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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.

Keywords  Coal dynamic disaster · Early warning · AE and EMR · Quiet period · Precursor characteristics

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-
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 Vozoff (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 An and wave velocity gradient anomaly VG 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) 

proposed bursting strain energy index Wes, 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 ≤ Wes < 0.25, 0.25 ≤ Wes < 0.5, 
0.5 ≤ Wes < 0.75 and Wes ≥ 0.75, for no, low, moderate and 
high coal dynamic disaster risk, respectively). Dai et al. 
(2016) used apparent volume VA and apparent stress σA 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 Vindex are: 
0 ≤ Vindex < 0.25, 0.25 ≤ Vindex < 0.5, 0.5 ≤ Vindex < 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 
Fr, Dp, DF, DME, DAE, and Ds 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 

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 ϕ 
50 mm × 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, R5, 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 

Fig. 1   Sketch of the experiment system Fig. 2   Coal rock specimens
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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 
(oa), the original pores and fissures inside the coal sam-
ple are compacted and tend to close, leading to linearly and 

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. 

Fig. 3   Sensor and specimen layout

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 

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: 

Fig. 5   Evolution law of EMR response of coal and rock specimens under uniaxial loading
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(oa), (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 

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 km2. 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 9.5 × 106 , 2.1 × 108 , 2.2 × 106 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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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 > 103 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" 

Fig. 6   Temporal evolution of daily MS total energy prior to coal dynamic disaster accidents
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Fig. 7   Temporal-spatial evolu-
tion of MS sources prior to coal 
dynamic disaster accidents
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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.

where Sm 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 0 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 

(1)D =

S
m
− S

�

S
m

=
S

S
m
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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 

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 

Fig. 8   Temporal variation of AE pulse and energy prior to coal dynamic disaster accidents
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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:

where Ui represents the total energy input to the coal and 
rock specimen during the work of the external stress, Ui

d 
represents the energy consumed by the damage and defor-
mation of the coal and rock under the action of the external 
stress, Ud

i
= Ua

i
+ Ub

i
 . Ui

s represents the releasable strain 

(2)Ui = Ud
i
+ Us

i

energy stored in the coal and rock,Us
i
= Ue

i
+ U

f

i
 , as shown 

in Fig. 10.
As shown in Fig. 10, point B corresponds to the already 

dissipated energy of Ui
a, and the internally stored releas-

able strain energy of Ui
e. The change rate of damage param-

eters near point B is almost zero (Fig. 9), indicating that 
the releasable strain energy Ui

e 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 

(a) C1 coal specimen                         (b) R1 rock specimen
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Fig. 9   Damage parameter evolution of coal and rock specimens under uniaxial loading

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

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 

Fig. 11   Schematic diagram of AE and EMR induced by coal crack propagation (Qiu et al. 2022)

Fig. 12   Research result of Zhao et al. (2021)
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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.
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