying
infrared thermal imaging for shallow-fire-area detection and
intensive drilling for deep-fire-area detection; the important
thing is that the cost is low and can lay a solid foundation for
subsequent governance. Fires can be effectively extinguished by
perfusing a three-phase foam for cooling down and curing
material for filling the cracks. Land reclamation and green plants
can help to restore the ecology of mining areas and significantly
improve the environment.
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