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ABSTRACT

Gas explosions in coal mine goafs are associated with the roof rock fracturing. An experimental system
was established to investigate the potential for electrical ignition induced by sandstone fracturing. The
electrical responses, luminescent emissions, and ignition characteristics during tensile and compressive
failure of sandstones were analyzed in methane/air premixed gas environments. Results indicate that the
application of mechanical loading induces the emergence of electrical signals on rock surfaces and in the
surrounding atmosphere. This phenomenon is attributed to the generation, accumulation, and subse-
quent release of free charges during the deformation and fracture within the sandstone. Compressive fail-
ure proved to be more conducive to free charge generation than tensile failure, owing to more crack
connections. Furthermore, a precipitous increase in surface and external voltages was observed during
complete fracturing, a consequence of electron emission from crack tips within the rock structure.
Moreover, the ionization induces luminous emissions owing to the collision of energetic electrons
released from gas molecules in methane/air mixtures. A strong positive correlation (R?<0.9429) was iden-
tified between luminescence intensity and the magnitude of electrical discharge resulting from rock frac-
ture. Notably, such discharge by rock fracturing can be capable of igniting the premixed gas, particularly
when the quartz content exceeds 61%. Piezoelectric effects and crack propagation are crucial mechanisms
in the causal chain of the charge generation, discharge, and ionization triggered by rock fractures. Based
on the above laboratory results, electric ignition of the transient roof fracturing caused by stress muta-
tions can serve as a new potential ignition source for gas explosions in the goaf. These results offer

new insights into the prevention and control of gas explosions.
© 2025 China University of Mining & Technology. Publishing services by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

quarter of these gas explosions occur in goafs, where a porous con-
fined space resulting from roof collapse provides favorable condi-

Coal serves as a critical pillar for ensuring energy security and
fostering the development of new energy sources [1,2]. However,
gas explosions remain a significant threat to safe and efficient
underground coal mining, particularly in China [3]. Between
2000 and 2024, gas explosions accounted for 61.2% of major acci-
dents with more than 10 deaths in coal mines in China, resulting
in 8589 deaths [4]. Recent severe gas explosion accidents in
Colombia (March 14, 2023, 21 deaths), Kazakhstan (October 29,
2023, 45 deaths), and Iran (September 21, 2024, 51 deaths) under-
score the continued prevalence of this hazard. Statistically, over a
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tions for the premixing of methane and oxygen [5]. Despite the
presence of these conditions, conventional ignition sources, such
as electrical sparks from equipment or open flames from blasting,
are often absent. For example, in March 2025, a gas explosion, the
third in that mining area in 5 years, occurred suddenly in a goaf at
the Moranbah North coal mine in Australia, causing the CO concen-
tration to instantaneously exceed 500 ppm. Such incidents, where
the ignition source remains unknown, highlight the critical need to
identify unconventional, hidden ignition sources within goafs to
enhance coal mine safety.

The prevalent consensus suggests that gas explosions are insti-
gated by hot spot ignitions, such as the spontaneous combustion of
residual coal or the frictional heating of roof falls [6,7]. However,
these explanations often fail to fully account for observations at
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accident sites. For instance, there are frequently no precursory
indicators of spontaneous coal combustion, such as overruns of
temperature and CO, or C;H,4, before a gas explosion. In addition,
the temperatures generated by the impact and friction of hard roof
falls typically remain below 300 °C, insufficient to reach the mini-
mum methane ignition temperature of 600 °C [8]. Notably, a corre-
lation exists between gas explosions and coal-rock dynamic
phenomena or mine pressure appearance [9]. For instance, a gas
explosion occurred at the Daping coal mine in Henan Province in
2004, triggered by a coal and gas outburst. Similarly, a mine quake
initiated a gas explosion at the Sunjiawan coal mine in Liaoning
Province in 2005. Furthermore, a correlation exists between gas
explosion or combustion events and roof collapse during the initial
and periodic weighting, as listed in Table 1. These events suggest
that the release of thermal and electromagnetic energy from the
substantial strain energy associated with roof deformation and
fracture may provide an ignition source [10]. Although previous
studies have investigated frictional hot spot ignition from fractured
rocks, the potential for electrical ignition of methane/air mixtures
by rock fracturing has not been adequately explored.

Rock damage and fracture under stress generate a range of
electrical signals, including induced charge, electromagnetic
radiation, electric potential, and microcurrents [11,12]. These
signals are used to characterize the extent of rock mass damage
and fracture, aiding in the prediction of earthquakes and coal-
rock dynamics disasters [13]. The electrical signals generated
by rock damage processes are involved in the generation, accu-
mulation, and release of internal free charges [14]. The intensity
of these signals is influenced by factors such as the physical and
mechanical properties of rocks, applied stresses, temperature,
and moisture content [15,16]. These free charges can migrate
through internal rock defects and also escape into the surround-
ing environment during loading [17]. The interaction of these
charged particles with ambient gases results in luminous emis-
sion, which is described as an electric spark [18]. Toshihiko
et al. [19] found that only the fracturing of quartz-bearing rocks
emitted significant visible light when comparing the luminous
emissions from the fracture of quartz-bearing quartz sandstone
and granite to quartz-free basalt. Similarly, Matelli et al. [20]
observed that luminous emissions from areas of collapsed and
fragmented rock, which they attributed to free charge move-
ment. Brady et al. [21] determined the spectra of rock lumines-
cence in argon, helium, and water environments, finding that the
spectral bands corresponded to the spectral lines of the sur-
rounding ambient gas molecules. This luminous emission is
thought to arise from free electrons released from rock fractures
bombarding the surrounding gas [22]. The energy of the high-
energy electrons emitted was derived from the potent electric
field owing to the rock fracturing [23]. Widom et al. [24] showed
that mechanical energy was converted into electrical energy
through the piezoelectric effect during rock fracture, leading to
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the acceleration of condensed electrons and subsequent colli-
sions that release energy. Likewise, Takaki and Ikeya [25] attrib-
uted luminous emission to the release of compensated bound
charges due to strong electric fields at the fracture. Lockner
et al. [26] proposed that rock shear friction induces charge sep-
aration and the formation of strong electric fields, ultimately
triggering discharge luminescence. Freund [11] concluded that
natural semiconductor batteries can form during rock loading,
with corona discharge ionizing the air to create an ionic current.
Enomoto [27,28] discovered that the gas surrounding newly
formed cracks carries a negative charge during rock loading,
attributed to the emission of unpaired electrons in the presence
of a piezoelectric field. Moreover, they suggested a causal rela-
tionship between multiple earthquake-triggered fires and the
release and combustion of methane from the underground. The
static electricity generated by the flow of charged gas during
rock fracture may also provide an ignition source during earth-
quakes [29]. In recent years, Li et al. [30,31] have noted a possi-
ble link between gas explosions and roof fracture discharges in
goafs. They have conducted a preliminary investigation into
the generation of electrical sparks from the fracture of different
lithology sandstones in an air atmosphere. However, direct val-
idation of the potential for roof fracturing to ignite methane/air
premixed gas remains lacking.

In conclusion, the ignition cause of gas explosions induced by
roof collapse in coal mines remains unclear. This study will focus
on electric ignition by rock fracturing, as a new perspective differ-
ing from the conventional thermal ignition theory. To this end, a
rock-fracturing ignition experimental system was constructed by
combining a mechanical loading system and a gas explosion cham-
ber. Furthermore, comprehensively employing electrical-optical
monitoring techniques, the relationship between the electrical sig-
nal response, luminous emissions of sandstone fracturing and the
gas explosion under tensile and compressive fractures was ana-
lyzed. Ultimately, the study aims to verify the possibility of igniting
premixed gases induced by roof sandstone fracturing under stress,
and clarify the electric ignition mechanism in a gas explosion. This
research is expected to provide new insights and a theoretical
foundation for the prevention and control of gas explosions in coal
mines.

2. Experimental system and scheme
2.1. Specimen preparation

Sandstone serves as a key roof in coal mines, bearing the weight
of overlying pressure. Four sandstones were selected from two coal
mines, Xieqiao in Anhui and Xiakatan in Xinjiang, which have
experienced gas explosions. The sandstones with different litholo-
gies were classified as sandy mudstone (SM), fine sandstone (FS),

Table 1
Gas explosions or combustion incidents during roof fracture in coal mines in China.
Time Coal mine Results Main roof Roof fracture
14/02/1999 Qitaihe A gas explosion during roof caving in a goaf, causing 48 deaths Gritstone Periodic weighting
24/10/2003 Baijigou A gas explosion during the roof caving in a goaf, causing four burns Gritstone Periodic weighting
04/06/2011 Rujigou There was a gas combustion above a hydraulic support Fine sandstone Periodic weighting
29/03/2013 Babao A gas explosion during the roof caving in a goaf, causing 51 deaths Quartz sandstone First
weighting
08/04/2013 Xiakuotan A gas explosion during the roof caving in a goaf, causing 10 burns Quartz sandstone Periodic weighting
30/10/2015 Xinjie A gas explosion during the roof caving in a goaf Quartz sandstone Periodic weighting
23/03/2016 Anping A gas explosion during the roof caving in a goaf, causing 20 deaths Gritstone Periodic weighting
15/03/2019 Dongshengyangsheng A gas explosion occurred during the roof caving in an upper corner Fine sandstone First
weighting
11/03/2024 Xiegiao A gas explosion during the roof caving in a goaf, causing 9 deaths Fine sandstone Periodic weighting

1678


move_t0005

W. Zhang, D. Wang, X. Qi et al.

gritstone (GS), and quartz sandstone (QS), respectively. Rock blocks
extracted from the working faces were then processed into cylin-
drical (¢50 mm x 100 mm) and disc-shaped (50 mm x 25 mm)
specimens, as shown in Fig. 1. The surface roughness of each spec-
imen was polished to below +0.05 mm to minimize stress concen-
trations during testing. Ultrasonic wave velocity detection was
used to screen out specimens with abnormal internal structures.
The selected samples were then dried in a vacuum oven at 80 °C
for 24 h to eliminate the influence of external moisture. Eight
homogeneous sandstone specimens of each lithology were divided
into two groups for subsequent Brazilian splitting (BST) and uniax-
ial compression testing (UCT). The average densities of the four
sandstone types ranged from 1.87 to 2.58 g/cm?, the average com-
pressive strengths ranged from 35.39 to 171.41 MPa, and the aver-
age tensile strengths ranged from 2.51 to 9.57 MPa, as shown in
Table 2. X-ray diffraction analysis (Fig. 2) revealed that the sand-
stones were primarily composed of quartz, albite, microcline, and
kaolinite, with quartz content varying from 21.3% to 78.4%. This
compositional range is representative of typical sandstones found
in coal mines [32].

2.2. Experimental equipment

A dedicated experimental system was established to character-
ize the ignition ability of methane/air premixed gas by discharge of
rock deformation and fracture, as shown in Fig. 3. The core compo-
nents of the system include a mechanical loading system, an elec-
trical signal acquisition system, an optical signal detection system,
a high-speed camera, and an explosion reaction chamber.

The mechanical loading system consists of an MTS-YAW4206
electro-hydraulic servo testing machine and its console. This sys-
tem has a maximum loading capacity of 2000 kN and a loading
accuracy of x1%. The loading acquisition frequency was set to
0.03 s™'. The system can be adapted for BST and UCT experiments
by changing the press fixtures (Fig. 3a).
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The electrical signal acquisition system utilizes a Keithley
DMM6500 digital multimeter with a measurement range of 100
nV-1000 V and a sampling frequency of 0.03 s~'. The custom PC
software was used to record high-precision electrical data from
the rock specimens during loading.

The photoelectric detection system is composed of a photomul-
tiplier sensor (PDA10A2) and its associated data acquisition soft-
ware (DAQSensor). The photomultiplier sensor converts optical
signals into voltage outputs (0-5 V) with a maximum sampling
rate of 50000 sps/s.

The explosion reaction system comprises an explosion chamber,
methane and air supply cylinders, flow meters, a pressure trans-
ducer, a gas concentration meter, and a vacuum pump. The explo-
sion chamber measures 100 cm x 45 cm x 45 cm with 1 cm-thick
cast steel walls. The front of the chamber is equipped with a
1.5 cm-thick explosion-proof quartz glass to detect luminous emis-
sion and gas explosions using a high-speed camera (Phantom VEO-
710) and photoelectric detectors. A 150 mm-diameter pressure
release port, sealed with a rubber piston, is located at the rear of
the chamber. To prevent sparks from rock-to-metal contact, the
chamber walls, indenter, and gaskets were coated with insulating
glue.

2.3. Experimental procedure

The experiments were conducted under the following labora-
tory conditions: initial temperature of 25.3 °C, initial pressure of
101325 Pa, and relative humidity of 34%. Electrical signals, lumi-
nous emissions, and ignition of rock fractures were investigated
in methane/air premixed gas. The experimental procedure is as
follows.

(1) Rock specimens were positioned under the indenter and
subjected to UCT and BST with a low loading rate of 2
and 0.2 kN/s to avoid dynamic distortion caused by the

Fig. 1. Preparation process of specimens.

1679


move_f0005
move_t0010
move_f0010
move_f0015

W. Zhang, D. Wang, X. Qi et al.

Table 2

Physical and mechanical parameters of sandstones.

International Journal of Mining Science and Technology 35 (2025) 1677-1693

Lithology Nomenclature Coal mine Average density (g/cm?) Average Average Size ¢ mm x mm
compressive strength (MPa) tensile strength (MPa)
Sandy mudstone SM Xieqiao 1.87 35.39 2.51 50100
50x25
Fine sandstone FS Xieqgiao 243 126.54 5.28 50x100
50x25
Gritstone GS Xiakuotan 2.37 56.57 3.14 50100
50x25
Quartz sandstone Qs Xiakuotan 2.58 171.41 9.47 50x100
50x25
w-Quartz B2 Quartz w-Quartz 75 Quartz
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Fig. 2. Mineral composition and content of sandstones.

inertia effect, respectively, as illustrated in Fig. 4. An insu-
lating paper with a surface resistance of 2.4 MQ was placed
between the rock specimen and the indenter to mitigate
external electromagnetic interference. Two sets of moni-
toring points were arranged separately to evaluate the
charge generation and discharge capacity of the rock spec-
imens, as shown in Fig. 4. The first set of measurement
point (A1) was placed at both ends of the specimen, with
sensors in direct contact with the specimen surface to
measure surface voltage generated by internal charge
accumulation and transport. The second set of measure-
ment points (A2) used a copper sheet suspended 1 mm
from the specimen surface to capture charge transfer to
the ambient gas during rock fracture. The conductive cop-
per plate (30 mm x 30 mm) was mounted on an insulating
bracket. Therefore, the surface voltage reflects the ability
to generate and accumulate charges of rocks, while the
external voltage is employed to characterize the discharge
intensity.
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(2) The chamber was evacuated to —0.06 MPa before admitting

(3

—~

methane/air mixtures. Gas flows were regulated to achieve a
methane concentration of 9.5% (+0.1%) in the mixture.
Methane exhibits its lowest minimum ignition energy and
highest explosive intensity at its stoichiometric concentra-
tion (approximately 9.5%) [33]. This specific condition repre-
sents the most hazardous scenario for coal mine gas
explosions. The valves were then closed, and the mixture
was allowed to stabilize at atmospheric pressure for
10 min to ensure homogeneity.

The high-speed camera and photodetector were placed at the
front of the window to capture the light emission and ignition
process when the rock was subjected to external loads in the
dark. The resolution of the camera was set at 1280x800, and
the frame rate was set at 2000 fps. The sampling frequency
of the photoelectric probe was set at 10000 sps/s

(4) BST and UCT experiments were performed at prescribed

loading rates while all monitoring systems were active. If
rock fracturing initiated a gas explosion, the resulting shock-
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Photoelectric detection system

S |

Servo pressure control system

=

BST

L p-

(a) Schematic diagram

(b) Physical drawing

Fig. 3. Discharge ignition system by rock fracturing under loading.

Keithley Keithley
( ; 000

{ Al: Surface voltage !
i A2: External voltage |

Fig. 4. Monitoring point layout of electrical signals under BST and UCT experiments.
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wave would fracture the piston for active venting. Other-
wise, the relief port was manually opened to purge the
chamber gases before repeating the test.

3. Results

3.1. Electrical signal response to sandstones during deformation and
fracture

Electric signals are detected in the rock surface and the sur-
rounding gas environment during rock deformation and fracture
[34]. Surface and external voltage reflect the ability to charge gen-
eration and release of rocks, respectively. Fig. 5 shows the surface
and external voltage changes over time during the tensile fracture
of various lithological samples. The voltage responded significantly
to the applied loading, particularly the surface voltage. The change
of surface and external voltage was mainly divided into two stages:
a slow increase (Stage I) followed by a sudden rise (Stage II), both
of which were related to the damage of the rock. Specifically, uni-
axial stress induced dipole realignment in polar quartz crystals,
generating piezoelectric polarization during elastic and plastic
deformation phases [35]. As quartz crystals were damaged, the
bound charges were converted into free charges, which were then
transferred to the rock surface. The quartz contents of SM, GS, FS,
and QS were 21.3%, 49.0%, 61.7% and 78.4%, respectively. At Stage
I, the surface voltage of the four sandstones was 0.0001-0.0137,
0.0001-0.0145, 0.0002-0.0217, and 0.0002-0.0819 V, respectively.
This change was positively correlated with the quartz content. In
addition, the uneven spread of primary pores and microfractures
in rocks led to a continuous increase in the number of defect struc-
tures. Significant deformation induced crack propagation, breaking
numerous atomic and molecular chemical bonds [36]. This process
generates dangling bonds that produce new static or free charges.
The deformation and damage of the microstructure thus contribute
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to a gradual increase in the surface and external voltage of the rock.
Yet, the voltage changes in Stage I were not linear but fluctuating,
possibly owing to the undirected flow of internal free charges.
Charge accumulation and release occurred concurrently, hindering
the maintenance of high free charge density in a localized crack
region. During complete rock failure, marked by a rapid load drop,
transient surges emerge in both surface and external potentials,
exhibiting significant voltage peaks. These surges reflect massive
charge liberation during tensile fracture, followed by its transport
to rock surfaces and subsequent discharge into the surrounding
gas. During Stage II, the sandstone underwent a main fracture,
causing a spike in surface and external voltages, followed by a
sharp decline. The intergranular and transgranular fracture of
quartz crystals released a substantial amount of bound charge. Free
charges previously concentrated at crack tips were instantaneously
released. Besides, the propagation rate of microcracks between
mineral grains and their cementing materials accelerates, leading
to the formation of macroscopic fractures. Free charges generated
by crack propagation were thereby transferred from the crack sur-
faces or tips to the specimen surface and the external gas. The peak
surface voltages of the SM, FS, GS, and QS specimens were 0.075,
0.175, 0.104, and 0.874 V, respectively. Additionally, the peak
external voltages of four sandstones were 0.024, 0.043, 0.031,
and 0.144 V. The charge generation and release capacity of the FS
and QS specimens exceeded that of the SM and GS specimens.
The surface and external voltage of sandstones exhibited similar
phase changes under uniaxial compression, as depicted in Fig. 6.
The change trend of surface voltage during the uniaxial compres-
sion was more significant than that of tensile fracture. Notably, a
clear rising trend was observed in the surface voltages of QS-1
and FS-2 specimens during the plastic deformation stage. During
Stage I, the surface voltages of the SM, GS, FS, and QS specimens
ranged from 0.0001 to 0.02126, 0.0001-0.0243, 0.0002-0.0956,

0.20

FS-2-sur FS-2-ext
0.18 4
0.03
0.16 4
0.14 4 z
i 002 Stage | Stage 11
0.124 =
0104 £
= 001
0.08 4
I R |
0.06 I I
0.00 "
0.04 4 0 H 10 15 20 25 30 35 40
7 Time (s)
0.02 4 |
0.00 5
T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45
Time (s)
QS-2-sur QS-2-ext
0.8 4 0.10
0.08 4
0.6 Stage | Stage 11
;U(J()-
044 5004
0.02 4
024
0.00
0 7 20 40 Time (5) 60 80
0.0 4
T T T T 1
0 20 40 60 80 100
Time (s)

Fig. 5. Surface and external voltage of sandstones under the BST experiment.
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and 0.0003-0.1174 V, respectively. The surface voltages of FS and
QS samples were 4-5 times higher than those of SM and GS sam-
ples. At Stage II, the peak surface voltages of the SM, GS, FS, and
QS specimens were 0.236, 0.52, 2.028, and 4.223 V, respectively.
This trend is similar to that of the disc sandstones. Moreover, the
external voltages of the four sandstones were 0.081, 0.224, 0.8,
and 1.275 V. The larger the peak surface voltage of the rock sam-
ples, the larger the peak external voltage. Fig. 7 shows a strong cor-
relation between the surface voltage and external voltage with a
correlation coefficient of 0.9664. This demonstrates that bound
charges accumulated on rock surfaces overcome the surface poten-
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Fig. 7. Connection between surface voltage and external voltage of sandstones.
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tial barrier under electric fields and escape to the surrounding gas
environment, thus establishing an external potential difference.
Furthermore, this indicates a significant portion of free charge
remains trapped on the rock surface, requiring a higher energy
for escape into the surrounding gaseous environment.

The surface voltages of sandstone under uniaxial compression
were significantly higher than those during tensile fracture at
Stages I and II. Specifically, peak surface voltages in cylindrical
specimens were 4-12 times higher than in disk specimens. Given
that the tensile strength of sandstones was significantly lower than
their compressive strength (Table 1), the plastic deformation and
fracture are more intense under the UCT compared to the BST.
Longer loading periods in sandstone promote the nucleation and
propagation of dislocations and cleavages between mineral parti-
cles, which in turn enhance free charge generation and accumula-
tion. Notably, external electrons were detected earlier in disk
samples at Stage I, and their external voltage signal exhibited
greater amplitude than in cylinder samples. This is attributed to
the copper sheet effectively capturing the escaped electrons from
the crack, facilitated by the single propagation path in the disk
samples. Conversely, the crack distribution in compressed cylindri-
cal specimens is more complex during plastic deformation, poten-
tially resulting in a lack of crack development in the area where the
copper sheet is positioned. However, the amount of free charge
released during compressive fracture substantially exceeds that
released during tensile fracture. As a result, the cylinder specimen
exhibited 3-9 times higher peak external voltage than the disk
specimen during Stage II. This difference arises from the formation
of multiple cracks during failure, as further analyzed in Section 4.1.

3.2. Luminous emission and ignition properties of sandstone fractures

The interaction between free electrons released by rock fracture
and ambient gas molecules triggers the luminous emission [37].
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Luminescence by rock fracture is a transient event with a slight
luminous intensity. Hence, luminescence is most readily observed
in dark conditions. An opaque black curtain was utilized to wrap
the entire explosion chamber to eliminate external light interfer-
ence. Additionally, pre-experiments revealed that the collision of
fractured rock with the metal box could generate splattered iron
oxide fragments. To mitigate this potential interference, insulating
glue was applied to the box walls.

Distinct variations in luminous emission were observed among
different sandstone lithologies during tensile failure. Luminous
emission coincided with the coalescence of tensile cracks in disc
specimens, leading to complete failure. However, neither high-
speed camera nor photodetection captured visible light during
the tensile failure of SM and GS disks. This absence may be attrib-
uted to their low tensile strength, where rapid fracture kinetics
preclude sufficient charge accumulation and release. The probabil-
ity of luminescence for the FS and QS discs was 50% and 75%,
respectively, owing to the inhomogeneity of the specimens. Fig. 8
exhibits representative luminous emission for FS and QS disks. It
can be seen that the light was emitted along the cracks along the
center of the disk. This observation indicates a correlation between
luminous emission and crack initiation and propagation. In addi-
tion, the peak luminous emission intensity, converted to electrical
signals, ranged from 0.247 to 0.726 V, with a duration of approxi-
mately 0.5 ms. The more pronounced luminous emission observed
in quartz sandstone may be attributed to an enhanced piezoelec-
tric effect.

Fig. 9 exhibits typical luminous emissions of the SM, GS, FS, and
QS cylindrical specimens in UCT experiments, and the frequency of
their luminous emissions is 25%, 25%, 75%, and 100% in the four
repeated experiments. Similar to the disk specimens, spark propa-
gation in the cylindrical specimens extended from internal defect
surfaces to the rock surface. This observation reinforces the conclu-
sion that luminous emission originates from the rock fracture sur-
face, distinct from the metal indenter and chamber. Furthermore,
the location and color of the sparks differed significantly from
those of iron oxide fragments, which exhibit a bright yellow color
owing to high-temperature oxidation of iron. In contrast, the
sparks from rock fracture displayed yellow and orange hues,
related to the surrounding gaseous media [38]. Weak luminous
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emissions were observed in the plastic deformation in the UCT
experiments when microcrack coalescence into localized fracture
surfaces, especially in SM specimens. Nevertheless, the obvious
luminous emission mainly occurred in the complete failure of
sandstones. The peak luminous intensity of the SM, FS, GS, and
QS samples was 0.47, 1.154, 0.754, and 2.256 V, respectively, with
corresponding durations of 2.5, 10, 1.5, and 7.5 ms. The intensity
and duration of the luminescence of the FS and QS specimens were
significantly higher than that of the SM and GS specimens. Addi-
tionally, luminous emission from the sandstones by compression
fracture was stronger than that from the tensile fracture speci-
mens, as shown in Figs. 8 and 9. This tendency is consistent with
the fluctuation of electrical signals observed in sandstones in Figs. 5
and 6. This increased luminous emission intensity during compres-
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sion fracture is likely owing to the enhanced charge release within
rocks. Fig. 10 illustrates the linear relationship between the lumi-
nous emission intensity and the peak surface and external voltage,
with a relative coefficient of 0.9695 and 0.9429, respectively. This
finding further confirms that free electron motion is the source
of the luminous emission.

Variations in discharge and luminescence intensity are influ-
enced by the physical and mechanical properties of the rocks.
While compressively fractured FS and QS specimens triggered
gas explosions, tensile fractured specimens failed to ignite the
methane/air premixed gas. However, gas explosion flames gener-
ated light signals exceeding photodetector ranges, precluding
quantitative comparison.

Figs. 11 and 12 depict the temporal development of a gas explo-
sion caused by FS and QS specimens during the compression frac-
ture, respectively. The initial flame core of the gas explosion
originated at the rock crack surface or tip, as shown in Figs. 11b
and 12b, spatially coinciding with the observed luminous emission.
This finding confirms that the ignition source was neither iron
oxide fragments nor high-temperature rock particles, but rather
discharge sparks at the gas-rock interface [39]. Following ignition,
the flame, centered on the sandstone specimen, propagated out-
ward in a near-spherical pattern within 50 ms. The flame color
transitioned from an initial blue-purple to orange-yellow, accom-
panied by an acceleration in propagation speed. This evolution sig-
nifies the generation of abundant reactive radicals, an accelerated
chain reaction rate, and a transition from laminar to turbulent
combustion. Subsequently, the flame front became distorted and
curled, particularly upon encountering the rough box wall. The
gas explosion intensity peaked at 200 ms, as evidenced in
Figs. 11f and 12f. Ultimately, the explosion shock wave expelled
the rubber piston to depressurize the chamber, leading to flame
extinction upon fuel depletion. In addition, quartz sandstone
exhibited a slightly higher initial ignitability than fine sandstone.
This conclusion is supported by the easier formation of the critical
orange flame kernel observed in Fig. 12b.

4. Discussion

4.1. Ignition mechanism of methane/air premixed gas by discharge and
ionization during sandstone fracturing

Rock deformation and fracture under stress may sequentially
induce the generation and release of free charges, leading to lumi-
nescence and gas explosion as evidenced in Sections 3.1 and 3.2.
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Consequently, gas explosions triggered by a rock compression frac-
ture are closely related to the motion of these free electrons.

The microstructural deformation, damage, and fracture occur
within the rock under loading. Free charges are generated and
accumulate due to piezoelectric effects, crack propagation, and
friction of sandstones. This explains the gradual increase in surface
voltage observed in Figs. 4 and 5 during the plastic deformation
stage. When the applied stress exceeds the yield strength, the
sandstone undergoes compressive or tensile fracture. This fracture
releases high-density free electrons previously trapped within lat-
tice defects, causing abrupt increases in external voltage. Never-
theless, the external voltage ascent lags behind the surface
voltage increase, and its peak is consistently lower. This suggests
that free charges concentrated at fracture tips require sufficient
energy to overcome the surface potential barrier and escape the
rock, resulting in discharge. High-energy electrons escaping the
rock surface then ionize the surrounding gas molecules, generating
luminescence. However, a sustained ionization of a methane and
oxygen mixture is necessary to initiate a gas explosion.

Sandstones exhibit variable capacities for generation, accumu-
lation, and discharge of free charges owing to differences in min-
eral composition and microstructure. Taking compressed fracture
specimens as an example, the average, cumulative, and peak sur-
face voltages are positively correlated with quartz content, as
demonstrated in Fig. 13. A similar quartz-dependent relationship
was observed for external voltage. Hence, the piezoelectric effect
of quartz critically governs charge generation and discharge phases
within the sandstones. Before macroscopic fracture of the sand-
stone, localized fracture of quartz crystals releases free charges to
the rock surface and surrounding gas, inducing electrical signal
fluctuations. Moreover, compression induces polarization of bound
charges within the quartz crystal lattice, generating an internal
piezoelectric field. This field facilitates the accumulation of abun-
dant free charges, resulting in a high-intensity voltage that enables
the escape of high-energy electrons.

The nascent fracture surface of sandstones constitutes a critical
region for charge accumulation. As evidenced in Fig. 14, cylindrical
specimens fractured under compression exhibit a greater number
and width of shear and tensile fractures compared to disk speci-
mens in the BST. These propagating cracks interconnect, forming
a complex network that facilitates the accumulation and release
of free charges. This enhanced fracture complexity is a primary fac-
tor explaining the substantially higher electrical signals observed
in compression-fractured specimens relative to tensile-fractured
specimens. The pore and microfracture distributions on fracture
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Fig. 10. Connection between luminous emission intensity and the surface and external voltage of rock fracture.
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Fig. 11. Gas explosion resulted from fine sandstones during the compression fracture.

(d) At 100 ms

(b) Ignition

(e) At 150 ms

(£) At 200 ms

Fig. 12. Gas explosion resulted from quartz sandstones during the compression fracture.

surfaces of compression-fractured sandstones before and after
being loaded were compared, as shown in Fig. 15. In addition,
the contour roughness of fracture surfaces of cylindrical specimens
reflects their capacity for triboelectric charging at microscopic
defect dislocations, as shown in Fig. 16. The densely distributed
primary fractures of sandy mudstone accumulate significant free
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charges. The dislocation and friction within these pre-existing frac-
tures drive charge movement, partially explaining surface voltage
increase during initial uniaxial compression. The interconnection
of fractures following fracturing can facilitate charge aggregation
and release along fracture surfaces. Conversely, gritstone exhibits
tightly interlocked mineral grains with limited microstructural
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defects. Surface asperities drive intergranular friction and extru-
sion, generating electrical signals during the deformation and frac-
ture (Fig. 16c). Fig. 15b and d show that fine and quartz sandstone
exhibit homogeneous textures with relatively smooth surfaces,
widespread quartz grain distribution, and discrete primary pores.
New fractures and pores proliferate while primary pores become
interconnected, which enhances free charge generation and
accumulation.

Fig. 17a shows a superposed electric field resulting from the
piezoelectric effect of fractured quartz crystals, fracture tip effects,
and frictional charging at defect dislocations. The strong electric
field formed at the crack tip propels high-density free charges from
the rock surface into the gas environment (Fig. 17b). These acceler-
ated electrons collide with surrounding gas molecules, leading to
luminous emission via high-energy electron bombardment and
the excitation and ionization of gas molecules. Specifically, suffi-
ciently energetic escaping electrons collide with gas molecules,
forming positive ions and secondary electrons. These liberated
electrons subsequently collide with additional gas molecules,
inducing further ionization. This chain reaction produces exponen-
tial growth in free electron density—the electron avalanche effect
(Fig. 17¢). Given that the ionization energies of atmospheric con-
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stituents are 15.6 eV for nitrogen and 12.2 eV for oxygen, while
all four C—H bonds in CH4 exhibit ionization energies below
4.6 eV [21]. Thus, the high-energy electrons from rock fracturing
can readily ionize ambient methane and oxygen molecules. While
luminous emission signifies localized gas ionization, sustained ion-
ization of methane and oxygen is a prerequisite for gas explosion
initiation. This process generates abundant free radicals that prop-
agate branching chain reactions. Concurrently, localized exother-
mic reactions preheat the surrounding premixed gas. Rapid
thermal expansion of heated gaseous mixtures accelerates ioniza-
tion through energy transfer. Compressing fractured sandstone can
induce light emission. However, the ionization of nitrogen mole-
cules and fracture produce rock dust, which lowers the likelihood
of free radical collisions and ultimately results in free radical anni-
hilation and chain termination. The above experiments have
revealed that fractures in quartz-rich sandstones (>61%) generate
strong electric fields along crack interfaces, enabling sustained
excitation of high-energy electrons. These electrons ionize air
within fracture gaps, releasing heat. Continued ionization expands
the reaction zone to form a critical flame kernel. Radical chain reac-
tions then initiate self-accelerating branched chain reactions, cul-
minating in a gas explosion, as shown in Fig. 17d. Overall,
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Fig. 16. Three-dimensional morphology of sandstone fracture surfaces.

electrical ignition of rock fracture follows a charge generation-
discharge-ionization causative chain. However, other luminescent
specimens failed to form a sustained ionization, resulting in the
degeneration of flame kernels owing to insufficient discharge
energy and duration [40].

4.2. Ignition analysis of a gas explosion in Xieqiao coal mine

On March 8, 2024, a small-scale gas explosion occurred in the
upper corner of the 2131(3) working face at the Xieqiao coal mine.
Subsequently, a major gas explosion erupted while building the
stopping walls in the intake and return airway. This accident
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resulted in 9 fatalities, destroying stopping walls, mine cars, and
gas extraction pipelines within the roadways, as shown in Fig. 18.

4.2.1. Overview of the gas explosion

The Xieqiao coal mine presented several inherent risks, includ-
ing coal and gas outbursts, spontaneous combustion of mined coal
seams, and coal dust explosions. The 2131(3) working face was
located in the third stage of the second level mining area. The adja-
cent 2111(3) and 2121(3) coal faces have been mined out. A coal
pillar with 5 m thickness between the 2131(3) and 2121(3) work-
ing faces was retained. There was a strike length of 3008 m and an
inclined length of 242 m in 2131(3) working faces. The average
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mining height was 6.5 m, and the average inclination angle of the
coal seam was 13°.

The 2131(3) working face was formally mined on February 1,
2024, achieving advance rates of approximately 4.0-4.8 m/d. A
fault with a 2.2 m drop was encountered in the working face on
March 6. On March 8, the initial gas explosion occurred in the
upper corner in a goaf, as shown in Fig. 19. The explosion destroyed
the filling wall from its interior face outward. Notably, no smoke,
open flames, or abnormal phenomena were observed in either
the upper corner or return airway before the incident. On March
9, a flame was observed near #60 hydraulic support as a coal cutter
cut through the sandy mudstone within the fault. On March 10, a
distinct tar odor and visible smoke were detected near #70-94
hydraulic supports. A severe gas explosion occurred when con-
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structing stopping walls in the return and intake roadways on
March 11.

4.2.2. Ignition source analysis

Fig. 20 shows that methane concentrations in the goaf persis-
tently range between 8%-15%. The methane originated primarily
from faults and adjacent goafs. Oxygen levels maintained above
12% owing to air leakage in the goaf, resulting in a methane-air
mixture consistently within the explosive range.

The initial gas explosion on March 8 originated in the upper cor-
ner of the goaf, but the ignition source remained unidentified. The
remaining ignition source subsequently triggered a catastrophic
explosion during sealing operations. Therefore, identifying the ini-
tial ignition source is of paramount importance for future preven-
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Fig. 20. Change in gas concentration in the goaf.

tion efforts. There was no filling of polymer material, no blasting
operations and no chipping of anchors or anchor rods in the goaf.
Therefore, potential ignition sources include spontaneous coal
combustion, friction sparks between the coal cutter and rock, and
electrical ignition resulting from roof rock fracture.

(1) Coal spontaneous combustion

There were no signs of spontaneous coal combustion in 2131(3)
and 2121(3) goafs and a coal pillar. First, the 40-d interval between
coal seam extraction and the explosion was less than the minimum
54-d autoignition period. Second, CO concentrations in the goaf
remained below 20 ppm before March 8 (Fig. 20). In addition, no
spontaneous combustion marker gases (C,H4, CoH) were detected
by gob sensors or at return airway and coal pillar observation
points. The post-ignition surge in CO levels likely resulted from
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hydrocarbon combustion rather than coal self-heating. Subsequent
gas combustion initiated localized oxidation/pyrolysis of support-
proximate coal bodies, producing transient smoke emissions and
pyrolytic tar odors.

(2) Friction sparks between the coal cutter and the rocks

Frictional sparks between picks and hard coal or gangue were
considered. However, Fig. 19 shows that on March 8, the shearer
was operating at #127-137 supports, approximately 7 m from
the explosion site in the goaf and 65 m from the underlying fault
zone. During the initial gas explosion, the coal cutter was cutting
through soft coal without contacting gangue in the fault zone.
Moreover, the separation between the fault zone and the explosion
site would have limited flame propagation. Third, video monitoring
revealed localized frictional sparks only during the coal cutter con-
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tacting the sandy mudstone in the fault. Continuous high-pressure
water cooling of the coal cutter and supports effectively sup-
pressed ignition, as shown in Fig. 21. Neither video evidence nor
operator reports indicated flame propagation from support fronts
to rears or into the goaf area. Thus, friction sparks are unlikely to
have been the ignition source.

(3) Electrical ignition of the roof rock fracture

The roof rock samples and mine pressure data were collected
on-site, and fracturing experiments were conducted in a
methane/air premixed gas condition. The comprehensive analysis
concluded that the initial ignition source in the goaf is strongly
linked to electrical discharge associated with roof rock failure
under loading.

Fig. 22 shows that the initial explosion coincided with periodic
roof weighting. The resistance of #35 and #140 supports near the
upper corner reached 29.7 and 29.0 MPa, increased by 19.3% and
12.4%, respectively. This indicates continuous stress concentration
and pressure on the working face.

At the 2131(3) working face, the immediate roof consists of a
1.8 m thick layer of sandy mudstone, while the main roof is com-
posed of a 4.8 m thick layer of fine sandstone. XRD analysis shows
that these strata contain 21.3% and 61.7% quartz, respectively.
Notably, the compressive and tensile strengths of the fine sand-
stone are 3.58 and 2.10 times higher than those of the sandy mud-
stone, respectively. This enhanced mechanical property correlates
with superior discharge capacity during both tensile and compres-
sive failure, as demonstrated in Figs. 8 and 9. The thin immediate
roof exhibited low load-bearing capacity and poor free charge
accumulation. In contrast, the fine sandstone main roof served as
the principal load-bearing stratum. Small-scale fracturing experi-
ments confirmed the capacity for discharge ignition of fine sand-
stone during failure in methane/air premixed gas, as shown in
Fig. 11. When the 4.8 m thick stratum fractures, crack propagation
predictably intensifies compared to laboratory specimens. The pre-
vious study indicates that the electrical signal from loaded rocks
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has the scale effect—the larger the scale of the rock stratum, the
higher the order of electrical signal magnitude [41]. The piezoelec-
tric and triboelectric effects continuously generate free charges at
the crack tips of rock strata, creating high-field-strength zones.
The subsequent escape of high-energy electrons into the
methane-air mixture then initiates gas ignition through molecular
dissociation, as depicted in Fig. 23. While the subsequent explosion
is related to the initial explosion, its ignition mechanism remains
undetermined. Notably, repeated roof fractures induced by the
mining disturbance and explosive shockwave may result in a re-
electric ignition. The complexity of such secondary gas explosions
warrants further dedicated investigation.

Hydraulic fracturing presents a promising method for weaken-
ing these quartz-bearing strata, preventing large-scale fracture
concentration [42]. Injecting high-pressure water induces con-
trolled pre-fracturing, mitigating quartz crystal fracture and sup-
pressing rapid crack propagation during periodic roof weighting.
Moreover, water reduces rock resistivity, facilitating charge migra-
tion and dissipation, which effectively neutralizes piezoelectric
potential differences generated during fracturing [43].

To address the risk of gas accumulation, enhanced goaf gas drai-
nage efficiency can be achieved through cooperative drainage sys-
tems utilizing high- and low-level roadways coupled with
additional extraction pipelines on the return-air side [44]. Concur-
rently, intensified filling and sealing operations at working faces
and upper/lower gob corners are essential to mitigate air leakage
[45].

5. Conclusions

To investigate the correlation between gas explosions and rock
fracturing during periodic weighting in coal mines, a system was
established to simulate rock discharge ignition during loaded frac-
turing under methane/air premixed gas conditions. The study val-
idated the potential of loaded fracture-induced discharge in roof
rocks to ignite methane-air mixtures and elucidated the discharge

(b) High-pressure water cooling

Fig. 21. High-pressure water injection to suppress frictional sparks between picks and rocks.
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Fig. 23. Gas explosion triggered by the fractured sandstone discharge in the goaf.

ignition mechanism within sandstone fractures. This provides new
insights into non-thermal ignition in gas explosions in the goaf.
The main conclusions are as follows.

(1) A novel ignition source of gas explosions induced by
fracture-induced electrical discharge in roof rocks in goaf,
was proposed and verified. Experimental results show that
fine and quartz sandstones with quartz content exceeding
61% can ignite methane/air premixed gas at a concentration
of 9.5 vol%. The initial flame kernel of the explosion origi-
nates at macroscopic fracture surfaces, driven by a dis-
charge spark emanating from fracture tips.

(2) Luminous emission induced by discharge spark is generated
via localized gas ionization, a result of free electrons
released from fracture tips colliding with ambient gas mole-
cules. The luminescence intensity of rock fracturing serves
as an indirect indicator of its discharge ignition ability.
Luminescence intensity exhibits linear correlations with
surface voltages (R?><0.9695) and external voltages
(R?>=0.9429). This indicates that the accumulation and
release of electric charges on the rock surface is the basis
for electric ignition. Notably, compression-fractured speci-
mens exhibit more pronounced electrical signal response
and luminescence than tension-fractured samples, attribu-
table to enhanced macroscopic crack generation.

(3) A charge generation-discharge-ionization causative chain of
electrical ignition resulting from rock fracturing was
revealed. The deformation and fracture of sandstones gener-
ate a substantial amount of free charge owing to the piezo-
electric effect and crack propagation. The accumulation of
mobile charges at fracture tips generates intense electric
fields, facilitating the emission of high-energy electrons.
These emitted electrons subsequently ionize the premixed
gas molecules, initiating an electron avalanche that culmi-
nates in a gas explosion.

(4) The engineering applicability of rock fracture-induced elec-
trical ignition through field evidence analysis was validated.
In the Xieqiao coal mine, traditional thermal ignition
sources, such as coal spontaneous combustion and frictional
sparks, were excluded owing to the absence of indicator
gases and shearer activity. Critically, instantaneous stress
release triggered fractures in quartz-rich roof strata during
periodic weighting, temporally and spatially coinciding with
gas explosions. These findings establish fracture-induced
electrical ignition as a novel theoretical framework for
explaining such explosion phenomena.

Rock fracture-induced electrical ignition provides a mechanistic
explanation for sudden coal mine gas explosions. This insight may
also contribute to understanding the origins of fires following
earthquakes and to assessing the ignition risk associated with
underground hydrogen/natural gas storage in fractured surround-
ing rock. However, future research should conduct multi-scale
loaded rock discharge experiments across the methane concentra-
tion of 5%-16%. Furthermore, it is necessary to quantify the igni-
tion energy of discharge spark by rock fracturing using a high-
sensitivity optical-electrical monitoring instrumentation in the
laboratory and coal mine underground.
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