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Abstract: Understanding the response law and mechanism of weak currents stimulated from coal
under an impact load is significant for the prediction of coal bumps in deep coal mines. In this paper,
the system for the weak current measurement of coal under an impact load is established and the
response characteristics of weak currents induced by the deformation of coal under an impact load are
investigated. Physical models are established to describe the process of charge transfer and explain
the generation mechanism of those currents. The results show that a transient current is stimulated
from the coal sample when an impact load is applied, and then, the current decays slowly, tending
to be a stable value that is slightly greater than the background current. The weak current flows
from the loaded volume to the unloaded volume of the coal and increases with the impact velocity
in a negative exponential form. Analysis of weak currents using non-extensive entropy shows that
the attenuation of the weak current obeys non-extensive statistical mechanics and the non-extensive
parameter q is greater than 2. The carriers are mainly electrons, of which the distribution obeys
the tip effect that electrons tend to enrich towards the tip of a crack. The generation mechanism
of those weak currents induced by coal deformation is the instantaneous movement of electrons
under a density difference caused by the tip effect. Research results can provide a new perspective to
understand the electric phenomena of coal under an impact load as well as a new method for coal
bump prediction.

Keywords: coal bump; transient current; impact load; mechanism; carriers

1. Introduction

Coal bumps, a kind of underground dynamic disaster induced by the sudden release
of elastic deformation energy accumulated in coal mass during mining [1,2], usually cause
serious casualties and property loss [3]. A coal bump is closely related to the deformation
aggravation of coal mass [4-6], of which the process is always accompanied by the emission
of various physical signals, such as acoustic emission (AE), electromagnetic radiation
(EMR), surface potential, and charge induction, which can reflect the damage evolution of
coal [4,7,8]. Therefore, the measurement of the physical signals emitted from coal during
deformation is an important basis for coal bump prediction and early warning [9].

Applying a mechanical load on coal and rock materials can stimulate a weak cur-
rent [10-16], which is also called the pressure stimulated current (PSC). Stavrakas et al. [11]
studied the characteristics of PSC from marbles through laboratory experiments, which
showed that an obvious weak current can be generated after the stress reaches 0.60¢ (c¢
is the peak stress), and the peak current is considered to be proportional to the loading
rate. Afterward, Triantis et al. [13] obtained a more general conclusion on the relationship
between PSC and the mechanical behavior of loaded marble specimens: obvious weak
currents can be observed only when the applied load exceeds the yield stress, and the

Sustainability 2023, 15, 2605. https:/ /doi.org/10.3390/su15032605

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su15032605
https://doi.org/10.3390/su15032605
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-6815-3562
https://doi.org/10.3390/su15032605
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15032605?type=check_update&version=1

Sustainability 2023, 15, 2605

20f15

generation of weak current from rocks is mainly induced by the change in Young’s modulus.
Kyriazopoulos et al. [17] believe that the PSC is directly proportional to the strain rate, and
the occurrence of fracture is accompanied by the sudden increase in PSC. The experimental
results from a study by Freund et al. [14,15,18,19] on weak currents from igneous rocks
(granite, anorthosite, gabbro, etc.) show that a weak current is generated the moment a load
is applied, and it can increase rapidly to a peak even at a very low stress level. Li et al. [16]
believe that PSC response characteristics are closely related to the deformation stages of
rock; they also found that the precursors of rock failure based on the PSC response are
different for various stress states, such as under progressive loading and during a creep
process. In recent years, the weak current technique has been introduced to study the
deformation and damage process of coals. He et al. [20,21] measured weak currents of
nanoamps on the surface of coal samples under uniaxial compression, confirming that weak
currents can also be stimulated from loaded coal. Li et al. [22] investigated the response
laws of weak currents stimulated from large-scale coal samples under a concentrated load
and proposed the principles of predicting coal bumps using the weak current method. To
verify the feasibility of the weak current method in coal bump prediction, Li et al. [23] also
conducted field tests in a deep underground coal mine using their self-developed weak
current measuring device, filling the gap in the application of the weak current technique
in underground engineering. The field test results show that the weak current responds
well to mine seismicities and the weak current technique has a broad prospect in coal and
rock dynamic disaster prediction due to its advantages of strong anti-interference ability
and sensitive response.

Previous research on the weak current stimulated from stressed coals provides a new
idea and theoretical basis for coal bump prediction and early warning, but almost all of these
studies are focused on the static load condition. In underground mining, the catastrophic
failure of coal under the disturbance induced by excavation blasting, mechanical drilling,
and roof fracture is becoming one of the major safety risks [24,25]; thus, investigations
on the measurement of the physical signals of coal under an impact load are vital for the
further understanding of the coal bump evolution process. Liu et al. [26] investigated the
burst characteristics of coal under impact loading using an AE system and analyzed the
development of fractures in coal samples through an AE count. Feng et al. [27] studied the
fracture characteristics of coal and its AE response under dynamic loading, revealing the
“double peak” pattern of the dynamic strength of coals. Yang et al. [28] studied the damage
evolution characteristics of coal samples under impact loading under different surrounding
pressures by measuring the change in ultrasonic wave velocity, through which the internal
damage of coal samples was quantitatively characterized. Xu et al. [29] investigated EMR
characteristics during the dynamic fracturing progress of gas-bearing coal under impact
loadings through laboratory experiments.

So far, the research on the weak current response characteristics of coal under an
impact load is still lacking, which limits the improvement of the weak current technique
for coal bump prediction and early warning. In the present work, an experimental system
for the weak current measurement of coal under an impact load is established, laboratory
experiments on coal samples under various impact loads are conducted, and the weak
currents are measured synchronously. The response characteristics of the weak current are
analyzed and its generation mechanism is investigated, by which the physical models are
established to describe the processes of charge transfer and weak current generation.

2. Experimental Details
2.1. Material

Coal blocks were collected from the Zhangminggou coal mine in Shaanxi, China.
Cuboid samples measuring 50 x 80 x 200 mm?® were cored and cut from these blocks
in strict accordance with the standards specified by the International Society for Rock
Mechanics [30]. The surfaces of each sample were ground flat so that the surface roughness
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did not exceed +0.02 mm, and the end face was perpendicular to the axis; the maximum
deviation was not greater than 0.25°.

2.2. Experimental System

The experimental system consists of a loading system, a weak current measurement
system, and an electromagnetic shielding system (Figure 1). The impact load is supplied
by a DK-5621 falling ball impact tester, with the drop height ranging from 0 to 2000 mm,
with a minimum scale of 10 mm. The drop of the ball is controlled by a DC solenoid valve
with an infrared positioning function. The weak current measurement system consists of a
Keithley 6517B electrometer (Tektronix (China) Co., Ltd., Shanghai, China), a computer,
a tri-coaxial cable, and two electrodes. The range of this electrometer is from 1 fA to
20 mA, with a minimum resolution of 1 fA. The independently developed data acquisition
software, based on the LabVIEW system design platform (National Instruments, Austin,
TX, USA), is installed on a personal computer running Windows 10 to acquire, display, and
store the current data. To diminish the interference of surrounding electrical noise to the
weak currents generated from the coal samples, the experiments were conducted in an
electromagnetic shielding room.
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Figure 1. Diagrammatic sketch of impact loading and electrode arrangement. (1) Computer; (2) elec-

Il

trometer; (3) triaxial shielded cable; (4) solenoid valve controller; (5) Teflon sheet; (6,7) copper
electrode; (8) stainless steel piston; (9) coal specimen; (10) DC solenoid valve; (11) steel ball; (12) fixed
support; (13) electromagnetic shielded room.

2.3. Experimental Scheme

As shown in Figure 1, the sample measuring 50 x 80 x 200 mm? is put on a steel piston
of 80 mm in diameter that is electrically insulated from the tester by a 3-millimeter-thick
Teflon sheet. An oblong copper electrode (80 mm long, 50 mm wide) is attached to the
end surface of the unstressed volume, and another copper electrode (30 mm long, 20 mm
wide) is attached to the steel piston. The HI (high) side of the electrometer is connected
to the electrode attached to the end side of the unstressed volume, while the LO (low)
side is connected to the electrode attached to the piston, which is also connected to an
electromagnetically shielded room that is grounded. The sampling frequency of 3 Hz for
the current measurement has been chosen in the experiments.

Five specimens numbered CIL01, CIL02, CIL03, CIL04, and CILO5 were prepared for
impact loading tests. A steel ball weighing 225 g was used for the tests, and eight falling
heights of 0.1, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0, and 1.5 m were set to investigate the influence of
impact velocity on the magnitude of transient currents. Three groups of parallel tests on
Specimens CIL01, CIL02, and CIL03 were carried out; Specimens CIL04 and CILO5 were
held in reserve.



Sustainability 2023, 15, 2605

40f 15

Current/nA

3. Results and Discussion
3.1. Weak Current Response Characteristics

Figure 2 shows the variation of weak currents stimulated from Specimen CIL02 with
time. It can be seen that before an impact load is applied to the coal sample, the weak
current is stable at a certain value, which is called the background current. The moment
an impact load is applied, the weak current increases instantly to the peak value; the
phenomenon is known as a transient current. After that, the current decreases gradually,
tending to be a certain value (marked by the dashed line), which is named the stable current.
As shown in Figure 2, after an attenuation of hundreds of seconds, the current seems to be
still greater than the stable current, which is verified by the data listed in Table 1. Previous
research shows that the weak currents from rock and coal under a static load also decay
when the applied load no longer increases or remains constant [12,13,16,19,22], and the
decay trend is similar to that shown in Figure 2. The difference is that the stable current is
much higher than the background one for the static load condition, while the two are very
close for the impact load condition (see Table 1). Due to the fact that the applied load is the
driving force of the generation of weak current, the current can also be stimulated, although
the load applied on the coal/rock is maintained, making the current stable at a value much
higher than the background one. In our experiments, the application of the impact load on
the coal samples can be considered instantaneous and is removed subsequently, making the
transient current decay without any driving force. Essentially, the weak current stimulated
by an impact load tends to be the background value, but this process will take a long time,
so the stable current is only a little higher than the background current.

Table 1. Typical currents stimulated from Specimen CIL02 under various impact loadings.

Drop Height/m Background Current/nA  Peak Current/nA Stable Current/nA

0.1 0.5 5.4 0.7
0.2 0.6 8.1 1.0
0.4 0.6 10.7 1.0
0.5 1.0 11.9 1.1
0.6 0.4 124 0.6
0.8 0.6 15.3 0.6
1.0 1.0 16.4 1.2
15 0.5 17.6 0.5
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Figure 2. Variation of weak currents with time for Specimen CIL02 for different ball falling heights.

(@) 0.1 m; (b) 0.2 m; (c) 0.4 m; (d) 0.5 m; (e) 0.6 m; (f) 0.8 m; (g) 1.0 m; (h) 1.5 m. The dashed line marks
the stable current.

It can be seen from Figure 2 that the variation law of weak currents stimulated from
coals under an impact load is consistent, but the peak currents are different. Therefore, it
is necessary to investigate the relationship between the falling height of the ball and the
intensity of a transient current, which can be calculated by the following formula:

Ie =Ip — I 1)
where I, is the intensity of a transient current, Ipis the peak current, and [, is the back-
ground current. The intensity of transient currents for the three groups of experiments
is listed in Table 2, and the error bar curve is shown in Figure 3. The fitting results of
the scatter of the average transient current show that the intensity of transient currents
increases exponentially with the falling height of the ball.



Sustainability 2023, 15, 2605 6 of 15
Table 2. Intensity of transient current from coal samples under an impact load.
Transient Current/nA
Drop Height/m
CILO1 CIL02 CIL03 Average
0.1 3.8 4.9 43 43
0.2 9.4 7.5 7.4 8.1
0.4 13.1 10.1 10.6 11.5
0.5 14.4 10.9 12.1 12.5
0.6 13.5 12.0 14 13.2
0.8 15.6 14.7 14.8 15.0
1.0 14.7 154 17.2 15.8
15 19.5 17.1 16.3 17.6
2l ¥ Average value
184 — Fitting curve
16 +
EM .
%
124
3
(5]
£10 1
s
2 -2.5h 2
S 84 1, =-16.5-e7"+17.3, R =0.995
=
6
4 -
2 . T T T T T T 4 1

T T y T : T b
00 02 04 06 08 1.0 1.2 14 16
Height of impact/m

Figure 3. Error bar curve of transient currents with the falling height of the ball (k) for the three
groups of tests.

Previous studies show that the weak current stimulated from coals under a static load
increases with strain rate [22,30], so it is reasonable to investigate the relationship between
the transient current and the strain rate of coal under an impact load.

According to the law of conservation of energy [31], the gravitational potential energy
before the ball begins to fall is equal to the kinetic energy the moment it hits the coal sample
without considering the effect of air resistance; hence, the energy relationship is

%mv2 = mgh )
where m is the mass of the ball, g is gravitational acceleration, % is the height the ball falls

from, and v is the speed of the ball when hitting the coal sample. Then

v=1/gh ©)

The strain rate caused by the impact load is positively correlated with the speed of the
ball when striking the coal sample [24], that is

de
a XU 4)

From Equations (3) and (4), we can derive Equation (5):

de 10
T xh (5)
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In order to investigate the relationship between the transient current and the strain
rate, the relationship between the transient current and /!/2 needs to be determined first;
hence, the error bar curve of the transient current, corresponding to the /!/2 of Specimens
CIL01, CIL02, and CIL03, is drawn in Figure 4. The fitting results to the scatters show that
the transient current increases negatively and exponentially with the height that the ball
falls from. The relation can be expressed as:

/2
Iy x —e h (6)
20 _ ¥ Average value
18] — Fitting curve
16
<
14
[ = 4
o
3]
510 s
[ 1 12
G 8- I,=-28.9-¢"" +20.8, R* =0.998
'_ 4
[
44
2+———F—7T——7——T7T—— 77T T 7T
03 04 05 06 07 08 09 10 11 12 13
h1/2/m1/2
Figure 4. Error bar curve of the transient currents with 11/2 for the three groups of tests.
From Equations (5) and (6), we can derive Equation (7):
Ty o 7e—ds/dt (7)

Equation (7) indicates that the weak current stimulated from coals under an impact
load increases negatively and exponentially with the strain rate, which is consistent with
that for coals under a static load [22,32].

The application of an impact load on the coal is completed in a very short time, which
can be regarded as instantaneous, so the strain rate reaches its maximum instantly. The
weak current increases with the strain rate, so the weak current reaches its peak value
instantly, generating a transient current. After the application of the impact load, the coal
deformation gradually recovers, so the weak current attenuates gradually and, finally,
tends to be stable.

3.2. Attenuation Laws of Transient Currents

As depicted in Figure 2, the currents exhibit almost an identical attenuation trend. In
order to facilitate the analysis of the unity of the attenuation law of the weak current, the
time when the current begins to decay is zeroed. As shown in Figure 5, the weak current
curves flatten out gradually, indicating that the decay rate of the current decreases. In
addition, after hundreds of attenuations, these currents are still greater than the background
one, indicating that the attenuation of currents is a slow dissipation process.
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Figure 5. Curves of current attenuation for different ball falling heights for Specimen CIL02.

In 1988, Tsallis C proposed a non-extensive entropy (Tsallis entropy), which is defined
as [33]:

Sq = ks—=5— ®)

where kg is Boltzmann’s constant, P; is a set of probabilities, 4 is the non-extensive parameter,
and W is the total number of possible microscopic configurations. There is a normalization

1%

condition where ) P; = 1. This kind of statistical mechanics, based on Tsallis entropy, is
i=1

called non-extensive statistical mechanics, and it will be used to analyze the attenuation

laws of the transient current.

Because both the transient currents and the stable currents are different for different
ball falling heights, in order to unify the attenuation law of these currents, the decay
currents are first normalized using the following formula:

=11 ©)

where ¢(t) is the normalized current, I is the real-time current in the relaxation phase, and
I is the stable current.

If the current relaxation was of the exponential type, then the normalized current &(#)
would satisfy the following equation [34-36]:

dg _
- P¢ (10)
Considering the involvement of multi-fractality, a more general equation holds:
d¢
2 = _B.-& 11

where f is the decay factor that is related to the internal energy of a system.
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Equation (11) leads to a generalized g-exponential function:

E(t) =[1—(1—q)-Bqt]"" 77 = exp(—Bqg-t)

The normalized currents after the withdrawal of the impact load on Specimen CIL02
are calculated by Equation (9). The scatters of ¢, corresponding to different heights, are
depicted in Figure 6 and are fitted by using Equation (12). Figure 6 shows that all the fitting
curves correspond well to the scatters of current measured in our experiments, and the
coefficients of determination, R?, are all greater than 0.95, showing that the fitting results
are very good [37]. In addition, by non-extensive statistical mechanics, g < 1 enhances the
rare events, while g > 1 enhances the frequent events. As shown in Figure 6, the g values are
all greater than 2, indicating that the relaxation of these currents obeys the non-extensive

statistical mechanics.
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Figure 6. Normalized decaying currents from Specimen CILO02 for different falling heights of the ball.
(a) 0.1 m; (b) 0.2 m; (c) 0.4 m; (d) 0.5 m; (e) 0.6 m; (f) 0.8 m; (g) 1.0 m; (h) 1.5m.

3.3. Mechanism of Weak Current from Loaded Coals
3.3.1. Carriers in Coal

The fact that the weak current can be stimulated from coals under an impact load
shows that there must be carriers in the coal. According to the dielectric conduction theory,
there are only three forms of carriers: ions, electrons, and holes [38].

Ionic conductivity is the conductive process of the directional movement of positive
and negative ions, so the necessary condition for ionic conductivity is the presence of ions
that can move freely [38]. The basis to judge whether there are ions that can move freely in
a substance are: (1) whether there are ions and (2) whether there are conditions for ions to
move freely. In our experiments, there is neither solution nor molten minerals in the dry
coal sample at room temperature, so there is no condition for the free movement of ions.
Therefore, it is inferred that the carriers of the weak current generated in the coal samples
are not ions.

Freund et al. [18,19] proposed that the p-holes formed by the loss of an electron by the
oxygen atom of silicate minerals are the main carriers in igneous rocks. Li et al. [22] intro-
duced the p-hole theory to explain the generation mechanism of weak currents stimulated
from coals under a static load and believed that the p-holes are induced by the breaking of
covalent bonds within coal molecules. P-hole theory can well illustrate the directionality
of weak currents, but there are still some limitations in using this theory. It holds that the
p-holes in coals are not primary holes but are generated due to the fracture of chemical
bonds. The existing research shows that a weak current can be generated the moment a
load is applied to the coal/rock material, and it can still increase rapidly to a peak value
even at a low stress level [14-16,18,22]. Considering that current is defined as the quantity
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of charge passing through the cross-section of a conductor per unit of time [38], the sudden
increase in current requires a large quantity of charge in a very short time. If the carriers of
those currents are p-holes, then a large number of chemical bonds, such as -O-O-, -C-OH,
-C-SH, -C-C»Hy, in coals need to be broken quickly. However, the breaking of chemical
bonds absorbs high energy, but the energy of the ball falling from a height of 0.1 m is too
small to provide enough energy to break a large number of chemical bonds, so few p-holes
can be activated and the transient current is impossible to stimulate. Therefore, p-holes are
not the main carriers of the weak currents from stressed coals.

Based on the above analysis, the carriers of the weak current from loaded coal are
electrons. Except for the free electrons that naturally exist in the coal, a large number of elec-
trons can also be generated by friction, stress-induced polarization, and crack propagation,
which will provide sufficient carriers for the weak currents from coals [32].

3.3.2. Mechanism and Physical Models

For the electrometer used in our experiments, the sign of the measured current is
positive if it flows to the HI side. Our experimental results show that the weak currents
measured are all positive, indicating that the current flows to the HI side of the electrometer.
Accordingly, the diagram of the equivalent circuit, composed of the coal sample, copper
electrodes, wires, and the electrometer, can be obtained, as shown in Figure 7. Considering
that the flowing direction of electrons is opposite to that of the current [38], the electrons
flow out from the HI side. Due to the movement of electrons being continuous in this
circuit, the path that the electron moves along can be depicted in Figure 7, indicating that
the electrons flow from the unstressed volume to the stressed one.

‘ Impact load ©  Electrons

— Flowing direction

™\

—=O

}

_]_
!

oe—7) O—
LOUHI

K

J—_ Current
Figure 7. Equivalent circuit diagram showing the flow of the current and the movement of electrons
in the coal.

Our previous research shows that the charge distribution in the coal and rock materials
obeys the tip effect, which holds that electric charges tend to concentrate at the tip of a
crack [30]. Therefore, the charge distribution on the coal surface is illustrated in Figure 8.
The distribution of charges is closely related to the surface topography of the coal, and the
surface of coal is rough, especially at the friction interface or surface of new cracks, so the
charges cannot be evenly distributed. In fact, the negative charges are distributed on the
surface of a “sunken” crack, while the positive charges are on that of a “bulge”. In addition,
under the action of the tip effect, the charges tend to concentrate at the tip location of the
coal surface, so the electron density increases along the path to the tip of a “sunken” crack
or a “bulge”.
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+ Positive charges

— Negative charges

Sunken

Figure 8. A physical model showing charge distribution on coal surfaces.

The coal is in the thermal equilibrium state when it is not loaded, so the free electrons
are in a chaotic motion, representing electrical neutrality. As shown in Figure 9a, before
the coal is loaded, the free electrons are evenly distributed in the coal, but when an impact
load is applied to the coal (Figure 9b), the primary crack will be closed quickly, which is
accompanied by the generation of a large quantity of charges due to friction electrification.
Under the action of the tip effect of charges, the original and newly generated free electrons
flow to the tip of the fracture space, leading to the reduction of free charge density in the
loaded volume of the coal. Because of the charge density difference between the stressed
volume and the unstressed one, the electrons in the unstressed volume will diffuse to the
stressed volume through the conductive channel to reach a new charge balance in the coal.
The diffusion path is depicted by the arrow in Figure 9b.

B Coal ——— Fissure ¢ Electron —— Moving direction

Figure 9. Schematic diagram showing the generation mechanism of currents induced by coal defor-
mation. The coal is (a) unloaded and (b) loaded.
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By definition, the current is calculated by [38]:

dq
I = o (13)
where I is the current, q is the charge quantity that flows from a cross-section of a conductor,
and ¢ is the time of charge flow.

The application of an impact load on coal can be regarded as instantaneous, making
the primary cracks close in a very short time. Under these circumstances, the charge density
difference is formed instantly, and the electrons flow instantaneously, so a transient current
can be stimulated when an impact load is applied.

4. Conclusions
The contributions of this study can be summarized as follows:

(1) The moment an impact load is applied to coal, a weak current, increasing instantly
to the peak value (transient current), is stimulated, and the current flows from the
loaded volume to the unloaded one through the coal. The intensity of the transient
current increases with impact velocity, which is positively related to the falling height
of the ball.

(2) The transient current decays slowly after the withdrawal of the impact load, tending
to be a stable value that is slightly greater than the background current before the load
application. The attenuation of the transient current lasts hundreds of seconds and
obeys non-extensive statistical mechanics, with the non-extensive parameter g greater
than 2.

(3) The main carriers of the stimulated weak currents are free electrons. The generation
mechanism of the weak currents induced by coal deformation is the instantaneous
movement of electrons under a density difference. The closure of primary cracks
makes electrons flow toward the tip of the shuttle fracture space under the action of
the tip effect, leading to a charge density difference, which makes the electrons in the
unloaded volume move to the loaded one to reach a new charge balance, generating
the transient currents.
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