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In order to study the mechanical properties and energy dissipation of gas coal under dynamic and static loads, the static loading
and impact tests of different strain rates were carried out by the testing systems of SZW-1000 microcomputer servo pressure tester
and separated Hopkinson pressure bar (SHPB) for gas coal in the Panxie Coal Field in Huainan City. In the test, the influence laws
of various loading patterns on mechanical properties, failure characteristics, and energy dissipation of gas coal sample were
analyzed. ,e results showed that the stress-strain curve of coal gas under dynamic load had no micropore compaction stage
compared with that under static load. Dynamic compressive strength, dynamic strength growth factor, mixed dynamic elasticity
modulus, and dissipation energy were all highly correlated with strain rate, whereas energy dissipation rate was uncorrelated with
strain rate. In addition, the gas coal sample with lower strain had small dissipated energy, and it developed a splitting failure mode.
With the increase of strain rate, the dissipation energy increased and the crushing degree of gas coal intensified, finally presenting a
compressive failure mode. Based on the comparison of dissipated energy densities of different gas coal samples, given the same
dissipated energy density, the failure degree of sample under dynamic load was higher than that under static load.

1. Introduction

With the increase of mining depth in coals, the dynamic
phenomena (e.g., coal and gas outburst and rock burst) of
coal-rock mass intensify increasingly, which threatens the
mine safety and high-efficiency production [1, 2]. During the
exploitation, the coal seam is inevitably influenced by
blasting stress wave andmechanical vibration.,e formative
stress wave causes additional disturbance to coal-rock mass
and thereby forms the dynamic impact environment [3]. It
has been demonstrated that mechanical properties of coal-
rock mass were highly correlated with strain rate [4–6].
,erefore, the study of dynamic mechanical properties of
coal-rock mass is of important significance to understand
the occurrence mechanism and prediction of coal-rock
dynamic disaster [7, 8].

,e separated Hopkinson pressure bar (SHPB) is a
technique that is widely used in studying dynamic me-
chanical properties of coal-rock mass [9–13]. Mechanical
properties of coal-rock mass under the impact load have
attracted wide attention from scholars. Liu et al. [14], Wang
et al. [15], and Fu et al. [16] carried out the impact loading
experiments of Furong anthracite under different strain rates
to study dynamic characteristics and energy dissipation, loss
characteristics, electromagnetic change features, and con-
stitutive model of anthracite sample. Shan et al. [17] carried
out an impact dynamic test of Yunjialing anthracite, through
which the dynamic mechanical constitutive model was
studied. Meanwhile, the linear viscoelasticity model was
constructed. Gao and Chan [18] studied the failure mode
and strength features under the impact load for Yanquan
anthracite, getting a threshold speed of anthracite. Wang
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et al. [19] studied the mechanical properties of water-con-
taining candle coal under dynamic and static load combi-
nations. Yu et al. [20] discussed the influence laws of
temperature on dynamic mechanical properties for an-
thracite sample in the Datong Mine. Xie et al. [21] carried
out the impact compression experiment of 1/3 coking coal in
Mine no. 10 of Pingdingshan under different strain rates.,e
above researches gain many significant results. Meanwhile,
the law of energy dissipation has become a research hotspot.
For outburst-prone coal as samples, Fan et al. [22] inves-
tigated the dynamic strength and energy dissipation char-
acteristics laws of coals under different strain rates. Under
different moisture contents, Lu et al. [23] quantitatively
studied the dynamic failure energy dissipation characteris-
tics of sandstone samples by the SHPB setup. Ping et al. [24]
analyzed the energy dissipation law of limestone specimens
after the freeze-thaw cycles.

However, most of existing papers focused on coal-rock
samples, including gas outburst-prone coal, sandstone, and
limestone.,emechanical properties and energy dissipation
of gas coal under dynamic loads have not been developed.
Moreover, all of production mines of Panxie Coal Field in
Huainan City are coal and gas outburst mines. ,e coal type
of the primary minable seam no. 13-1 (outburst coal seam)
belongs to gas coal. ,erefore, to guide mining technological
revolution and further disclose the occurrence mechanism
of dynamic phenomena of gas coal, it is urgent to study
mechanical properties and energy dissipation law of gas coal
under dynamic loads.

,us, taking the gas coal (seam no. 13-1) of Panxie Coal
Field as the engineering background, the static loading and
impact test of different strain rates were conducted by SZW-
1000 microcomputer servo pressure tester and SHPB testing
system. Mechanical properties of gas coal were studied
under static loading and dynamic impact. Moreover, the
dissipated energy density was analyzed under different
loading patterns, aiming to comprehensively understand
mechanical differences between static loading failure and
dynamic impact failure for gas coal.

2. Preparation and Physical Properties of Gas
Coal Sample

2.1. Characteristics of Gas Coal Sample. Gas coal samples
used in this experiment were collected from seam no. 13-1 in
the west 3rd mining area in the Pansan Coal Mine of
Huainan Mining Group. Coal-rock mass presents black
blocks or particles, with weak vitreous luster and black (or
deep brown) striations. Bright coal is a main component for
coal-rock mass, followed by vitrain and dull coal. ,e coal-
rock mass belongs to the semibright or semidark coal types.
,e apparent density is 1380 kg/m3, the vitrinite reflectance
is 0.86, and the average ash content is 23.35% for raw coal.
Coal property is manifested by the gas coal with low sulfur
content and moderate heating amount. ,ey can be used to
prepare the representative coal samples.

X-ray diffractometer (XRD-6000) and scanning electron
microscope (SEM, Hitachi S-4800) were used to analyze the
complicated microstructure and composition of gas coal

sample. Figure 1 shows the photograph of X-ray diffrac-
tometer (Figure 1(a)) and XRD pattern (Figure 1(b)) of raw
coal. It is found that the gas coal is mainly composed of
75–80% noncrystalline and 10–20% clay minerals. Among
them, kaolinite content is the highest, accounting for more
than 80% of mineral components, accompanied with few
quartz, chlorite, calcite, and siderite. Furthermore, SEM
images of gas coal under natural state are shown in Figure 2.
From the different magnified images, we can clearly observe
that the internal coal matrix has uneven surface, and it
contains abundant original damage, such asmicrocracks and
mesocracks.

2.2. Preparation of Coal Sample. According to regulations of
Physical and Mechanical Property Test Method of Coal and
Rocks (GB/T23561.7-2009), the large raw coals that were
collected from underground well were processed in the
laboratory. Cylinder samples (φ50mm× 100mm and
φ50mm× 30mm) were made by drilling, cutting, and
grinding. After two-end grinding of samples, the flatness was
lower than 0.05mm, and the depth of parallelism was lower
than 0.02mm, thus eliminating test errors caused by the
unevenness end of samples.,e picture of gas coal samples is
shown in Figure 3.

3. Static Loading Test of Gas Coal

3.1. Test Equipment. ,e static loading test was applied by
using the testing system of SZW-1000 microcomputer servo
pressure tester, including loading system and acoustic
emission collection system. ,e maximum axial test force of
the loading system is 1000 kN, as shown in Figure 4. ,e
multiple control modes, such as isokinetic strain, isokinetic
displacement, displacement maintaining, and force main-
taining, could be realized in the loading process.,e acoustic
emission monitoring was applied by using DS2-8B acoustic
emission collection acquisition system made by Beijing
Ruandao. ,is system not only can collect and record
acoustic emission information automatically but also makes
direct statistics on acoustic emission indicators of acoustic
emission ringing counts and energy counts in unit time. To
construct the three-dimensional AE spatial distribution, four
acoustic emission probes were fixed before and after the gas
coal sample. ,e amplification factor of the preamplifier was
set to 40 dB. During the test, the threshold value was 40 dB,
and the sampling frequency was 3MHz.

3.2. Test Program. ,e cylinder samples (φ50mm× 100mm)
were chosen in the static loading test. After preparation of
samples, the acoustic emission acquisition system was
connected, and the instruments were debugged. Samples
were placed between the upper and lower pressure heads.
,e upper and lower ends of samples were uniformly coated
with Vaseline to reduce influences of friction at ends on test
results. ,e stress-strain relationship of samples in the
postpeak stage could be gained by the axial displacement
control method. ,erefore, the test loading was applied by
displacement control, and the loading speed was set to

2 Advances in Civil Engineering



0.002mm/s until the sample fracture. In the test process, the
failure characteristics of gas coal could be recorded, and the
stress-strain curves in the loading process were drawn.

Meanwhile, the acoustic emission signals were monitored
and collected in the failure process of samples to analyze the
internal damage features in the whole process of
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Figure 1: XRD test of gas coal: (a) X-ray diffractometer; (b) XRD pattern.

Figure 2: SEM images of gas coal.

Figure 3: ,e picture of gas coal samples.

Figure 4: Static loading test system.
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compression test for gas coal. In addition, Vaseline was used
as the coupling agent of AE sensor to enhance the coupling
effect.

4. SHPB Dynamic Impact Test of Gas Coal

4.1. Test Equipment. ,e dynamic impact test was applied by
SHPB system of Key Laboratory of Safety and High-Effi-
ciency Coal Mining, Ministry of Education, which was
constructed by Anhui University of Science and Technology.
,e test equipment system and bullet size are shown in
Figure 5.

Impact test was performed by isometric loading method
of sample and bar. ,e diameter of incident bar, trans-
mission bar, and absorption bar was 50mm, and the lengths
were 2.0, 1.5, and 0.5m, respectively. ,ese bars were made
of high-strength alloy steel. ,e elasticity modulus was
200GPa, and the yield strength was higher than 800MPa.
Spindle bullet made specifically in the experiment was used
to produce half-sine stress wave to realize the loading of
constant strain rate [25, 26].

In the test, the cylinder samples (φ50mm× 30mm) were
placed between the incident bar and transmission bar. ,e
spindle bullet driven by high-pressure nitrogen gas impacted
onto the incident bar, and it formed an incidence pulse in the
incident bar. When the incident pulse arrived at two ends of
sample in the incident bar, the samples developed plastic
deformation as a result of stress pulse. In the same time,
some pulses were reflected, and the rest ran through samples
and transmitted into the transmission bar, forming the
reflection pulse signal and transmission pulse signal, re-
spectively. Dynamic loads with different strengths were
realized by adjusting the driven gas pressure. ,ree kinds of
pulse signals were recorded by the resistance strain gauge
(1m away from the ends of sample) on the incident bar and
semiconductor strain gauge on the transmission bar (0.6m
away from the ends of sample). ,e applied strain gauge
models and basic parameters are shown in Table 1. Signals
were collected and acquired after amplification by the dy-
namic strain meter. Speed of the bullet was tested by speed
measurement system composed of the timer and parallel
beam.

According to two basic hypotheses of the SHPB ex-
perimental technology and Newton’s ,ird Law [27], the
data processing was implemented by the second wave
method (equation (1)) [14, 26, 28], through which the dy-
namic stress (σ), strain (ε), and strain rate (_ε) of gas coal
sample were determined:

σ �
EA

A0
εt,

ε � −
2c0

l0


t

0
εrdt,

_ε � −
2c0

l0
εr.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

In equation (1), σ is the dynamic stress of coal-rockmass,
MPa; ε is the dynamic strain of coal-rock mass; _ε is the
dynamic strain rate of coal-rock mass, s− 1; εr and εt are the
strains of reflected wave and transmission wave, respectively;
c0 is the elastic wave velocity of pressure bar, m/s; E is the
elasticity modulus of pressure bar material, GPa; A is the
cross-sectional area of pressure bar, mm2; A0 is the original
cross-sectional area of coal-rock sample, mm2; l0 is the
original length of coal-rock sample, m.

4.2. Test Program. ,e impact tests of gas coal sample were
performed under different impact gas pressures through the
following steps:

(1) Tests were divided into four groups. ,e impact gas
pressure was set at four levels according to the test
design: 0.2, 0.5, 0.8, and 1.1MPa, respectively.

(2) Before the impact test, the strain gauges were pasted,
and the operation condition of equipment was ex-
amined. Samples were installed between two pres-
sure bars and coated with Vaseline to ensure that the
samples closely contact with the incident bar and
transmission bar. According to experimental design
requirements, the working gas pressure was adjusted
to realize different strain rate.

(3) ,e strain gauge was calculated, and data collection
parameters were set, which can ensure that the data
acquisition system is prepared. ,e bullet emission
organization was started, and the impact gas pressure
reached the set value. ,e bullet impacted onto the
incident bar, and data were acquired and stored by
the data storage processing system, accomplishing
the same impact gas pressure test. Next, the impact
gas pressure was adjusted, and the above steps were
repeated. ,e different groups of impact tests were
accomplished.

5. Result Analysis of Static Loading Test for
Gas Coal

5.1. Deformation Characteristics of Gas Coal under Static
Loading. Since stress-strain curves of the gas coals were
similar under static loading, the stress-strain curve of coal
sample (J1-2) in the full loading process is shown in Figure 6.
Crack development of the gas coal sample under static
loading experiences four stages: (1) ,e compaction stage of
original micropores (OA section): micropores are com-
pacted, and the stress-strain curve presents an upper con-
cave shape. (2) Elastic deformation stage (AB section):
micropores are further compressed and become compacted.
,e stress-strain curve is a straight line. (3) Dilation de-
formation stage (BC section): the stress-strain curve fluc-
tuates and drops. ,e volume of coal sample changes from
compression to dilation. In this stage, the original cracks
expand, and they form the new induced cracks. (4) Postpeak
failure stage (CD section): the stress-strain curve quickly
drops, and coal samples develop slippage failure, manifested
by brittle feature of coal samples. However, it is found that
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the coal samples still keep good completion, instead of
grinded state (Figure 6(b)). After the processing of test data,
the uniaxial compressive strength of gas coal is 18.1MPa,
and the elasticity modulus is 0.931GPa. Uniaxial com-
pressive strengths of coal samples (J1-1 and J1-3) are 13.4
and 15.6MPa, respectively, while the elasticity moduli are
0.568 and 0.871GPa, respectively.

5.2. Acoustic Emission Features of Gas Coal under Static
Loading. ,e features of acoustic emission are generally
characterized by some parameters, such as energy, ringing
count, and peak count [29]. Figure 7 shows the relation
curves of stress, acoustic emission ringing count, and energy

with time in the loading process. It is well known that
acoustic emission signals reflect the internal damage of coal
sample. ,ey are closely related to the compaction of in-
ternal original cracks as well as development, expansion, and
connection of new cracks. It can be seen that the variation
trend of the stress-time curve of coal sample is consistent
with those of acoustic emission ringing counts/energy-time
curves. ,erefore, the deformation failure of coal sample can
be represented by the acoustic emission changes. Further-
more, acoustic emission features are different in different
stages. ,e acoustic emission ringing counts and energy
continuously increase with the continuous increase of loads,
showing evident stage characteristic. In the OA section,
there are few acoustic emission signals, which are mainly
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Figure 5: Schematic diagram of SHPB test device: (a) equipment system, (b) test equipment, and (c) spindle bullet.

Table 1: Basic parameters of the strain gauge.

Resistance strain gauge
Model Resistance

(Ω)
Sensitivity
coefficient

Grid length× grid width
(mm)

Base size (length×width)
(mm)

BX120-
2AA 119.8± 0.1 2.08± 1% 2×1 6× 3

Semiconductor strain
gauge

Model Resistance
(Ω)

Sensitivity
coefficient Silicon bar size (mm) Base size (length×width)

(mm)
TP-5-120 120 110± 5% 5× 0.30× 0.05 6× 4
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produced by closure of the original cracks. In early period of
AB stage, there were still few acoustic emission signals.
When the loads increase to the yield point of coal sample, the
acoustic emission signals are enhanced, and stress fluctuates
in a small range. In the BC stage, the internal cracks of coal
sample continuously propagate and connect. When stress
reaches the ultimate strength of coal sample, acoustic
emission signals increase to the maximum and then samples

fail, resulting in the sharp reduction of acoustic emission
signals. Figure 7(a) shows the relation curve of stress,
acoustic emission ringing count, and time in the loading
process. It is found that when the coal sample is loaded into
the late elastic deformation stage, the acoustic emission
ringing count gradually increases and fluctuates. ,e
acoustic emission ringing count quickly increases with the
increase of stress during the expansion and deformation
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Figure 7: Acoustic emission test results: (a) acoustic emission ringing counts, (b) accumulative acoustic emission ringing counts, and
(c) acoustic emission energy.

20.017.515.012.510.0

Strain (10–3)

St
re

ss
 (M

Pa
)

7.55.02.5

O A

B

D

C
20.0

17.5

15.0

12.5

10.0

7.5

5.0

2.5

0.0
0.0

(a) (b)

Figure 6: Static loading test results of gas coal: (a) stress-strain curve; (b) typical failure mode.

6 Advances in Civil Engineering



stage, while it decreases rapidly after the coal sample is
destroyed. ,e accumulative acoustic emission ringing
counts are shown in Figure 7(b). ,e result suggests that, in
the compaction stage and elastic deformation stage, the
accumulative ringing count increases slowly. However, it
increases suddenly until the coal sample becomes unstable
and fails after entering the expansion deformation stage.
Figure 7(c) shows the acoustic emission energy change in the
test. ,e acoustic emission energy value is at a low level in
the compaction stage and elastic deformation stage, but it
keeps increasing after entering the expansion deformation
stage. It indicates that the coal fracture is due to the fact that
the rock releases energy outward to aggravate the failure of
the sample. A large amount of AE energy is released before
the macroscopic failure of the coal samples.

6. Results Analysis of Dynamic Impact Test of
Gas Coal

In this experiment, a total of 20 impact tests of gas coal
sample were accomplished, and 17 valid pieces of data were
collected. ,e impact gas pressure in tests was 0.2–1.1MPa,
and the speed of impact bar was 5.277–19.821m/s. ,e
average strain rate of coal sample was 53.464–208.076 s− 1.
Test data are processed by equation (1), and the test results
are listed in Table 2.

,e time-history curves of loading strain rate of gas coal
sample are shown in Figure 8. Under different impact ve-
locities, all of gas coal samples can correspond to one section
of strain rate platform. In other words, the approximate
mean constant-strain rate of gas coal samples can be found,
indicating the loading reasonability of spindle bullet in the
test. It meets the analysis principle of SHPB, and the dy-
namic mechanical analysis of gas coal is reliable to a certain
extent. Figure 9 shows the dynamic stress equilibrium curves
of gas coal (sample no. 2-1). It is observed that the sum of
incident stress and reflected stress waves “Inc +Re” is ba-
sically consistent with the transmitted stress wave “Tra.” It
suggests that the test results are valid and reliable. Moreover,
the stress equilibrium of all samples was checked to ensure
the validity and accuracy of the results.

6.1. Stress-Strain Curves. Figure 10 shows the uniaxial im-
pact dynamic stress-strain curves of the typical samples
under different strain rates. It can be observed that the
curves under different strain rates basically have same
variation trend. However, their curve characteristics are
different to some extent due to the influences of strain rate.
Based on analysis of Figure 10, the deformation failure of gas
coal sample under impact loads can be generally summa-
rized into four stages:

(1) Elastic deformation stage: stress straightly increases
with the increase of strain. Due to the high impact
velocity in the test process, the closure and com-
paction stage of macroscopic and microscopic de-
fects are very short, and there is hardly concave
downward for the curves. Instead, the curves directly
enter into the linear elastic deformation stage. In

early period of linear elastic stage, the curves overlap
well under high or low impact velocity, indicating the
good consistency of elasticity modulus of samples in
the elastic deformation stage. In the late period of
linear elastic stage, the slope of the linear elastic stage
increases with the increase of impact velocity, ac-
companied with gradual increase of dynamic elas-
ticity modulus.

(2) Evolutionary stage of microcracks: stress slowly
increases with the increase of strain. Slope of the
stress-strain curve is relieved compared with that of
the linear elastic stage. Due to the slow increase of
stress on the gas coal sample, microcracks are ex-
panded and new cracks are produced. However, the
accumulative energy of coal sample in this stage is
inadequate to connect cracks. Under this circum-
stance, the plastic deformation takes the dominant
role in deformation of samples.

(3) Crack propagation stage: stress-strain curve develops
an upward convexity in this stage. Due to the con-
tinuous increase of stress, cracks quickly propagate
and connect with the main cracks, finally resulting in
run-through failures of samples. Samples present
overall failure. In the end of this stage, the stress of
coal sample reaches the maximum, and the corre-
sponding strain is the peak strain.

(4) Unloading stage: stress decreases with the increase of
strain, manifested by strain softening. However, the
decrease amplitude and strain rate are closely related
to failure degree of samples. It is found that internal
microcracks of gas coal sample present different
development degrees under different strain rates,
which is the main cause of fluctuation and different
characteristics of the postpeak curve.

In comparison with stress-strain curves under different
strain rates, there are obvious differences between peak
strength and peak strain. With the increase of strain rate,
both peak strength and peak strain increase, showing the
positive correlation. It presents an evident strain rate effect.
Compared with stress-strain curves under static loading
condition, the postpeak effect of stress-strain curves is rel-
atively evident under dynamic impact. It can be interpreted
as follows: under the action of dynamic load, the postpeak
effect of stress-strain curve does not show the characteristic
that the stress decreases sharply with the strain, so it has the
postpeak softening characteristic.

6.2. Change Characteristics of Peak Stress. As an important
technological parameter in the coal cutting process, dynamic
compressive strength (peak stress) represents the ultimate
bearing capacity of coal under high strain rate. Figure 11
shows the variation curve of peak stress under different
strain rates. It can be seen that the peak stress of gas coal
gradually increases with the increase of strain rate. When the
strain rate increases from 58.840 to 101.416 s− 1, the peak
stress sharply increases by 13.1MPa, which is from 20.9 to
34.1MPa. When the strain rate increases from 101.416 to
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144.290 s− 1, peak stress is increased by 11.7MPa. When the
strain rate increases from 144.290 to 201.212 s− 1, peak stress
is increased by 4.0MPa, which is from 45.8 to 49.8MPa.

According to change characteristics of peak stress with
strain rate, the functional relationship between them is fitted:

σd � − 75.097 + 23.652 ln _ε, R
2

� 0.967. (2)

From equation (2), it can be observed that the dynamic
compressive strength is highly correlated with strain rate.
,e increase of strain rate can enhance ultimate bearing
capacity of gas coal. However, the dynamic compressive
strength gently increases with the gradual increase of strain
rate. ,ese findings conform to the previous results reported
by other scholars [30].

6.3. Change Characteristics of Dynamic Increase Factor.
Dynamic increase factor (DIF), the ratio between dynamic
compressive strength and static compressive strength of gas
coal sample, was used to measure the variation amplitude of
compressive strength of gas coal with strain rate under
different impact loads. It can be expressed as DIF � fc,d/fc,s,
where fc,d and fc,s are dynamic and static compressive
strengths of gas coal, MPa. ,e variation curve of DIF with
strain rate is shown in Figure 12. It is found that DIF of the
sample increases with the increase of strain rate, which
shows two stages: (1) DIF quickly increases when the strain
rate increases from 58.840 to 144.290 s− 1. (2) When the

Table 2: Dynamic impact test results of gas coal (seam no. 13-1) in Pansan Coal Mine.

Sample
number

Impact
gas

pressure
(MPa)

Velocity of impact
bar (m·s− 1)

Average strain rate
(s− 1) Maximum

strain rate
(s− 1)

Peak stress (MPa) Peak
strain
(%)

Mixed
dynamic
elasticity
modulus
(GPa)

Failure
modeSingle

sample
Arithmetic
mean value

Single
sample

Arithmetic
mean value

Single
sample

Arithmetic
mean value

1-1

0.2

5.879

5.534

64.013

58.840

78.754 19.274

20.946

5.753 3.350 Splitting
1-2 5.985 53.464 60.545 22.413 4.576 4.898 Splitting
1-3 5.429 58.377 76.872 19.026 5.648 3.369 Crushing
1-4 5.277 58.233 68.781 21.894 4.446 4.925 Splitting
1-5 5.098 60.111 70.803 22.121 3.766 5.874 Crushing
2-1

0.5

12.120

12.157

100.650

101.416

108.423 33.942

34.061

4.880 6.955 Crushing
2-2 12.147 101.647 106.031 31.742 4.800 6.613 Crushing
2-4 12.155 97.402 101.256 35.912 5.726 6.272 Crushing
2-5 12.204 105.965 115.406 34.648 5.793 5.981 Crushing
3-2

0.8

16.130

16.327

148.499

144.290

172.063 45.770

45.770

6.023 7.599 Crushing
3-3 16.548 148.035 149.481 43.515 6.195 7.024 Crushing
3-4 16.279 140.113 146.292 44.611 5.016 8.894 Crushing
3-5 16.351 140.512 148.883 40.246 4.910 8.197 Crushing
4-2

1.1

19.821

19.603

200.447

201.212

217.325 48.102

49.763

4.982 9.655 Grinding
4-3 19.807 200.909 218.712 50.147 5.265 9.525 Crushing
4-4 19.773 208.076 249.849 52.376 5.836 8.975 Grinding
4-5 19.011 195.416 226.518 48.425 5.152 9.399 Crushing
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Figure 8: Time-history curves of loading strain rate of gas coal
sample.
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Figure 9: Dynamic stress equilibrium curves of gas coal (“Inc” is
incident stress, “Re” is reflected stress, “Tra” is transmitted stress,
and “Inc +Re” is superimposed stress at the end of incident bar).
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strain rate increases from 144.290 to 201.212 s− 1, the growth
range of DIF decreases obviously compared with the pre-
vious stage. It indicates that, under the different strain rates,
sensitive degrees of DIF to strain rate are different for gas
coal sample, and there exists one critical strain rate.

6.4. Change Characteristics of Mixed Dynamic Elasticity
Modulus. ,e change of dynamic elasticity modulus reflects
mechanical property of material under dynamic loading
failure, representing material resistance to deformation.
Before the dynamic loading failure, the stress-strain curve of
coal-rock mass is nonlinear. ,erefore, the numerical value
of elasticity modulus is related to the chosen reference point.
Under the effect of one-dimensional uniaxial stress σ(t), the

corresponding strain response is ε(t). ,us, the dynamic
elasticity modulus is Ed � σ(t)/ε(t). ,at is the secant
modulus at any moment t. ,e dynamic elasticity modulus
could be obtained by processing the stress-strain curve
before the stress limit. For the convenience of analysis, the
peak stress and corresponding strain were calculated for
analysis of mixed dynamic elasticity modulus [26]. ,e
change curve of mixed dynamic elasticity modulus with
strain rate is shown in Figure 13.

Due to differences of test samples, there is certain dis-
cretion of mixed dynamic elasticity modulus under the same
strain rate. However, the mixed dynamic elasticity modulus
increases gradually with the increase of strain rate, showing
evident correlation with strain rate. When the strain rate
increases from 58.840 to 201.212 s− 1, the arithmetic mean
values of mixed dynamic elasticity modulus are 4.481, 6.455,
7.928, and 9.388GPa, respectively. ,e increments of mixed
dynamic elasticity modulus are 1.974, 1.473, and 1.460GPa,
respectively.

According to change characteristics of mixed dynamic
elasticity modulus with strain rate, the functional relation-
ship between them is fitted:

Ed � 2.731 + 0.033_ε, R
2

� 0.987. (3)

It can be seen that, with the increase of strain rate, the
mixed dynamic elasticity modulus conforms to the linear
growth law. ,ese research results are in agreement with the
conclusions reported by the previous literature [31].

6.5. Dynamic Failure Characteristics of Gas Coal Sample.
Failure morphology of gas coal samples under different
strain rates is shown in Figure 14. All of gas coal samples
have been damaged under different strain rates. With the
increase of strain rate, the size of gas coal samples after
damage significantly decreases, and the number of frag-
ments dramatically increases. For the strain rates of 53.464
and 105.965 s− 1, the failure degrees of gas coal samples are
generally low. ,ere are great block-like gas coals, showing
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Figure 12: Variation curve of DIF with strain rate.60.111s–1
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Figure 10: Stress-strain curve of gas coal samples under different
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good lump coal degree. Meanwhile, the coal samples present
a splitting failure pattern. When the strain rate increases
from 140.113 to 208.076 s− 1, the coal samples present the
compression failure pattern, and the number of small blocks
increases after the failure of gas coal samples. ,is phe-
nomenon can be explained by the fact that the input energy
is positively related with strain rate, thus intensifying in-
ternal crack propagation of samples. ,us, the failure mode
of samples changes from block-like pattern into powder-like
pattern.

6.6. Energy Dissipation Law of Gas Coal Sample.
Deformation failure of gas coal is the process from local
dissipation fracture to the overall catastrophe. Actually, it
is one state instable phenomenon under the energy
driving, manifested by energy accumulation, transfer, and
instant release [32]. ,erefore, the dissipated energy is
used to measure failure difficulty of gas coal sample.
Hopkinson bar technique is based on the level-1 elastic
wave theory and uniformity hypothesis. ,e expression of
energy carried by the stress wave σ(t) can be simplified as
W � (Aece/Ee) 

t

0 σ
2(t)dt � AeEece 

t

0 ε
2(t)dt, where Ae is

the cross-sectional area of the input and output bars, mm2;
ce is one-dimensional stress wave velocity, m/s; and Ee is
the elasticity modulus of input and output bars, MPa. It is
assumed that all absorbed energies by gas coal sample are
dissipated by cracking [33]. According to the energy
conservation analysis, the dissipated energy by cracking of
gas coal sample can be expressed as Wd � Wi − (Wr + Wt),
where Wd is the total dissipated energy by coal-rock mass
in dynamic impacts, J; Wi, Wr, and Wt are incident energy,
reflected energy, and transmission energy, J, respectively.
To eliminate influence of sample dimension on dissipated
energy, the dissipated energy density wd represents the
energy dissipated by impact cracking of gas coal in unit
volume: wd � Wd/V, where V is volume of samples, mm3.
,e energy dissipation strength of gas coal under different
strain rates is measured by the energy dissipation rate N:
N � Wd/Wi. Table 3 shows the calculated results of energy
dissipation for gas coal samples under different strain
rates.

Figure 15 show change curves of incident energy, re-
flected energy, transmitted energy, and dissipated energy
with strain rate. Obviously, incident energy, reflected energy,
transmitted energy, and dissipated energy are positively
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Figure 13: Change curve of the mixed dynamic elasticity modulus with the strain rate.
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Figure 14: Failure morphology of gas coal samples under different strain rates: (a) 64.013 s− 1; (b) 97.402 s− 1; (c) 148.499 s− 1; (d) 195.416 s− 1.
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correlated with strain rate. Furthermore, the data analysis in
Table 3 shows that the incident energy is high under different
strain rates. But the transmitted energy is small, and it is
significantly lower than the reflected energy. It can be
contributed that when incident energy arrives at the end of
incident bar and samples, most of the energy is reflected into
the incident bar and forms the reflected energy. Most of the
energies running through samples are absorbed by samples,
and only few are transmitted into the transmitted bar,
forming the transmission energy. Due to intensifying
cracking of coal-rock mass, the generation of small frag-
ments requires more cracks, while more energy is needed to
generate and expand new cracks.

Generally speaking, the dissipated energy increases with
the increase of incident energy. Figure 16 shows the change

scatter diagram of energy dissipation rate with strain rate.
Clearly, energy dissipation rate does not increase or decrease
with the increase of strain rate. But it fluctuates in a certain
range (0.3–0.5), and it is uncorrelated with strain rate.,is is
because the internal unevenness of gas coal sample results in
large discretion of internal structure among different sam-
ples. ,us, there are great differences for energy propagation
in samples.

Moreover, dynamic failure mechanism of gas coal is
analyzed from the perspective of energy dissipation. Energy
absorbed by samples is mainly dissipated in the evolution of
microcracks. When the strain rate is low, the mesocracks
that have small dissipated energy work on the deformation
failure of gas coal. Before the absorbed energy increases to
the value of other mesocracks opening and forming the main

R2 = 0.956
Wi = 0.004ε2 – 0.2385ε + 16.333

R2 = 0.935
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Figure 15: Relation curves of incident energy, reflected energy, transmitted energy, and dissipated energy with strain rate.

Table 3: Calculated results of energy dissipation of gas coal samples under different strain rates.

Sample
number

Strain rate
(s− 1)

Incident
energy (J)

Reflected
energy (J)

Transmitted
energy (J)

Dissipated
energy (J)

Dissipated energy
density (J/m3)

Energy
dissipation rate

1-1 64.013 18.929 8.114 2.197 8.617 146302.502 0.455
1-2 53.464 14.553 4.647 2.733 7.174 121793.362 0.493
1-3 58.377 14.685 8.454 1.876 4.355 73935.298 0.297
1-4 58.233 13.086 6.485 2.228 4.373 74246.134 0.334
1-5 60.111 18.925 7.131 2.199 9.595 162895.482 0.507
2-1 100.650 35.377 17.908 4.487 12.983 220419.751 0.367
2-2 101.647 25.768 14.290 3.437 8.041 136515.447 0.312
2-4 97.402 40.395 17.237 5.758 17.400 295411.868 0.431
2-5 105.965 38.246 20.205 5.675 12.365 209932.700 0.323
3-2 148.499 73.622 39.174 6.291 28.157 478044.670 0.382
3-3 148.035 60.722 30.938 6.553 23.231 394416.678 0.383
3-4 140.113 60.610 29.690 8.202 22.718 385707.874 0.375
3-5 140.512 61.589 33.965 6.477 21.147 359034.649 0.343
4-2 200.447 116.486 60.682 8.044 47.760 810871.827 0.410
4-3 200.909 116.259 54.279 7.711 54.269 921367.920 0.467
4-4 208.076 146.504 80.635 7.765 58.104 986483.757 0.397
4-5 195.416 152.137 83.932 10.552 57.653 978522.920 0.392
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cracks, the expansion and connection of these mesocracks
have caused splitting failure of materials. In the condition of
low strain rate, the less mesocracks take the dominant role
and the size of the fragments is larger. ,erefore, the
compressive strength is lower at the failure state, as shown in
Figures 10 and 14(a). However, with the increase of strain
rate, the absorbed energy of gas coal reaches the higher level,
and the propagation of more mesocracks participates in the
cracking process. Higher-level energy leads to smaller size of
cracked materials. Under the cracking state, the compressive
strength increases with the increase of strain rate, shown in
Figures 10 and 14(b)–14(d).

7. Contrastive Analysis of Energy under
Different Loading Modes

In the static uniaxial compressive test, the total absorbed
energy density u of sample is the area surrounded by stress-
strain curve [34]: u �  σdε, where σ is axial stress, MPa, and
ε is axial strain. ,e total dissipated energy density ud is the
difference between the total absorbed energy u and the
releasable strain energy density ue. After static failure of
sample, ue ≈ 0. ,at means that u ≈ ud. ,erefore, the total
failure absorbed energy density in static test can replace the
total dissipated energy density at static failure. ,e total
dissipated energy and energy density of gas coal are shown in
Table 4 in static loading test.

Since there is some energy released by reflected wave and
transmitted wave in the dynamic impact test, the energy
comparison under different loading modes only considers
energy dissipated by sample failure. Dissipated energy
density reflects the energy dissipation during failure modes
of samples with different sizes. By comparison with Tables 3
and 4, for specimens no. 1-1 (64.013 s− 1 strain rate) and 1-2
(53.464 s− 1 strain rate), the dissipated energy density of gas
coal sample is approximately equal to the dissipated energy
density under static loading. However, by analyzing mor-
phology after sample failure (Figures 6(b) and 14(a)), it is
found that the crushing degree of sample under dynamic

impact is significantly higher than that under static loading.
,erefore, the failure degree under dynamic impact is higher
than that under static loading when the dissipated energy
density is the same. In other words, gas coal sample under
static loading needs to consume more energy to get the same
crushing degree compared with that under dynamic impact.

8. Conclusions

(1) In static loading test, the stress-strain curve of gas
coal sample is generally divided into four stages:
original micropore compaction stage, elastic defor-
mation stage, dilation deformation stage, and post-
peak failure stage. With the increase of loads,
acoustic emission characteristics present evident
stage features. In the dilation deformation stage, the
acoustic emission signal increases to the maximum
value and then samples are damaged, resulting in the
sharp reduction of acoustic emission signal.

(2) In dynamic impact test, the stress-strain curve of gas
coal sample generally can be divided into four stages:
elastic deformation stage, microcrack evolution
stage, crack propagation stage, and unloading stage.
Due to the high impact velocity, there is no mi-
cropore compaction stage compared with the static
loading, and it enters into the elastic deformation
stage. Dynamic compression strength, DIF, and
mixed dynamic elasticity modulus are highly cor-
related with strain rate. Among them, DIF is sen-
sitive to strain rate to different extents, and there is a
critical strain rate. However, the mixed dynamic
elasticity modulus follows the linear variation law.

(3) Under the dynamic impact, incident energy, re-
flected energy, transmitted energy, and dissipated
energy are positively correlated with strain rate.
However, energy dissipation rate fluctuates in a
certain range with the increase of strain rate. It is a
variable parameter unrelated to strain rate. ,e in-
cident energy is high under different strain rates. But
the transmitted energy is small, and it is significantly
lower than the reflected energy. In addition, the
dissipated energy of gas coal sample is small at low
strain rate, and the sample develops a splitting failure
mode. But the dissipated energy increases with the
increase of strain rate. It needs more energy to
generate and extend more new cracks. ,erefore, the
sample is further cracked, and it develops a cracking
failure mode.

Table 4: Total dissipated energy of gas coal failure in static loading
test.

Sample
number

Compressive
strength (MPa)

Total
dissipated
energy (J)

Total dissipated
energy density

(J·m− 3)
J1-1 13.4 23.12 117735.24
J1-2 18.1 28.37 144493.25
J1-3 15.6 29.19 148642.25
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Figure 16: Relationship between energy dissipation rate and strain
rate.
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(4) Dissipated energy densities of gas coal samples under
static loading and dynamic impact are compared.
Under the same dissipated energy density, the failure
degree of sample under dynamic impact is higher
than that under static loading. In other words, it
needs to consume more energy to get equal crashing
degree under static loads compared with that under
dynamic impact.
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