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Abstract

Efficient and accurate monitoring and early warning of coal dynamic disaster and other disasters can provide guarantee for
the efficient operation of mine transportation system. However, the traditional threshold early warning method often fails
to warning some accidents. To address above issues, a new early warning method was proposed based on "quiet period"
phenomenon of AE and EMR during fracture. It is found that, a "quiet period" of AE and EMR was present before the load
reaches the peak stress, which could be used as one of the precursors to warn the imminent failure of coal and rock speci-
mens. MS and AE signals increased abnormally followed by the phenomenon of "quiet period" before the occurrence of
coal dynamic disaster on site, and the decrease of MS events in the "quiet period" is about 57%—-88% compared with that
in previous abnormal increase stage. During the damage evolution of coal and rock, "quiet period" phenomenon usually
occurred at 85%-90% of the peak stress, where the slope of damage parameter curve is almost zero. The "quiet period" of
the AE-EMR signals and the low change rate of damage parameter before failure provide a theoretical foundation for the coal
dynamic disaster warning based on the "quiet period" precursor found in MS-AE-EMR monitoring system. These findings
will help reduce the number of under-reported events and improve early warning accuracy.
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1 Introduction

In recent years, with the development of high-yield and effi-
cient mine construction and intensive production, the degree
of mining mechanization has been gradually improved, and
the coal transportation in the mine has realized the belt
and automation from the working face to the shaft bot-
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tom yard and the ground (Pan et al. 2021). However, due
to the restriction of mine dynamic disasters, the develop-
ment of mine transportation system is limited (Ding et al.
2019). It is mainly reflected in that the mines with mine
dynamic disasters often have large mine pressure and seri-
ous deformation. What's worse, after coal dynamic disasters,
the underground roadway will collapse in a large area and
destroy the mine transportation system, which is not con-
ducive to the improvement of the automation level of coal
mine transportation. Efficient and accurate monitoring and
early warning technology is the key to prevent and control
mine coal dynamic disaster and other disasters (Xie 2019),
and it is also the guarantee for the policy operation of mine
transportation system (Binay and Arun 2019).
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However, with the increase of the construction depth coal
mines, the encountered dynamic disturbance showed a sig-
nificant growth trend. Meanwhile, the structure and basic
mechanical response of rock mass and coal undergo fun-
damental changes, leading to continuously increased coal
dynamic disaster counts and intensities (Jiang et al. 2018).
By 2021, more than 140 rock burst coal mines in China, and
disasters occur from time to time. On February 22, 2020, a
rock burst accident occurred in Xinjulong coal mine in Shan-
dong Province, China, killing four miners. On October 11,
2021, a rock burst accident occurred in Hujiahe coal mine in
Shaanxi Province, China, killing four miners. On February
25,2022, a roof collapse accident occurred in Sanheshunxun
coal mine in Guizhou Province, China, killing fourteen min-
ers. The cause factors of coal dynamic disaster are com-
plicated and the early warning of hazards is challenging.
With the growing mine safety concern worldwide, the coal
dynamic disaster warning has become a hot research topic
in this field. Now the rapid developments have been made in
the field for the prevention and coal dynamic disaster control
around the world (Pan et al. 2015; Bai et al. 2022).

In terms of monitoring and early warning of rock burst,
the commonly used monitoring and early warning technolo-
gies mainly include the traditional drilling cuttings method
and the geophysical technology developed in recent years.
The latter includes early warning technology of micro-seis-
mic (MS) monitoring, the elastic wave CT test, underground
sound monitoring and acoustic emission (AE) monitoring,
as well as the monitoring and early warning technology of
electromagnetic radiation (EMR). Compared with drilling
cuttings method, geophysical technology method does not
need drilling test, and has the advantage of nondestructive
monitoring. In field application, MS monitoring technology
has the advantages of real-time, dynamic and continuous
monitoring, and EMR monitoring has the advantages of non-
contact, continuous monitoring and relatively simple layout.
Precursors found to early warn the coal dynamic disaster
occurrence have been explored in several studies. Two seis-
mic damage indices (cluster index and degradation index)
according to MS monitoring information aimed to identify
and quantify rock mass degradation were introduced by
Falmagne (2001). Frid and Vozoft (2005) reported that the
anomalously high EMR signals was detected before roof fall.
Song et al. (2017) concluded that when the EMR reaches a
certain intensity, it indicates that the strain and rupture of the
coal or rockmass is reaches the threshold and coal dynamic
disaster may occur at any time soon. Cao et al. (2015) used
tomography technology to analyze the coal dynamic disaster
risk region and proposed that high wave velocity anomaly
coefficient A, and wave velocity gradient anomaly V(; corre-
spond to high coal dynamic disaster risk. Feng et al. (2015)
proposed a MS method for the dynamic warning of coal
dynamic disaster development in tunnels. Cao et al. (2016)
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proposed bursting strain energy index W,, and it was further
used for short-term spatial-temporal early warning of coal
dynamic disaster. The temporal sequence curve indicates
that the levels of coal dynamic disaster risk can be quan-
titatively and rapidly analyzed in short time window using
the corresponding intervals (0 < W, <0.25,0.25 < W, <0.5,
0.5<W,<0.75 and W, >0.75, for no, low, moderate and
high coal dynamic disaster risk, respectively). Dai et al.
(2016) used apparent volume V, and apparent stress o, to
forecast rock mass deformation in hydropower station. They
concluded that a sharp increase in apparent stress associated
with a steady increase in apparent volume can be seen as a
precursor to rock mass deformation. Cai et al. (2018) con-
structed a multi-parameter warning model using MS multi-
dimensional warning indicators. The corresponding intervals
of coal dynamic disaster risk assessment index V4., are:
0 < Vindex <0.25, 0.25 <V, 4ex < 0.5, 0.5 <V, 4ex <0.75 and
Vindex = 0.75, for no, low, moderate and high coal dynamic
disaster risk, respectively. Qiu et al. (2020a, b) found the
coal low frequency EMR exhibited a sharp increase for a
period of time before the occurrence of dynamic appearance.
He et al. (2021) proposed early warning indicators such as
F,, Dy, Dg, Dy, D g, and D by mining a large amount of
MS and AE monitoring data, and achieved accurate early
warning of partial coal dynamic disaster by using criteria of
high critical values.

At present, the wide application of AE and EMR tech-
nology in coal mine have improved the timeliness of moni-
toring and early warning of coal rock dynamic disasters,
compared with the traditional drilling cuttings technology,
which was recognized by miners and technicians. How-
ever, the existing warning methods mainly warn through
high critical threshold approach. Some coal dynamic dis-
aster accidents are still failed to foresee using the current
warning criteria. Due to the complexity of coal and rock
failure, the corresponding relationship between EMR, AE
and coal rock damage is not very accurate, which leads to
the unclear precursor characteristics of dynamic disasters.
At present, in the application of AE and EMR technol-
ogy, the main work is to reveal the signals response law
before disasters such as rock burst, accurately identify
precursor information and make accurate prediction (Qiu
et al. 2020a, b): How to quickly and efficiently identify
the precursory signals of coal and rock damage and accu-
rately monitor and warn the dynamic disasters is the future
development trend of this technology. A large amount of
MS and EMR monitoring data in the field indicates a
phenomenon of "quiet period" before the occurrence of
coal dynamic disaster (Tan et al. 2015; Jiang et al. 2016).
Whether the "quiet period" can be used as effective precur-
sor for early warning of those missed coal dynamic dis-
aster accidents using existing criterion deserves in-depth
investigation.
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In order to accurately capture the precursory informa-
tion of coal and rock damage and improve the accuracy of
disaster monitoring and early warning, the characteristics
of the "quiet period" of the AE and EMR signal before the
failure of coal and rock specimens during uniaxial loading
explored firstly. Then, the MS and AE signals before the
occurrence of coal dynamic disaster in coal mines is studied.
Finally, the mechanism resulting in the signal "quiet period"
is explained. These research results are of great significance
to further improve the accuracy of coal dynamic disaster
warning. At the same time, it is conducive to ensure the
safety of mine transportation system and promote the devel-
opment of mine transportation automation and intelligence.

2 Experimental design and methods
2.1 Experimental system

The stress-AE-EMR experimental system is shown in Fig. 1.
The system consists of loading system (SANS microcom-
puter-controlled servo press), electromagnetic shielding sys-
tem, AE acquisition system (DS5-16C), and EMR acquisi-
tion system (CTA-1). The electromagnetic shielding system
has a comprehensive shielding effectiveness of more than
75 dB, which reduces the interference of stronger external
electromagnetic fields on the experimental signal. The AE
data acquisition system has 16 channels, which can collect
AE parameters in any time, the sensor response frequency
range is 50-400 kHz. EMR sensor adopts circular magnetic
field antenna, the receiving frequency range is 20 Hz to
2 MHz. The AE-EMR system includes preamplifier, filter
circuit, A/D conversion module, filter processing module
and computer. The amplification factor of AE preamplifier
is 20, 40 and 60 dB, and the amplification factor of EMR
amplifier is 80, 78, 76, 72 and 64 dB, respectively. Since
we mainly analyze the variation characteristics of AE and
EMR in this work, and we don't pay special attention to their
absolute values, obtaining significant signals is our goal. In
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Fig.1 Sketch of the experiment system

order to avoid that the signal is too strong beyond the range
of the acquisition instrument or too weak to analyze, after a
large number of tests, we find that the signals obtained are
the best. when the AE and EMR are in the amplification gear
of 40 and 64 dB, respectively. The outer skin of the connect-
ing wire of acoustic emission and electromagnetic radiation
is wrapped with a shielding layer to ensure that the sensors
will not affect each other.

2.2 Specimen preparation and experimental
methods

The sample is made of large coal and roof rock obtained
from the coal mine. By coring and grinding, coal and
rock are made into cylindrical specimens with a size of ¢
50 mm x 100 mm. The specimens were flat at both ends, and
the specimens that did not meet the dimensional require-
ments or had obvious fissures were excluded. It should be
noted that specimens are prepared parallel to bedding. After
the sample is prepared, it is placed in the drying room and
dried for more than 10 days. Five coal and five rock speci-
mens were selected for experiments, numbered C1, C2, C3,
C4, C5 and R1, R2, R3, R4, RS, respectively. Coal rock
specimens are shown in Fig. 2. The uniaxial compression
tests of coal and rock specimens were performed by stress-
controlled loading with loading rates of 10 N/s and 200 N/s,
respectively. The layout of sensor and specimen is shown in
Fig. 3. AE sensor was attached to the surface of the speci-
men, and EMR sensor was arranged 5 cm near specimen
parallel to the loading direction.

3 Experimental results

3.1 AE response characteristics before coal and rock
failure under load

Figure 4 shows the temporal evolution of accumulative AE
energy, accumulative AE pulses and stress during uniaxial

Coal specimen

Rock specimen

Fig.2 Coal rock specimens
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Fig.3 Sensor and specimen layout

loading of coal and rock specimens. The evolution of the
accumulative AE energy and pulses during the loading of
coal specimens can be divided into five stages: (oa), (ab),
(bc), (cd), and (de) (Fig. 4a, b). In the initial loading stage
(0a), the original pores and fissures inside the coal sam-
ple are compacted and tend to close, leading to linearly and
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slowly increase of AE pulses and energy. After the original
fractures are closed and the elastic deformation stage (ab)
is experienced; the AE activity decreased and the accumu-
lative AE energy and pulses were almost unchanged. With
the further increase of the load, new fractures inside the coal
sample start to develop (bc) and a large number of AE events
occur, showing a rapid growth trend of accumulative AE
energy and pulses. In the (cd) stage, AE showed an obvious
phenomenon of "quiet period" with unchanged accumulative
AE energy and pulses. In Fig. 4a, the length of stage (cd)
exceeds 50 s, which shows that during this period, there is
no obvious fracture in coal, and the crack propagation is
basically stagnant. The existence of stage (cd) indicates that
the internal damage accumulation of coal body has stagnated
and silent before the main fracture. Although AE pulses and
energy of the rock in Fig. 4c did not stagnate at this time, its
increasing speed decreased significantly. Compared with the
subsequent main fracture process, the silence phenomenon
is also obvious. The AE activity is intense at the final stage
(de), and the AE pulses and energy increase significantly.
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Fig.4 Evolution law of AE response of coal and rock specimens under uniaxial loading
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The accumulative AE energy and pulses in stage (de) grow
faster than that in stage (bc), which is closely related to
the load intensity. In stage (de), the microcracks starting
to expand, penetrate, and form macroscopic rupture until
the coal specimen is completely destroyed. The evolution of
the accumulative AE energy and pulses during the loading
of rock specimens is shown in Fig. 4c, d. Compared with
the results when loading coal specimens, there are only two
stages: (oa) and (ab). The AE events at (ab) stage are more
frequent and have greater amplitudes than that at (oa) stage.
Before the failure of rock specimen, it can be found that the
phenomenon of "quiet period" is also exhibited near point a,
and the AE energy and pulses are almost zero in this period.

The possible reason for the "quiet period" of AE is that
the energy stored inside the specimen is consumed during
the microcrack formation process, and the energy consump-
tion rate is larger than the energy accumulation rate inside
the coal and rock sample under the stress. When the inter-
nal residual energy is not enough to make the cracks con-
tinue to expand, the AE activity is weakened. As the load
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increases, the specimen starts to seek a new equilibrium and
the energy starts to accumulate, and when the accumulated
energy reaches a certain level, the microscopic cracks start
to expand and coalesce until collapse (Li et al. 2016). The
phenomenon of AE "quiet period" during uniaxial compres-
sion can be regarded as a precursor for coal and rock failures.

3.2 EMR response characteristics before coal
and rock failures under load

Frid et al. (2003) and Rabinovitch et al. (2017) concluded
that the oscillating dipole generated by the breakage of
chemical bonds at the crack tip is the source of EMR dur-
ing crack generation in coal and rock bodies. It is closely
related to the crack generation and expansion. Figure 5
shows the evolution law of accumulative EMR energy,
accumulative EMR pulses, and stress during uniaxial com-
pression of coal and rock specimens. The evolution of the
accumulative AE energy and pulses during the loading of
coal and rock specimens can be divided into five stages:
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Fig.5 Evolution law of EMR response of coal and rock specimens under uniaxial loading
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(0a), (ab), (bc), (cd), and (de). It can be seen from the fig-
ure that the EMR signals are generated at the initial load-
ing stage of the coal and rock specimen, mainly generated
by the crushing closure of the original pores and cracks
inside the coal and rock at the loading stage. Accumulative
EMR energy and pulses show a linear growth trend (oa).
After the original pores and cracks closed, it entered the
elastic deformation stage (ab); the EMR signal decreases
and the accumulative EMR energy and pulses are almost
unchanged. Subsequently, with the increase of load, new
internal microcracks are presented randomly (bc) and the
EMR signal is generated intermittently. After the initial
formation of microcracks, the energy stored inside the coal
and rock specimen is partially consumed, and the energy
consumption rate is larger than the energy accumulation
rate under load. The energy stored inside the coal and rock
specimen is not enough to make the crack expand. The
EMR signal appears as a "quiet period" phenomenon at
stage (cd), with the accumulative EMR energy and pulses
remain unchanged. Similar to the phenomenon of AE, in
the "quiet period" coal basically does not produce EMR
signal, and the stage (cd) of coal is much longer than that
of rock. As the load increases, the specimen starts to seek
a new equilibrium and the energy starts to accumulate, and
when the accumulated energy reaches a certain level, the
new equilibrium is broken and the cracks start to expand
and coalesce, producing new crack tips and increasing the
EMR activity. Due to the difference in load intensity, the
accumulative EMR energy and pulses in stage (de) grows
faster than stage (bc).

Generally speaking, during loading, the numbers of AE
and EMR signals show a good positive correlation with the
stress, but more accurate observation shows that they are not
synchronized, especially in stage (cd). Although the stress
still increases linearly, coal hardly produces EMR and AE
signals, and the signals produced by rock are also less. This
shows that the "quiet period" phenomenon exists objectively.
After stage (cd), coal and rock will be destroyed soon. The
releasable strain energy stored inside coal and rock during the
"quiet period" is not enough to extend the existing cracks, but
can accumulate energy for the main fracture. Therefore, the
"quiet period" phenomenon of stage (cd) can be regarded as
the precursor of coal and rock destruction, and this precursor
is very obvious and easy to capture and analyze.

4 MS-AE temporal variation before coal
dynamic disaster

With the aim of exploring whether there is a "quiet period"

before the larger-scale fractures of coal and rock mass in the
field as those found during uniaxial tests, further researches

@ Springer

have been carried out in a case study mine—Wudong coal
mine.

Wudong coal mine is located in the northeast of Xinji-
ang Autonomous Region, China. The East—West length of
the mine field is 10.8 km, the North—South width is 0.7 to
2.7 km, and the mine field area is 20.28 km?. The proven
amount of coal resources in the mine field is 1.28 billion
tons, and the design production capacity is 6.0 Mt/a.

Badaowan syncline and Qidaowan anticline exist within
the mine field of Wudong Coal Mine. The north mining
area of Wudong Coal Mine is located in the north wing
of Badaowan syncline. The coal bearing system is Juras-
sic sandstone, mudstone and Quaternary loose sedimentary
layer. The stratum attitude of the mining area is 155° to 159°,
and the dip angle is 43° to 51°. The total thickness of coal
bearing stratum is 164.29 m, and the coal content coefficient
is 21.54%. The coal types are low metamorphic bituminous
coal, long flame coal, etc.

The coal seam structure in Wudong Coal Mine is simple.
The main coal seams in the north mining area of Wudong
Coal Mine are the No. 43 and the No. 45 coal seams. The
thickness of the two coal seams is 28 m and 21 m respec-
tively. The strike of the coal seam is 247°, the dip is 157°,
and the dip angle is 45°.

4.1 Evolutionary characteristics of MS signals

MS monitoring system mainly aims to detect large-scale
failures that generate low-frequency high-energy MS sig-
nals with a regional monitoring range about 4 km (Li et al.
2018). The Wudong mine is a typical coal dynamic disaster-
prone mine. Three severe coal dynamic disaster accidents
occurred in the +450 level of B3 + 6 coal seam on November
24,2016, February 1, 2017, and April 26, 2017 since min-
ing started. The energy value of these coal dynamic disaster
accidents is 9.5x 10°, 2.1x 10® , 2.2 x 10° J, respectively.
MS monitoring system is now used for coal dynamic disaster
risk monitoring and early warning.

The Fig. 6 shows the temporal evolution of daily MS total
energy during a month before the occurrence of the three
coal dynamic disaster accidents. Through the analysis of
MS waveform, the energy value contained in each event is
calculated and accumulated according to one day as a statis-
tical cycle. The daily MS total energy decreases significantly
before the occurrence of coal dynamic disaster, showing
a "quiet period” of MS activity, and the number of high-
energy MS events also decreased during this period. The
main reason of "quiet period” is that in the early stage, under
the action of high stress, the coal and rock in the stress con-
centration area ruptured to produce a large number of MS
events, and the elastic deformation energy accumulated in
the coal and rock was released in a large amount. Then, the
energy inside is not sufficient to destroy the new equilibrium,
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Fig. 6 Temporal evolution of daily MS total energy prior to coal dynamic disaster accidents

so the MS activities of the roof, floor and coal sample enter
the "quiet period", resulting in a decrease in the daily MS
total energy. During the "quiet period", the high stress still
acts on the coal and rock, and the inner energy starts to
accumulate. When the accumulated energy reaches the limi-
tation, the coal dynamic disaster is triggered by the external
dynamic disturbance. In response, the energy is suddenly
released and the daily MS total energy increases sharply.

The daily MS total energy before the coal dynamic dis-
aster also shows a "quiet period" phenomenon, which again
indicates that the phenomenon of "quiet period" can be one
of the precursors of coal and rock failure and coal dynamic
disaster.

The temporal-spatial evolution of the MS sources in
9 days before the occurrence of coal dynamic disaster is
shown in Fig. 7. The figures show the location of each MS
event on different dates. Two types of anomalies are shown
during this period: abnormal increase of MS events and

"quiet period". The MS events decreased significantly from 1
to 2 days before the occurrence of the "11-24", "2-1", "4-26"
coal dynamic disaster accidents, and the number of events
decrease 57.1%, 85.7% and 88.2% respectively compared
with the previous abnormal increase stage, showing the
phenomenon of "quiet period". Due to the release of a large
amount of elastic deformation energy accumulated in the
coal and rock mass during the abnormal increase stage, the
elastic deformation energy stored inside the coal and rock is
not enough to make the cracks expand, and it starts to accu-
mulate gradually under the action of high stress. On the day
of coal dynamic disaster, the MS events gather again, and the
high-energy events (energy > 10° J) increase significantly,
indicating that the energy stored inside the coal and rock
is enough to break the equilibrium at this time, causing the
internal cracks develop, expand and form macroscopic fail-
ure. Then, the energy is released instantaneously to induce
coal dynamic disaster. The phenomenon of "quiet period"
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on the temporal sequence of mine-scale MS events again is
line with the one found in previous analysis.

Figure 6 shows the time variation characteristics of
energy dissipation of coal and rock before rock burst, while
Fig. 7 shows the spatial distribution characteristics. Both
reveal the energy dissipation of coal and rock before rock
burst, and both of them show the phenomenon of "quiet
period".

4.2 Evolutionary characteristics of AE signals

The AE monitoring system is mainly used to monitor the
microcracking that generates high-frequency low-energy
AE signals, with a local monitoring range about 50 m.
The KJ623 AE monitoring system is now employed in the
Wudong coal mine for joint monitoring and early warning
of coal dynamic disaster risk. The temporal evolutions of
AE pulses and AE energy within 24 h before the occur-
rence of the "11-24", "2-1", and "4-26" coal dynamic dis-
aster accidents are shown in Fig. 8. A few hours before
coal dynamic disaster occurs, the number and energy of
AE pulses experience an abnormal increase followed by a
"quiet period" phenomenon, which lasts for several hours,
after which coal dynamic disaster occurs. The existence of
"quiet period" before coal dynamic disaster has two pos-
sibilities: (1) it indicates that the microcrack generation and
expansion activity inside the coal and rock is weakened, and
the input elastic deformation energy starts to accumulate at
this time under the action of surrounding stress, preparing
for the subsequent emergence of larger damage events; (2)
the microcrack starts to expand and coalesce, exceeding the
range of the frequency band monitored by the AE monitor-
ing system, and larger damage is about to occur. Overall, the
phenomenon of "quiet period" after the abnormal increase
of AE energy and pulse can be used as one of the precursors
for coal dynamic disaster early warning, supplementing with
MS precursors.

Response characteristics of AE and EMR signals during
the uniaxial compression of laboratory specimens and the
evolution law of MS and AE signals before the occurrence
of coal dynamic disasters show that the AE-EMR signals
before the failure of coal and rock and the occurrence of
coal dynamic disaster have a "quiet period" phenomenon.
Therefore, the "quiet period" phenomenon can be used as
one of the precursors for the imminent failure of coal and
rock specimens or the occurrence of coal dynamic disaster,
which can supplement the existing monitoring and warn-
ing methods, reduce the missing warning rate and improve
warning accuracy.

The phenomenon in the laboratory is the result of small-
scale coal and rock failure, and the phenomenon in the coal
mine site is the result of large-scale coal and rock failure.
Although the scale of the two is different, the mechanism

is the same. In the previous research on coal mine dynamic
disasters monitoring and early warning technology, it is gen-
erally carried out in this way. Liu and Wang (2018) stud-
ied the law of EMR signal generated in the process of coal
and rock failure in the laboratory, and applied it to the early
warning test of EMR signal generated by surrounding rock
of Hongtoushan copper mine. Li (2020) established a gas
bearing coal load failure experimental system, studied the
EMR characteristics of gas bearing hard coal under differ-
ent conditions, and applied it to the monitoring and early
warning of a mine.

The existing warning methods mainly warn through high
critical threshold approach, often fails to warning some acci-
dents which don’t lead a growth of AE or EMR. This method
proposed in our work will be able to identify these phenom-
ena and help reduce the number of under-reported events
and improve early warning accuracy. If there is a "quiet
period" in the continuous growth of AE or EMR signals,
disasters are likely to occur if factors such as man-made risk
relief activities can be eliminated. It should be noted that,
our method is not to give early warning of low value, but
to give early warning of calm period in growth period. The
mechanism of coal and rock dynamic disasters is particularly
complex, and more work is needed for more accurate early
warning.

5 Discussion

The above laboratory and field research results show that the
phenomenon of "quiet period" in the AE and EMR signals
occurs before the failure of coal and rock specimens or coal
dynamic disaster. Under high stress, coal and rock experi-
ence micro deformation, macro fracture and final failure,
and its internal damage experienced the failure process from
rheology to mutation. In this paper, the damage parameters
(abbreviated as D) proposed by Tang and Xu (1990) were
used to investigate the internal damage evolution of coal and
rock specimens and to reveal the causes of the "quiet period"
of AE and EMR signals under uniaxial compression. D was
calculated as follows.
!
D= M = i (1)
S Sm

where S, represents the initial cross-sectional area of the
specimen, S' represents the effective area, S represents the
area of the damaged cross-section. D ranges from O to 1,
D =0 means the specimen without any damage, D=1 cor-
responds to the complete damage of the specimen, which is
only a reference condition.

The evolution of damage parameters of coal and rock
specimens during uniaxial loading is shown in Fig. 9. The
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Fig.8 Temporal variation of AE pulse and energy prior to coal dynamic disaster accidents

damage parameters of coal and rock specimens in the OA
loading stage show an increasing trend related to the exist-
ence of original pores and fissures inside the coal and rock

@ Springer

specimens. The damage parameters in OA stage increase
when the original pores are closed under the action of
load and the effective bearing area S’ is reduced. After the
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Fig.9 Damage parameter evolution of coal and rock specimens under uniaxial loading

original pores and fissures are closed under the load, with
the further increase of the load, the coal and rock specimens
in AB stage are gradually compacted, the effective bearing
area S’ increases and the damage parameter decreases. The
change rate of damage parameters before and after the point
B (generally corresponding to 85%-90% of the peak load-
ing stress) is almost zero, indicating that the damage inside
the coal and rock does not continue to expand at this time.
The "quiet period" in the AE and EMR signals (Figs. 4, 5) is
consistent with the period where damage parameters remain-
ing unchanged during the tests. All of EMR, AE and MS
are generated in the process of coal and rock fracture. The
difference is that AE and MS are mechanical waves, which
is the coal and rock vibration caused by crack propagation
in the process of coal and rock fracture, while EMR is elec-
tromagnetic wave, which is excited by charge motion caused
by stress and crack propagation. Therefore, all of them are
related to damage, the energy accumulation and dissipation
of coal and rock. According to the principles of MS, AE,
and EMR signal generation, the constant damage parameters
before the peak stress can be the explanation for the "quiet
period" phenomenon in AE and EMR signals.

Xie et al. (2008) obtained the energy equation for the
deformation of the coal and rock under external stresss with
the assumption that there is no heat exchange with the sur-
rounding environment:

U=U'+U 2)

where U, represents the total energy input to the coal and
rock specimen during the work of the external stress, U
represents the energy consumed by the damage and defor-
mation of the coal and rock under the action of the external
stress, Ulf‘! = Ulf‘ + Uf’ . U represents the releasable strain

&

Fig. 10 Relationship between dissipated energy and releasable strain
energy of coal and rock under loading (Xie et al. 2008)

energy stored in the coal and rock,Ul?' = Uf + U{ , as shown
in Fig. 10.

As shown in Fig. 10, point B corresponds to the already
dissipated energy of U/, and the internally stored releas-
able strain energy of U;. The change rate of damage param-
eters near point B is almost zero (Fig. 9), indicating that
the releasable strain energy U/ stored inside the coal and
rock specimen is not enough to make the damage or the
original crack expansion occur. The crack generation and
expansion activities inside the coal and rock specimen are
weakened at this stage, resulting in a "quiet period" phenom-
enon of the AE-EMR signal. The evolution characteristics
of damage parameter and energy change in the coal and
rock further reveal the principle for the appearance of the
AE-EMR "quiet period". The zero-change rate of damage
parameter and the relationship between dissipation energy
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Fig. 11 Schematic diagram of AE and EMR induced by coal crack propagation (Qiu et al. 2022)

and releasable strain energy during uniaxial tests provide a
theoretical foundation for the "quiet period" in MS-AE-EMR
monitoring system as a precursor to predict coal dynamic
disaster. This new precursor can effectively supplement
the existing monitoring and warning methods to reduce the
missing events.

The generation of AE and EMR is related to the failure of
coal and rock. Principle diagram of AE and EMR induced
by crack propagation is shown in Fig. 11 (Qiu et al. 2022),
which shows that the generation of AE and EMR signals is
closely related to the process of coal and rock crack propaga-
tion. When coal and rock are in the process of energy accu-
mulation, the releasable strain energy stored inside coal and
rock is not enough to extend the existing cracks, which will
lead to the emergence of "quiet period". When the energy
accumulates to a certain level, the main fracture will occur,
and AE and EMR will increase significantly.

On the whole, the failure process of coal and rock under
load is a dynamic process of energy input, accumulation,
dissipation and release. The work done by external load
on coal and rock is partly stored in the material as elastic
energy and partly dissipated in the form of plastic property
and damage energy. Therefore, the loading failure process of
coal and rock is a dynamic balance process of energy accu-
mulation and dissipation. When the energy accumulation
exceeds the local bearing capacity, the coal and rock will be
damaged locally. The generation of damage releases part of
energy to the outside, reduces the elastic potential energy of
coal and rock itself, and enables it to bear more energy than
before. Therefore, after the local damage, AE and EMR tend
to be silent for a period of time, resulting in a "quiet period".
The appearance of "quiet period" is essentially caused by the
increase of energy storage capacity due to the release of part
of energy during local failure of coal and rock. When judg-
ing the silent period, firstly, before the trough, the energy
dissipation (such as MS or AE) must be at a high level to
determine that the coal and rock are in the state of deforma-
tion and failure. Secondly, compared with the average level
of energy dissipation before the trough, the lower the trough,
the more severe the instability and failure to occur.
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This conclusion has also been verified in another research.
For example, when Zhao et al. (2021) carried out a loading
test on granite, the similar result emerged. The test result
was shown in Fig. 12. The loading method in their work was
displacement control, and the loading rate was 0.002 mm/s.
Before rock failure, there was less AE signal near 400 s, and
a "quiet period" appeared.

6 Conclusions

In order to accurately capture the precursory information
of coal and rock damage, the characteristics of the "quiet
period" of the AE and EMR signal before the failure of coal
and rock specimens during uniaxial loading and variation
law of MS and AE signals before rock burst in coal mine
were explored, and the mechanism resulting in the signal
"quiet period" is explained. The main conclusions are as
follows.

(1) During uniaxial loading, there are differences of AE
and EMR at different stages. Before the failure, AE and
EMR signals show the phenomenon of "quiet period",
during which the specimen interior starts to accumulate
energy. The "quiet period" after the abnormal increase
of AE and EMR activities can be regarded as one of
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the precursors of the imminent failure of coal and rock
specimens.

(2) The phenomenon of "quiet period" after the abnormal
increase of the daily MS total energy, MS event count,
AE energy and AE pulses before the occurrence of
coal dynamic disaster can be regarded as one of the
precursor characteristics of coal dynamic disaster. The
decrease of MS counts in the "quiet period" is about
57%—88% compared with the anomalous increase stage.

(3) Damage evolution during uniaxial loading of coal and
rock specimens can be divided into four stages. For the
same sample, the "quiet period" in the AE and EMR
signals is consistent. The releasable strain energy stored
inside coal and rock during the "quiet period" is not
enough to extend the existing cracks, but can accumu-
late energy for the main fracture.

(4) The laboratory exploration of the "quiet period" dur-
ing the uniaxial tests provides a theoretical foundation
for coal mine dynamic disaster warning based on the
"quiet period" precursor of MS, AE and EMR, which
will effectively help coal mine reduce the number of
under-reported dynamic disaster accidents and ensure
the mine safety.

Acknowledgements This study was supported by Grants from the
National Natural Science Foundation of China (No. 52004016), the
Postdoctoral Research Foundation of China (No. 2021M700371), the
Major Science and Technology Innovation Project of Shandong Prov-
ince (No. 2019SDZY02), the Open Fund Project of Shaanxi Key Labo-
ratory of Prevention and Control Technology for Coal Mine Water Haz-
ard (No. 2021SKMSO05), Science and Technology Support Plan Project
of Guizhou Province (No. [2021]515). The authors are grateful to the
anonymous referees for their precious comments and suggestions.

Authors’ contribution SH carried out the experimental studies and pro-
cessed the data, MQ conducted the data analysis, LQ is the idea owner
and carried out the theoretical studies, DS and XZ conducted the field
test. All authors read and approved the final manuscript.

Declarations

Conflicts of Interest The authors declare that the data and materials are
effective, and there is no conflict of interests regarding the publication
of this paper. The funding is showed in the “Acknowledgements”, and
authors' contributions are as following, Shengquan He processes the
data and is funder of the project No. 2021M700371, Mengli Qin is
the co-researcher to conduct the data analysis, Liming Qiu is the idea
owner and the funder of the project No. 52004016, No. 2019SDZY02
and No. 2021SKMSO05, Dazhao Song is funder of the project No.
[2021]515, Xiufeng Zhang is the co-researcher to conduct the field
test.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes

were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Bai G, SuJ, Zhang ZG, Lan AC, Zhou XH, Gao F, Zhou JB (2022)
Effect of CO, injection on CH, desorption rate in poor perme-
ability coal seams: An experimental study. Energy 238:121674.
https://doi.org/10.1016/j.energy.2021.121674

Cai W, Dou LM, Zhang M, Cao WZ, Shi JQ, Feng LF (2018) A
fuzzy comprehensive evaluation methodology for rockburst
forecasting using microseismic monitoring. Tunn Undergr Sp
Tech 80:232-245. https://doi.org/10.1016/j.tust.2018.06.029

Cao AY, Dou LM, Cai W, Gong SY, Liu S, Jing GC (2015) Case
study of seismic hazard assessment in underground coal mining
using passive tomography. Int J Rock Mech Min Sci 78:1-9.
https://doi.org/10.1016/j.ijrmms.2015.05.001

Cao AY, Dou LM, Cai W, Gong SY, Liu S, Zhao YL (2016) Tomo-
graphic imaging of high seismic activities in underground island
longwall face. Arab J Geosci 9(3):232-242. https://doi.org/10.
1007/s12517-015-2087-x

Dai F, Li B, Xu NW, Fan YL, Zhang CQ (2016) Deformation fore-
casting and stability analysis of large-scale underground power-
house caverns from microseismic monitoring. Int J Rock Mech
Min Sci 86:269-281. https://doi.org/10.1016/j.ijrmms.2016.05.
001

Ding X, Xiao XC, Wu D (2019) Mechanical properties and charge sig-
nal characteristics in coal material failure under different loading
paths. Int J Coal Sci Technol 6:138-149. https://doi.org/10.1007/
s40789-019-0239-4

Falmagne V (2001) Quantification of rock mass degradation using
microseismic monitoring and applications for mine design.
Queen’s University, Kingston

Feng GL, Feng XT, Chen BR, Xiao YX, Yu'Y (2015) A microseismic
method for dynamic warning of rockburst development processes
in tunnels. Rock Mech Rock Eng 48:2061-2076. https://doi.org/
10.1007/s00603-014-0689-3

Frid V, Vozoff K (2005) Electromagnetic radiation induced by mining
rock failure. Int J Coal Geol 64:57-65. https://doi.org/10.1016/j.
c0al.2005.03.005

Frid V, Rabinovitch A, Bahat D (2003) Fracture induced electromag-
netic radiation. J Phys D 36:1620-1628. https://doi.org/10.1088/
0022-3727/36/13/330

He SQ, Song DZ, Mitri H, He XQ, Chen JQ, Li ZL, Xue YR, Chen T
(2021) Integrated rockburst early warning model based on fuzzy
comprehensive evaluation method. Int J Rock Mech Min Sci
142:104767. https://doi.org/10.1016/j.ijrmms.2021.104767

Jiang BY, Wang LG, Lu YL, Wang CQ, Ma D (2016) Combined early
warning method for rockburst in a deep island, fully mechanized
caving face. Arab J Geosci 9:731-743. https://doi.org/10.1007/
s12517-016-2776-0

Jiang F, Yang G, Wei Q, Wang C, Qu XC, Zhu S (2018) Study and
prospect on coal mine composite dynamic disaster real-time pre-
warning platform. J Chin Coal Soc 43:333-339. https://doi.org/
10.13225/j.cnki.jecs.2017.4152

Li JD (2020) Research on electromagnetic radiation monitoring and
identification of abnormal area in front of hard coal excavation.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.energy.2021.121674
https://doi.org/10.1016/j.tust.2018.06.029
https://doi.org/10.1016/j.ijrmms.2015.05.001
https://doi.org/10.1007/s12517-015-2087-x
https://doi.org/10.1007/s12517-015-2087-x
https://doi.org/10.1016/j.ijrmms.2016.05.001
https://doi.org/10.1016/j.ijrmms.2016.05.001
https://doi.org/10.1007/s40789-019-0239-4
https://doi.org/10.1007/s40789-019-0239-4
https://doi.org/10.1007/s00603-014-0689-3
https://doi.org/10.1007/s00603-014-0689-3
https://doi.org/10.1016/j.coal.2005.03.005
https://doi.org/10.1016/j.coal.2005.03.005
https://doi.org/10.1088/0022-3727/36/13/330
https://doi.org/10.1088/0022-3727/36/13/330
https://doi.org/10.1016/j.ijrmms.2021.104767
https://doi.org/10.1007/s12517-016-2776-0
https://doi.org/10.1007/s12517-016-2776-0
https://doi.org/10.13225/j.cnki.jccs.2017.4152
https://doi.org/10.13225/j.cnki.jccs.2017.4152

46 Page 14 of 14

S.Heetal.

China University of Mining and Technology. https://doi.org/10.
27623/d.cnki.gzkyu.2020.000067

Li XL, Wang EY, Li ZH, Liu ZT, Song DZ, Qiu LM (2016) Rockburst
monitoring by integrated microseismic and electromagnetic radia-
tion methods. Rock Mech Rock Eng 49:4393-4406. https://doi.
org/10.1007/s00603-016-1037-6

Li ZL, He XQ, Dou LM, Wang GF (2018) Rockburst occurrences
and microseismicity in a longwall panel experiencing frequent
rockbursts. Geosci J 22:623-639. https://doi.org/10.1007/
$12303-017-0076-7

Liu XF, Wang EY (2018) Study on characteristics of EMR signals
induced from fracture of rock samples and their application in
rockburst prediction in copper mine. J Geophys Eng 15:909-920.
https://doi.org/10.1088/1742-2140/aaa3ce

Pan JF, Qin ZH, Wang SW, Xia YX, Feng MH (2015) Preliminary
study on early warning method based on weight comprehen-
sive and different-load sources of coal bump. J China Coal Soc
40:2327-2335. https://doi.org/10.13225/j.cnki.jecs.2015.6012

Pan WD, Luo JY, Fan L, Li SC (2021) Slope stability of increasing
height and expanding capacity of south dumping site of Hesgoula
coal mine: a case study. Int J Coal Sci Technol 3:427-440. https://
doi.org/10.1007/s40789-020-00335-y

Qiu LM, Liu ZT, Wang EY, He XQ, Feng JJ, Li BL (2020a) Early-
warning of rock burst in coal mine by low-frequency electromag-
netic radiation. Eng Geol 279:105755. https://doi.org/10.1016/].
enggeo.2020.105755

Qiu LM, Song DZ, He XQ, Wang EY, Li ZL, Yin S, Wei MH, Liu Y
(2020b) Multifractal of electromagnetic waveform and spectrum
about coal rock samples subjected to uniaxial compression. Frac-
tals 28:2050061. https://doi.org/10.1142/S0218348X20500619

Qiu LM, Zhu Y, Song DZ, He XQ, Wang WX, Liu Y, Wei MH, Yin S,
Liu Q (2022) Study on the nonlinear characteristics of EMR and

@ Springer

AE during coal splitting tests. Minerals 12:108. https://doi.org/
10.3390/min12020108

Rabinovitch A, Frid V, Bahat D (2017) Directionality of electromag-
netic radiation from fractures. Int J Fracture 204:239-244. https://
doi.org/10.1007/s10704-016-0178-7

Samanta B, Samaddar AB (2019) Underground mining slurry trans-
portation viability. Int J Coal Sci Technol 6:430-437. https://doi.
org/10.1007/s40789-019-0257-2

Song DZ, Wang EY, Li ZH, Qiu LM, Xu ZY (2017) EMR: an effective
method for monitoring and warning of rockburst hazard. Geomech
Eng 12:53-69. https://doi.org/10.12989/gae.2017.12.1.053

Tan YL, Yin YC, Gu ST, Tian ZW (2015) Multi-index monitoring and
evaluation on rockburst in Yangcheng Mine. Shock Vib. https://
doi.org/10.1155/2015/624893

Tang CA, Xu XH (1990) Evolution and propagation of material defects
and kaiser effect function. J Seismol Res 13:203-213

Xie HP (2019) Research review of the state key research development
program of China: Deep rock mechanics and mining theory. J
Chin Coal Soc 44:1283-1305. https://doi.org/10.13225/j.cnki.
jces.2019.6038

Xie HP, Ju Y, Li LY, Peng RD (2008) Energy mechanism of deforma-
tion and failure of rock masses. Chin J Rock Mech Eng 27:1729-
1740. https://doi.org/10.3321/j.issn:1000-6915.2008.09.001

Zhao K, Liu YG, Zeng P, Wu WK, Wang JJ (2021) Study on the acous-
tic emission characteristics of granite in relative calm period based
on GBM model of particle flow code. Metal Mine 543:27-36.
https://doi.org/10.19614/j.cnki.jsks.202109004

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.27623/d.cnki.gzkyu.2020.000067
https://doi.org/10.27623/d.cnki.gzkyu.2020.000067
https://doi.org/10.1007/s00603-016-1037-6
https://doi.org/10.1007/s00603-016-1037-6
https://doi.org/10.1007/s12303-017-0076-7
https://doi.org/10.1007/s12303-017-0076-7
https://doi.org/10.1088/1742-2140/aaa3ce
https://doi.org/10.13225/j.cnki.jccs.2015.6012
https://doi.org/10.1007/s40789-020-00335-y
https://doi.org/10.1007/s40789-020-00335-y
https://doi.org/10.1016/j.enggeo.2020.105755
https://doi.org/10.1016/j.enggeo.2020.105755
https://doi.org/10.1142/S0218348X20500619
https://doi.org/10.3390/min12020108
https://doi.org/10.3390/min12020108
https://doi.org/10.1007/s10704-016-0178-7
https://doi.org/10.1007/s10704-016-0178-7
https://doi.org/10.1007/s40789-019-0257-2
https://doi.org/10.1007/s40789-019-0257-2
https://doi.org/10.12989/gae.2017.12.1.053
https://doi.org/10.1155/2015/624893
https://doi.org/10.1155/2015/624893
https://doi.org/10.13225/j.cnki.jccs.2019.6038
https://doi.org/10.13225/j.cnki.jccs.2019.6038
https://doi.org/10.3321/j.issn:1000-6915.2008.09.001
https://doi.org/10.19614/j.cnki.jsks.202109004

	Early warning of coal dynamic disaster by precursor of AE and EMR "quiet period"
	Abstract
	1 Introduction
	2 Experimental design and methods
	2.1 Experimental system
	2.2 Specimen preparation and experimental methods

	3 Experimental results
	3.1 AE response characteristics before coal and rock failure under load
	3.2 EMR response characteristics before coal and rock failures under load

	4 MS-AE temporal variation before coal dynamic disaster
	4.1 Evolutionary characteristics of MS signals
	4.2 Evolutionary characteristics of AE signals

	5 Discussion
	6 Conclusions
	Acknowledgements 
	References


