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Abstract

This study deploys cyclic loading and multi-stage loading methods to study the influence of the loading method on electro-
magnetic radiation (EMR) characteristics in the failure process of coal. For this purpose, these methods were applied to Sihe
coal samples. The EMR signals were collected during the experiments. The varying relationship between the EMR char-
acteristics of the loaded coal and the porosity was analyzed based on the porosity of coal samples measured by small-angle
X-ray scattering (SAXS) experiments. The results indicated that the EMR signals magnify with the increase of axial stress
and decline with the decrease of axial stress. The generation of the EMR pulse and amplitude under the multi-stage load-
ing conditions is relatively smooth during the constant load stage, but the number of EMR pulses increases when the stress
increases from one level to another. Moreover, the results indicated that the EMR characteristics and porosity changes are
closely related to the opening, closing, and development state of pores and fractures inside the coal. These findings provide
the means necessary to establish the relationship between the EMR pulse cumulative counting and the porosity of the loaded
coal. During the failure process, the change in EMR pulses cumulative counting follows after the alteration in the porosity.
The amount of change in both parameters reaches the maximum when the coal fails. The maximum cumulative counting of
EMR pulses was 1,111,114 and 37,464 for cyclic and graded loading conditions, respectively. At the same time, the change
of porosity of the loaded coal also reaches the maximum.

Keywords Electromagnetic radiation (EMR) - Cyclic loading - Multi-stage loading - Small-angle X-ray scattering (SAXS) -
Porosity

Introduction

Energy consumption and production are important strategic
concerns for developing and developed countries (Aydin
and Tarverdian 2007; Aydin et al. 2014). Logical planning
for the use of various energy sources is important in the
context of global energy consumption (Aydin 2014, 2015).
Coal is the main source of energy in China and will play
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an important role for a long time in the future of this coun-
try. With the depletion of shallow resources, China’s coal
resources have gradually entered the deep mining stage. The
intensity and hazard degree of coal rock dynamic disaster
accidents such as coal and gas outbursts and underground
impact pressure restricts the safe production of coal mines.
Improving the detection and early warning of protrusion
and impact hazard areas is crucial to enhancing the level of
dynamic disaster accident prevention and control.

The most alarming phenomenon before the occurrence of
coal rock dynamic disasters is the failure and instability of
the coal and rock mass. In this process, the internal energy
of the rock mass and coal is released. For this reason, many
technical means have been developed to monitor and ana-
lyze the physical parameters in the failure process of coal
rock mass, which in turn facilitate an in-depth study of the
failure process and mechanism of coal rock mass under dif-
ferent loading conditions (Wu et al. 2021; Dou et al. 2021; Li
et al. 2022). Typical early warning methods for the outburst
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and dangerous impact areas mainly include drilling to evalu-
ate gas base parameters (K1 values and S values, etc.) and
monitoring parameters during gas extraction (Li et al. 2019a,
b). However, these measures are mostly based on regular
sampling or fixed-point indicators, which hardly reflect the
regional stress environment of coal and rock mass in the
dynamic process of mining due to the larger drilling quanti-
ties, higher cost, more subjective human factors, and discon-
tinuous monitoring in the time domain. Energy is released in
the form of elastic waves, electric charge, and electromag-
netic radiation during the failure of coal rock mass, where all
forms of energy release show certain regularities. Besides,
there will be an abnormal and sudden change in energy lev-
els before the failure of the coal rock mass. EMR monitoring
technology is capable of capturing these changes and as a
result, it has gradually become one of the effective means
of monitoring the failure and stress state of coal rock mass
(Ai et al. 2020; Hu et al. 2014; Dou et al. 2007). It has also
become an important method used to prevent and control
coal and rock dynamic disasters (Yuan et al. 2018; He et al.
2007; Sun et al. 2012).

Although the EMR monitoring and early warning tech-
nology is an effective non-contact method for coal rock
dynamic hazards, it is mostly limited to the time and fre-
quency domain description of EMR signals and does not
account for the changes in porosity caused by deformation
and failure in the coal rock mass. The fugacity and flow char-
acteristics of CH4, CO2, and N2 in coal mass change due to
the transformations induced in the pore structures (including
micropores and mesopores structures) under the complex
stress environments. In turn, the fugacity characteristics and
flow characteristics of CH4, CO2, and N2 affect the fracture
evolution patterns in the coal mass. The small-angle X-ray
scattering (SAXS) experiment can record the scattering
information of microscopic open pores in the material and
the closed pores that cannot be otherwise determined by the
fluid intrusion methods such as the pressure tribute method.
In this way, the existence of all pore structures in the mate-
rial can be covered (Melnichenko et al. 2012; Sakurovs et al.
2012). Besides, the SAXS experiment enables the quanti-
tative analysis of porosity during loading, which provides
the possibility to deeply analyze the relationship between
electromagnetic radiation and porosity evolution. Moreo-
ver, due to the complex stress disturbance often encountered
in the engineering coal rock mass, a variety of mechani-
cal behaviors are intertwined and crossed. The stability of
the coal rock mass structures deteriorates rapidly under the
conditions of stress disturbance, and the coal rock dynamic
hazards present complexity (Wang et al. 2021, 2022; Zhu
et al. 2022). Therefore, studying the EMR characteristics of
coal and rock mass under the coupling effects of cyclic load-
ing and multi-stage loading can promote the development of
EMR prediction technology and improve its accuracy.
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Materials and methods
Sample preparation

The raw coal samples used in the experiments were collected
from the Shihe coal mine, Jincheng City, China. They were
hermetically sealed by anti-vibration foam to avoid colli-
sion-induced damage to the internal structures. After being
sent to the laboratory, the raw coal samples were drilled and
sampled immediately. When coring, the location where the
primary fractures and defective structures are found should
be avoided and the core must be drilled in the direction of
parallel laminae. Subsequently, a standard cylindrical coal
sample specimen with a length of 100 mm and a diameter of
50 mm was cut by a cutting machine, and then the samples
were smoothed and polished at both ends according to the
method recommended by the International Society for Rock
Mechanics (ISRM), keeping the error of parallelism of the
specimen ends less than 0.05 mm and the error of smooth-
ness of the end surfaces less than 0.02 mm. The coal samples
prepared in experiments are shown in Fig. 1.

The principles of the EMR instrument
and experiments

Under the action of external force, coal and rock mass con-
tinuously produce cracks and release the energy stored inside
in the form of electromagnetic radiation. By recording the
EMR signal characteristics during the loading process of
coal, the precursor information before coal mass fails can be
further obtained. In this experiment, the EMR amplitude and
pulse of coal mass under different loading conditions (cyclic
loading and multi-stage loading) are collected and analyzed,
which reflect the deformation and failure characteristics of
the coal mass under complex stress environments.

Fig. 1 Coal samples prepared for experiments
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To make the loading test more stable and the test data
more accurate, the test uses the loading control system and
the acoustic emission test system to work in coordination with
each other. This test adopts a constant velocity displacement
control method, with a displacement control rate of 0.01 mm/
min, to conduct a high-precision and high-stability coal body
loading deformation test. The loading control system takes the
Tianchen microcomputer control servo rock three-axis testing
machine as the main body and is equipped with the Tenson-
Test automatic control program to realize the simplification
and intelligentization of the whole loading process. At the
same time, the program can realize the autonomous switch-
ing of the loading control mode and can flexibly customize
specific control procedures according to the actual needs of
the test. The EME test system mainly includes the host, the
external loop antenna and its data connection line, the antenna
fixing frame, and the EME shielding network. The host of the
test system adopts the EHE-HF electromagnetic radiometer
produced by Beijing Century Tianzheng Technology Co.,
Ltd., which has an explosion-proof function. The external
antenna adopts the SAS-560 passive loop antenna produced
by AHSYSTEMS, with a diameter of 51/4=13.3 cm, a detec-
tion range of 20 Hz-2 MHz, a default sampling frequency of
10 MHz, and a resistance of 10 ohms which can adapt to the
magnetic field test in different locations according to IEEE-
291calibration. The EMR experimental system of loaded coal
is shown in Fig. 2.

The EMR experimental methods and procedures

The Sihe standard coal samples were selected and labeled
SHO1 ~ SHO02, which were subjected to cyclic loading and
multi-stage loading experiments respectively. The experi-
mental scheme and steps are as follows.

1. The cyclic loading displacement control rate remains
unchanged at 0.01 mm/min, and the stress increase from
0 MPa to higher values. When the stress level reaches
30%, 60%, and 90%, the stress is unloaded to 7.5 MPa

Tianchen electro-hydraulic

servo triaxial testing machine EHE-HF

Electromagnetic

radiometer

Microcomputer
Control system

Il o

Fig.2 The schematic of the EMR experimental system

each time. This process resumes until the complete fail-
ure of the specimen.

2. The multi-stage loading stress is firstly increased from 0
to 1 MPa, and then increased to 1 MPa, 3 MPa, 5 MPa,
7 MPa, 9 MPa, and 11 MPa in a stepwise manner with
the control rate of 0.5 MPa/s and 2 MPa stress gradient.
Each stress loading level is maintained for 200 s, and the
EMR amplitude and pulse of coal samples under differ-
ent loading methods are collected in real time.

It is worth noting that the external loop antenna needs
to be set into the samples before the experiments, and
the distance between the antenna and the EMR shielding
network needs to be maintained throughout the experi-
ments. After using conductive devices to ground the load-
ing platform and samples, the whole experimental system
can be covered with an EMR shielding network. Besides,
to reduce electromagnetic interference from the external
environments and other surrounding equipment, the labo-
ratory doors, windows, lights, and other irrelevant elec-
trical equipment should be closed, and prohibit people
in the laboratory to walk around during the loading. To
describe the research idea in this experiment more clearly
and intuitively, the key nodes and steps in this experiment
are shown in Fig. 3 by sorting and refining.

The initial porosity experimental scheme for coal
samples

Small-angle X-ray scattering (SAXS) experiments are con-
ducted at the BSRF 1W2A small-angle scattering station
and adopted a pinhole collimation system. When the X-ray
is irradiated onto the sample, if there is a nano-sized density
inhomogeneous region (1~ 100 nm) inside the sample, some
scattered X-rays will appear in the small-angle range of 2 ~5°
around the incident X-ray (Li et al. 2014; Nie et al. 2020a,
b). The coal sample is fixed on the testing platform before
experiments, and the exposure time is set up at 4 s. It is worth
noting that the distance from the sample to the Mar165CCD
detector is 1550 mm with a detection diameter of 165 mm.
Furthermore, the incident X-ray wavelength is 0.156 nm and
its intensity is normalized by a calibrated ionization chamber.
The schematic of the IW2A SAXS station is shown in Fig. 4.

Experimental results and analysis

The stress—strain curves of coal under different
loading conditions

The typical stress—strain curve is divided into five stages:
viscoelastic phase (OA), linear elastic deformation stage
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Fig.3 The research flow chart
for EMR characteristics
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(AB), inelastic deformation stage (BC), unstable fracture
expansion stage (CD), and post-peak failure stage (DE)
(Pege et al. 2018; Zhang et al. 2020). All stages are asso-
ciated with changes in internal defects such as cracks and
pores (Su et al. 2021). The typical stress—strain curve and
total stress—strain curves of the coal mass under different
loading methods are shown in Fig. 5.

It can be seen from Fig. 5b that the uniaxial com-
pressive strength (UCS) values under cyclic loading
and multi-stage loading conditions are 12.12 MPa and
11.33 MPa, respectively. The mining activities in coal
mines break the equilibrium state of the initial origi-
nal rock stress, and the mining stress changes periodi-
cally with the engineering disturbance activities such as
mining, blasting vibration, and drilling. Therefore, coal
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mass is in the stress environment of constant loading and
unloading, which changes the deformation and failure
process of loaded coal and increases the fatigue damage
time of loaded coal. Finally, it will be changing the EMR
characteristics during the deformation and failure process
of loaded coal.

EMR characteristics of loaded coal under cyclic
loading

Three groups of cyclic loading experiments were carried
out this time. However, due to the limitation of the length
of the manuscript, the EMR characteristics of sample SHO1
are analyzed as an example. The EMR characteristics under
cyclic loading conditions are shown in Fig. 6.
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Fig.5 The theoretical and experimental stress—strain curves of coal: (a) The typical stress—strain curve of coal; (b) The stress—strain curves of

coal under different loading methods

As can be seen from Fig. 6, when the coal sample is under
cyclic loading, EMR signals are generated in both loading
and unloading processes. During the loading process, the
EMR amplitude and pulse increase with the increase of axial
load, and the number of the EMR pulse increases with the
number of cycles. In addition, various fractures are com-
pressed and closed during the loading process, and many
new fractures are also generated under the action of external
force. In this case, the EMR amplitude and pulse increase
with the increase of the number of rupture sources. However,
part of the fractures in the closed state gradually turned into
the open state during the unloading process. At this time,
the energy released in the coal is reduced. Therefore, the
EMR amplitude decreases with the decrease of axial load.
But there are still a few fractures in the unloading stage and
they will be further developed, resulting in the number of the
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EME pulse being in a state of constant increase. When the
loading time is about 500 s, the distribution of the fractures
reaches the maximum inhomogeneous degree, and the EMR
amplitude variation reaches the peak at this time. Moreover,
when the loading time is about 725 s, the coal sample enters
the unstable fracture expansion stage, which results in maxi-
mum energy release in coal, and the EMR pulse increases
abruptly.

EMR characteristics of loaded coal under multi-stage
loading

Three groups of multi-stage loading experiments were car-
ried out in this phase of the research. However, due to the
limitation of the length of the manuscript, the EMR charac-
teristics of sample SHO2 are analyzed as an example. The
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Fig.6 EMR characteristics of loaded coal under cyclic loading: (a) The EMR amplitude of loaded coal; (b) The EMR pulse of loaded coal
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EMR characteristics under multi-stage loading conditions
are shown in Fig. 7.

It can be seen from Fig. 7 that when the coal is under
multi-stage loading conditions, the EMR pulse and
amplitude signals are generated in the whole loading
process. The experimental results show that the EMR
characteristics of coal samples are closely related to the
loading modes. The EMR amplitude under multi-stage
loading is about twice that of loaded coal under cyclic
loading, while the EMR pulse number under multi-stage
loading is much less than that of loaded under cyclic
loading. That is because the pores, fissures, and other
defective structures in the coal slowly crack and develop
in the constant load stage, and produce a few new fis-
sures, which lead to the increase in the EMR pulse num-
ber being smaller. However, during the process of inter-
stage stress change, the development of cracks in the coal
is obvious and many small cracks are produced due to
the sudden change of the axial stress. Besides, the clos-
ing and opening process of pore structures is gradually
accelerated, which leads to the EMR amplitude and pulse
number both increasing significantly. Overall, the EMR
amplitude and pulse have no obvious growth trend with
the increase of axial load. Even in the 4th loading stage,
that is, when the loading time is about 1150 s, the EMR
amplitude and pulse even has an obvious decreased trend.
However, the coal sample gradually enters the inelastic
deformation and unstable fracture expansion stage with
the gradual increase of interstage stress. The cracks in
the coal are developed and there are many irreversible
and convergent damage cracks in the coal. The energy
stored in the sample is released in large quantities until
the sample is completely failed. At this time, the EMR
amplitude and pulse also have a noticeable growth trend.
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Discussions

Quantitative analysis on the difference of EMR
characteristics of loaded coal

There are three loading and unloading stages under cyclic
loading conditions. In this way, the whole cycle loading
experiment that includes each loading process and each
unloading process can be divided into six stress stages.
There are 6 interstage stress variations in total under multi-
stage loading conditions. Similarly, the whole multi-stage
loading experiment that includes each stress loading process
can be divided into six stress stages. To reveal the difference
in EMR characteristics of loaded coal under the two loading
modes, the quantities of the EMR pulse generated in each
stage are accumulated, and the accumulation curves of the
EMR pulse with the loading stage are shown in Fig. 8.

It can be seen from Fig. § that the quantities of the EMR
pulse generated at each stage until the coal completely failed
under cyclic loading are much more than that under multi-
stage loading. All the accumulation curves of the EMR pulse
have a sudden increasing trend on the eve of the instability
and failure of loaded coal, but also the difference between
the two also reached a maximum value of 83,511. Under
the cyclic loading condition, the loaded coal is in a long-
term and repeatedly changing stress environment, which
leads to more complex crack propagation laws and more
new fractures in loaded coal due to the cycle of axial stress.
Although the loaded coal is in a long-term and changing
stress environment under multi-stage loading, the stabiliza-
tion period of each stress level corresponds to the loaded
coal being in a creep loading process, which leads to less
fracture generation. Due to the loaded coal being more prone
to fatigue damage, the accumulation curve of the EMR pulse
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Fig.7 EMR characteristics of loaded coal under multi-stage loading: (a) The EMR amplitude of loaded coal; (b) The EMR pulse of loaded coal
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Fig.8 The accumulation curves of the EMR pulse with the loading
stage under different loading modes

with the loading stage multi-stage loading only shows up as
a gentle increasing trend. To better quantify the difference in
EMR characteristics of loaded coal, a more detailed descrip-
tion, and analysis will be given in section “The relationship
between EMR characteristics and porosity of loaded coal
under different loading modes.”

The relationship between EMR characteristics
and porosity of loaded coal under different loading
modes

The volume percentage of scatterers measured by SAXS
experiments is referred to as the porosity of materials. Coal
is a typical porous material and its porosity can be obtained
according to Eq. 1 (Li 2013; Xie et al. 2018; Zhao et al.
2018).

m##mﬁmWF;W/A(ﬁ@@ (1)

where Ap is the electron density difference in e / ( 1073 nm? )
V is the radiation volume of X-ray to the sample in nm?,
and I(g) is the absolute scattering intensity of the sample
in PHS/s.

Under complex stress loading conditions, the quanti-
ties and types of pore structures such as micropores and
mesopores in loaded coal change constantly. Various types
of cracks such as modes I, II, III, and other types expand
along the direction parallel to the axial stress or at a cer-
tain angle with the axial stress, and many small cracks are
also derived from primary fractures (Ai et al. 2020; Liu
2019). The variation regularities between various types of
pore deformation and new fractures within the loaded coal
change its internal porosity situation. With the increase of
axial stress, the deformation, fracture, and development
of pore structures in the loaded coal go through 5 stages:

viscoelastic phase (OA), linear elastic deformation stage
(AB), inelastic deformation stage (BC), unstable fracture
expansion stage (CD), and post-peak failure stage (DE).
There is a close correlation between porosity, EMR, and
axial stress in coal mass (Li et al. 2019a, b; Lou et al. 2019a,
b). During the loading process, when measuring the volu-
metric strain of the sample (including the change of pore
and fracture volume and the change of skeleton volume), the
dynamic porosity during the loading can be obtained by the
relationship between the initial porosity obtained from the
SAXS experiment, the volume modulus, and the hydrostatic
pressure (Qin et al. 2010).

e,=(1+6) (1+¢) -1 ©)

where ¢, is the volumetric strain, €, is the transverse strain,
and €y is the axial strain.

Mo—¢€,+ %0
=— K 3
g 1-¢, )
1
oy = 5(26)( +Gy) )

For cyclic loading and multi-stage loading methods, the
hydrostatic pressure is:

1
oo = 30 )
E
K=33"5 ©)
3(1 = 2v)

where 1 is the porosity of the coal sample, %; 1, is the initial
porosity of the coal sample, %; K is the bulk modulus in
MPa; 6, is the hydrostatic pressure in MPa; oy is the axial
stress in MPa; E,, is the elastic modulus in GPa; and v is
Poisson’s ratio.

The relationship between EMR pulse and porosity

The initial porosity of the Sihe coal samples is 10.25%, cal-
culated by Eq. (1) based on the SAXS experimental results.
The value of the elastic modulus is 2.5173 GPa, and the
porosity and EMR variation curves under cyclic loading
conditions are obtained according to Egs. (2) ~(6) as shown
in Fig. 9.

As can be seen from the cumulative pulse counting of the
EMR curve in Fig. 9, the quantity of EMR cumulative pulse
increases continuously with the increase of the loading time
in both loading and unloading stages. When the cycle load-
ing process gradually proceeds to the 3rd stage, the EMR
cumulative pulse counting rises fastest. When the cycle
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loading process gradually proceeds to the 5th stage, that is,
the axial stress increases to 85% of the uniaxial compres-
sive strength, at this point the quantity of EMR cumulative
pulse in the 5th stage also increased to a peak of 1,111,114.
During the 6th loading stage, the stress—strain curve of the
coal sample gradually enters the post-peak failure stage,
and the quantity of EMR cumulative pulse also suddenly
decreases to 52,657. Besides, Fig. 9 illustrates that the EMR
cumulative pulse counting curve is consistent to maintain the
growth trend in the first 5 levels of the loading and unload-
ing processes. The increase in both the 2nd and 3rd stages
is around 10,000, while the increase in both the 4th and
5th stages is more than 20,000. With the increase in load-
ing time, the loaded coal enters into the instability fracture
expansion stage, where more irreversible cracks are gener-
ated. They expand unsteadily and converge rapidly, and dif-
ferent forms of energy stored in the sample are released until
the sample is completely failed, resulting in a significant
increase in the cumulative pulse counting of EMR signals.
Figure 9 shows that the porosity change amplitude has a
continuous downward trend when the axial stress gradually
increases from 0 MPa to the peak stress in the first loading
stage. In the first loading stage, the initial pores and fractures
are compacted and the quantity of large- and medium-sized
pores is decreasing. When the stress enters the 2nd stage,
part of compacted pores and fractures will gradually open,
expand, and develop again, and few new fractures are gener-
ated at this time. However, due to the 2nd stage being the
unloading stage, the impact on the inner structures in the
loaded coal is much less than the initial loading stage, so
the increase in the amplitude of porosity is not evident, and
the growth amplitude of EMR cumulative pulse counting is
also much smaller than that in the first stage. With the pro-
gress of cyclic loading, the internal fracture sources and new
fractures are constantly generated. Various types of pores
and fractures are compressed and closed, which further
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Fig.9 The curves of the EMR cumulative pulse and porosity under
cyclic loading
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intensifies the mutual friction between the coal matrix, and
increases the amplitude of porosity and the EMR cumulative
pulse counting. When the cycle loading process gradually
proceeds to the 5th stage, the internal pore distribution of
the coal sample tends to reach the maximum unevenness,
the change degree of porosity also reaches the maximum,
and the EMR cumulative pulse counting also leans to the
maximum.

The relationship between EMR pulse and porosity
under multi-stage loading

Similarly, the porosity and EMR variation curves under
multi-stage loading conditions are obtained according to
Egs. (2) ~(6) as shown in Fig. 10.

According to Fig. 10, the EMR cumulative pulse count-
ing is generated under multi-stage loading. However, the
curve of the EMR cumulative pulse counting does not
always increase with the loading. The quantity of the EMR
cumulative pulse counting has a sudden increasing trend
until the 6th loading stage; at this time, the loading stress
gradually increases to the peak stress and the coal sample
fails. Furthermore, the curve of the EMR cumulative pulse
counting increased slightly during the 2nd loading stage.
When lifting the load at the 2nd loading stage, the axial
stress exhibited a sudden fluctuation due to the instability of
the testing machine. At this time, new fractures are gener-
ated and the curve of the EMR cumulative pulse counting
manifests a rising trend. It is worth noting that the quan-
tity of the EMR cumulative pulse counting is in the range
of 22,000 to 27,000 in the first five stages of loading. The
change in the amplitude of the EMR cumulative pulse count-
ing is small, which indicates that the axial load has little
effect on EMR parameters within this loading range. After
the 5th loading stage, the change in the amplitude of the
EMR cumulative pulse counting increases significantly until
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Fig. 10 The curves of the EMR cumulative pulse and porosity under
multi-stage loading
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the sample fails, and the quantity of the EMR cumulative
pulse counting increases to 37,464. At this point, the mac-
romain fracture is generated in the sample and more EMR
signals are generated.

When the axial stress is continuously loaded at the stress
levels of 1 MPa, 3 MPa, 5 MPa, 7 MPa, 9 MPa, and 11 MPa
under the multi-stage loading condition, the curve of the
porosity change amplitude has a continuous downward trend.
Due to the relatively low-stress level in the 1st loading stage,
the pores, fractures, and other crystal defect structures in
the coal are hardly affected and only a few cracks are gradu-
ally compacted. At this stage, the internal structure and the
porosity of the loaded coal change only slightly, resulting
in a small increase in the quantity of the EMR cumulative
pulse counting in the loaded coal. When the axial stress
gradually increases to the 5th stage, the axial stress reaches
about 9 MPa, and the internal structures of the loaded coal
are gradually transformed into brittle failure. Moreover, the
loading effect is equivalent to creep loading when the coal
is loaded with any fixed stress level, where many large-size
particles are refined, readjusted, and broken under the multi-
stage loading. With the gradual increase of axial stress, the
refined particles further fill the internal pores and fissure
structure, and the curve of the porosity change amplitude has
an increasing s-shaped downward trend due to the accelera-
tion of particle refinement in the loaded coal. At the same
time, this leads to the rapid increase of EMR pulse signals
(Zhang et al. 2016, 2018). When the axial stress gradually
increases to the 6th stage, the internal pore distribution of
the coal sample tends to reach the maximum unevenness.
At this point, the new small fractures are almost no longer
generated, the porosity of the loaded coal stays at a relatively
stable level, and the EMR cumulative pulse counting also
leans to the maximum.

Conclusions

In this paper, the relationship between the cumulative pulse
counting of EMR signals and the change of the porosity
amplitude under the cyclic loading and multi-stage loading
was analyzed based on EMR and SAXS experiments. The
main conclusions are as follows:

1. The change of EMR pulse and amplitude in loaded coal
follows the variation trend of axial stress under cyclic
loading. They increase with the elevation of axial stress
and decline with the decrease of axial stress.

2. The EMR pulse and amplitude of loaded coal are related
to the change of loading stress level under multi-stage
loading. The generation of EMR signals in the constant
load stage is relatively stable, while the pulse counts of

EMR signals increase during the change of interstage
stress.

3. The EMR characteristics and the porosity change ampli-
tude are related to the initiation, expansion, and deriva-
tion of fractures in the loaded coal, the changing trend of
the EMR pulse counting is consistent with the curve of
the porosity change amplitude, and both of them reach
the maximum when the loaded is failed.

Although the EMR has been widely used in the early
warning and monitoring technology of coal rock dynamic
disasters, there are still several research gaps in this area.
Such include enhancement of the anti-interference ability
when receiving EMR signals, enhancement of the coupled
prediction operation of the EMR monitoring technology
and other conventional prediction methods increasing the
diversity of EMR experiments in the laboratory such as load-
ing method and failure method, and ensuring a good match
between the EMR law in the laboratory and the EMR char-
acteristics at the engineering scale. Addressing these issues
in future studies could lead to the improvement of EMR
warning and monitoring technology accuracy.
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