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Dynamic crushing characteristics of coals are closely related with energy absorption and release of coals under certain strain rate.
Hence, it is necessary to investigate energy dissipation laws of coal crushing under the impact loads with different strain rates.
Based on the dynamic and static mechanical tests, crushing energy, total absorption energy, total releasable elastic latent energy,
and relations between fractal feature of fragments, mean particle diameter and energy during crushing behaviors of outburst coal
and nonoutburst coal were investigated. According to research results, crushing energy, total absorption energy, and releasable
elastic latent energy of outburst coal and nonoutburst coal are related with strain rate, and they present exponential growths with
the increase of the strain rate. However, the energy dissipation rate (ratio of crushing energy and incident energy) was basically
constant at about 10%∼20%, that is, energy dissipation rate is a variable unrelated with strain rate. +ere is a good logarithmic
relationship between the dynamic compressive strength of coals and the absorption energy density and elastic latent energy
density, and dynamic comprehensive strength of coals has important impacts on energy absorption. +e fractal features of coal
fragments were obvious under dynamic impacts.+e higher fractal dimension of fragment and the smaller mean particle diameter
of experimental fragments bring the greater energy needed.

1. Introduction

Coal resources have been occupying the dominant role in the
world energy structure. With the increase of coal mining
depth, the coal seams are exposed to increasingly compli-
cated occurrence conditions. Coals might accumulate more
energy, and coals might bear strong impact loads upon
sudden loading disturbances during uncovering, explosion,
and advancing processes of coals, thus resulting in coal and
rock dynamic disasters represented by coal-gas outburst and
rock burst, etc. [1–4]. To prevent and decrease occurrences
of such dynamic disasters, it is necessary to understand
mechanical properties of coal and rock materials under
dynamic loads. In the past few decades, the mechanism of
coal deformation and failure has been extensively investi-
gated through laboratory tests, such as uniaxial [5], biaxial

[6], and triaxial [7] compression, dynamic tensile [8], and
cyclic impact loading [9]. +e split Hopkinson pressure bar
(SHPB) is considered to be a commonly used experimental
device for the study of rock dynamic fragmentation process
[10, 11].

Recently, many studies focus on the relations of coal
deformation and fractures with energy. +e dynamic
crushing characteristics of materials are closely related to the
energy absorption and release at a certain strain rate. +e
mechanism of coal outburst can be understood by accurately
calculating the crushing energy and surface energy of coal.
+e fractal theory relating the coal particle size was devel-
oped to calculate the crushing energy of coal. +e fractal
model and crushed coal particle size distribution data fitted,
and a kinetic equation was formulated to describe the
particle size distribution for two types of coal [12]. +e effect
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of impact speed on the crushing energy and particle size
distribution was investigated, and we found that the degree
of fragmentation increases exponentially with impact speed
[13]. Luo et al. [14] evaluated the energy for crushing coal to
various size fractions in coal and gas outbursts through
theoretical and experimental investigation of the shape of
fine coal particles and their equivalent diameter. Many
foreign researches has also investigated the relationship
between crushing energy and particle size distribution using
different methods, such as numerical simulation [15, 16] and
vertical impact [17, 18]. +e model and law of crushing ratio
were proposed to evaluate coal crushing efficiency [19, 20].
In the crushing process of materials under external loading,
the surface energy is a component of the crushing energy.
+e surface area of fragment is often used to measure the
surface energy during crushing [21–24].

Coal crushing involves energy release and dissipation,
including energy absorption, transformation, and release.
+e releasable strain energy is the driving force for the failure
of coal or rock mass structure, and the crushing energy is
related to the damage degree of coal or rock mass structure
in the plastic zone [25–27]. +e effects of water contents and
incident energy levels on coal dynamic behavior were
studied. +e results indicate that dynamic strength and
elastic modulus positively correlated with the incident en-
ergy. +e incident energy-dominated and energy-induced
failures were analyzed based on dissipation energy and
stress-strain curve types [28]. Feng et al. [29] proposed the
energy dissipation rate as a novel indicator of coal defor-
mation and failure under static and dynamic compressive
loads. +e relationship between stress-strain, uniaxial
compressive strength, displacement, loading, and energy
dissipation rates and fractal dimension was investigated.+e
results showed that the peak value of energy dissipation rate
is associated with stress drop during coal deformation, as
well as to the uniaxial compressive strength. Hao et al. [30]
analyzed the energy accumulation, energy rate of release,
and failure modes of hard coal under dynamic, static, and
coupled dynamic-static loading. +e results showed that the
degree of destruction and fragmentation of coal samples
increases with the increase of prepeak energy accumulation.
+e first attempt by numerical methods was made in in-
vestigating the energy release during the failure of pillar-
scale coal mass samples with varying cleat densities. +e
results indicate that cleat spacing can have a significant
impact on the compressive strength and energy release, in
which both strength and energy release (magnitude and rate)
decrease as the number of cleats increases [31]. An effective
elastic strain energy release rate index was proposed to
evaluate the coal bursting liability and fully integrate the
energy evolution of coal samples being damaged by loading.
Results show that the propagation and coalescence of cracks
are accompanied by energy release [32]. A simple and novel
analytical solution was developed to calculate the amount of
released energy under varying joint density, and three-di-
mensional numerical simulation was conducted to under-
stand the influence of coal’s joint and cleat characters
(directions and densities) on the possible energy release and/
or dissipation [33]. To determine the relationship between

energy transformation and coal failure, we established the
damage evolution model of the rigidity degeneration of coal
before the peak strength based on the test results. +e results
reveal that failure energy ratio is approximately linearly
related to the fractal dimension of the coal fragments, and a
high failure energy ratio corresponds to a large fractal di-
mension and severe failure [34]. In conclusion, the energy
consumption of dynamic failure and static failure differ
under the same damage or breakage degree.

Previous associated studies mainly emphasize on me-
chanical properties, degree of fragmentation, and total en-
ergy of coals and rocks under different strain rates. Only few
have discussed the energy absorption and releasing mech-
anism of coals and rocks under different strain rates as well
as the relationship between mean particle diameter of
crushing coal and energy density. Based on uniaxial static
compression and SHPB dynamic impact experiment,
crushing energy, total absorption energy, and total releasable
latent energy of different coal samples (different strengths)
under dynamic and static loads were gained. Moreover,
energy characteristics under different strain rates were
compared, and the energy dissipation laws of different
strengths coals with crushing under the impact loads were
gained.

2. Experimental Method

2.1. Sample Preparation. Outburst coal is the low strength
coal formed after the raw coal is crushed and bonded under
the ground stress because it is difficult to core on-site;
therefore, imitating the formation process of outburst coal in
nature, that is, the crushing and bonding method, is used to
reconstruct the outburst coal in the laboratory. Nonoutburst
coal is the raw coal with high strength. In this experiment,
coal samples were collected from the 13-1 coal seam, Zhangji
Coal Mine, HuainanMining Group. Outburst coal specimen
is made by grinding raw coal, sifting 40∼80 mesh coal
powers, and then shaping with 100MPa pressure on a large
rigid press machine with a self-made coal pressure tank. +e
nonoutburst coal specimen is made by drilling on the raw
coal by a rock drill, and then grinding and cutting into the
cylindrical coal mass with a diameter of 50mm.+e cylinder
specimens with a height of 100mm and a diameter of 50mm
were used in the static uniaxial compression experiment, in
which the nonoutburst coal specimens were numbered
S1∼S3 and the outburst coal specimens were numbered S4
and S5.+e cylinder specimens with a height of 30mm and a
diameter of 50mm were chosen in the dynamic impact
experiment, in which the outburst coal specimens were
numbered D1∼D14 and the nonoutburst specimens were
numbered D15∼D20.

2.2. Experimental System. Failure characteristics of coals
under static loads were concluded from the static uniaxial
compression experiment of coal specimens on the RMT-350
rock mechanical testing system in the Mining Engineering
Laboratory of the Anhui University of Science and Tech-
nology. Mechanical properties of coals under dynamic loads

2 Shock and Vibration



were gained through a dynamic impact experiment based on
the Φ 75mm SHPB in the Impact Laboratory of the Anhui
University of Science and Technology. Diameters of the trip
rod (bullet), incidence rod, and output rod of the SHPB
system were determined to be 75mm, whereas lengths were
0.4m, 4m and 2.5m, respectively. +ey were all made of
high-strength alloy steel, and the elasticity modulus was
195GPa. Physical picture of experimental system is shown in
Figure 1.

2.3. Experimental Procedures. +e static uniaxial compres-
sion loading rate of outburst coal and nonburst coal spec-
imens was 0.02mm/s. A dynamic impact test was carried out
to test dynamic characteristics of outburst coal and nonburst
coal specimens under different impact loads. In the impact
experiment of nonoutburst coals, the pneumatic control of
driving device was controlled at 0.2∼0.6MPa, and the
corresponding impact speed of the bullet was 4.36∼6.15m/s.
A total of 6 groups of effective data were gained successfully.
In the impact experiments of outburst coals, the pneumatic
control of driving device was controlled at 0.2∼0.7MPa, and
the corresponding impact speed of the bullet was
3.21∼10.81m/s. A total of 14 groups of effective data were
gained.

3. Energy Composition in the SHPB
Compression Experiment

3.1. Energy Carried by the Stress Wave. +e Hopkinson bar
(SHPB) technology is based on the one-dimensional elastic
stress wave theory and the hypothesis of uniformity. +e
energy carried by the stress wave σ(t) is expressed as

W �
AeCe

Ee


t

0
σ2(t)dt �

AeCe

Ee


t

0
Eeσ(t) 

2dt

� AeEeCe 
t

0
ε2(t)dt,

(1)

where Ae is the cross sectional areas of the input and output
bars (m2). Ee is the elasticity modulus of the input and
output bar materials (GPa). Ce is the speed of one-di-
mensional stress wave and speed of stress wave (Ce) in the
elasticity stage can be expressed by the mass density (ρe) and
elasticity modulus (Ee) of the compression bar: Ce �

�����
Ee/ρe


.

For this SHPB test system, Ce � 4984m/s. ε(t) is the strain
corresponding to the stress wave.

+e incident energy (WI), transmitted energy (WT), and
reflected energy (WR) on the compression bar from loading
to unloading could be expressed as the following equations:

WI � AeCeEe 
t

0
ε2I(t)dt, (2)

WR � AeCeEe 
t

0
ε2R(t)dt, (3)

WT � AeCeEe 
t

0
ε2T(t)dt, (4)

where εI(t), εR(t), and εT(t) are strains corresponding to the
incident wave, reflected wave, and transmitted wave on the
compression bar.

3.2. Crushing Energy and Crushing Energy Density.
Because the two end surfaces of specimens were coated with
lubricant, energy consumed by the frictional force between
contact surfaces was ignored in the analysis. As a result, the
energy carried by the incident wave minus the sum of energy
carried by the reflected wave and the transmitted wave is
equal to the energy consumed by failure of specimens under
dynamic impacts. +is is called the crushing energy of
specimens, and it can be calculated as follows [35]:

WD � WI − WR + WT(  � AeCeEe 
t

0
ε2I(t) − ε2T(t) − ε2R(t) dt.

(5)

Dissipated energy in unit volume was used to measure
the energy consumption during impact-induced failure,
which is known as the crushing energy density (wD):

wD �
WD

V
, (6)

where V is the volume of specimens (m3).

3.3. Energy Dissipation Rate. +e ratio of crushing energy
and incident energy was defined as the energy dissipation
rate (N) to measure energy dissipation strength of coals and
rocks under varying strain rates:

N �
WD

WI

× 100%. (7)

3.4. Total Absorption Energy and Releasable Elastic Latent
Energy. According to the theory of rock mechanics, the area
enclosed by the stress-strain curves gained from the static
loading experiment and dynamic experiments was the
failure-induced absorption energy density (u) of specimens
during the loading process:

u �  σdε, (8)

where u is the failure-induced absorption energy density of
specimens (J/m3) and σ is the coal-rock stress (MPa).

+en, the total absorption energy (U) of specimens
during the failure process is

U � uV, (9)

where V is the volume of specimens (m3).
When coal-rock specimens are exposed to external loads,

it is hypothesized that the deformation formation has no
heat exchange with the external world. +e total energy (U)
that is applied by the external force on the specimens can be
expressed as

U � U
d

+ U
e
, (10)
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where Ud is the dissipated energy of specimens during
crushing, which is mainly to form internal damages and
plastic deformation of specimens. Ue is the releasable elastic
latent energy of specimens, and it is directly related with
unloading elasticity modulus and unloading Poisson’s ratio.
Obviously, energy dissipation is one-way and irreversible,
whereas releasable elastic latent energy is reversible. +e
relationship between energy dissipation and releasable
elastic latent energy is reflected on the stress-strain curves
(Figure 2).

4. Results and Discussion

4.1. Macroscopic Analysis of Impact Failure of Coals.
Failure modes of nonoutburst coal and outburst coal under
different strain rates are shown in Figure 3. According to
comparison, the nonoutburst coal fragments are uniform
when the strain rate is 81 s−1, and there is no significant
block. With the increase of strain rate, the energy carried by
the stress wave is enough to generate longitudinal run-
through cracks on specimens, thus intensifying the degree of
crushing. From the perspective of energy, both crack ini-
tiation and expansion in materials requires energy dissi-
pation, whereas the energy needed for the formation of new
cracks is significantly higher compared with that for crack
expansion. Hence, fractures of coal materials is mainly at-
tributed to expansion and running through of the original
microcracks under a low strain rate. With the increase of
strain rate, the material absorbs a high level of energies
before running through of microcracks, which are ex-
pandable, so that more microcracks can expand and thereby
attend in the crushing process. Furthermore, more new
cracks are generated, which requires higher-energy dissi-
pation and decreases the particle diameter of crushed ma-
terials. Consequently, the critical stress for the material
crushing is the higher. +is interprets that the material
strength increases with the increase of strain rate.

4.2. Relations of Crushing Energy Density, Energy Dissipation
Rate, and Strain Rate. According to the stress-strain ex-
perimental results under varying dynamic loads and
equations (1)–(7), the crushing energy density and energy
dissipation rate of coal samples could be calculated (Table 1).

+e relations of crushing energy density and strain rate are
shown in Figure 4.

Seen from Figure 4, the crushing energy density of two
types of coal specimens shows the relatively consistent
variation laws (exponential growth) with strain rate.
Crushing energy density of nonoutburst coal is the higher
under the same strain rate. When the strain rate is low, the
difference of crushing energy between outburst coal and
nonoutburst coal is not very large, which is related with the
preparation of nonoutburst coal specimens. +e internal
cracks of the drilled nonoutburst coal are kept well and can
influence energy absorption to some extent. +is is basically
consistent with the energy dissipation laws of porous man-
made rocks in the study of Xie [36]. When the strain rate is
high, the difference of crushing energy between outburst and
nonoutburst coal increases. +is is because the nonoutburst
coal has relatively high strength, and they have to consume
more energy to generate the same crack. As seen from
Table 1, the energy dissipation rate of both outburst coal and
nonoutburst coal is basically consistent with the changes of
strain rate. In other words, the energy dissipation rate is kept
constant at about 10%∼20%, and it is a variable unrelated
with strain rate.

4.3. Relations of Total Absorption Energy Density, Elastic
Latent Density, and Strain Rate. In order to compare and

(a) (b)

Figure 1: Physical picture of experimental system. (a) RMT-350; (b) Φ 75mm SHPB.

Ud

Ue

0 ε

σ

Figure 2: Relationship between dissipation energy and releasable
elastic latent energy [36].
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analyze the energy absorption law of coal specimen under
impact loading and quasi-static loading, the elastic latent
energy density and total absorption energy density of two
types of coal specimen are calculated according to the stress-
strain curves under quasi-static loading, as shown in Table 2.
According to stress-strain experimental results under
varying dynamic loads and equations (8)–(10), the total
absorption energy density and elastic latent density are
calculated, as shown in Table 3. +e ratio of absorption
energy (Table 3) is defined as the ratio of absorption energy
of specimens under varying strain rates and absorption

energy under static failure. +e ratio of elastic latent energy
(Table 3) is defined as elastic latent energy of specimens
under varying strain rates and elastic latent energy under
static failure.

+e relations of total absorption energy density and ratio
of absorption energy of two types of coal specimens with
strain rate under different impact loads are shown in Fig-
ure 5.+e total absorption energy density of nonburst coal is
higher compared with that of outburst coal, indicating that
the total absorption energy density of nonburst coal is more
sensitive to strain rate. Because outburst coal is relatively

81s–1 129s–1 193s–1

(a)

81s–1 129s–1 193s–1

(b)

Figure 3: Specimens after impacting. (a) Outburst coal. (b) Nonoutburst coal.

Table 1: Energy of coal specimens under dynamic impact.

Type Specimen
no.

Strain
rate (s−1)

Incident
energy (J)

Reflected
energy (J)

Transmitted
energy (J)

Crushing
energy (J)

Crushing energy
density (J·m−3)

Energy
dissipation rate

Outburst coal

D1 73 32.98 27.04 0.17 5.78 81563 0.175
D2 78 57.21 48.58 0.12 8.51 128991 0.149
D3 81 63.19 56.64 0.10 6.46 90996 0.102
D4 101 166.70 130.64 0.15 35.91 156918 0.215
D5 115 226.65 183.42 0.65 42.59 188245 0.188
D6 129 268.20 218.20 0.52 49.48 219607 0.184
D7 160 424.55 344.91 0.50 79.14 345802 0.186
D8 174 254.14 222.23 0.15 31.76 475742 0.206
D9 193 609.29 494.99 0.79 113.51 499874 0.186
D10 214 349.36 279.52 0.26 69.58 795067 0.149
D11 219 391.21 328.17 0.29 62.75 951140 0.160
D12 221 663.94 520.78 0.94 142.22 853109 0.173
D13 268 497.17 400.90 0.67 95.61 1585950 0.192
D14 279 518.02 430.40 0.55 87.07 1628234 0.187

Nonoutburst
coal

D15 96 85.70 75.15 0.82 9.72 159767 0.113
D16 120 111.73 87.44 0.77 23.52 315228 0.211
D17 125 117.27 90.56 0.80 25.91 435503 0.221
D18 145 152.78 113.10 0.51 39.17 651923 0.256
D19 177 242.73 184.94 0.70 57.09 944028 0.235
D20 186 304.03 232.57 1.23 70.23 1391585 0.231

Shock and Vibration 5



0.0

2.0 × 105

4.0 × 105

6.0 × 105

8.0 × 105

1.0 × 106

1.2 × 106

1.4 × 106

1.6 × 106

1.8 × 106

Cr
us

hi
ng

 en
er

gy
 d

en
sit

y 
(J

·m
–3

)

50 100 150 200 250 300
Strain rate (s–1)

Outburst coal
Nonoutburst coal

Figure 4: Relations of crushing energy density and strain rate.

Table 2: Elastic latent energy density and total absorption energy density of static test.

Type Specimen no. Peak strain (10−4) Elastic latent energy density (J·m−3) Total absorption energy density (J·m−3)

Nonoutburst coal

S1 66.63 53736.92 58314.13
S2 72.88 47401.89 56662.66
S3 65.23 53058.81 61283.68

Average 63.94 51399.21 58753.49

Outburst coal
S4 193.2 14383.48 22659.44
S5 214.4 14104.76 23644.62

Average 203.80 14244.12 23152.03

Table 3: Absorption energy density and elastic latent energy density of coal specimens under impact loads.

Type Specimen
no.

Strain rate
(s−1)

Elastic latent
density (J·m−3)

Total absorption energy
density (J·m−3)

Ratio of elastic
latent energy

Ratio of total
absorption energy

Outburst coal

D1 73 7514.4 15164.3 0.53 0.65
D2 78 10462.4 20737.6 0.73 0.90
D3 81 10924.5 18650.5 0.77 0.81
D4 101 5820.8 15484.3 0.35 0.67
D5 115 28707.9 53413.8 2.02 2.31
D6 129 21715.6 43215.1 1.52 1.87
D7 160 24476.2 45100.0 1.72 1.95
D8 174 36180.2 74123.9 2.54 3.20
D9 193 43826.1 80153.5 3.08 3.46
D10 214 40665.1 76023.1 2.85 3.28
D11 219 51529.5 94275.0 3.62 4.07
D12 221 47259.1 84470.3 3.32 3.65
D13 268 96275.4 175133.1 6.76 7.56
D14 279 107619.6 207698.7 7.56 8.97

Nonoutburst
coal

D15 96 12354.2 30345.0 0.24 0.52
D16 120 22291.0 45932.7 0.43 0.78
D17 125 21409.3 46927.4 0.42 0.66
D18 145 33695.8 59910.0 0.66 1.02
D19 177 47037.3 90295.5 0.92 1.54
D20 186 66647.1 123949.5 1.30 2.11
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soft, they can absorb less energy and experience the hard-
ening effect with the increase of strain rate under static
failure mode. +e outburst coal shows the higher ratio of
absorption energy under impact load-induced failures than
nonburst coal, which explains why soft coals are easier to be
damaged upon energy accumulation under disturbance
loads like rock burst.

As seen from Figure 5(a), the absorption energy density
with crushing of two types of coal specimens achieves an
exponential growth with the increase of strain rate (_ε) in the
experiment. +e fitting relations can be expressed as

nonoutburst coal : u � 7076e
0.015_ε

, (11)

nonoutburst coal : u � 3304e
0.015_ε

. (12)

According to the fitting expressions, two types of coal
specimens show the same growth trend of total absorption
energy density, indicating that the outburst coal and non-
outburst coal show consistent responses to the impact
loading.

Relations of releasable elastic latent energy density and
ratio of elastic latent energy of two types of coal specimens
with strain rate under the impact loads are shown in Fig-
ure 6. Obviously, releasable elastic latent energy density of
two types of coal specimens grows quickly with the increase
of strain rate. +ey both show significant correlations with
strain rate.+e relevant relations can be expressed in the (13)
and (14). +e elastic latent density of nonoutburst coal is
higher compared with that of outburst coal under different
strain rates. In other words, nonoutburst coal can release
more energy for damages. Seen from Figure 6(b), the ratio of
elastic latent energy of outburst coal is higher under the same
strain rate, and the outburst coal can release more times of
energy compared with that under static failure. Moreover,
outburst coal requires less energy to be fractured. As a result,
energy released by the outburst coal is easier to cause failure
damages of coals. +is also explains the easier occurrence of
dynamic phenomenon in the soft seams (there is a layer of
soft seam in hard coals) of coals.

Nonoutburst coal : U
e

� 2644e
0.017_ε

, (13)

outburst coal : U
e

� 3827e
0.012_ε

. (14)

Based on fitting results, the nonoutburst coal can absorb
more energy and contain more releasable elastic latent
energy than outburst coal before failure under the same
intensity of impact loads.

4.4. Relations of Total Absorption Energy Density and Elastic
Latent Density with Dynamic Strength. Relations total ab-
sorption energy density and elastic latent energy density
with dynamic strength of coal is shown in Figures 7 and 8,
respectively. It can be seen from Figures 7(a) and 8(a) that
dynamic strength of coal is the major influencing factor of
absorption energy of different coals. +e energy absorp-
tion of both outburst coal and nonoutburst coal under the
same peak strength is almost the same. However, the

nonoutburst coal has the higher peak strength under the
same strain rate due to the relatively higher hardness, thus
showing the higher energy absorption and storage. Be-
cause ductile materials have a process of transforming
from ductility to brittleness under the high strain rate
(which is known as the strain rate–induced hardening
effect) and the static crushing energy of outburst coal is
relatively low, the outburst coal can absorb and store more
times of energy for crushing than the nonoutburst coal
under statistic test (Figures 7(b) and 8(b)).

4.5. Relations of Energy Density and Fractal Dimension with
Mean Particle Diameter. Generally, the mass-frequency
distribution of fragments observes the following laws
[11, 37]:

M(R)

M
� 1 − exp −

R

R0
 

b

⎡⎣ ⎤⎦, (15)

where M (R) is the cumulative mass of fragments with di-
ameter smaller than R (kg),M is the total mass of fragments
(kg), and R0 is scale parameter of the fragment distribution
and related to the mean size. According to relevant studies
[37, 38], D � 3 − b, where D is the fractal dimension of
fragments. +e screening statistics and fractal computing
results of fragments of outburst and non-outburst coal are
listed in Table 4.

As seen from Table 4, with the increase of strain rate
(impact loading energy) in the experiment, the proportions
of small fragments of outburst and nonoutburst coal show
an increasing trend after the failure, and the degree of impact
crushing of coal specimen increases, the fractal dimension of
fragments increases. As coal is geologic material, part of the
experimental data in Table 4 is discrete, but the overall trend
is consistent with the above conclusion. +e relations of
crushing energy density, absorption energy density, and
fractal dimension are shown in Figure 9. +e fractal di-
mension (D) of outburst and nonoutburst coal presents an
evident logarithmic growth with the increase of crushing
energy density and absorption energy density, indicating
that the higher degree of crushing requires a larger impact
energy to the specimens. +is is basically consistent with
other studies on fractal behaviors of rock [39], anthracite
[40], and other materials under in impact experiments.
Moreover, the proportion of small fragment of outburst coal
is the higher when the energy absorption and storage are the
same. +is conforms to the previous analyses that the
proportion of energy to damage the outburst coal is the
higher given the same energy condition.

For quantitative description of degree of crushing after
the impact test, the mean particle diameter of the certain coal
specimen all fragments was defined as

d �


diηi


 ηi

, (16)

where d is the mean particle diameter of the certain coal
specimen all fragments (mm), di is the mean particle di-
ameter of fragments retained in sieves with certain pore
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diameter during the screening process (mm), and ηi is the
mass percentage of fragments intercepted by a certain di-
ameter of pores (%).

+e relationship between mean particle diameter of frag-
ments and energy is shown in Figure 10. With the increase of
energy absorption and storage, the mean particle diameter of
fragments decreases exponentially, and such reduction is
quicker in outburst coal. Due to various natural fractures and
defects, the mean particle diameter of fragments of

nonoutburst coal is smaller than that of outburst coal (com-
pacted into internally uniform) when there is less impact
energy under the low strain rate. A lot of new cracks will be
formed before running through of original cracks and defects.
Because nonoutburst coal consume plenty of energy for form
new cracks because of the high strength, the mean particle
diameter of fragments of outburst coal begins to be smaller
than that of nonoutburst coal under the relatively high impact
energy.
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Figure 6: Relations of elastic latent energy density, ratio of elastic latent energy, and strain rate. (a) Elastic latent energy density; (b) ratio of
elastic latent energy.
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Figure 5: Relations of total absorption energy density, ratio of absorption energy, and strain rate. (a) Total absorption energy density;
(b) ratio of absorption energy.
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elastic latent energy.
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Figure 9: Relations of crushing energy density, absorption energy density and dynamic strength. (a) Crushing energy density;
(b) absorption energy density.

Table 4: +e screening statistics and fractal computing results of fragments of outburst and nonoutburst coal.

Type Specimen
no.

Strain
rate
(s−1)

+e cumulative mass under the sieve/g Total mass of
fragments (g)

Specimen
mass (g) b Fractal

dimension D<0.5mm <1mm <10mm <20mm <30mm

Outburst coal

D1 73 0.2 0.5 2.2 3.5 3.5 77.8 78.6 0.63 2.37
D2 78 0.8 0.9 5.3 6.7 6.7 79.0 79.2 0.59 2.41
D3 81 0.8 1.1 3.8 6.9 8.5 85.3 85.5 0.58 2.42
D4 102 11 14.7 47.5 67.5 78.3 78.3 79.9 0.49 2.51
D5 115 12.2 16.6 49.6 66.8 76.4 76.4 78.8 0.42 2.58
D6 129 13.2 18.2 52.6 68.5 77.2 77.2 79.7 0.70 2.30
D7 160 14.5 19.3 57.4 69.3 75.9 75.9 78.2 0.44 2.56
D8 174 15.6 20.6 59.7 72.2 75.3 75.3 79.8 0.40 2.60
D9 193 17.1 22.1 60.3 70.5 74.8 74.8 76.9 0.46 2.54
D10 214 19.4 25.1 65.5 69.9 69.9 69.9 77.5 0.34 2.66
D11 219 17.4 22.6 58.9 71.6 71.6 71.6 79.3 0.37 2.63
D12 221 17.5 23.4 63.5 68.3 68.3 68.3 73.6 0.52 2.48
D13 268 17.3 22.3 62.9 66.5 66.5 66.5 74.6 0.36 2.64
D14 279 16.6 21.3 58.3 64.2 64.2 64.2 72.7 0.36 2.64

Nonoutburst
coal

D15 96 0.1 1.3 38.5 87.1 87.1 87.1 89.2 1.61 1.39
D16 120 0.3 2.0 39.2 75.4 76.8 76.8 79.4 1.46 1.54
D17 125 0.4 2.5 50.5 71.5 75.6 75.6 83.0 1.27 1.73
D18 145 2.5 5.7 48 80 90.1 90.1 86.9 0.89 2.11
D19 177 2.2 6.3 54.6 75 77 77 82.5 0.80 2.20
D20 186 1.4 5 59.4 76 76 76 83.7 0.69 2.31
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5. Conclusions

(1) Given the impact loads, crushing energy of coal is
closely related with strain rate. Crushing energy
shows an exponential growth with the increase of
strain rate, indicating that more energy is used to
damage the specimens. However, the energy dis-
sipation rate of both outburst coal and non-
outburst coal is basically constant. In other words,
energy dissipation rate is kept constant at about
10%∼20%, and it is a variable unrelated with strain
rate.

(2) With the increase of experimental strain rate, the
absorption energy for the damage of coal and rock
achieves an exponential growth, indicating that more
energy is used to promote crack expansion and
damage of specimens with the increase of loading
strength. Moreover, outburst coal and nonoutburst
coal show consistent responses to loads.

(3) +ere is a good logarithmic relation between the
dynamic compressive strength of coal and absorp-
tion energy density and elastic latent energy density.
Bot nonoutburst coal and outburst coal show almost
the same energy adsorption under the same peak
strength. Due to the higher hardness, the non-
outburst coal has the higher peak strength given the
same strain rate, so they have to absorb and store
more energy. However, the outburst coal can absorb
and store more times of energy for breakage than
nonoutburst coals under the static test.

(4) Fractal features of coal fragments under dynamic
impacts are significantly. Moreover, fractal dimen-
sion and degree of fracture of specimens are posi-
tively related with strain rate, whereas mean particle
diameter of fragment is negatively related. +ere is a

logarithmic growth relationship between the fractal
dimension and strain rate. Moreover, the mean
particle diameter of experimental fragment basically
meets the negative exponential relationship with
strain rate, indicating that coals need more energy to
be broken into smaller pieces.
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