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The study of the energy accumulation and rate of release in hard coal under dynamic, static, and coupled dynamic-static loading and its
failure mode is of significance when studying the mechanism underpinning coal mine dynamic disasters such as rock burst, coal, and gas
outburst. In this paper, four experimental methods (uniaxial compression, Brazilian splitting, and coupled dynamic-static tensile and
coupled dynamic-static compression) were used to analyze the energy accumulation, energy rate of release, and failure modes of this type of
hard coal under different loading conditions. It was concluded that (1) the energy accumulation and rate of releases of this type of hard coal
under static compression are 17.63-179.90 times and 18.57-13157.89 times those under static tension; the energy accumulation and rate of
releases in dynamic compression are 2.11-248.53 and 0.23-48 times those under dynamic tension, respectively. (2) During dynamic
loading, the ratio of compressive energy accumulation to tensile energy accumulation is reduced by 1.6 times compared with static loading,
and the ratio of compressive energy release to tensile energy rate of release is decreased by 363.84 times compared with static loading. (3)
The energy accumulation and rate of releases of this type of hard coal for dynamic tensile are, respectively, 2.64-17.42 and 1.07-5.26 times
those under static tensile load; the energy accumulation under dynamic compression is greater than that under static compression, being
0.24-15.04 times that under static compressive, but the energy rate of release under dynamic compression is 0.0003-0.56 times that under
static compression. (4) The greater the prepeak energy accumulation, the greater the degree of damage of the coal sample at each stage, and
also the higher the degree of fragmentation after the failure. The research results play an important guiding role in further understanding the
mechanism of coal mine dynamic disasters.

1. Introduction

With the increase in the scale of shallow coal mining, coal
mining has gradually developed to a greater depth, and coal
masses are more severely affected by high stress and mining
disturbance, therefore, studying the energy accumulation and
release and failure modes of coal under dynamic, static, and
coupled dynamic-static loading is useful for revealing the
mechanism underpinning coal mine dynamic disasters such as
rock bursts [1, 2], roof falls [3, 4], and coal gas outbursts [5, 6].

Many scholars have used various research methods to
investigate the accumulation and release of coal energy in
response to the occurrence and development of coal mine
dynamic disasters. Wu et al, with the mechanics experi-
mentations of coal samples, analyzed different flexibility
energy and researched quantificationally [7]. Zhang et al.
conducted a numerical modelling study to evaluate the roles
and contributions of different energy components [8]. Vardar
et al. employed the Universal Distinct Element Code (UDEC)
trigon method incorporating inherent discontinuities to
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investigate the changes in the pre- and postpeak behavior as
well as the energy release characteristics of different coal mass
samples [9]. Hao et al. used the stress-strain curve of the
uniaxial compressive test to establish a new bursting liability
evaluation index for coal [10]. Hao et al. considered unsteady
energy release at the postpeak stage and establish a new
brittleness index for hard coal [10]. Tang et al. obtained the
stress thresholds of coal that were in uniaxial and triaxial
compression, discussed the energy evolution during the
compression, and coupled with the crack volumetric strain
[11]. Zhang et al. considered the effects of depth on the in situ
stress environment and physical properties of coal and
conducted triaxial compression experiments on 128 coal
samples that were on this basis, showing that, with increasing
depth, the elastic energy and dissipated energy increase more
rapidly [12]. Lan et al. established the coal and rock system
model based on the tectonic stress and showed that the trend
of released energy of damaged coal has good consistency with
the variation of permeability, and water injection can reduce
the stress concentration and energy concentration of the rock
burst system [13]. Feng et al. studied the relationship between
stress-strain, uniaxial compressive strength, displacement
rate, loading rate, fractal dimension, and energy dissipation
rate through static loads and dynamic loads experiment [14].
Zhang et al. developed a simple and novel analytical solution
to calculate the amount of released energy due to varying joint
density and derived a novel analytical solution to calculate the
amount of released energy in coal with different joint densities
[15].

Studying the failure mode of coal is important to explain
the mechanism of coal mine dynamic disasters. Jiang et al.
pointed out that the inner cracking of hard rock is the root
factor for rock’s large deformation and failure [16]. Deng
et al. analyzed three types of cracks displayed by coal samples
under static load by uniaxial compression system [17]. Wang
et al. performed experimental tests under uniaxial cyclic
load-unload conditions using a microcomputer-controlled
electrohydraulic servo stiffness compressor with acoustic
emission (AE) monitoring to show a meaningful attempt for
predicting coal failure [18]. Li et al’s qualitative and
quantitative analysis of fractures in anthracites indicated
that their damage evolution process could be divided into
three phases under the uniaxial test and four phases under
the triaxial test [19]. Liu et al. made research on the damage
evolution mechanism of the overall creep failure process of
coal rock under uniaxial and triaxial compression load [20].
Kong et al. performed dynamic impact experiments of gas-
bearing coal which showed that gas flow over the coal surface
will increase shear stress along the fracture surface, in turn
inducing coal fracture [21]. Li et al. set up a static load and
static and dynamic combination load failure test simulation
system, prepared with different particle sizes to study the
characteristics of coal cracks produced in the vibration
failure process [22]. Qin et al. conducted axial loading tests
on three different types of rock specimens (coal, gritstone,
and fine sandstone) and their composite specimens and
found that, in the composite rock strata, a small amount of
energy was stored, and energy accumulation was more
difficult in competent rock with large elastic moduli [23].
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Jiang et al. provided a new way to quantitatively assess a
joint’s shear damage [24]. Hao et al. studied the crack de-
velopment pattern of the coal sample by the dynamic-static
tensile experiment [25]. Yang et al. established a new
nonlinear short-term and creep damage model of coal under
conventional triaxial compression [26]. Gong et al. found
that the symmetrical V-shaped failure modes on both
sidewalls under the four stress conditions are in line with the
statistical relationship of the far-field stress state and failure
mode of a deep circular cavern without support [27].

From the above research, it can be found that current
research into coal energy accumulation and release focuses
on the factor of energy accumulation capacity and energy
rate of release of coal, the theory of coal energy migration,
and the development of the brittleness index. Aiming at the
failure mode of coal, the research focuses on the initiation
and development of cracks in the failure stage of coal and the
description of its behavior after failure: however, few have
studied the energy accumulation and release of coal under
different loading conditions and different failure modes.
These are important when trying to understand the
mechanism of occurrence of, and preventive measures
against, coal mine dynamic disasters.

In the present research, four experimental methods
(uniaxial compression, Brazilian splitting, dynamic tension,
and dynamic compression under coupled dynamic-static
loading) were adopted to study the mechanical properties of
coal under different load regimes. Through the analysis of
the stress-strain curve and failure mode, the energy storage
in, and release from, the coal body under different loading
conditions were obtained. The analysis of coal failure modes
under different loading conditions is of significance to the
prevention and control of coal mine dynamic disasters.

2. Experimental Programme

To study the relationship between the mechanical properties
of hard coal under static tensile, static compressive, dynamic
tensile, and dynamic compressive loads, the classification of
test specimens seen in Table 1 was adopted. The No. 14 coal
in Xinzhouyao coal mine, Datong City, Shanxi Province,
China, was selected. The sampled coal is shown in Figure 1.
During the sampling process, the two ends of the sample are
flattened to ensure that the two planes are parallel and
perpendicular to the central axis. A total of 46 samples were
processed in the experiment. After processing, 31 coal
specimens with a height of 25 mm and a diameter of 50 mm
were formed. Among them, three were used for static tensile
strength testing, 12 for dynamic tensile strength testing, and
15 for dynamic compressive strength testing. At the same
time, 15 specimens with a height of 50 mm and a diameter of
25 mm were formed for static compressive strength testing.

In order to obtain the stress-strain curve of static tensile,
static compressive, dynamic tensile, and dynamic com-
pressive of the samples, the relevant data are recorded in
time during all the tests, and the crack propagation of the
samples is obtained by high-speed camera in real time. The
test instrument and the specific operation process are as
follows.
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TaBLE 1: Sample grouping and loading situation.
Test method
Number . . . .
Dynamic loading Static loading

B-1 B-2 C-7 F-1 F-3 F-4 D-1 Dynamic compressive None

D-3 D-4 D-5 E-1 E-2 E-3 E-4 E-7 Dynamic compressive 60% of the static compressive strength
A-1 A-3 A-6 A-7 Dynamic tensile None

B-4 B-5 B-6 B-7
C-1C-2C-5C-6

Dynamic tensile
Dynamic tensile

30% of the static tensile strength
60% of the static tensile strength

717273 74 75 76 F1 F2 F3 F4 F6 N1 N2 N3 N4

None Static compressive
None Static tensile

S1 .52 83

1
g (L

o
—> Static load
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(d)

FIGURE 1: Schematic diagram of different loading modes (in which, (a) represents the test of uniaxial compression, (b) represents the test of
Brazilian split, (c) represents the test of dynamic tensile, and (d) represents the test of dynamic compressive).

To measure the static compressive strength of the
samples, uniaxial compression tests were carried out on the
MT815.04 rock mechanics experimental machine in the
Institute of Rock and Soil Mechanics, Chinese Academy of
Science. The loading rate of the machine is 5.0 x 10~° mm/s.

The WDW-100E microcomputer-controlled electronic
universal testing machine was selected for Brazilian testing:
displacement control was selected for load application at
0.02 mm/min.

The dynamic tensile test and dynamic compression test
were conducted using the SHPB system of North China
University of Science and Technology, and an axial pressure
loading device was added at the end of the original SHPB
experimental system to provide static axial prestress. In this
experimental system, the diameters of the incident bar and
transmission bar are both 50mm, the wave velocity is
5667 m/s, and the elastic modulus is 250 GPa.

3. Test Results

3.1. Static Tensile Test Results. The stress-strain curves of
Brazilian static tensile samples are shown in Figure 2. It can
be seen from the figure that the static tensile strength of the
sample undergoes four stages: compaction, elasticity, yield,
and failure. Among them, the compaction and linear elastic
phase of the sample account for a large proportion, while the

yield stage is very short. After reaching peak strength, the
curve first drops rapidly and then rises slowly, but the
amplitude change is not obvious, but then drops rapidly,
showing a step-down change, and finally, the sample is
destroyed.

The crack initiation and propagation characteristics of
the sample during static tension in the Brazil test (as cap-
tured by camera) are shown in Figure 3. Each sample can be
divided into seven stages to failure. With increasing load, the
primary cracks in the sample are compacted, and the cracks
appear in the sample, and then, the cracks widen and in-
crease in length. With the continuous development of
cracks, many cracks on the surface of the sample begin to
penetrate, which leads to the penetrating fracture of the
sample. Finally, when the load increases to a certain strength,
the sample fails.

3.2. Static Compression Test. There are 15 groups of static
compression test, and the stress-strain curves are shown in
Figure 4. The stress-strain curve of the static compression
test is similar to that of the Brazilian static tensile stress-
strain curve, which can be roughly divided into four stages:
compaction, elasticity, yield, and failure. It can be seen that
the compaction and linear elastic phase of the sample ac-
count for a large proportion, and the curve rises until it



1.6

Axial stress (MPa)

0.0

Advances in Civil Engineering

0.004

0.000

—o— S1
—a— S2

—a— S3

0.008 0.012 0.016

Axial strain

FIGURE 2: Stress-strain curve: static tensile test.
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FIGURE 3: Typical static tensile crack initiation and propagation characteristics.

reaches the peak intensity; however, some specimens
exhibited a small drop before reaching peak strength, such as
specimens F2, F3, and N4. After reaching the peak intensity,
the curves show a step-down drop. Finally, the sample is
destroyed, and the bearing capacity dropped.

The crack initiation and propagation characteristics of
the samples during static compression testing are shown in
Figure 5. Each sample can be divided into five stages to
failure. With increasing load, the primary cracks in the
sample are compacted. There is no obvious crack on the
surface of sample, but the sample expanded. With the
gradual closure of primary cracks and the continuous ex-
pansion of the sample, cracks begin to appear on the surface
of the samples. With increasing load, the cracks begin to
penetrate. Finally, the load increases until reaching the
strength of the sample at failure.

3.3. Results of Dynamic Tensile Strength Testing. The stress-
strain curve of the coal sample dynamic tensile test is shown
in Figure 6. Overall, as the strain of the coal sample con-
tinues to increase, the stress on the sample also continues to
increase until it reaches the peak strength whereafter the
drop is relatively gentle. And the prepeak rising rate of the
dynamic tensile curve shows a downward trend with the
increase of strain which is different from static tensile, and
there is no step-down shape in the postpeak stage.

The characteristics of crack initiation and propagation of
the sample in the dynamic tensile process are shown in
Figure 7. In the process of dynamic tensile test, the sample
can be divided into the following seven stages to failure. The
picture shows specimens A-1, B-4, and C-5 taken by high-
speed cameras at different stages during the test. Take B-4 as
an example: at Ous, the bullet penetrates the sample. At
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FIGURE 7: Typical dynamic tensile crack initiation and propagation characteristics.

210 ps, crack initiation occurs; at 293 us, the crack begins to
widen; at 405 us, the crack length begins to increase; at
405 ys, multiple cracks began to penetrate; at 885 us, the
sample broke through; and the sample failed at 1530 us.
From the occurrence of the first cracking to complete failure
of the sample, it takes 1268 ys for sample A-1, 1320 us for
sample B-4, and 825 s for sample C-5. According to the
analysis of the dynamic tensile stress-strain curve, when the
sample is subject to a static axial prestress of 30% o,, the
dynamic tensile strength of the coal sample is higher than
when there is no static axial prestress and 60% o; static axial

prestress, so the time to the destruction of sample B-4 is
longer than that of samples A-1 and C-5, which corroborates
the previous conclusions.

3.4. Results of Dynamic Compressive Strength Testing. The
dynamic compressive stress-strain curve of the sample is
shown in Figure 8. The dynamic compression curve shows
an overall upward trend in the prepeak stage, and some
samples (F-3, F-4) dropped slightly before reaching peak
intensity. The curve drops slowly after reaching the peak,
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FIGURE 8: Stress-strain curve: dynamic compressive testing. (a) A static axial prestress of 0 MPa. (b) A static axial prestress of 12 MPa.

which is equivalent to the rising rate of the prepeak curve.
Different from the static compressive curve, the prepeak
rising rate of the dynamic compression curve shows a
downward trend with the increase of strain, and there is no
step-down shape in the postpeak stage.

The characteristics of crack initiation and propagation of
the sample in the dynamic compression process are shown
in Figure 9: the sample can be divided into the following five
stages to failure. The picture shows specimens C-7, F-3, and
F-4 (as captured by high-speed camera) at different stages
during the test. Take F-3 as an example: at O us, the bullet
penetrates the sample. At 98 ys, crack initiation occurs. At
165 us, the crack length begins to increase. At 315us,
multiple cracks begin to penetrate, and at 743 us, the sample
failed. From the time of occurrence of cracking to the
complete destruction of the sample, sample C-7 takes the
shortest time, at only 750 us; sample F-4 takes the longest

time at 16,140 us; and the time to failure for sample F-3 is
645 us. It can be seen from Table 1 that sample C-7 has the
highest impact velocity, followed by sample F-3, and sample
F-4 has the lowest impact velocity. So it can be seen from
Figure 9 that the greater the impact velocity, the shorter the
sample failure time; and in each stage of sample failure, the
greater the impact velocity, the greater the damage to the
sample.

4. Analysis

4.1. Difference of the Stress-Strain Curve under Static and
Dynamic Tensile. The stress-strain curve comparison be-
tween dynamic tensile tests (specimens A-1, A-3, A-6, and
A-7) and static tensile tests (S1, S2, and S3) without static axial
prestress is shown in Figure 10: the prepeak nonlinear elastic
phase and linear elastic phase show that the dynamic tensile
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curve lasts longer than the static tensile curve at the applied
load rates, and the slope of the dynamic tensile curve
decreases with increasing strain, while the slope of the static
tensile curve increases with increasing strain. In the
postpeak failure stage, the static tensile test data present a
sharp drop and slow rise (a step-down shape), while the
curve of dynamic tensile drops more slowly. The peak of the
dynamic tensile curve appears at a strain of 0.005~0.016,
and the peak of the static tensile curve appears at a strain of
0.007~0.009. The static tensile strength is between 0.08 MPa
and 0.13 MPa, and the dynamic tensile strength is between
2.5MPa and 5.5 MPa.

4.2. Difference in the Stress-Strain Curve under Static and
Dynamic Compression. The comparative relationship be-
tween the dynamic compression curve and the static
compression curve without static axial prestress is shown in
Figure 11. In the prepeak nonlinear and linear elastic phases,
the slope of the dynamic compression curve (F-1, B-1, D-1,
and D-2) decreases with increasing strain, while the slope of
the static compression curve (Z1, Z2, and Z4) increases with
increasing strain. In the postpeak failure stage, the dynamic
compression curve falls more gently, and the static com-
pression curve shows a sharp drop or a step-down trend. The
peak of the dynamic compression curve appears at a strain of
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0.015~0.035, and its average dynamic compressive strength
is 61.95 MPa, while the peak of the static compression curve
appears at a strain of 0.018~0.021, and its average static
compressive strength is 45.19 MPa. A comparison of the two
sets of curves shows that the dynamic compressive strength
of the coal sample is higher than the static compressive
strength of the coal sample, and the strain at the peak of the
dynamic compression curve is greater than the strain at the
peak of the static compression curve.

4.3. Differences of Crack Initiation and Propagation Processes
under Dynamic and Static Load. Comparing the crack ini-
tiation and propagation process of the static (Figure 3) and
dynamic (Figure 7) tensile samples, it is found that all the
samples have cracks in the loading direction at the crack
appearance stage, but dynamic tensile test specimens have a
greater degree of crack initiation than samples under static
tensile load. At the crack widening stage, the crack width of
the dynamic tensile sample is greater than the width of static
tensile cracks, and in the loading direction, new small cracks
are being generated under dynamic load. As cracking in-
creases, the number of cracks in the dynamic tensile sample
increases more than in static tensile samples, and cracks
normal to the loading direction appear under dynamic load.
At the crack penetration stage, the crack penetration of
dynamic tensile samples was more severe. After failure, the
dynamic tensile test specimens were broken into four or five
pieces, and static tensile test specimens were broken into two
pieces: the damage was more severe than that to static tensile
test specimens.

Comparing the crack initiation and propagation process
of the static (Figure 5) and dynamic (Figure 9) compression
samples, it is found that, at the volume expansion stage, the
volume expansion of the dynamic compression samples
exceeded that of the static compression samples, and cracks
have appeared at the tip of the force under dynamic loading.
At the onset of cracking, the main crack that appears in the
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process of dynamic compression is longer and wider, and
there are other small cracks generated around the main
crack, while, in the static compression process, only one
small main crack appears. At the crack penetration stage, the
crack penetration of dynamic compression samples is more
severe. After samples fail, the dynamic compression samples
are broken into powders, while the static compression
samples can retain their basic shape, and the degree of
damage to dynamic compression test samples is more severe
than that under static compression.

5. Discussion

The study of the prepeak energy accumulation and the
postpeak rate of release of energy is of significance when
trying to understand the mechanism underpinning coal mine
dynamic disasters. According to the law of conservation of
energy, the value of the work done by the external force on the
object is equal to the magnitude of the energy change in the
object. Therefore, the prepeak energy accumulation of the coal
sample is equal to the work done by the press on the sample,
that is, the prepeak energy accumulation of the coal; from the
perspective of energy release, the magnitude of the unsteady
rate of release of postpeak energy of the coal sample can be
characterised by the absolute value of the slope of the line
between the peak strength and the residual strength during
the postpeak stress-drop (Figure 12 and Table 2).

5.1. Comparison of Prepeak Energy Accumulation and Rate of
Release of Coal

5.1.1. Comparison of Energy Accumulation and Release under
Static Tensile and Compressive Load. As can be seen from
Table 2, the prepeak energy accumulation ranges from 0.085
to 0.42456 ]-m’3 under static compression, and the average
energy accumulation is 0.219]-m>; the prepeak energy
accumulation ranges from 0.00236 to 0.00482J-m > under
static tension, and the average energy accumulation is
0.00387J-m . The prepeak energy accumulation during
static compression is much higher than the prepeak energy
accumulation during static tension. The prepeak energy
accumulation during static compression is 17.63-179.90
times the prepeak energy accumulation during static ten-
sion, with an average of a 56.59-fold increase. In terms of
postpeak energy rate of release, the rate of release of static
compression samples ranges from 5.2 x 10°-2.5 x 10°, with
an average of 2.0 x 10°, while the rate of release of static
tensile samples ranges from 1.9x10°-2.8x10%, with an
average of 2.3 x 10%. The postpeak energy rate of release of
static compressive samples is 18.57-13157.89 times the
postpeak energy release of static tensile samples, with an
average of 869.57 times. The comparison of the aforemen-
tioned data indicates that this type of hard coal can store
more energy under compression than under tension.

5.1.2. Comparison of Energy Accumulation and Release
under Dynamic Tension and Compression of Coal. As seen
from Table 2, the prepeak energy accumulation ranges from
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0.00595 to 0.0482]-m™> during dynamic tension, with an
average energy accumulation of 0.0234J-m~>; the prepeak
energy accumulation ranges from 0.1017 to 1.47878J-m~>
during dynamic compression, with an average energy ac-
cumulation of 0.836]-m . The energy accumulation during
dynamic compression is greater that during dynamic ten-
sion. The prepeak energy accumulation during dynamic
compression is 2.11-248.53 times the prepeak energy ac-
cumulation during dynamic tension, with an average of
35.72 times. Compared with the above conclusions, it is
found that the ratio of prepeak energy accumulation to
tensile prepeak energy accumulation is reduced by nearly 1.6
times during dynamic loading. In terms of postpeak energy
release, the postpeak energy rate of release of dynamic
compression ranges from 7.5 x 10%-2.9 x 10%, with an aver-
age rate of release of 1.7 x 10°, while the postpeak energy rate
of release range of dynamic tensile samples ranges from
6.0x10'-3.2x10°, with an average rate of release of
7.1 x 10%. The postpeak energy rate of release under dynamic
compression is 0.23-48 times the postpeak energy rate of
release under dynamic tension, with an average of 2.39
times. After a comparison of the above data, during dynamic
loading, the energy stored in this type of hard coal under
compression is still greater than that under tension.

5.1.3. Comparison of Energy Accumulation and Release under
Different Loading Conditions for Coal. As seen from Table 2,
the prepeak energy accumulation ranges from 0.01272 to
0.0441J-m~> during dynamic tension, with an average
prepeak energy accumulation of 0.0279J-m . The prepeak
energy accumulation ranges from 0.00236 to 0.00482 J-m~>
during static tension, with an average prepeak energy ac-
cumulation of 0.00387 J-m~>. The dynamic tensile prepeak
energy accumulation peak is 2.64-17.42 times the static
tensile prepeak energy accumulation, with an average of 7.21
times. In terms of postpeak energy rate of release, the
postpeak energy rate of release from dynamic tensile samples

ranges from 3.0 x 10°-1.0 x 10°, with an average rate of re-
lease of 5.66 x 10, while the rate of release from static tensile
samples ranges from 1.9 x 10°-2.8 x 10%, with an average of
2.3 x 10%. The postpeak energy rate of release from dynamic
tensile samples is 1.07-5.26 times that from static tensile
samples, with an average of 2.41 times.

The prepeak energy accumulation ranges from 0.10171 to
1.27806 J-m > during dynamic compression, with an average
prepeak energy accumulation of 0.714]-m™>. The prepeak
energy accumulation ranges from 0.085 to 0.42456]-m~>
during static compression, with an average prepeak energy
accumulation of 0.219]-m™>. The dynamic compressive
prepeak energy accumulation is 0.24-15.04 times that of the
static compressive prepeak energy accumulation, with an
average of 3.26 times. In terms of postpeak energy rate of
release, the postpeak energy rate of release from dynamic
compressive samples ranges from 7.5 x 102-2.9 x10°, with
an average rate of release of 2.0 x 103, while the rate of release
from static compressive samples ranges from 5.2x10° to
2.5x 10 with an average of 2.0 x 10°. The postpeak energy
rate of release from dynamic compressive samples is
0.0003-0.56 times that from static compressive samples,
with an average of 0.01 times.

A comparison of the above data shows that the energy
accumulation increases in the case of dynamic loading;
however, the increase in accumulated energy during
dynamic tension is greater than that during dynamic
compression (by about 2.21 times), which also confirms
the conclusion in Section 5.1.2. The rate of release of
energy during dynamic tension is greater than that during
static tension, and the rate of release of energy during
dynamic compression is lower than that during static
compression.

5.1.4. Influence of Axial Prestress on the Energy Accumu-
lation and Release. As shown in Table 2, when the axial
prestress is zero, the dynamic tensile prepeak energy
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TaBLE 2: Calculation results of energy accumulation and release rate under different loading states of coal.
Axial Unsteady release . Unsteady release
Prepeak energy Loading Prepeak energy
Number  prestress . _3, rate of postpeak Number . _3, rate of postpeak
accumulation (J-m™) method accumulation (J-m™)
(MPa) energy energy
Dynamic compressive Static compressive
B-1 0 0.81876 21%10° 71 Uniaxial 0.39206 52x10*
compressmn
B-2 0 0.91154 1.1x10° 72 Uniaxial 0.33203 51x10*
compressmn
C-7 0 0.89884 25x10° z3 Uniaxial 0.40908 1.8x10*
compressmn
F-1 0 1.27806 2.8x10° 74 Uniaxial 0.34479 1.2x10*
compression
F-3 0 0.19908 29%10° Z5 Uniaxial 0.30413 21%10°
compression
F-4 0 0.1017 1.7x10° 76 Uniaxial 0.42456 25%10°
compresswn
D-1 0 0.79244 1.1x10° F1 Uniaxial 0.10732 52x10°
compressmn
D-3 40% o, 0.75666 1.7x10° F2 Uniaxial 0.10201 9.0x 10
compressmn
D-4 40% o, 0.49132 1.0x10° F3 Uniaxial 0.11466 41x10*
compressmn
D-5 40% o, 0.37796 1.3x10° F4 Uniaxial 0.12371 5.5x10*
compression
E-1 40% o, 1.25233 1.4x10° F6 Uniaxial 0.18963 5.0x10°
compresswn
E-2 40% o, 1.22993 1.8x10° N1 Uniaxdal 0.11253 1.2x10*
compressmn
E-3 40% o, 1.47878 21x10° N2 Uniaxial 0.11452 1.6x10*
compressmn
E-4 40% o, 0.86412 7.5%102 N3 Uniaxial 0.12217 33x10*
compressmn
E-7 40% o, 1.08444 11x10° N4 Uniaxial 0.08508 5.4x10°
compression
Dynamic tensile Static tensile
A-1 0 0.02 3.2x10? S1 Brazil split 0.00442 2.8%x10?
A-3 0 0.03463 1.0x10° 2 Brazil split 0.00482 1.9x10°
A-6 0 0.0441 5.7 x10? S3 Brazil split 0.00236 2.2x10°
A-7 0 0.01272 3.0%10° Dynamic tensile
B-4 30% o, 0.03015 3.2x10° C-1 60% o, 0.00595 6.0x10"
B-5 30% o, 0.01809 2.9% 10> C2 60% o, 0.02353 5.2 x 10
B-6 30% o, 0.00772 1.5x10% C-5 60% o, 0.01023 4.0x 102
B-7 30% o, 0.04553 1.1x10° C-6 60% o, 0.02801 46x10°

accumulation ranges from 0.01272 to 0.0441 J-m~>, with an
average prepeak energy accumulation of 0.0279 J-m . The
postpeak rate of release of energy ranges from
3.0 x10>-1.0 x 10?, with an average of 5.6 x10%. When the
axial prestress is 30% o}, the dynamic tensile prepeak energy
accumulation ranges from 0.00772 to 0.04553 J-m~>, with an
average of 0.0254]-m . The postpeak rate of release of
energy ranges from 1.5x10°-3.2 x 10%, with an average of
1.2 x10%. When the axial prestress is 60% o, the dynamic
tensile prepeak energy accumulation ranges from 0.00595 to
0.02801 J-m ™, with an average of 0.0169 ]-m . The postpeak
energy rate of release ranges from 5.0 x 10'-5.2 x 10%, with an
average of 3.6 x 10°. In the case of dynamic tension, for this
type of hard coal, the prepeak energy accumulation grad-
ually decreases with increasing axial prestress within a

certain range. The postpeak rate of release of energy in-
creases with the axial prestress within a certain range and
decreases with the increase of axial prestress after exceeding
a certain threshold.

When the axial prestress is zero, the prepeak energy
accumulation during dynamic compression ranges from
0.19908 to 1.27806 J-m >, with an average of 0.714 J-m~>. The
postpeak rate of release of energy ranges from
1.1x10°-2.9x 10 J-m >, with an average of 2.0 x 10’ J.m .
When the axial prestress is 40% o,, the prepeak energy
accumulation during dynamic compression ranges from
0.37796 to 1.47878 J-m~>, with an average of 0.942 J.m >, The
postpeak rate of release of energy ranges from
7.5%10°-2.1 x 10°, with an average of 1.4 x 10°. In the case of
dynamic compression, for this type of hard coal, the prepeak
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energy accumulation gradually increases with the axial
prestress within a certain range. The postpeak rate of release
of energy decreases with increasing of axial prestress beyond
a certain threshold.

6. Conclusion

In the present research, the prepeak energy accumulation
and postpeak energy release behaviors of this type of hard
coal under different loading conditions are obtained.
Combining the aforementioned data with the failure mode
of the sample, the conclusions are as follows:

(1) Under static loading, for this type of hard coal, the
static compression prepeak energy accumulation is
17.63-179.90 times that under static tension. The
static compression postpeak rate of release of energy
is 18.57-13157.89 times that under static tension.

(2) Under dynamic loading, for this type of hard coal, the
dynamic compression prepeak energy accumulation
is 2.11-248.53 times that under dynamic tension. The
dynamic compression postpeak energy release rate is
0.23-48 times that under dynamic tension.

(3) During dynamic loading, the compression prepeak
energy accumulation and postpeak energy release
rate are both greater than that under tension, but the
ratio of energy accumulation in compression to that
under tension is 1.6 times lower than that under
static load. The ratio of compression postpeak energy
release rate to that under tension is 363.84 times
lower than that under static load.

(4) The dynamic tensile prepeak energy accumulation,
for this type of hard coal, is 2.64-17.42 times that
under static tensile load. The dynamic tensile post-
peak energy release rate is 1.07-5.26 times that under
static tensile load. Under dynamic tension, the
prepeak energy accumulation and the postpeak
energy release rate both increase compared with that
under static tension.

(5) The dynamic compressive prepeak energy accumu-
lation is 0.24-15.04 times the static compressive
energy accumulation. The dynamic compressive
postpeak energy release rate from the specimen is
0.0003-0.56 times that under static compression.
Under dynamic compression, the prepeak energy
accumulation increases compared with that under
static compression, and the postpeak energy release
rate is lower than that under static compression.

(6) The order of the damage degree of this type of hard
coal sample is dynamic compression, static com-
pression, dynamic tension, and static tension. Which
is the same as the order of the prepeak energy ac-
cumulation. It shows that the prepeak energy ac-
cumulation is positively related to the damage degree
of the coal sample. The greater the prepeak energy
accumulation, the greater the degree of damage of
the coal sample, also the higher the degree of frag-
mentation after the failure.
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