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Abstract
In order to study the mechanics, acoustic emission (AE) and electromagnetic emission (EME) response law of bursting 
liability coal at different loading rates, uniaxial compression tests were carried out on coal mass from Konggu Coal Mine. 
The corresponding relations among mechanical properties, AE and EME signals in the process of coal failure under loading 
were analyzed, and the energy evolution law of coal failure with bursting liability under loading rate was discussed. The 
results show that within a certain range of loading rate, the higher the loading rate, the higher the compressive strength and 
peak load of bursting liability coal, and the shorter the time for coal to reach the peak load. Under different loading rates, 
the mechanics, AE and EME signals of coal samples can be well corresponded. When the loading rate is low, the number of 
blocks destroyed of coal sample is large and the block size is relatively small, and the blocks are mainly scattered around the 
test platform. When the loading rate is high, the number of damaged blocks is relatively small and the block size is relatively 
large, and the blocks are far away from the test bench. When loading at a low rate, the internal cracks in coal  can be fully 
developed and connected, and the energy release rate is relatively uniform in the process of loading and failure of coal sam-
ple. In the case of high loading rate, the energy release rate of coal sample in the loading process is much smaller than that 
in the moment of failure. Combining the above test results with the actual situation of the working face, it can be concluded 
that the total energy stored in the coal of fast mining increases and the threshold of impact decreases compared with that of 
slow mining. Therefore, under the disturbance of external dynamic load, rapid mining is more likely to induce rock burst.

Keywords Loading rate · Burst tendency · The mechanics · AE and EME response · Block damage · Energy release rate · 
Mining speed · Rock burst

1 Introduction

The increase in the mining speed of the working face will 
lead to a larger roof subsidence per unit time, the effect of 
which is equivalent to the increase in the loading rate of the 
roof rock on the coal seam (Chen et al. 2009; Feng et al. 
2019; Liang et al. 2016). The change in the loading rate 
will have an impact on the mechanical properties of the coal 
seam, and also on the AE and EME signal released by the 

loading process of the coal seam (Mahmutoğlu 2005; Xue 
et al. 2016; He et al. 2022; Zhang et al. 2017).

At present, experts and scholars have carried out exten-
sive research on the properties of coal seam under different 
loading rates, and have obtained abundant results (Wang 
et al. 2009; Yin et al. 2010; Huang and Liu 2013; Sang et al. 
2013; Hudson et al.1971).

On a laboratory scale, Pan et al. (2013) explored the 
charge induction law under uniaxial compression at differ-
ent loading rates, and concluded that the maximum value 
of charge induction in coal mass occurs before the stress 
reaches its ultimate strength. Xiao et al. (2017) investi-
gated the effect of loading rate on the acoustic-charge of 
coal rupture process, and concluded that the change of 
acoustic-charge signal generated by the coal rock rupture 
process under different loading rates is in good agree-
ment with the stress mutation of the loaded coal rock. Li 
et al. (2015) studied the influence of loading rate on the 
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mechanical behavior of coal samples, and concluded that 
the strength of coal increased first and then decreased with 
the increase of loading rate. When the loading rate is lower 
than the critical loading rate, the coal sample strength 
increases with the increase of the loading rate. when the 
loading rate is higher than the critical loading rate, the 
strength decreases with the increase of the loading rate. 
Jiang et al. (2014) studied the influence of loading rate on 
energy accumulation and dissipation, and believed that 
the increase of loading rate would cause energy dissipa-
tion and accumulation to occur earlier, and the maximum 
elastic energy storage density had a positive exponential 
relationship with loading rate.

In terms of engineering site, Zhao et al. (2018) stud-
ied the energy accumulation and release of coal seam 
roof under the influence of working face mining speed, 
and believed that with the increase of loading rate, the 
accumulated energy of rock beam showed an exponential 
increase trend, and so did the energy release of roof. Liu 
et al. (2018) studied the effect of coal mine rock burst 
mining speed, and concluded that high speed and uneven 
speed mining were easy to induce rock burst through field 
cases. Xie et al. (2007) studied the influence of mining 
speed on mechanical characteristics of surrounding rock in 
fully mechanized caving face. It is concluded that the fail-
ure zone and displacement of coal and rock mass decrease 
with the increase of advancing velocity of working face, 
and the front abutment pressure peak position is close to 
the coal wall of working face. Wang et al. (2006) studied 
the influence of mining rate on surrounding rock stress 
environment, and concluded that with the increase of 
working face speed, the peak stress in front of the working 
face approached the working face, the deformation time of 
surrounding rock mass shortened, and the displacement of 
surrounding rock mass decreased.

The above scholars have either studied the charge 
induction pattern and mechanical behaviour of coal sam-
ples under different loading rates from a laboratory per-
spective, or explored the effect of recovery rate on the 
rock burst from an engineering site. But few have used 
the means of both together for the study of burst- tendency 
coal samples and to guide the prevention and control of 
rock burst.

To this end, this paper used laboratory experiments, 
theoretical analysis and field measurement to explore the 
acoustic, electrical and mechanical characteristics of burst-
ing liability coal samples under different loading rates, and 
explained the mechanism of the characteristics in the test. At 
the same time, based on the experimental results, this paper 
expounds the influence of different mining speed on rock 
burst, in order to provide experimental basis and theoretical 
basis for determining reasonable mining speed of rock burst.

2  Experimental design and methods

2.1  Sample preparation

The coal samples used in this experiment were taken from 
the raw coal at Konggou Coal Mine, which was identified 
by the appraisal agency as an burst tendency coal seam. 
The samples were processed according to the standards 
of the International Society of Rock Mechanics, and were 
made into cylinders of Φ50 × 100 mm by core drilling, 
cutting and grinding. Some coal samples with fissures 
were removed and those with good surfaces were selected 
for testing, and the formed samples are shown in Fig. 1. 
Three groups of representative coal samples were selected 
and named as Sample 1 to Sample 3. The basic physical 
parameters of each sample are shown in Table 1.

2.2  Experimental system

The loading system for this experiment uses the YAW-600 
microcomputer-controlled electro-hydraulic servo pressure 
tester, which has a load resolution of 3 N and a displace-
ment resolution of 0.3 μm. The acoustic and electrical data 
acquisition system uses a home-made high-speed data 
acquisition system, which has 12 channels, a maximum 
acquisition frequency of 10 MHz, an input signal volt-
age range of ± 5 V and an input impedance of 50 Ω. The 
response frequency range of the acoustic emission sen-
sor is 50–400 kHz, and the bandwidth is 20–1500 kHz. 
The electromagnetic radiation sensor uses a ring mag-
netic field antenna SAS-560, with a frequency range of 
20 Hz–2 MHz, the antenna plane is parallel to the loading 
direction and placed at a position facing the sample of 
6.5 cm; the amplification of the electromagnetic radia-
tion power amplifier is 80 dB, and the frequency range is 
10 kHz–10 MHz. The experiment was carried out in an 
electromagnetic shielded room to reduce the interference 
of the external electromagnetic field on the experimental 
signal, and the experimental system is shown in Fig. 2.

Fig. 1  Physical drawing of the sample
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2.3  Experimental scheme

In this experiment, displacement-controlled uniaxial com-
pression loading was applied to three groups of coal sam-
ples, and the loading rates were divided into 3 μm/s, 5 μm/s 
and 7 μm/s. The loading rates were kept constant until the 
samples were damaged. Using the built acousto-electric syn-
chronous test system, the AE and EME signals during the 
uniaxial compression damage of the sample are collected 
and stored synchronously throughout the process, and the 
response characteristics are statistically analysed in terms of 
ringing counts and energy. The sampling frequency of the 
press is 50 Hz and the sampling frequency of the AE and 
EME signal collector is 2 MHz.

3  Experimental results and analysis

3.1  Mechanical properties of coal at different 
loading rates

Figure 3 shows the mechanical properties of burst prone coal 
samples at different loading rates. From the load-time curves 
of the coal samples, the loading damage can be divided into 
four stages throughout, i.e. compression-density stage, elas-
tic stage, accelerated damage stage and complete damage 
stage.

At low speed loading (3 μm/s), the time for the first 
stress drop to occur is about 360 s and the time to reach 
peak damage is about 410 s. The peak stress for burst 
prone coal samples is about 63.5 MPa, and the time for 

the first stress drop to occur is about 85% of the total time 
for loading damage. At medium speed loading (5 μm/s), 
the time for the first stress drop to occur is approximately 
185 s, the time to reach peak stress is approximately 243 s, 
and the peak stress in the coal sample is approximately 
45  MPa. The time for the first stress drop to occur is 
approximately 76% of the total time of loading damage, 
and the time from the first stress drop to the final dam-
age is approximately 24% of the total time. At high speed 
loading (7 μm/s), the time for the first stress drop to occur 
is approximately 100 s, the time to reach peak stress is 
approximately 166 s, and the peak stress in the coal sam-
ple is approximately 43 MPa. The time for the first stress 

Table 1  Physical parameters of 
sample

Sample No. Height (mm) Diameter (mm) Quality (g) Densityg (g/cm3)

Sample 1 100.20 49.42 256.51 1.335
Sample 2 100.38 49.30 256.87 1.341
Sample 3 100.34 49.32 255.24 1.332
Average 100.17 49.39 256.19 1.335
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Fig. 2  Diagrammatic drawing of the experimental system

Fig. 3  Load-time curves for burst-prone coal samples at different 
loading rates
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drop to occur is approximately 60% of the total time for 
loading damage, and the time from the first stress drop to 
the final damage is approximately 40% of the total time 
for loading damage.

According to Fig.  3 and Table 2, with the increase 
of loading rate, the peak load of bursting liability coal 
decreases, the time for coal to reach peak stress shortenes, 
and the compressive strength of coal decreases. The maxi-
mum rate of change in both peak load and compressive 
strength exceeds 45%, the time for the first stress drop to 
occur is advanced, and the time from the first stress drop 
to the final destruction of the coal as a percentage of the 
total loading time increases.

This is due to the fact that as the loading rate increases, 
the time for the original fracture to close is shortened, 
the time for new cracks to appear is advanced, and the 
time for the stress drop to appear is also advanced. The 
compression and elastic phases of the samples with burst 
prone account for a high proportion of the whole dam-
age process, and the coal reaches the peak stress and then 
falls rapidly, there is no post-peak residual stress. After 
loading failure, the integrity of the residual main body of 
the sample is poor, and the bearing capacity of the coal 
is more similar to that of the rock mass, and the coal is 
finally brittle failure.

It can be seen that the increase of loading rate has 
a great influence on the mechanical properties of coal. 
Under slow loading, the cracks inside the bursting liability 
coal sample can be fully closed and developed, and the 
coal mass shows high compressive strength. The time of 
stress drop is relatively later, and the energy is fully dis-
sipated as well as fully accumulated.

When the loading rate increases, the original cracks 
in the coal mass will close in a short time, while the new 
cracks are not fully developed, the compressive strength 
of the coal mass will decrease relatively, and the time of 
stress drop will appear in advance. The higher the loading 
rate the lower the peak load on the coal seam, the lower the 
compressive strength, the shorter the time to destruction, 
the smaller the load threshold that needs to be destroyed, 
and the easier it is for the coal seam to be burst damaged 
by external disturbances.

3.2  Experimental results of acoustic and electrical 
response of coal samples

Figures 4, 5 and 6 shows the AE and EME responses of 
coal samples with bursting liability during uniaxial compres-
sion. In the experiment, the threshold value of EME signal 
is set as 0.02 V, and that of AE signal was set as 0.2 V. Two 
parameters of acoustic signal are ringing count and energy.

As can be seen from Figs. 4, 5 and 6, AE and EME sig-
nals of coal samples in the first half of low, medium and 
high loading rates are relatively small. At low speed, only 
sporadic AE signals appear at the initial stage of coal sample 
loading, while EME signals are almost absent. At medium 
speed, AE and EME radiation signal do not appear. When 
loading at high speed, AE signals appear in about 50 s, and 
EME signals appear in about 100 s. With the loading pro-
cess, the first stress drop occurs at 360 s, 180 s and 120 s at 

Table 2  Mechanical properties test results for burst-prone coal sam-
ples

No.  Peak loads (kN) Compressive 
strength (MPa)

Elastic 
modulus 
(GPa)

1 63.66 33.20 2.556
2 44.96 23.56 1.567
3 43.64 22.85 1.982

Stress drop
AE and EME 

high value

Signal quiet period

Fig. 4  Correspondence between load-AE /EME amplitude at 3 μm/s 
loading rate

Stress drop
AE and EME 
high value

Signal quiet period

Fig. 5  Correspondence between load-AE /EME amplitude at 5 μm/s 
loading rate
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low, medium and high loading rates, accompanied by the 
appearance of first high value in the AE and EME signal. 
The faster the loading rate, the earlier the first stress drop. 
After the first stress drop, AE and EME signals begin to be 
abundant. When the sample is loaded at low speed to 400 s, 
medium speed to 250 s, and high speed to 180 s, the loading 
stress reaches peak value, AE and EME signal also reaches 
peak value, and the main fracture failure occurs. AE signal 
and EME signal were not received after the destruction of 
the sample, and the sample was completely destroyed at one 
time. In the loading process, the time of EME signal is gen-
erally later than that of AE signal, and the high value of AE 
signal is generally greater than that of EME signal.

Table 3 and shows Table 4 the statistical results of ringing 
count and energy of samples. It can be seen from the table 
that the maximum value and cumulative value of AE ring 
count increase with the increase of loading rate, while the 
maximum value and cumulative value of acoustic emission 

energy change little with the increase of loading rate. The 
maximum value of EME count and energy accounts for more 
than 75% of the respective cumulative value, and the maxi-
mum and cumulative value are close to each other. The max-
imum and cumulative value do not change regularly with the 
change of loading rate. The EME signal mainly appears in 
the final peak destruction stage.

Ringing count reflects the fluctuation of signal per unit 
time, and the larger the count is, the more frequent the signal 
fluctuation is. In the experiment, with the increase of loading 
rate, the maximum count value and cumulative value also 
increase. This indicates that with the increase of loading 
rate, more cracks in the sample are fully connected, devel-
oped and destroyed in a short time, releasing a large amount 
of energy.

3.3  Degree of breakage of coal samples 
under different loading rates

Failure modes of coal samples at different loading rates are 
shown in Fig. 7. The quantity and quality statistics of coal 
with different lumpiness after coal sample destruction are 
shown in Tables 5 and 6, The statistical method of damaged 
coal samples is shown in Fig. 8.

It can be seen from Tables 4 and 5 that in the range of 
0–5 mm, with the increase of loading rate, the quality and 
quantity of coal with small lumpiness begin to decrease. In 
the range of 50–100 mm, the bulk coal quality and quantity 
decrease with the increase of loading rate. In the range of 
5–50 mm, the loading rate is mainly medium and low.

According to Fig. 8, Tables 5, 6, and field experimental 
observation, when the loading rate is low, the number of 
blocks after coal sample failure is large and the lumpiness 
is relatively small. Blocks are mainly scattered around the 
test platform, and the sound at the moment of coal sample 
failure is relatively small. When the loading rate is high, 

Stress drop
AE and EME 

high value

Signal quiet period

Fig. 6  Correspondence between load-AE /EME amplitude at 7 μm/s 
loading rate

Table 3  Statistics of ringing 
counts results of samples

No.  Maximum 
AE count

AE Cumulative 
value count

Proportion 
(%)

EME count 
maximum

EME Count 
cumulative value

Proportion 
(%)

1 1423 4579 31 280 350 80
2 2333 4235 55 408 466 87
3 3973 9120 43 268 339 79

Table 4  Statistical table of 
sample energy results

No. Maximum 
AE energy

Cumulative AE 
energy value

Proportion 
(%)

EME maxi-
mum energy

EME energy accu-
mulative value

Proportion 
(%)

1 7679 12,700 60 1466 1956 75
2 5224 7118 73 3701 3800 97
3 7635 13,327 57 2393 2805 85
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the number of blocks destroyed by coal sample is relatively 
small and the lumpiness is relatively large. Blocks are far 
away from the test platform, and a "bang" can be heard at 
the moment of failure.

Combined with the phenomena and results of experimen-
tal statistics, it can be seen that with the increase of loading 
rate, the number of blocks decreases after coal sample dam-
age, but the lumpiness increases. The reason is that under 
low rate loading, the internal cracks in coal seam can be 
fully developed and connected, and the energy release rate 
is relatively uniform in the process of loading and failure of 
coal sample, and the failure of coal sample is more thorough. 
Under high rate loading, the coal sample has rapid energy 
and release energy in a short time, and the failure form of 
coal sample appears in the shape of large blocks. The energy 
release rate in the loading process of coal sample is far less 
than that in the moment of its destruction.

Fig. 7  Failure modes of coal samples under different loading rates. a–c Represent the failure modes of coal samples under low, medium and high 
loading rates respectively

Table 5  Quantity statistics of different lumpiness of coal samples after destruction

No.  2.5–5.0 (mm) 5.0–10 (mm) 10–15 (mm) 15–20 (mm) 20–30 (mm) 30–40 (mm) 40–50 (mm) 50–100 
(mm)

Max

1 143 13 8 3 3 3 2 1 55.3
2 120 56 13 8 8 2 5 2 83.9
3 110 45 2 9 3 0 1 3 75.1

Table 6  Quality statistics of different lumpiness of coal samples after destruction

No.  0–5.0 (mm) 5.0–10 (mm) 10–15 (mm) 15–20 (mm) 20–30 (mm) 30–40 (mm) 40–50 (mm) 50–100 (mm) Max

1 24.37 3.73 2.81 1.38 8.28 16.40 108.14 43.87 43.87
2 12.81 5.42 3.63 4.16 7.20 10.81 102.87 87.73 71.18
3 10.97 6.10 0.54 7.78 6.12 0 9.81 157.85 83.49

Fig. 8  Statistics of coal samples with different lumpiness after coal 
sample destruction
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4  Field practice

In order to establish the relationship between labora-
tory tests and working face site, the relationship between 
mining speed and microseismic (MS) event frequency of 
working face in Konggou Coal mine is analyzed.

4.1  Relationship between mining speed 
and microseismic event frequency

The corresponding relationship between mining speed and 
MS event frequency of one month before the occurrence 
of "April 8" and "July 23" high-energy MS event is shown 
in Figs. 9 and 10.

It can be seen from Figs. 9 and 10 that there is a good 
correspondence between the mining speed and the fre-
quency of MS events. When the mining speed increases, 
the frequency of MS events is in a high range. When the 
mining speed decreases, the frequency of MS events is in 

a low range. When the mining speed is in the period of ris-
ing or continuous high speed fluctuation, the frequency of 
MS events is in an abnormally active period, but the vari-
ation of MS frequency lags behind that of mining speed.

It can be seen from Figs. 9 and 10 that there is a good cor-
respondence between the mining speed and the frequency of 
MS events. When the mining speed increases, the frequency 
of MS events is in a high range. When the mining speed 
decreases, the frequency of MS events is in a low range. 
When the mining speed is in the period of rising or con-
tinuous high speed fluctuation, the frequency of MS events 
is in an abnormally active period, but the variation of MS 
frequency lags behind that of mining speed.

Before the occurrence of "April 8" and "July 23" large 
energy MS events, the mining speed was either in a continu-
ous high-speed mining, or in a rapid uptrend.

4.2  Principle that mining speed affects 
the frequency of MS events

Suppose the working face is mined at two speeds V1 and 
V2, where V1 represents slow mining and V2 represents fast 
mining, and V2 is greater than V1. The distances of L1 and 
L2 are retrieved in the same number of days t. L1 and L2 are 
calculated as shown in Eqs. (1) and (2), so that L2 is greater 
than L1, as shown in Fig. 11.

where L1 and L2 are in m, V1 and V2 are in m/d, and t is in d.
When the upper strata does not reach the fracture step, the 

range of strata affecting the working face stress during slow 
V1 mining is E1, and the corresponding leading stress is σ1 
curve. During fast V2 mining, the range of rock strata affect-
ing the working face stress is E1 + E2, and the correspond-
ing advance stress is σ2 curve. The larger the range of rock 
strata affecting the stress at the working face, the larger the 
peak value and wider the range of its corresponding advance 
bearing stress. Therefore, the peak value and influence range 
of σ2 curve are much larger than that of σ1 curve, as shown 
in Fig. 11.

As can be seen from Fig. 11, rapid mining of working 
face causes the coal seam to be affected by a wider range of 
rock strata, and the peak value and range of advance stress 
will increase compared with slow mining, so the rapid min-
ing face faces greater rock burst.

According to the results of laboratory tests and field 
observations, more energy is accumulated and less energy is 
dissipated in rapid mining than in slow mining, and the load 
threshold of coal body destruction is smaller. Therefore, the 
total energy stored in coal increases and the impact threshold 

(1)L
1
=V

1
t

(2)L
2
=V

2
t

Fig. 9  Relationship between mining speed and microseismic fre-
quency before high-energy MS event on 8 April

Fig. 10  Relationship between mining speed and microseismic fre-
quency before high-energy MS event on July 23
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decreases. Under the disturbance of external dynamic load, 
rapid mining is more likely to induce rock burst.

5  Conclusions

(1) The change of loading rate will affect the mechanical 
properties of bursting liability coal samples. Within a 
certain range of loading rate, the higher the loading 
rate, the higher the compressive strength and peak load 
of bursting liability coal, and the shorter the time for 
coal to reach the peak load.

(2) Under different loading rates, the mechanics, AE and 
EME signals of coal samples can be well corresponded. 
When there is a stress drop, the AE and EME signals 
have relatively high values. When the stress reaches the 
peak, the two signals also reach the maximum value. 
The maximum value and cumulative value of AE count 
increase with the acceleration of loading rate. On aver-
age, the AE signal value of fast loading is greater than 
that of slow loading.

(3) When the loading rate is low, the number of blocks 
destroyed of coal sample is large and the block size is 
relatively small, and the blocks are mainly scattered 
around the test platform. When the loading rate is high, 
the number of damaged blocks is relatively small and 
the block size is relatively large, and the blocks are far 
away from the test bench.

(4) When loading at a low rate, the internal cracks in coal 
body can be fully developed and connected, and the 
energy release rate is relatively uniform in the process 
of loading and failure of coal sample. In the case of 
high loading rate, the energy release rate of coal sample 

in the loading process is much smaller than that in the 
moment of failure.

(5) In the field production, the peak value and range of 
coal advance stress are increased by rapid mining. 
Compared with slow mining, rapid mining accumu-
lates more energy in a short period of time, but dis-
sipates less energy, and the total energy stored in coal 
increases. At the same time, the threshold value of coal 
impact is relatively lower in rapid mining. Therefore, 
under the disturbance of dynamic load, rapid mining is 
more likely to induce rock burst than slow mining.
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