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Dynamic collapses of deeply mined coal rocks are severe threats to miners. In order to predict the col-
lapses more accurately using electromagnetic radiation (EMR), this paper researched the energy conver-
sion mechanism in the damage process of coal rock mass, analysed its EMR and dissipated energy, and a

Keywords: relationship between which was established using the voltage amplitude of EMR signal and hysteresis
Coal rock mass loop generated in the loading and unloading cycles as a bridge; then a series of cyclic loading experiments
EMR energy

using coal samples of Junde and Xinlu coal mines from Heilongjiang province were carried out, and EMR
signal released during these cycles were collected. Results show that during a whole damage process of a
sample, the cumulative values of EMR energy and corresponding dissipated energy (hysteresis loop area)
well subject to the form of y = aln(x) + b, whose correlation coefficients are above 0.90, and EMR signals
received by different frequency antenna seldom impacted on this relationship; the total EMR energy
released from the whole failure process of the samples obtained from adjacent sampling point in same
mining area are different to some extent, so are the dissipated energy; compared with cyclic loading
for coal rock mass orderly with the peak loads of 5 kN and 10 kN previously, the dissipated energy of
direct using that of 15 kN increase 17.8%, and EMR signal is more abundant; EMR energy received in each
cycle increase steadily with the improvement of load level, and in a single loading and unloading cycle,

Dissipated energy
Hysteresis loop area
Amplitude

sometimes it is very rich in the unloading phase, even more than the loading one.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Numerous investigations showed a relationship between applied
stress and EMR emitted from rock material (Hadjicontis and Mavro-
matou, 1994; Krylov and Nikiforova, 1996; Wang et al., 2005; Lich-
tenberger, 2006). Results from modellings (O’Keefe and Thiel, 1995;
Molchanov and Hayakawa, 1995; Mognaschi, 2002), laboratory
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experiments (tests) (Cress et al., 1987; Wang and He, 2000; Frid
et al, 2005) as well as field observations (Frid, 1997, 2001; He
et al,, 1999; Liu and He, 2001; Wang et al., 2009a) suggested that
small scale fracturing processes are the main source of this EMR.
As an important parameter, amplitude (of the voltage) of EMR has
been aroused wide attention. Frid et al. (1999) and Rabinovitch
et al. (2001, 2007), analyzing EMR amplitude changes induced by
rock compression, showed a similarity in the fractal nature of the
processes controlling earthquakes and those of EMR induced by rock
fracture, and amplitude of EMR pulses was the square root of the
electromagnetic energy recorded; the EMR amplitude was also a
function of the crack area; they carefully verified the correlation
between crack sizes and pulse parameters, and built a EMR model
showing that crack velocity was proportional to the EMR amplitude.
Mori et al. (2004), by cyclic loading tests, found the plots of the signal
amplitude of EMR was a function of the elapsed time of loading; the
EMR signal was accompanied with the generation of AE signal, and
there was a positive correlation between the amplitude of EMR
and AE signal, which was useful for estimating the rock in situ stress.
Kurlenya et al. (1991) researched the relationship between fre-
quency and amplitude of EMR, found the maximum spectral ampli-
tude of EMR at the time of growth of the main crack was shifted
toward higher frequencies. Xiao et al. (2006) researched the energy
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Fig. 1. Relationship between dissipated energy and releasable strain energy of rock
mass unit.

Fig. 2. Coal load diagram.

6

Fig. 3. EMR test system. 1 - Compression testing machine, 2 - magnetic loop
antennae, 3 - sample, 4 - preamplifiers, 5 - data acquisition and processing system,
6 - load control system, 7 - electromagnetic shielding room.

transformation between EMR signal and stress in the course of
deformation and failure of coal rock, and found the changing curve
between EMR and mechanical energy was consistent with the rela-
tion curve between stress and strain, which conformed to thrice
multinomial approximately. Moreover, an increase of elasticity,
strength, and loading rate enhanced the EMR amplitude (Wang
et al., 2009b).

EMR monitoring and early warning techniques have been
widely used in coal mines in China. As a kind of soft rock, coal
has some similar features with common rocks. Meanwhile, as a
state variable, using energy to solve problems not only can greatly
simplify the analysis of intermediate process, but also take more
holistic and comprehensive account of various factors. To some
extent, studying complex rock mechanics problems underground
from the energy point of view is more suitable. So the aim of the
paper is to experimental study the relationship between EMR
and dissipated energy released from coal loaded, using the param-
eter—amplitude of EMR, and to try to explore new ideas for early
warning coal bumps using EMR.

2. Energy analysis of damage and failure of coal rock mass

As a kind of non-homogeneous multi-phase composite material,
a large number of micro-cracks and voids, and some other natural
defects are formed in coal rock mass in the long-term tectonic
movements. Subjected to external forces, coal rock mass will expe-
rience four phases: the micro-crack closure phase, the elastic
deformation phase, the micro-defects evolution and extension
phase, and the destruction phase. In this process, coal rock mass al-
ways exchange energy with the external: the external mechanical
energy turns into strain energy, thermal energy stores for internal
energy. Then strain energy turns into its own plastic strain energy,
surface energy, etc., meanwhile, the mass will release energy to the
external in the form of EMR, AE, etc. (Mikhalyuk and Zakharov,
1996; Sujathal and Chandra-Kishen, 2003; Xie et al., 2005).

Xie (1998) reveals under external forces, two mechanisms—
“strain hardening” and “strain softening” can be produced inside
the coal rock mass, which compete with and influence each other,
and jointly determine its macroscopic properties. The deformation
and fracture of coal rock mass is relevant to its internal energy
changes, including energy accumulation, release and dissipation.
That is, assuming there is no heat exchange between coal rock mass
and the external, the energy accumulated will be self-organized by
elastic energy release and plastic energy dissipation:

U=U,+ Uy (1)

where U is energy variation during the self-organizing process; U, is
elastic strain energy that can be released, while U, is dissipated
energy.

Which, Uy can be expressed as follows:

Ud :f(Up7US7U07Ur7Ub7Ux) (2)

where fis a general nonlinear function of U, Us, Uy, U, Uy and Uy. U,
is plastic energy caused by plastic deformation, Us is surface energy
consumed by the formation of new surfaces, U, is kinetic energy
while collapse, U, is all sorts of radiation energy, U, is biological
activity energy, and U, is other forms of energy has not been found.

Xie et al. (2008) expresses the relationship between energy of
rock mass unit as Fig. 1. Which, Uid represents the energy con-
sumed by rock unit during the formation of damage and plastic
deformation process, corresponding to the dissipated energy Uy
in Eq. (1). The variation of U; meets the second law of thermody-
namics, that is, the changes of its internal state are consistent with
the trend of entropy increase. U represents the storage releasable
strain energy, corresponding to U, in Eq. (1). This part is directly
related to the unloading elastic modulus and Poisson’s ratio. From
the view of thermodynamics, the energy dissipation is unidirec-
tional and irreversible, while the energy release is a two-way pro-
cess, which is reversible as long as some certain conditions.

Fig. 4. Physical picture of experimental system.
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Fig. 5. Load-displacement curves of coal samples 1-5# of Junde coal mine.

During the last few decades, the mechanism of EMR was deeply
studied. Once a material is brought close to its limit of fracture
strength and to frictional sliding, fractures will be formed, and the
EMR pulses emitted. EMR may start during crystal deformation prior
to and during the nucleation phase of cracks. Due to the cracking of
bonds between ions, a polarization occurs at the cracks. Any relative
movement of the polarized crack walls gives rise to the emission of
EMR (O’Keefe et al., 2000; Frid and Vozoff, 2005; Greiling and Ober-
meyer, 2010). Although the formers illustrated the mechanism of
EMR from different angles, one thing has been a broad consensus,
namely, the generation of EMR are closely related to micro-fracture

and cracks in coal rock mass loaded. According to the analysis above,
the shaded areas expressed dissipated energy in Fig. 1 and the gen-
eration of EMR signals have some intrinsic links.

3. EMR and dissipated energy in the failure process of coal rock
mass loaded

3.1. EMR energy

Under laboratory conditions, we commonly use EMR instru-
ments or acoustic-electric dynamic acquisition system to test



Fig. 6. Fitting curves of EMR and dissipated energy for coal samples 1-5# of Junde coal mine. B and V¥ present fitting curves between EMR signals and corresponding
hysteresis loop areas received by antennae with frequencies of 300 kHz and 50 kHz, respectively; and the units aJ and mJ are 1 x 10~'8] and 1 x 1073 ], respectively,

hereinafter the same.

EMR signals generated from coal rock mass loaded. This cannot
get the actual electric and magnetic fields strength of the elec-
tromagnetic field caused by loading coal rock mass, but just

the voltage amplitude of the induced voltage

For an EMR device, its energy analysis is mainly through the
integration of the output transient signal (voltage amplitude),

that is,

W= /0 U(t)I(t)dt

T T T T T T T T T T
2,000 4,000 6,000 8,000 10,00012,000 14,000 16,000 18,000 20,000
Area expressed dissipated energy(mJ)
(e)

respectively.

or analog signals. .
W= Uit
0

where U; and I; are voltage and current of sampling points, respec-
tively. At is the interval of sampling points, and n is the number of

(3)

sample points.
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The actual processing is commonly to discrete Eq. (3):

(re)ABsus yW3

(re)ABaus Y3

where U(t) and I(t) are transient voltage (V) and current (A),
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Fig. 7. Total energy values of the five samples of Junde mine. @ and ¥ are total EMR

energy received by antenna with frequency of 300kHz and corresponding
dissipated energy, respectively.

Table 1
Comparison of dissipated energy.
Peak  Option 1 Option 2
load
(kN)
Average values of 1# (mJ) 2# (mJ) 3#(mJ) Average
dissipated energy of the (my])
five samples (m])
5 906.62 103579 79392 736.18 855.30

15 2396.89 2765.93 392274 1783.94 2824.20

Eq. (4) is the EMR energy collected in laboratory.

3.2. Dissipated energy

In uniaxial compression process, the energy accumulated in
coal rock mass is provided by press for power, which has two load-
ing modes: displacement and force load. Adopting the former one,
and let the instantaneous force of the loading surface be P(t), the
power supplied by press when loading surface moves from 0 to x is

Wy = /OX P(t)dt (5)

By the analysis above, during the loading process in Fig. 2, the
part cannot be recovered represents dissipated energy Uy, which
is the main source of EMR signal, and corresponds to Uf in Fig. 1,
i.e., the hysteresis loop area of the first cycle. From Fig. 2, we can
also deduce that during the first cycle, the cumulative number of

EMR energy E; is clearly relevant to Uy, the hysteresis loop area
of this cycle; Accordingly, the first two cycles of cumulative num-
ber of EMR energy E1.; is related to that of Uy + Up, i.e., it corre-
sponds to the hysteresis loop areas of the first two cycles.

In this way, the relationship between EMR and dissipated
energy is established from the experimental point of view. The fol-
lowing is to analyse the quantitative relationship between the two
in the cyclic loading process.

4. Experiments
4.1. Sampling and methodology

4.1.1. Samples

The samples were taken from the Junde and Xinlu coal mines,
Heilongjiang province. We first got big coal mass in mines, and
directly processed them into standard cylinder samples of
®50 x 100 mm, with surface flatness error of both ends less than
0.02 mm; then rigorously selected them: (1) eliminate specimens
with significant damage and visible cracks on their surfaces; (2)
eliminate specimens with the size and flatness do not meet the
requirements. To ensure the comparability of experiments results,
coal samples in a same group were obtained by densely drilling on
the same surface of a coal mass.

4.1.2. Equipments

EMR test system is the core system shown in Fig. 3, composed of
the loading system, the data acquisition system, and the electro-
magnetic shielding system. The physical system is shown in Fig. 4.

(1) Loading system: servo-controlled mechanical test equipment
YAW4306, with maximum load capacity 3.0 x 10% kN; resolu-
tion of test force showed (FS) 1/300,000 with relative error 1%;
loading speed 600-60,000 N/s with accuracy of +1%. YAW4306
has two control modes: displacement and force load, which
can be used to uniaxial compression and tension, cyclic loading
and creep tests, etc.

(2) Data acquisition system: PCI-2 AE System manufactured by
PAC (Physical Acoustic Corporation), which has a board with
18-bit A/D conversion scheme, eight digital I/O, and two com-
plete high-speed channels of real time data acquisition, with
real time feature extraction, waveform processing and trans-
fer. Its frequency response is 3 kHz to 3 MHz (at —3 dB
points).

(3) Electromagnetic shielding system: electromagnetic shielding
room GP6, with the effectiveness as follows: 14 kHz > 80 dB,
100 kHz > 100 dB, 300 kHz > 110dB, 50 MHz to 1GHz >
110dB.
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Fig. 8. EMR energy released in the cycle with peak load of 5 kN in Option 2. a, b, and ¢ correspond to samples 1#, 2# and 3#, respectively.
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Fig. 9. EMR energy released in the cycle with peak load of 15 kN in Option 2. a, b, and c correspond to samples 1#, 2# and 3#, respectively.

Table 2
Comparison of EMR energy between the two options.
Peak Option 1 Option 2
load
(kN)
Average values of total EMR  1# (aJ) 2#(a]) 3#(a]) Average
energy of the five samples (a])
(aJ)
5 8773 24,059 19,006 25374 22,813
15 13,159 56,762 91,753 29,903 59,473

4.1.3. Methodology

Option 1: (1) Five samples of Junde coal mine were selected
according to Section 4.1.1 and numbered (1#, 2#, 3#, 4#, 5#). (2)
Each one was under uniaxial cyclic loading, displacement control
mode was used with the speed of 0.1 mm/min. Once the load value
was reaching to 5 kN, unload it with the same speed. After the
value was to 0, maintain no-load state 90 s (fully eliminated its im-
pact to the next cycle). The first cycle was completed and contin-
ued to load. 10 kN, 15 kN, 20 kN, and 25 kN were looked as peak
values of the following four cycles. After completion of the whole
five cycles, the sample was loaded to failure with the speed of
0.1 mm/min. In the whole process, we adopted two channels (I,
IT) to acquisite EMR signals, the sensor resonance frequencies were
50 kHz, 57 dB and 300 kHz, 55 dB, respectively.

Option 2: (1) Six samples of Junde coal mine were selected and
randomly divided into two groups (a, b), and samples in each group
were numbered (1#, 2#, 3#). (2) Each sample was carried out just
one loading and unloading cycle, the peak value of group a and b
were 5 kN and 15 kN, respectively. In the entire process, EMR sig-
nals were recorded.

Do the experiments using samples of Xinlu coal mine as
described above.

4.2. Experimental results and analysis

4.2.1. Relationship between EMR and dissipated energy

4.2.1.1. Comparison of five cycles of same samples. From Figs. 5 and 6,
the cumulative EMR and corresponding dissipated energy (hyster-
esis loop area) well subject to the form of y = a In (x) + b. (The sam-
ples of Xinlu mine show the similar law, details please refer to the
Appendix.)

This is relevant to two aspects: hysteresis loop area and EMR
signal. From the former point of view, numerous research have
divided the macroscopic deformation and failure of coal rock mass
into four phases (Medhursta and Brownb, 1998): phase I, the com-
paction phase; phase II, the apparent linear elastic deformation
phase; phase III, the accelerated nonelastic deformation phase;
and phase IV, the rupture and development phase. Early in the
loading process, with relatively intact internal structure, coal rock
mass has strong capacity of elastic recovery and resisting external
load. Most energy input this time can be stored in the form of elas-
tic energy, which can recover when the load decreases, leading to
the hysteresis loop area small in this phase; in the later loading
phase, the internal structure of the samples are gradually des-
tructed, making the capacity of bearing external load and storing
elastic energy reduce. This time, the work on samples by external
load prefer to release as dissipated energy, which leads to weak
elastic recovery capacity when external load decreases, making
the hysteresis loop area increase. From EMR signals, all the com-
plete cycles are in the former three phases, in which the character-
istics of EMR signals have been widely studied (Wang et al., 2009b;
Koktavy et al.,, 2004). In the compaction phase, as almost all
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Fig. 10. EMR energy of coal sample 3# of Junde mine according to Option 1. (a) is energy-time graph in the whole process, (b and c) are the complete curves of the second and

third cycle, respectively.
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Fig. Al. Load-displacement curves of coal samples 1-5# of Xinlu coal mine.

original defects in coal rock mass are to be deformed and micro-
fracture, which can produce EMR signals, the cumulative of which
at this phase is relatively large, and increase at the beginning and
then decrease. In the apparent linear elastic deformation phase, the
generation of EMR in microenvironment is episodic rather than
continuous. Only the deformation energy in coal can accumulate
high enough to cause micro-cracks and generate EMR. By contrast,
the macro-EMR signals increase continuously in a nearly linear
mode. This is a relatively stable phase. In the accelerated nonelastic
deformation phase, large amounts of elastic-plastic energies are

accumulated in coal rock mass, resulting in sharply increased
EMR counts.

By the analysis above, we believe that with the peak load grad-
ually increases during cyclic loading, the change rate of hysteresis
loop area become greater than that of EMR signals, resulting in the
phenomenon above.

We also find that signals received by antennae with different
frequencies subject to this relationship, and R?> of the fitting
equations for a same sample are close, only the values of the two
coefficients a and b are different, which results from different
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Fig. A2. Fitting curves of EMR and dissipated energy for coal samples 1-5# of Xinlu coal mine. EMR signals were received by antenna with frequency of 300 kHz.

frequency points of the two antennae. As the samples of Jude mine
are relatively hard, signals of 300 kHz receiver are more abundant.
It can be seen that, EMR signals received by different frequency
antennae seldomly impacted on this relationship.

Fig. 7 shows both total EMR and dissipated energy are different
in the whole cyclic loading process before the complete destruc-
tion of the samples. Such as samples 2#, 3# and 4#, whose total
EMR energy are between 40,000 and 60,000 aJ, and sample 1# is

about 20,000 aJ, the discrepancy of which are insignificant, but
the value of the sample 5# is more than 130,000 aJ; meanwhile,
the values of the dissipated energy of the five samples have signif-
icant differences: the values of samples 1#, 3#, 4# and 5# are less
than 20,000 mJ, while the sample 2# is close to 140,000 aJ. For
these special points, of course we can look them as singular values,
but we have reason to believe these results from the more discrete
of coal’s internal structure than normal rocks, and can be
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attributed to the internal structure of coal. Different loading and
unloading paths of the five samples in Fig. 5 can illustrate this from
one side.

4.2.1.2. Comparison of single cycle between the two options. Table 1
shows the results comparison between the two options according
to Section 4.1.3.

From Table 1, with the peak load of 5 kN (as the first cycle in
Option 1), the average values of dissipated energy obtained by
the two options are 855.30 and 906.62 m], respectively, showing
a little discrepancy; if the peak load is 15 kN, the value obtained
by Option 2 reaches 2824.20 mJ, 17.8% more than the result
according to Option 1.

This is because, compared with Option 2, during Option 1, two
cycles with peak loads of 5 kN and 10 kN had been orderly carried
out before the cycle with peak load of 15 kN, which no doubt
caused considerable damage for the samples. Due to the Kaiser
effect, this is bound to reduce the damage and fracture during
the third cycle, resulting in decrease of hysteretic loop areas and
reduction of energy dissipation. While for both the two options,
the cycle with peak load of 5KkN is essentially the same, all the
samples are in good conditions before loading, therefore, the val-
ues of dissipated energy are not very different.

From Figs. 8, 9 and Table 2, the average value of total EMR
energy released in the cycle with peak load of 5 kN according to
Option 2 is about 2.6 times more than that of Option 1, while that
of 15 kN increase 4.5 times, the increment of which is significantly
larger than the former one. We believe that this is also relevant to
the previous cyclic loading process with peak load of 5 kN and
10 kN, which damage the internal structure of the samples to some
extent.

4.2.2. Comparison of EMR energy of loading and unloading phase in a
single cycle

From Fig. 10a, EMR signal generally improves steadily with the
improvement of load level.

Frid (2000) shows that: coal, compared with general rocks, is
soft, but can generate EMR in loading process, and at main rupture
moment, there can be a strong EMR generated. Through the whole
loading process, the EMR intensity increases with the load level
improve. For same coal samples, the EMR intensity is good positive
correlation with their physical strength, that is, the greater the
strength, the greater the intensity of EMR.

The curve in Fig. 10a can be easily divided into five obvious
peaks, corresponding to the five cycles. In each cycle, the signal
during unloading phase are so rich that even more than that of
the loading phase, such as (b) and (c).

From Frid and Vozoff (2005), fractures of the order of 1-2 cm is
the main source of measured EMR, which mainly develop along
the interfaces between the particles. Compaction can make micro-
cracks spread and crack surfaces slide and rub, leading to the pro-
duction of free charges and making them proliferate and migrate
from high concentration regions (compressed regions) to low con-
centration regions (low-stress area or stretching regions). But mean-
while, the compressive stress will limit free charges in structures of
smaller scales to a certain extent, i.e., at crack tips. When a sample
begins to unload, on the one hand, the shear tensile stress can be
generated at crack tip, on the other hand, stress relaxation can pro-
vide enough movement spaces for free charges, enable their free-
dom of movement. We think this is the main reason why EMR
signal is so rich in unloading phase. In our experiment, the phenom-
enon that the signal was suddenly increasing once the unloading
phase began occurred several times.

5. Conclusions

In the failure process, coal rock mass always exchanges energy
with the outside. Ignoring the heat exchange, the energy generated
by external forces are to self-organize and adjust by the release of
elastic energy and dissipation of dissipated energy; the hysteresis
loop area generated in cyclic loading process of coal rock mass
can be used to express dissipated energy, and the integral of tran-
sient signal (voltage amplitude) of EMR can be looked as EMR
energy; combining the mechanism of EMR, we established a rela-
tionship between EMR and dissipated energy in the failure process
of coal rock mass.

The cumulative values of EMR energy and corresponding dissi-
pated energy (hysteresis loop area) for coal samples of Junde and
Xinlu coal mine well subject to the form of y = a In (x) + b, whose
correlation coefficients are above 0.90, and EMR signals received
by different frequency antennae seldomly impacted on this rela-
tionship; the total EMR energy released from the whole process
of coal samples obtained from adjacent sampling point in same
mining area are different to some extent, so are the dissipated
energy; compared with cyclic loading for coal rock mass orderly
with peak loads of 5kN and 10 kN previously, the dissipated
energy of directly using that of 15 kN increase 17.8%, and EMR sig-
nal is more abundant; the EMR signal increases steadily with the
improvement of load level, and in a single cycle, sometimes it is
very rich during unloading phase, even more than loading one.
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