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Abstract. Crack instability propagation during coal and rock mass failure is the main reason for electromagnetic radiation
(EMR) generation. However, original cracks on coal and rock mass are hard to study, making it complex to reveal EMR laws
and mechanisms. In this paper, we prefabricated cracks of different inclinations in coal and rock samples as the analogues of the
native cracks, carried out uniaxial compression experiments using these coal and rock samples, explored, the effects of the
prefabricated cracks on EMR laws, and verified these laws by measuring the surface potential signals. The results show that
prefabricated cracks are the main factor leading to the failure of coal and rock samples. When the inclination between the
prefabricated crack and axial stress is smaller, the wing cracks occur first from the two tips of the prefabricated crack and expand
to shear cracks or coplanar secondary cracks whose advance directions are coplanar or nearly coplanar with the prefabricated
crack’s direction. The sample failure is mainly due to the composited tensile and shear destructions of the wing cracks. When the
inclination becomes bigger, the wing cracks appear at the early stage, extend to the direction of the maximum principal stress,
and eventually run through both ends of the sample, resulting in the sample’s tensile failure. The effect of prefabricated cracks of
different inclinations on electromagnetic (EM) signals is different. For samples with prefabricated cracks of smaller inclination,
EMR is mainly generated due to the variable motion of free charges generated due to crushing, friction, and slippage between
the crack walls. For samples with larger inclination, EMR is generated due to friction and slippage in between the crack walls as
well as the charge separation caused by tensile extension at the cracks’ tips before sample failure. These conclusions are further

verified by the surface potential distribution during the loading process.
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1. Introduction

It is well known that coal rock materials due to
deformation and rapture emits electromagnetic radiation
(EMR). Several investigations showed the relationship
between EMR emitted by coal and rock and applied stress
on it (Hadjicontis V 1994, Yamada and Oike 1996,
Yavorovich et al. 2016, Liu et al. 2018). Results from
theoretical simulations (Chao et al. 2012, O’Keefe and
Thiel 1995, Rabinovitch ef al. 2017), experiments (Fukui et
al. 2005, Mori et al. 2004, Song et al. 2016), as well as field
measurements (Song ef al. 2017, 2018, Greiling and
Obermeyer 2010, Krumbholz et al. 2012) suggested that the
small-scale fracturing process is the source of EMR.

Nitsan (1977) proposed the piezoelectric effect
mechanism. Cress et al. (1987) considered that electrostatic
charge is distributed on the surface of fragments during
fracturing and the rotation, vibration and linear motion of
these charged fragments are the main reasons for producing
low-frequency EMR, while gas breakdown due to strong
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electric field produced by charge separation on the fracture
surface is the main cause for generation of high-frequency
electromagnetic (EM) signals. Ogawa et al. (1985) held that
the newly broken rock with opposite charges on the two
sides is similar to one dipole that emits outward EM signals
through charging and discharging. Guo et al. (1989) put
forth a model showing that EMR is produced by electrons
in a perturbed atom. He and Liu (1995) considered that
EMR is produced due to combined action of the transient
changes in induced electric dipoles, the variable motion of
separated charges along fractured edges with cracks
propagating and the relaxation of separated charges on the
surface of cracks during coal rock deformation and failure.
Frid et al. (2006) and Rabinovitch et al. (2007) presented a
feasible EMR model indicating that EMR is produced due
to dipole oscillation caused by the surface vibration wave
excited by ions’ overall motion on both sides during cracks
propagation and the amplitude of EMR pulse decreases
rapidly due to interaction of a large number of vibration
quanta when cracks no longer propagate.

In laboratory studies, Leeman ef al. (2014) explored the
relationship between electrical and mechanical signals for
frictional stick-slip events in sheared soda-lime glass bead
layers. Gade et al. (2014) held the view that EM signals are
generated from three different source mechanisms, namely
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the separation and relaxation of charges during crack
growth and the vibration of the charged crack surfaces.
Lacidogna et al (2011) investigated the mechanical
behaviour of concrete and rocks samples loaded up to their
failure by the analysis of acoustic emission (AE) and EMR.
AE signals has been always observed during the damage
process, whereas the magnetic signals were generally
observed only in correspondence to sharp stress drops or the
final collapse. Sharma et al. (2016) considered that higher
frequency of the electric field leads to higher acceleration of
the dipoles of the piezoelectric materials, therefore resulting
in higher amplitude of EMR. Carpinteri et al. (2012)
observed energy emission in the form of EMR during the
failure process of quasi-brittle materials such as rocks.
Kumar et al. (2017) and Kumar et al. (2018) studied EMR
from soft and hard lead zironate titanate (PZT) under the
drop weight impact, and suggested that EMR parameters
could be used for monitoring excessive deformation from
the structures. They also detected EMR from soft PZT
under impact at low temperature.

The above theories were derived mostly from laboratory
experiments on raw materials or through complicated
theoretical derivations and analyses of their mathematical
models. Even though they elaborated EMR generating
mechanisms from different angles, it is difficult to analyze
and verify these mechanisms.

In this paper, we presented two EMR generation
mechanisms during coal and rock failure. One is the
heterogeneous deformation of Coulomb field caused by
charges especially accumulated charges on sample surfaces;
the other is the variable motion of charged particles. Both
mechanisms result in EMR in the form of a pulse wave
(Wang 1997, Wang et al. 2009). Because EMR is generated
by coal and rock failure or through the cracks development
inside the coal and rock mass, we attempt to study the
effects of crack propagation on EMR through the
prefabricated crack in the coal and rock mass. To this end,
we excluded the secondary factors to simplify our analysis
and, more importantly, to effectively verify our idea.

Based on the above, we created some samples with
prefabricated cracks at different inclinations, and performed
uniaxial compression experiments to study the
characteristics of EMR emitted from these artificially
cracked samples, to explore the effects of prefabricated
cracks on EMR generation, and to analyze and verify it
using the surface potential signals. This research may
provide a brief and effective method for analyzing the law
and mechanism of EMR from coal and rock materials.

2. Experimental system and sample fabrication
2.1 Experimental system

Fig. 1 shows the schematic of the acoustoelectric effect
experimental system used in the failure process of coal and
rocks with prefabricated cracks.

The loading system is a YAW4306 computer-controlled
electrohydraulic test machine, and has a maximum load
capacity of 3.0 x 103 kN, force resolution of 1/300,000 with
relative error rate of 1%, and loading rate of 600-60,000
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Fig. 1 Schematic of the experimental system I-
Compression testing machine, 2- Insulation pads, 3-
Ferrite rod antenna, 4- Coal rock sample, 5-
Preamplifiers, 6- Electromagnetic shielding mesh , 7-
Data acquisition and processing system, 8- Load control
system, 9- Electromagnetic shielding room
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(a) Schematic

Fig. 2 Fabricating of crack

N/s with accuracy of +1%. It can be used to automatically
record and draw the load displacement curve during
loading, and to work out the basic parameters of
experimental samples. The acoustoelectric data acquisition
system, PCI-2 one, manufactured by Physical Acoustic
Corporation is equipped with a board of 18-bit A/D
conversion scheme, eight digital I/O, two complete high-
speed channels for real time data acquisition, real-time
feature extraction, waveform processing and transfer, and
frequency response of 3 kHz to 3 MHz at -3 dB points. The
LB-1V multi-channel data acquisition system was used to
measure the surface potential during coal rock deformation
and fracture when being connected with electrode pads. The
electromagnetic shielding system is a GP6 electromagnetic
shielding room with effectiveness of 14 kHz >80 dB, 100
kHz >100 dB, 300 kHz >110 dB and 50 MHz to 1 GHz
>110 dB. In addition, to avoid the electromagnetic
interference from electricity power, radio wave, and electric
equipment, a double copper grid with size less than 0.2 mm
was used to cover the coal samples. The coaxial shielded
cable was used to connect the sensor and the data recorder.

2.2 Sample fabrication

The coal and rock samples were siltstone extracted from
No.9 coal seam of Sanhejian Mine of Xuzhou Mining
Group, in which mining depth is about 840 m.

The samples were first directly processed into standard
cylinder with diameter of 50 mm and length of 100 mm,
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Table 1 Experimental parameters of prefabricated crack samples

Type Mine Size (mm) Loading type Control mode Loading rate (mm/min)
Coal Sanhejian ¢50x100 Uniaxial compression Displacement 0.3
Rock Sanhejian ©50x100 Uniaxial compression Displacement 0.2

(a) Non prefabricated crack
30° inclination

(b) Prefabricated crack of (c) Prefabricated crack of (d) Prefabricated crack of
45° inclination

60° inclination

Fig. 3 Photos of samples failed under uniaxial compression

(a) Non prefabricated crack (b) Prefabricated crack of 30°
inclination

(c) Prefabricated crack of 45°
inclination

(d) Prefabricated crack of 60°
inclination

Fig. 4 Schematics of samples failed under uniaxial compression.

with surface flatness errors at both ends less than 0.02 mm,
according to the regulation of the International Society for
Rock Mechanics (ISRM); and then selected rigorously by
eliminating those samples with obvious damages and
visible cracks on their surfaces and those whose size and
flatness didn’t meet the requirements.

The macroscopic cracks were prefabricated using the
mechanically cutting method. The cutting tool was a high-
speed electric cutting machine whose rotor blade was a
diamond saw of 60 mm diameter and 0.3 mm thickness.
The fabricated cracks were about 0.5 mm wide, 25 mm
long, and 8 mm deep (the middle position of the crack),
shown as Fig. 2(a). All the cracks were single crack on the
sample with inclination of 30°, 45° and 60°, respectively. A
schematic of the prefabricated crack sample is shown in
Fig. 2(a), and its physical picture is shown in Fig. 2(b).

3. Experimental results and analysis

Ten groups of coal and rock samples were tested

respectively. Table 1 shows the dtailed experimental
parameters of representative coal and rock samples.

3.1 Failure mode of samples

Figs. 3 and 4 show the photos and their correspondent
schematics of coal and rock samples suffering deformation
and failure under uniaxial compression. It can be seen that
the samples with prefabricated cracks of different
inclinations present different failure modes, which is in
consistence with previously results of other studies (Do et
al. 2014, Price 2016).

From Figs. 3 and 4(a), the sample without prefabricated
crack is completely split generally nearly along the
cylindrical axis. The rupture process obviously shows that
the sample is of brittleness. At failure, the sample is jittered,
and the debris is splashed with audible sound of cracking.

While the sample with prefabricated crack of 30°
inclination cracks at its tips. The wing cracks extends along
the prefabricated crack, and then turns along the direction
parallel to the direction of the maximum principal stress,



52 Dazhao Song, Qiuju You, Enyuan Wang, Xiaoyan Song, Zhonghui Li, Liming Qiu and Sida Wang

30 /ﬂ
no pre-cracked sample m
\/
20 1 /
o /) 4

/ A
/ /

104 300 / ‘ /‘“
N\
P |
150

t(s)
(a) Coal samples

N(kN)

200 250

250
200 A
no pre-cracked sample I
./
150 N/
z
=
=z o
100 30
! 45°
50 - o e S
0

T T 1
150 200

t(s)
(b) Rock samples

Fig. 5 Relationship of load to time of coal and rock samples failed under uniaxial compression

and lastly extends to both ends, cutting through the whole
sample. During wing crack extension, shear cracks first
occur at both ends of the prefabricated crack or coplanar
secondary cracks with expansion direction coplanar or
nearly coplanar to the crack direction. The surfaces of shear
cracks or coplanar cracks are rough and have traces of
obvious friction. The sample failure originates mainly in the
forms of the composite tensile/shear destructions caused by
the wing cracks.

As the prefabricated crack inclination increases, as
shown in Figs.4(c)-(d), the wing cracks appear at the early
stage, extend to the direction of the maximum principal
stress, and eventually run through both ends of the sample,
resulting in the sample’s failure. The wing cracks have
smooth, clean surfaces and no fragmentation-like
substances, thus they are tension cracks. At the same time,
reverse wing cracks or shear cracks also present themselves.
The sample eventually fails due to tension.

It is shown that the prefabricated crack is the main
factor leading to failure of the sample. After loading, due to
the stress concentration effect in the prefabricated crack
region, the sample first breaks at both ends of the crack,
then wing cracks present themselves. As loading increases,
the wing cracks ceaselessly extended till run through the
sample, resulting in its full failure. The extension of wing
cracks mainly orients at two directions: one is along the
prefabricated crack direction and the other is vertical to the
crack direction.

3.2 Relationship of load to time in samples with a
prefabricated crack

In order to study the relationship between EM signal and
the loading path and to analyze its characteristics in various
stages, the load-displacement curves of coal and rock
samples (Batch 0117 coal sample and Batch 0106 rock
sample) are shown as Figs. 5(a) and 5(b), respectively.

As shown in Fig.5, as the sample’s skeleton structure
has been destroyed by the prefabricated crack to some
extent, its loading capacity decreases greatly. The effects of
the crack on the coal and rock sample strengths are
different. For the coal sample, its uniaxial compressive
strength decreases from 30 kN to 20 kN, dropping by an
average of 33.3%, while for the rock sample, its decreases
from 200 kN to 60 kN, dropping by an average of 70%. In
addition, compared to the sample without prefabricated

crack, the loading duration of the sample with a 30° crack is
similar, while that of 60° reduces by about 30 %, and that of
45° is much longer. This is due to the minimum inclination
between the 30° prefabricated crack and the principal stress
direction, resulting in the smallest effect on the strength and
loading duration, while with the inclination of cracks
increasing, the projection of the crack on the cylindrical
section is larger, that is, failure surface is appreciable,
leading to the change of the sample’s strength.

3.3 EMR characteristics

3.3.1 Coal sample

In the experiments, we chose the EMR sensor with
receiving frequency of 300 kHz. Fig.6 shows the results of
Batch 0117 coal sample, which loading-time curve
corresponds to Fig. 5(a).

From Fig. 6(a) it is seen that the EM signal emitted from
non-prefabricated crack has very relationship to the loading.
At 140s-150s, the sample enters the accelerated inelastic
failure stage, and the EM signals increase rapidly.

In Fig. 6(b), the presence of prefabricated crack at
inclination of 30°, which is equivalent to the increase in the
transverse activity space among the skeleton’s load-bearing
structure inside the sample, could increase the capacity of
the sample’s elastic deformation and simultaneously lower
the friction and press among the adjacent structures.
Therefore, the corresponding EM signal during the early
stage is relatively calm. According to Section 3.1, the shear
cracks are dominant in the development of wing cracks
caused by the prefabricated crack. Thus, pressing, friction,
and slipping among the microscopic particles on the crack
surface are also overwhelming during shear cracks
propagation. As a result, the EM signal in this stage should
be rich and continuous.

In Fig. 6(c), in the initial loading, the EMR signal is also
relatively smooth. After 200 seconds, the loading increases
rapidly and the signal raises up suddenly due to the close
contact and relative movement between two walls of the
crack. At 295 seconds, the loading reaches its maximum, so
does the signal. After that, in the fluctuating stage of
softening, the signal shows fluctuating peaks, suggesting
that in this stage, with the loading waving, the high intensity
fluctuation signal is observed due to friction and slipping
between the wall surfaces of sample cracks.
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From Fig. 6(d) it is clear that the EM signal is

characteristic of multimodal. We believe that under uniaxial and there is no any filling in the prefabricated crack. Thus,
compression, the two wall surfaces of the prefabricated
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Fig. 6 EM counts and energy generated by coal sample during uniaxial compression

crack with 60° inclination bear greater compressive stress

two wall surfaces have been completely compacted in a
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Fig. 7 EM counts and energy generated by rock sample during uniaxial compression

smaller loading, and the strong slipping and friction
between two wall surfaces result in the emitting of a large
quantity of EMR. After full compaction, the axial bearing

capacity of the sample increases to some extent, and the
radial extension of wing cracks is blocked. In the crack wall
appear the axial secondary cracks whose generation and
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Table 2 Characteristics of EMR stages of failure process of
coal samples

Crack Crack stable . Macrocrack
s . . Crack instable
Inclinations  compaction  propagation . development
failure stage
stage stage stage
o . fluctuation . peak
0 fluctuation rapid growth .
growth concentration
. fluctuati . k
30° fluctuation uctuation rapid growth peak
growth concentration
45° fluctuation fluctuation rapid growth peak .
growth concentration
60° fluctuation fluctuation ﬂu;t;:l?on fluctuation

Table 3 Characteristics of EMR stages of failure process of
rock samples

Crack  Crack stability Crack Macrocrack
Inclinations compaction propagation instability development
stage stage failure stage stage
fluctuati ak
0° calmness uctuation peax. -
growth concentration
fluctuation . peak
{e] -
30 growth rapid growth concentration
450 fluctuation rapid growth peak ‘ )
growth concentration
fluctuation . peak
o -
60 growth rapid growth concentration

propagation need energy accumulation, so the EM signal is
also stronger. In other words, the samples with prefabricated
cracks at larger inclination can generate EM signal from
beginning to the end during the loading. In the early stage,
it is generated mainly due to relative movement between the
closely compacted wall surfaces, while in the late stage it is
mainly produced during crack propagation.

It is seen that the prefabricated crack is the main factor
causing the coal sample damages. Accordingly, the sliding
and friction between the wall surfaces, as well as the crack
propagation and instability are the main reasons of EMR
generation in the whole process of the sample’s failure.

3.3.2 Rock sample

In the experiments, we chose the EMR sensor with
receiving frequency of 25 kHz. Fig. 7 shows the
measurement results of Batch 0106 rock sample with
corresponding loading-time curve shown in Fig. 5(b).

By comparing Figs. 6 and 7, it can be seen that the EMR
emitting law of rock subject to uniaxial compression are
similar to that of coal in the same condition. But there are
also some differences. EMR from coal samples is richer and
more complex and often coupled with multimodal
phenomenon, while that from rock samples is characteristic
of relative concentration, and, generally speaking, increases
rapidly with loading increasing and disappearing fast with
loading softening.

3.3.3 Comparison of EMR of coal and rock failure

From the view of crack propagation, the whole failure
process of coal and rock samples under uniaxial
compression can be divided into four stages: crack
compaction, crack stable propagation, crack instable
propagation, and macrocrack development.
Correspondingly, the EM signals in these four stages are
different and summarized as characteristics of calmness,

fluctuation growth, rapid growth, and peak concentration,
shown in Table 2 and 3. Based on them, we further analyzed
the influence of prefabricated cracks with different
inclinations on the fracture process, and subsequently on
EM signals.

Comparing the characteristics of EMR at various stages
of coal and rock failure process in Tables 2-3 and
combining Figs. 7-8, we found that:

(1) From the view of crack propagation, the whole
failure process of coal and rock samples can be divided into
4 stages. The EM signals in these stages have different
phase characteristics.

In the crack compaction stage, the EMR is mainly
caused by crack closure, and the signals are scarce or
absent. During the crack stable propagation stage, the EMR
tends to be active, and the signal increases continuously.
After entering the crack instable failure stage, the
microcracks of the sample aggregate and coalesce,
gradually forming macrocracks. The EMR is extremely
active, and reaches the maximum near the peak stress.
Subsequently, the EMR disappears gradually. Therefore, the
EM signals can effectively reflect the morphological
changes within the coal and rock, inversing the whole
microscopic process from crack formation and evolution to
coalescence and formation of macrocracks as well as
failure.

(2) Compared to the common samples, the EMR staging
characteristics of the samples with prefabricated crack have
the tendency of forward movement, which are more
obvious in the coal samples of 60° inclination and all rock
samples.

As shown in Table 2, for coal samples, the influence of
prefabricated cracks on the EM signal is limited. At each
stage, the EMR characteristics of the samples with
prefabricated cracks of 30 or 45 inclinations are very
similar to those of samples without prefabricated crack.
This may be because the coal sample itself has more
internal defects. Compared with these defects, prefabricated
cracks cannot show absolute advantages in the process of
absorbing external energy. In other words, the contribution
of the prefabricated cracks to the instable failure is
submerged in a large number of primary defects in the coal
samples. For the sample of larger inclination (60°), the
crack damages larger cross-sections. According to the
statistical damage theory, only the intact skeleton in the
vicinity of the cracks is subjected to the loads. In this way,
smaller stresses can cause tensile stresses at the
prefabricated crack tip to produce EMR. At this point, such
a small pressure has not even reached the minimum strength
to extend the primary fracture in the samples. The
prefabricated cracks are absolutely advantageous in
absorbing external energy and expanding itself. As the load
continues to increase, the primary fracture begins to expand.
According to Fig. 5, the “fluctuation” in samples with 60°
prefabricated crack in the compaction stage is caused by the
change of the precrack tips and the “fluctuation” of the
crack in the propagation stage, is the result of the
combination of the prefabricated crack and the primary
defects. After that, the EMR jumps to the “rapid growth”
phase and rapidly enters the fluctuating peak state.

For rock samples, due to their good homogeneity and
fewer internal defects, the prefabricated cracks of various
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inclinations occupy the dominant position in the instable
failure of the sample from beginning to end. At the same
time, as the crack effectively reduces the strength of the
sample, the EMR in the whole process shows characteristics
of a “clam” phase in advance of the four stages of the crack
propagation, shown as the calmness in the sample without
crack in Table 3.

It can be seen that the stage characteristics of EM signal
are closely related to the crack propagation and failure
process.

4. Discussion
4.1 Role of prefabricated crack in EMR generation

Through the above analysis, the characteristics of EMR
are closely related to the crack propagation and fracture
process. So we try to discuss the role of prefabricated crack
in EMR generation.

In the presence of prefabricated crack, the sample’s
deformation and failure are not wholly random. They
mainly initiate from both ends of the prefabricated crack,
and from the ends form wing cracks which rapidly develop
along two directions.

When the inclination of prefabricated crack is small, the
shear cracks or coplanar secondary cracks first appear at its
two tips and then propagate along coplanar or nearly
coplanar direction of the prefabricated crack, tending to
shear failure. The surfaces of shear cracks or coplanar
cracks are rough and have obvious friction traces. The coal
and rock materials are composed of mineral particles and
cements. These materials are combined by weaker Van der
Waals force, thus the coal and rock masses subject to
loading produce free charges due to sliding, dislocation, and
friction among these composites. When the crack rapidly
split, the charges on the both sides of the double electric
layer couldn’t completely disappear, thus forming separated
charges, and their motion emits outward EM wave
(Alekseev et al. 1993, Ivanov et al. 1988, Liu et al. 1997,
Nardi and Caputo 2009, Zhu et al. 1998). It is evident that
the contribution of friction to EMR depends upon the shear
inclination of the crack. The smaller the inclination is, the
higher the proportion produced by friction. This kind of
electrification phenomenon lasts in the entire process of
shear failure.

When the inclination is large, the sample mainly
undergoes tensile failure. When the prefabricated crack
closes, secondary cracks generally present themselves
around it. The cracks’ tensile expansion is mainly limited to
the range of atomic scale around the cracks’ tips, in which
intergranular cracking and transgranular cracking occur.
The intercrygranular cracking mainly occurs in the granular
boundary, making the van der Waals force change, i.e.,
making the intergranular potential change. The
transgranular cracking causes break of chemical bonds,
producing a larger quantity of charges (Rosen 1964,
Zweben and Rosen, 1970). Furthermore, the cracks and
defects in coal rock materials under external force may
cause local stress concentration, making the kinetic energy
of locally bound electrons increase and causing them to
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(a) Schematic of sample  (b) Front surface of sample

Fig. 10 Schematic of copper plate electrodes distribution

escape and become free electrons (Hoxha 2005, Krajcinovic
1989). It is just because different deformations of various
parts in the coal rock materials that result in different
distributions of charges generated therein and cause EMR to
be emitted. The experiment found that EMR signal emitted
by the sample with larger prefabricated crack more easily
shows outburst and multi-peak phenomena. These
phenomena account for instantaneous dissipation and
release of energy caused mainly by tensile failure (Cao et
al. 2015, Qian et al. 1986)

Impacted by the prefabricated crack with different
inclinations, the sample in different modes of destruction
has different mechanisms of EMR generation. When the
inclination is smaller, the variable motion of free charges
generated due to crushing, friction, and sliding in between
the crack walls is the main reason of EMR generation.
While when the inclination is bigger, the charge separation
caused by tensile extension at the cracks’ tips in this region
is the main contributor to rapid increase EMR in the later
loading stage.

4.2 Surface potential experiment of prefabricated
crack

From the above, free charges are the main reason of
EMR generation during deformation and failure of coal and
rock. Impacted by prefabricated cracks, free charges
generated by different forms and at different positions under
different manner of destruction contribute differently to
EMR.
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Fig.12 Prefabricated crack of 60° inclination

In order to verify our idea of the role of prefabricated crack
in EMR generation, we placed electrode pads around
prefabricated crack to measure the potential signal during
loading.

4.2.1 Experiment scheme

In this experiment, we used LB-IV multichannel
potential date acquisition system. The system mainly
consists of a central controller, a data acquisition, and a
front-end bridge amplifier and is equipped with 28
acquisition channels that can be used to connect electrode
pads and strain gauges to measure the surface potential or
strain during deformation and fracture of coal and rock
mass.

The physical picture of the electrode pads is shown in
Fig. 9. The distribution and locations of these pads are
shown in Fig.10, in which Fig.10 (b) shows the half of the
front panel of pads in Fig.10 (a) in front of the sample
column. In the experiment, the positions of batches No. 1-6
in Fig.10 (b) were connected with channels 1-6,
respectively.

4.2.2 Results and analysis

According to Section 3.3, it is obvious that many factors
attribute to EMR generation from samples with
prefabricated crack of 30 and 60° inclinations. In this paper,
we only discuss the surface potential signals generated by
these samples. Fig.11 and Fig.12 show the typical results.

From Fig.11, with loading gradually increasing, the
absolute values of surface potential signals measured by 6
channels, in a whole, also increase correspondently, but
their increasing ways are different.

The signal from Channel No.l changes slightly,
indicating that there are smaller native defects in the region.
During the sample’s destruction, the region stays always in
the stage of elasticity and no great cracking occurs.
Therefore, only a small amount of free charges are
generated.

The signals received from Channels No. 3, 5, and 6
change slowly during overall loading; after the main
rapture, the signal increment grows significantly, which
originates in that the extensions of native defects and cracks
caused by the main rapture in the correspondent regions,
leading to more charge separation. During loading after the
signal peak, the signal again becomes smooth but stays at
relatively higher level till the sample undergoes the second
rapture and final failure.

What received by Channels No.2 and 4 are the potential
signals emitted from the two sides of the prefabricated
crack. During overall loading, the signals of these two
channels grow gradually, and accelerate faster in the later
stage, indicating that the contact and friction of crack walls
in the later stage produce more signals. What’s more, their
increments are much greater than those obtained by the
other 4 channels, showing that the free charges generated in
these regions corresponding to these two channels are the
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most and continuous. Because these two channels are
located at the both sides of the prefabricated crack, we have
sufficient reasons to believe that the great changes in
potential signals of these two channels are resulted from a
large amount of continuous free charges generated by
sliding, dislocation, and friction in between the two closely
compacted walls of the prefabricated crack subject to
loading.

At the same time, the negative charges and the positive
charges measured by Channels No. 2 and 4, respectively,
fully prove from another angle that the positive and
negative charge separation is caused by friction between the
prefabricated crack’s walls. As viewed from the potential
signal strength, the quantity of free charges measured from
the two wall surfaces of the prefabricated crack is much
greater than that from other regions, thus the most
contribution made to EMR generation comes from the free
charges produced in between the two wall surfaces of the
prefabricated crack.

Fig. 12 (a) is a common curve shape of samples with
60° prefabricated crack during loading, which usually has
two peaks. The former peak is caused by tension rupture at
both ends of the prefabricated crack under external loads,
and then unloaded rapidly. However, the sample has not
been completely destroyed at this time. After the crack
closes, it can still withstand a certain load until it continues
to be final failure.

Different failure modes lead to the difference generating
positions and change trends of surface potential signals
between the samples with 60° and 30° prefabricated cracks.
From Fig.12 it is clear that the signals from Channels No.1
and 6 are very small and their variations are not obvious,
which indicates that there is no great damage and
destruction in these two regions during loading. More
potential signals are still measured from Channels No.2 and
4 located at the two sides of the prefabricated crack,
especially after tension failure occurs at both ends of the
crack, which means that for the sample with the
prefabricated crack of big inclination, the sliding and
friction still occur in between its two wall surfaces after
contacting each other, resulting in the generation of a
significant number of free charges.

In comparison with Fig.11, the signals from Channels
No.3 and 5 are most evident. According to the analysis of
Section 3.1-3.2, we know that on the both sides of the
sample’s prefabricated crack of 60° inclination, the tensile
destruction is dominant, after it closure, the secondary
cracks occur at its two ends. Channels No.3 and 5 are
responsible for measuring the signals generated from the
extension regions of the two ends of the prefabricated crack.
As viewed from Fig. 12(a), the sample during loading
produces two obvious load peaks, and the potential signal is
in good agreement with Fig. 12(b). It is seen that
instantaneous tensile extension and failure from which the
prefabricated crack suffers result in the generation of a large
quantity of free charges, thus the tensile extension at the
tips of the prefabricated crack possesses important
contribution to EMR.

It is worth noting that the surface potential signals from
Channels No.3 and 5 before and after the peak have evident
fluctuation, but through statistics, during the overall
deformation and failure of the sample, the free charges

generated in the vicinity of two wall surfaces of the
prefabricated crack are much more. A possible explanation
is that the sliding and friction in between two wall surfaces
of the prefabricated crack only are persistent charge
separation processes, while the crack propagation incites the
instantaneous release of free charges. In other words, the
most contribution to EMR during overall process from
sample loading to full failure comes from the free charges
generated by the relative motion in between the wall
surfaces of the prefabricated crack; the main contributor to
the EMR peak to which the sample peak destruction
corresponds is the free charges separated by the tensile
destruction at the tips of the prefabricated crack.

5. Conclusions

We carried out the uniaxial compression experiments on
coal and rock samples with prefabricated cracks of different
inclinations, measured EM signals generated from them,
studied the effects of the prefabricated crack on EMR, and
verified it by measuring the surface potential signals. The
main conclusions are as follows:

(1) Prefabricated cracks are the main factors leading to
the failure of coal and rock samples.

a. When the inclination between prefabricated crack and
axial stress is smaller, the wing cracks occur first from the
two tips of the prefabricated crack, and expand to shear
cracks or coplanar secondary cracks whose advance
directions are coplanar or nearly coplanar with the
prefabricated crack’s direction. The sample failure is mainly
due to the composite tensile and shear destructions caused
by the wing cracks.

b. When the inclination becomes bigger, the wing cracks
appear at the early stage, extend to the direction of the
maximum principal stress, and eventually run through the
both ends of the sample, resulting in the sample’s tensile
failure.

(2) The effect of samples with prefabricated cracks of
different inclinations on EM signals is different.

a. For prefabricated crack of smaller inclination, the
variable motion of free charges generated due to crushing,
friction, and slippage between the crack walls is the main
reason of EMR generation.

b. Bigger inclination has 2 aspect of influences: friction
and slippage etc. in between the crack walls in the early
stage; and the charge separation caused by tensile extension
at the cracks' tips before sample failure. The surface
potential distribution during the loading process verifies the
above conclusions.

(3) Our results advance the research of EMR theory of
coal rock from the statistical correlation of stress-EMR to
the direct relationship between fracture and EMR, and
provide a new mean and idea for quantitative revealling the
EMR mechanism of coal and rock failures, thus enriching
the theoretical basis for better application of this technology
in monitoring and early warning of coal rock dynamic
hazards.
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