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ABSTRACT: As coal mines continue deep mining, the frequency
of coal and rock dynamic disasters has also gradually increased. In
this paper, dynamic tensile strength deformation, energy evolution,
and crack development under an impact test were studied on
Brazilian coal samples, using a split Hopkinson pressure bar
(SHPB) test device. A high-speed camera was adopted to capture
the failure process of the coal specimens. The research results
demonstrate that when the impact velocity is greater than 4.75 m/
s, the dynamic tensile strength of the vertical bedding direction is
higher than that of the parallel bedding direction of the coal
samples. With the increase in the impact velocity, the dynamic
strain and ultimate strain rate of two types of coal samples are increased, and the average value of the first and second dynamic
deformation moduli of coal samples shows decreasing characteristics. As the incident energy increases, the sum of reflected and
transmitted energy increases, and the absorbed energy also increases in the two types of coal samples. The two types of Brazilian disc
coal samples mainly showed tensile and shear failure characteristics. The dynamic tensile deformation characteristics of the two types
of coal specimens are less affected by the impact angles. However, the crack propagation of coal samples was mainly influenced by
the impact angles. The test results can be used for the prediction of coal and rock outburst in deep underground coal excavation.

1. INTRODUCTION
With the continuous extension of coal mines to deep mining,
the permeability of the coal seam is significantly reduced, the in
situ stress and gas pressure are significantly increased, and the
engineering conditions for deep coal mining become
harsher.1−4 The high-intensity mining operations by mining,
drilling, and firing are always the inducing factors of dynamic
disasters, which lead to increasing frequency of dynamic
disasters, e.g., coal and gas outburst, rock burst, and mine
earthquakes.5−9 In detail, there will be no coal mining disasters
if there are no human mining disturbances. Under the
influence of mining activities, the original physical state
equilibrium of coal rock will be broken, and then the typical
dynamic disaster of coal rock will occur. Therefore, to prevent
and predict coal rock dynamic disasters, it is very necessary to
investigate the dynamic deformation and failure of the coal
rock behaviors using dynamic mechanical methods. Split
Hopkinson pressure bar (SHPB) experimental techniques were
widely used to test the dynamic strength characteristics of
plastic materials and brittle materials. In particular, SHPB
technology was not only suitable for testing the dynamic
strength characteristics of concrete materials, but also often
used to test the dynamic strength parameter characteristics of
rock materials.10−13

The SHPB system has been adopted substantially for the
measurement of the dynamic failure characteristics of coal rock

specimens.14−20 Kumar and Hakalehto21,22 first adopted the
SHPB device to conduct dynamic compressive strength on
basalt and granite. Klepaczko23 et al. found that the fracture
toughness of Canadian coal samples increases by one order of
magnitude during dynamic impact than during quasi-static.
Through the SHPB test techniques, some scholars found that
the dynamic compressive strength and elastic moduli of the
rocks are relatively high.24,25 Chen et al.26 provided a detailed
summary of the entire process of SHPB rods from the device
design, evaluation, and applications. In addition, Zhang et al.27

reviewed and summarized the development of 50 years of
dynamic experimental techniques and the dynamic mechanical
behavior of rocks, and included related constitutive models.
Recently, some scholars have carried out experiments on the

dynamic tensile characteristics of coal rock and studied the
influence of different loading rates, loading angles, and the
characteristics of the specimen itself in dynamic experiments.
Some researchers developed dynamic tensile tests, such as the
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Brazilian disc, this method was widely used to measure the
dynamic tensile parameters of coal rock specimens. The
Brazilian disc follows a dynamic equilibrium process, and the
equilibrium process is confirmed by numerical simulation
methods.28 From the perspective of the dynamic tensile
properties in the experiment, the bedding direction is essential
in dynamic mechanical features and the crack evolution of coal
samples.29 Zhao et al.30,31 investigated and found that the
impact velocity is proportional to the dynamic tensile strength,
and the impact angle mainly affects the failure mode of the coal
samples. Zhang et al.32 using a high-speed camera and digital
speckle technology in the SHPB test, analyzed the dynamic
crack initiation toughness, tensile strength, and uniaxial
compressive strength of Fangshan marble. Zhu et al.33 using
the SHPB system investigated the dynamic tensile properties
of the coal samples. Based on this, they found that the strength
of the water-retaining coal sample is lower, and saturated coal
has less debris between 0 and 5 mm after crushing. Xia et al.34

illustrated that the dynamic tensile strength of the coal and
sandstone samples is 1.5 and 3 times their corresponding static
tensile strength. Gong et al.35 adopted a new empirical
equation to analyze the indirect tensile strength of the
sandstone under the dynamic impact experiment. Huang et
al.36 studied the characteristics of saturated and dry Longyou
sandstone, and concluded that the softening coefficient and
factor of the two types of samples decreased with the loading
rate, but were more sensitive to the loading of the saturated
coal samples.
However, the abovementioned scholars have not researched

the energy change characteristics of the samples, when they
carried out dynamic experiments on coal and rock samples.
Most research relates to the test literature on the energy
evolution of the rock dynamics. Lundberg37 analysis of the
characteristics of energy change of granite and limestone
during the dynamic impact test, using the established stiffness
plastic model, concluded that the samples absorb energy less
than half of the incident energy during the dynamic test. Zhang
et al.38 studied the evolution of energy characteristics of the
Fangshan gabbro and marble during dynamic shock experi-
ments. Li et al.39 found that under the dynamic impact
experiment, the absorb energy of the specimens was positively
correlated with the strain rate. The fragments formed after the
specimen is fractured consume energy, and the size of the
fragments is closely related to the energy absorption. From the
summary of the essential characteristics of energy evolution of
coal rock specimens under dynamic experiment, the specimens
first absorb energy when it is impacted by an external force,
and then begins to deform and destroy, that is the dissipation
of energy. Moreover, there are some unclear laws of the
dynamic tensile strength of coal samples. Thus, it is necessary
to quantify the contribution of bedding structures on dynamic
tensile strength and deformation of coal samples.
In this paper, further investigation of the dynamic tensile

properties of vertical and parallel bedding coal samples was
conducted by SHPB tests. We explores the relationship of the
impact velocity and impact angle with the dynamic tensile
strength, strain, and strain rate of coal samples. The energy
evolution characteristics of vertical and parallel bedding coal
samples under dynamic tensile experiments were analyzed.
This paper also examines the fracture propagation character-
istics of coal samples, as monitored by a high-speed camera
system.

2. EXPERIMENTAL PROCEDURE
2.1. Coal Sample Preparation. The experimental coal

samples were taken from the Ji15−17 11110 mining face of 13
mines of Pingdingshan Tian’an Coal Industry Co., Ltd. The
average mining depth of the comprehensive mining face is
591.6 m. The coal samples preparation standard followed the
recommendation of the International Society for Rock
Mechanics (ISRM), the size of the coal specimens was Ø 50
mm × h 25 mm.40−42 The roughness of the two end face of the
specimens was less than 0.05 mm. A total of 44 specimens
were prepared for this test (Figure 1). The coal samples cored
in the parallel layer direction were defined as the PD group,
and the coal samples cored in the vertical direction were the
CD group.

When carrying out the dynamic tensile experiment, coal
samples of the same specification with no obvious defects in
appearance and relatively close wave speeds were selected. The
basic parameters of the coal samples are as follows: moisture
content of 1.11%; ash content of 9.14%; volatilization of
18.20%, and coal density of 1.4 t/m3.
2.2. Split Hopkinson Pressure Bar System. This

dynamic shock experiment was carried out on the SHPB
experimental system of Henan Polytechnic University, and the
system is shown in Figure 2. During the experiment, the impact
speed of the bullet was controlled by adjusting the N2 pressure
in the gas pressure chamber and the position of the bullet in
the firing chamber. Then, the dynamic impact experiments of
coal samples under different impact velocities were realized.
In this SHPB experimental device, the length of the incident

bar was 3000 mm and the diameter was 50 mm, the length of
the transmission bar was 3000 mm and the diameter was 50
mm, the bullet length was 400 mm, the elastic modulus of the
rod was 210 GPa, and the wave velocity of the elastic wave was
5172 m/s. The depth values of the striker were set to 600 mm
and 800 mm.
2.3. Principle Analysis of SHPB. In this experiment, the

direct impact test was carried out on the CD group coal
samples; for the PD group coal samples, the impact test was
carried out with impact angles of 0, 30, 60, and 90°, between
the impact direction and bedding direction of the coal samples
(Figure 2c). Meanwhile, a variety of means were used to carry
out the quality control of the experiment. Before the formal

Figure 1. Coal samples prepared for dynamic impact experiments (a)
vertical bedding coal samples and (b) parallel bedding coal samples.
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experiment, a filter experiment should be performed with a
paper card to filter out the high-frequency oscillation spikers
that may appear in the waveform until a satisfactory sine wave
is obtained. The filtering method is to first apply butter to the
center of the end where the incident rod is in contact with the
bullet and attach a round paper card with a diameter of 20 mm
and a thickness of 0.3 mm. Subsequently, experiments are
started and the corresponding bullet velocity is obtained at
different bullet depths and gas pressures. In the placement of
experimental specimens between the incident bar and
transmitted bar, and the absorption bar and the buffer device
are to be coated with grease, to reduce the end friction effect
between the rods on the experimental results of adverse effects.
Meanwhile, the manufacturer’s data processing software is used
to pre-process the experimental waveform, and the incident,
reflected, and transmitted waves are then processed twice to
ensure the accuracy and regularity of the experimental data.
When a coal sample participating in the dynamic tensile test
was completely broken, the data of the high-speed camera are
saved manually, and then the broken coal samples were

cleaned. Next, according to the experimental scheme and the
above steps were repeated to start the next coal sample
experiment.
In this paper, we adopted ISRM-suggested rules to carry out

this experiment.42 Based on the incident wave, reflected wave,
and transmitted wave obtained by the shock experiment, the
characteristics of coal samples under shock load were analyzed.
Using three-dimensional stress wave theory, the expressions for
the dynamic strain ε(t), dynamic stress σ(t), and dynamic
strain rate ε ̇ of the coal sample were obtained.43−45
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Figure 2. Configuration of the SHPB testing system (a) Experimental system layout drawing; (b) Photograph of the test equipment; (c) SHPB
loading diagram.
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where C0 is the elastic wave velocity of the rod, m/s; A0 is the
cross-sectional area of the rod, mm2; Eb is the modulus of
elasticity of the pressure rod, GPa; ls is the initial cross-
sectional area of the specimen, mm2; As is the initial length of
the specimen, mm; εI(t) is the incident strain of the
compression rod; εR(t) is the strain of the compression rod;
and εT(t) is the transmission strain of the rod. In this paper,
the strain of the rod is uniformly defined as a positive value.

3. RESULTS
3.1. Characteristics of Stress−Strain Curves. According

to eqs 1−3, the characteristic parameters of the vertical seam
group (CD group) and parallel seam group coal samples (PD
group) after the dynamic tensile tests were sorted and
analyzed, and the dynamic tensile test results are shown in

Tables 1 and 2. In this paper, we believe that the crushing of
the coal sample occurred when it is destroyed, so the dynamic
peak stress in the stress−strain curve is the dynamic tensile
strength of the coal samples.
The stress−strain curves of the dynamic tensile test of the

coal samples in the CD group and PD group is shown in
Figure 3. In the dynamic tensile impact experiment on the PD
group coal samples, when the impact angles were 0, 30, 60, and
90°, we used the same velocity, and the average velocity is 3.83
m/s. From the stress−strain curve analysis of the two groups of
coal samples, it was found that the distribution of the tensile
strength parameters of the coal samples has certain discrete
characteristics due to the heterogeneity of the coal samples.
As shown in Figure 3, the dynamic stress−strain curves of

coal samples can be divided into four stages, the first stage is an
approximately straight stage, the second stage is the nonlinear

Table 1. Dynamic Tensile Test Results of CD Group Coal Samples

no.

impact
velocity v
(m/s)

dynamic tensile
strength (MPa)

extreme strain
εm(×10−3)

peak strain
εp(×10−3)

strain
rate

ε(̇s−1)
the first dynamic modulus

of elasticity (GPa)
the second dynamic

modulus of elasticity (GPa)

destroy
time TD
(μs)

CD-1 3.695 3.99 8.95 2.15 68.95 3.88 1.22 167.5
CD-2 3.732 8.61 9.81 2.85 46.41 6.52 1.97 268.0
CD-3 3.242 5.06 10.09 3.06 52.87 3.61 1.07 265.0
CD-5 3.415 8.45 10.20 3.16 61.56 6.04 1.72 201.0
CD-6 3.427 8.64 10.82 2.51 58.82 8.15 2.18 256.0
CD-7 3.445 9.83 9.88 2.78 51.24 6.92 2.37 247.0
CD-8 3.973 3.27 13.85 2.65 71.70 2.68 0.80 260.0
CD-9 3.836 4.78 10.68 2.13 46.59 6.29 1.37 332.0
CD-10 3.979 11.42 11.80 2.66 70.43 9.06 2.81 208.0
CD-11 4.751 7.56 16.88 5.09 96.43 3.41 0.95 224.0
CD-12 5.25 12.05 15.40 4.45 81.26 6.09 1.74 253.0
CD-13 4.903 8.37 13.01 3.51 98.55 5.10 1.56 159.0
CD-14 5.254 6.20 16.73 4.27 103.10 3.60 0.91 196.0
CD-15 5.129 10.35 13.40 4.24 84.06 5.18 1.60 198.0
CD-16 5.023 8.60 15.16 4.56 99.64 4.17 1.22 181.0

Table 2. Dynamic Tensile Test Results of PD Group Coal Samples

no.

impact
angle
(deg)

impact
velocity v
(m/s)

dynamic tensile
strength (MPa)

extreme
strain εm
(×10−3)

peak strain
εp(×10−3)

strain
rate ε ̇
(s−1)

the first dynamic
modulus of elasticity

(GPa)

the second dynamic
modulus of elasticity

(GPa)

destroy
time TD
(μs)

PD-1 5.104 4.92 14.34 3.46 95.61 3.46 0.89 172.5
PD-2 5.228 8.03 15.85 3.78 97.81 4.61 1.38 193.0
PD-3 5.15 6.37 14.61 4.72 71.51 2.95 0.88 271.5
PD-4 90 3.55 4.46 11.22 3.88 62.79 2.86 0.72 246.5
PD-5 90 3.42 11.96 9.2 3.21 66.80 8.19 2.41 175.0
PD-6 90 3.54 8.17 11.42 3.73 76.48 5.11 1.39 189.0
PD-7 90 3.524 4.58 12.95 3.70 76.02 2.69 0.80 283.0
PD-8 90 3.532 9.84 11.44 3.01 65.98 7.23 2.11 241.5
PD-9 0 3.922 1.66 13.16 2.77 79.90 1.43 0.38 199.5
PD-10 0 3.64 6.92 11.49 2.71 72.32 5.77 1.64 192.0
PD-11 0 4.099 1.09 15.37 9.35 86.07 0.36 0.07 247.0
PD-12 0 4.149 8.54 10.31 3.70 84.30 5.41 1.47 149.0
PD-13 0 4.021 7.65 11.17 3.49 63.05 4.78 1.42 233.5
PD-14 60 4.037 5.34 9.65 1.98 72.45 5.93 1.75 176.5
PD-15 60 3.836 7.55 12.79 3.12 76.50 5.39 1.56 205.5
PD-16 60 3.888 3.10 10.47 2.62 75.99 2.0 0.84 175.5
PD-17 60 4.291 7.05 13.48 3.69 89.95 4.58 1.21 174.0
PD-18 60 3.949 8.02 11.14 2.9 66.36 5.99 1.80 196.5
PD-19 30 3.969 6.34 11.25 2.99 61.76 4.40 1.40 220.0
PD-20 30 3.825 7.85 10.69 2.58 69.26 7.01 1.94 190.0
PD-21 30 3.711 9.66 10.19 2.5 51.45 8.33 2.52 237.0
PD-23 30 3.896 4.3 9.34 3.13 47.51 2.99 0.89 244.0
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convex stage, the third stage is the approximate platform stage,
and the fourth stage is the stress drop stage. This time, we take
the coal sample CD-2 as an example to analyze the detailed
stress and strain process of the coal samples.
Figure 4 exhibits the four damage level stages of the CD-2

coal sample, under the dynamic tensile experiment. The first
stage is approximately a straight stage (OA stage). The curve
characteristics of the stress−strain in the OA stage are similar

to those of a straight line, and the slope in this phase is also
relatively large. The reason is that under the action of dynamic
impact, in which the microcracks and defects inside the
material are not compacted to produce direct elastic
deformation, that is, without the compaction stage of the
coal sample under static loading. The nonlinear convex stage is
the AB stage, in which the coal sample produces a certain
plastic deformation as the impact of the load continues to

Figure 3. Dynamic stress−strain curves of CD and PD group coal samples (a) v̅ = 3.64 m/s; (b) v̅ = 5.05 m/s; (c) v̅ = 5.16 m/s; (d) v̅ = 5.16 m/s;
(e) (d) w = 0°; (e) w = 30°; (f) w = 60°; and (g) w = 90°.
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increase. Meanwhile, the dynamic stress−strain curves of the
coal sample show a certain nonlinear relationship. Secondary
cracks and failures have formed within the coal sample, but no
new macroscopic fracture surfaces have emerged. In general,
the stress−strain curve shows a nonlinear upward trend and
characteristics. The BC stage is a similar platform stage, the
stress−strain curve presents the characteristics of an
approximate platform, and the coal has been broken, but the
crushed block has not completely separated from the whole
samples. The friction between the fragments continues to
maintain the residual strength of the coal sample, so the
stress−strain curve presents a transient stress yield plateau.
The stress fall stage is the CD stage, in which a macroscopic
fracture surface inside the coal sample has gradually been
generated. And then the coal sample has also been completely
broken at this time, and the crushing ability to resist impact has
gradually decreased. Consequently, the stress−strain curve has
shown a certain drop characteristic.
Figure 5 shows the specific relationship between the peak

stress and the impact velocity during the dynamic tensile test

of the coal samples. When the impact velocity is less than 4.75
m/s, the impact velocity has little effect on the peak stress of
the CD group and PD group coal samples, and the numerical
value difference in the dynamic tensile strength of the two
groups of coal samples is very small.
However, when the impact velocity is greater than 4.75 m/s,

the peak stress of the dynamic tensile resistance of the two
groups of coal samples gradually increases. When the impact
velocity was kept constant, the dynamic tensile strength values
were characterized by CD group > PD group coal samples.
This can be explained by that the bedding direction has a great

influence on the dynamic mechanical properties of the coal
samples. The CD group sample was cored in the vertical
laminal direction, while the compactness is relatively high. The
PD group coal samples were cored in the parallel direction, and
the internal fissures of the coal samples were relatively
developed. Meanwhile, when the impact velocity was less
than 4.75 m/s, the failure of the coal sample was not complete,
resulting in the nonobvious relationship between the dynamic
tensile strength and impact velocity.
3.2. Deformation Characteristics of Coal Samples.

3.2.1. Characteristics of Dynamic Tensile Strain Rate of Coal
Samples. The relationship between the strain rate and time
dynamic tensile tests of coal samples in CD and PD groups is
shown in Figure 6. Where, v̅ is the average impact velocity, m/
s; w is the direction of the shock load applied, and own
bedding angle of coal samples, °.
Figure 6 exhibits that there will be a more obvious yield

platform near the peak strain rate because the stress waves
generated by the SHPB test system are rectangular waves.
Moreover, when the external load reaches the impact
resistance of the coal samples, due to the short impact time,
the coal samples will have an adaptation stagnation period after
crushing. Hence, a continuous strain rate is characterized by a
short period. The two groups of coal samples have certain
similar characteristics in the strain rate and time curve, and a
plateau stage of a certain width will appear near the peak strain
rate. The reason is that this dynamic impact test uses a
cylindrical bullet, and the stress wave generated is a rectangular
wave. However, the external force of the impact is relatively
short when it reaches the maximum impact capacity that the
coal samples can withstand. Although the coal samples has
been damaged, it can continue to bear external stress by relying
on the friction between particles.
The characteristic relationship between the max strain rate

and impact velocity during the dynamic tensile resistance of
the two groups of coal samples is shown in Figure 7. With the
increase of the impact speed, the strain rate of the coal samples
also gradually increases. Moreover, the impact speed has a
greater effect on the strain rate than the different bedding
directions of coal samples. Overall, the effect of the impact on
the strain rate of the coal samples is the most obvious.
The experimental data of the coal samples max strain rate

and impact velocity are fitted, and the fitting relationship of
coal samples in the CD group is shown in eq 4. The fitting
relationship between the impact velocity and the dynamic max
strain rate of the coal samples in the PD group is shown in eq
5.

y x R23.13 24.46 0.752= = (4)

y x R13.61 17.98 0.572= + = (5)

From the perspective of the relationship characteristics of
fitting, the fitting value of the impact velocity and strain rate of
the coal sample in the CD group was 0.75, and the fitting value
of the coal sample in the PD group was 0.57. This indicates
that in the tensile impact test of coal samples in the CD group,
the strain rate of coal samples has a close relationship with
impact velocity, showing a good linear relationship. However,
the fitting relationship between strain rate and impact velocity
of coal samples in the PD group was poor. In eq 5, it was found
that the dynamic strain rate has a positive correlation with the
impact velocity of PD group coal samples. In general, the strain
rate of coal samples was closely related to the structure of coal

Figure 4. Dynamic stress−strain curves of the CD-2 coal sample.

Figure 5. Relationship between impact velocity and peak strength of
coal samples.
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samples during dynamic tensile impact experiments. Therefore,
the strain rate change characteristics of vertical seamare more
obvious than parallel seam of coal samples.
3.2.2. Characteristics of Ultimate Strain of Coal Samples.

The ultimate strain and dynamic deformation moduli of the
coal samples were used to characterize the dynamic tensile
deformation characteristics of coal samples. The relationship

between the ultimate strain and the impact velocity of the CD
and PD group coal samples is shown in Figure 8. The limit

strain of the two groups of coal samples increases with the
increase of the impact velocity (Figure 8). In Tables 1 and 2,
the tensile limit strain and impact velocity of the coal samples

are summarized, we can find that the power function and one-

Figure 6. Relationship between the dynamic strain rate and time in the tensile test of the coal sample (a) v̅ = 3.64 m/s; (b) v̅ = 5.05 m/s; (c) v̅ =
5.16 m/s; (d) w = 0°; (e) w = 30°; (f) w = 60°; and (g) w = 90°.
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time function are used to fit the relationship between the CD
and, and the fitting result is shown in eqs 6 and 7.

y x R2.84 0.751.03 2= = (6)

y x R2.38 2.49 0.622= + = (7)

Figure 8 shows that the dynamic tensile limit strain value of
the two types of coal samples increases with the increase of the
impact velocity. At an average impact velocity of 3.6 m/s, the
average limit strain value of the PD group is greater than that
of the CD group coal sample. However, when the average
impact velocity was 5.20 m/s, the average ultimate strain values

of the CD group and PD group coal samples were 1.51 × 10−2

and 1.49 × 10−2. It was found that the two groups coal sample
of the average ultimate strain were relatively close. However,
from the analysis of the influencing characteristics of different
impact angles on the ultimate strain values of the PD group, it
can be found that under the same impact velocity, the average
ultimate strain of the PD group coal samples was less affected
by the impact angle.
Therefore, in the dynamic tensile experiment of coal

samples, with the increase of impact velocity, the ultimate
strain of CD group coal samples also shows the characteristics
of linear increases.

3.2.3. Characteristics of Deformation Modulus of Coal
Samples. The deformation characteristics of the coal samples
dynamic experiment are different from those under conven-
tional static mechanics experiments. Based on the research of
relevant scholars, two dynamic deformation moduli of coal
samples were defined by taking 50% of the peak strength of
coal samples as the cut-off point. The first dynamic
deformation modulus (E0.5

1) and the second dynamic
deformation modulus (E0.5

2), and the expressions for the two
deformation moduli are as follows46,47

E0.5
1 0.5

0.5
=

(8)

E0.5
2 p 0.5

p 0.5
=

(9)

where σ0.5 is the peak stress, MPa; ε0.5 is the strain value
corresponding to 50% of the peak stress.
The variation characteristics of the dynamic deformation

modulus with the impact velocity of the coal sample are shown
in Figure 9a,b. At different impact velocities, the distribution of
the first and second dynamic deformation moduli of the CD
and PD group coal samples was relatively discrete.
Judging from the average values of the first and second

dynamic deformation moduli of the PD group and CD group
coal samples, the average value of the first and second moduli
of the coal samples decreases with the increase of the impact
velocity. Meanwhile, the average value of the two types of
deformation moduli of the CD group is greater than the
average value of the PD group coal sample. We difine the
specific meanings of the two kinds of dyanmic deformation
moduli under this experiment. The first dynamic deformation

Figure 7. Relationship between the impact velocity and max strain
rate of coal samples.

Figure 8. Ultimate strain characteristics of coal samples at different
impact velocities.

Figure 9. Variation rules of dynamic deformation modulus of coal samples in the tensile experiment. (a) First dynamic deformation modulus and
(b) the second dynamic deformation modulus.
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modulus of the coal sample is more inclined to represent the
deformation characteristics of the coal sample in the elastic
stage, while the second dynamic deformation modulus is more
inclined to represent the deformation characteristics of the coal
sample in the plastic stage.

4. ENERGY EVOLUTION AND FAILURE
CHARACTERISTICS OF COAL SAMPLES
4.1. Dynamic Tensile Energy Dissipation of Coal

Samples. In this dynamic impact experiment of coal samples,
from the application of dynamic load to the end of the
experiment, the energy change of incident wave, reflected
wave, and transmitted wave can be calculated and analyzed by
the following equations.48−50
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where WI is the incident energy, J; WR is the reflected energy,
J; WT is the transmitted energy, J; σI is the stress of the
incident wave, kN; σR is the stress of the reflected wave, kN;
and σT is the stress of the transmitted wave, kN.

When the dynamic impact test was performed on the coal
samples, the contact area was relatively small because the
contact between the coal samples and the pressure rod can be
regarded as a linear contact. Meanwhile, smearing with butter
was done to lubricate the contact surface between the coal
samples and the pressure rod. Therefore, the energy generated
by the friction between the coal samples and the pressure rod
contact surface was not considered. In addition, the energy
consumed in various forms such as thermal energy, radiation
energy, and AE in the dynamic impact process was ignored,
and the absorb energy and dissipate energy of the rock was
considered equal in value. In this experiment, when analyzing
the dynamic impact experimental data of those coal samples,
clarification of the principle was necessary, that is, the coal
samples must adsorb energy first, and then destruction will
start to occur. Therefore, the dissipate energy Wd of the coal
samples can be calculated according to energy conservation
theory, as shown in the following equation

W W W Wd I R T= (11)

In eq 11, Wd is the dissipate energy of the coal sample, J.
According to the research results of the relevant scholars, the

definition of the damage variable d of coal rock mass
specimens during dynamic tensile failure in this paper is
shown in eq 12.51

d w u/d= (12)

Figure 10. Energy variation characteristics of coal samples (a) Incident energy vs transmitted energy; (b) incident energy vs sum of reflected and
transmitted energy; and (c) incident vs absorb energy.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06760
ACS Omega 2023, 8, 5506−5521

5514

https://pubs.acs.org/doi/10.1021/acsomega.2c06760?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06760?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06760?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06760?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


where wd is the total dissipate energy density of the coal
sample, as shown in eq 13.

w W V/d d= (13)

where V is the volume of the coal sample, mm3.
where u is the total absorb energy density of the coal rock at

the time of failure, which can be calculated by the area
enclosed by the stress−strain curve of the coal sample under
dynamic impact, as shown in eq 14.

u d= (14)

Equations 10 and 11 were adopted to calculate the
characteristic parameters of energy dissipation of coal samples
in CD and PD groups. Meanwhile, the energy relationship
analysis of the coal samples in CD and PD groups was carried
out.
The relationship between the energy evolution characteristic

in the dynamic tensile test of the two types of coal samples is
shown in Figure 10.
Figure 10a shows that before the incident energy is below 88

J, the transmitted energy gradually increases in the PD group
coal samples; after the incident energy is greater than 88 J, the
transmitted energy will gradually show decreased character-
istics of the PD group. Similarly, as far as the CD group is
concerned, when the incident energy is larger than 103 J, the
transmission energy also shows decreased characteristics.
Figure 10b shows with the increase in the incident energy,

the sum of the reflected and transmitted energy of the two
groups of coal samples will continue to increase. When the
energy of the incident energy is increased to a certain value, the
amplitude of the absorb energy of the coal sample will be
further increased (Figure 10c). Then, after the incident energy
reached 140 J, the amplitude of the absorb energy increase of
the PD group coal sample will tend to be stable, while the
absorb energy of the CD group coal sample is relatively
discrete.
The relationship between the impact velocity and damage

variable of the CD and PD group coal samples is shown in
Figure 11. With the increase in the impact velocity, there was
no obvious linear relationship between the damage variable
and the impact velocity of coal samples in the CD group.
Figure 11 shows that as the angle between the impact direction
and the coal sample increases from 0 to 60°, the damage
variable gradually increases for the PD group coal samples.

However, when the impact angle is 90°, the damage variable
value of the PD group coal samples is the smallest. The reason
is that when the impact direction is perpendicular to the
layering direction of the PD group coal samples, the tensile
strength value of the coal samples is the largest.
4.2. Failure Patterns of Coal Samples. The failure

characteristics of the coal samples under dynamic impact are
recorded by high-speed cameras, and then the dynamic tensile
failure process of coal samples was analyzed. The dynamic
tensile failure characteristics of CD group coal samples at
different impact velocities are shown in Figures 12 and 13.
Figure 12 shows that the failure of the CD group coal

samples is characterized by tensile failure along the diameter
direction of the coal sample parallel to the impact direction of
the coal sample. Furthermore, the shear failure band also
appeared in the CD group coal samples because there were a
certain number of cracks in the CD group coal samples,
resulting in stress concentration near the weak surface of the
coal sample under high strain rate conditions. Since the CD
group coal samples is a vertically laminated core coal samples,
only the impact velocity on the damage characteristics of the
coal samples is considered during the loading process of the
coal samples.
The failure mode of the dynamic tensile strength of CD

group coal samples is shown in Figure 13. Tensile failure is the
main cause of coal samples destruction, and there is a shear
failure at the fracture development location of coal samples.
The dynamic tensile failure characteristics of the CD group
coal samples are more obvious with the increase in the impact
velocity. With the increase of the impact velocity, the
fragmentation characteristics of the coal samples are gradually
enhanced, the fractal dimension is also increasing, and those of
the coal samples with small particles gradually increase. The
reason for the above phenomenon can be explained that as the
impact velocity increases, the incident energy also becomes
larger. Therefore, more energy is released when destruction
occurs, increasing the degree of crushing of the coal samples.
The crack propagation characteristics of the PD group coal

samples when the impact direction and bedding are at different
angles are shown in Figure 14. The failure morphology of the
PD group coal samples after the experiment is shown in Figure
15. It can be observed that, the PD group coal samples are
mainly developed in the form of tensile failure. When the angle
of impact is 0 and 90° in the laminar direction, the coal sample
will expand along two straight cracks, and there will be a
certain thickness of sheet coal samples between the two cracks
(Figure 14). This indicates that the compactness of the coal
sample itself is relatively good.
When the angle between the impact direction and the coal

sample is 0 and 90°(Figure 14a,d), the impact failure
characteristics of the two coal samples are very similar.
However, when there is a relatively large crack in the coal
sample, it will be destroyed along the weak surface formed by
the fissure. This can be explained by the concentration of stress
at the weak surface and then shear failure.
Judging from the damage characteristics of the PD group

coal samples, the damage to the coal samples is less affected by
the angle between the impact direction and the coal sample
layer theory, and the impact rate is not large. In the process of
impact failure, the dynamic tensile strength of the PD group
coal samples was greatly affected by the internal fracture
development and weak surface characteristics of the coal
samples.

Figure 11. Relationship between the impact velocity and coal sample
damage variables.
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5. DISCUSSION
5.1. Comparison of Dynamic Tensile Mechanical

Parameters. From the stress−strain curve characteristics of
the dynamic tensile of the coal samples, it was found that the
dynamic tensile strength characteristics of the CD group coal
samples are different although under the same impact velocity
(Figure 3). For example, when the average impact velocity is
3.64 m/s, the average dynamic tensile strength of the CD-1,
CD-3, CD-8, and CD-9 coal samples is 4.28 MPa, and the
average dynamic tensile strength of the CD-2, CD-5, CD-6,
CD-7, and CD-10 coal samples is 9.39 MPa. This shows that
the average tensile strength of the CD group coal samples
increases by 5.12 MPa under the same impact velocity
conditions. Meanwhile, the dynamic failure time of the CD
group coal samples decreased from 256.13 to 236 ms. It was
also observed that the greater dynamic tensile strength of the

coal samples, the smaller dynamic failure time of the coal
samples; On the other hand, the brittleness characteristics of
the latter group of coal samples are more obvious. However,
from the dynamic strain rate data of the above two groups of
coal samples, we can find that the difference between the
average values is very small. From the analysis of the various
characteristics of the CD group under the same impact
velocity, we considered that it was affected by the strong
heterogeneity of the coal samples. The physical and
mechanical characteristics of coal samples are directly related
to the coal structures. Coal is formed from the remains of
plants through a variety of extremely complex physicochemical
and geochemical cations, and the pore structure of coal
determines the adsorption, permeability, and strength charac-
teristics of the coal.52

When the average impact velocity increased to 5.05 m/s, the
CD group coal samples value increase of peak strength,

Figure 12. Failure process of the dynamic tensile strength of the CD group coal samples (a) CD-7, impact velocity = 3.445 m/s; (b) CD-2, impact
velocity = 3.732 m/s; (c) CD-10, impact velocity = 3.979 m/s; (d) CD-16, velocity = 5.023 m/s; and (e) CD-15, velocity = 5.129 m/s.
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extreme strain, peak strain, and strain rate were 29.60, 41.13,
64.6, and 59.43%, respectively. In contrast, the dynamic

average impact time decreased by 44.23 s. It was observed that
that the larger the impact velocity, the more obvious the

Figure 13. Dynamic tensile failure form of CD group coal samples.

Figure 14. Dynamics tensile test of the PD group coal sample failure process under different impact angles (a) PD-10, impact angle = 0°; (b) PD-
23, impact angle = 30°; (c) PD-15, impact angle = 60°; and (d) PD-5, impact angle = 90°.
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mechanical characteristics of the CD group coal sample during
the dynamic tensile test.
According to the resutls shown in Figure 3, when the impact

velocity is greater than 4.75 m/s, the average dynamic tensile
strength is CD group > PD group coal samples. The maximum
strain rate and the impact velocity in the CD and PD group
coal samples both show a proportional relationship. However,
under the same conditions of the first-order function fitting,
the fitting degree between the maximum strain rate and the
impact velocity of the CD group is higher than the PD group
coal samples. It can be seen that the dynamic deformation
modulus of the CD group is greater than that of the PD group
coal samples.
Therefore, in terms of the dynamic tensile mechanical

properties of coal specimens with the CD group (vertically
bedding) are better than the PD group (parallel bedding).
5.2. Effect of the Impact Angle on Tensile Character-

istics of Coal Samples. The relationship between tensile
strength and impact angle of coal samples in the PD group

under different impact angles is shown in Figure 16. When the
impact angle is 0°, cracks already appear in the PD-9 and PD-
11 coal samples during the test preloading stage. Therefore, the

Figure 15. Failure modes of PD group coal samples.

Figure 16. The relationship between the tensile strength and impact
angle.
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tensile strength data of the PD-9 and PD-11 coal samples show
that they do not participate in the statistical regression of the
PD group.
From Figure 16, we can find that the impact angle was fitted

to the data of the dynamic tensile strength of the coal sample,
and the fitting relationship is as follows

y x x R0.56 2.87 10.13 0.792 2= + = (15)

As eq 15 shows, under the conditions of the impact angles of 0,
30, 60, and 90°, the correlation coefficient R2 value is 0.79.
This indicates that the impact angle has a weaker effect on the
dynamic tensile strength of the coal sample. There was no
obvious relationship between the dynamic tensile strength and
impact angle of the PD group coal sample, and it was observed
that the dynamic tensile strength of the coal sample was less
affected by the impact angle between the impact direction and
the coal layer. The minimum average dynamic tensile strength
of the PD group coal samples was 6.21 MPa, and the maximum
value was 7.80 MPa, corresponding to the impact angles of 60
and 90°, respectively.

6. CONCLUSIONS
In this paper, the dynamic tensile experiment of the coal
samples was carried out. The dynamic tensile strength,
deformation, and energy evolution characteristics of the coal
samples under the SHPB test system were analyzed. According
to the experimental results, the following conclusions were
drawn:
(1) The dynamic tensile mechanical parameters of the CD

group coal samples show a discrete distribution when
the dynamic impact velocity is less than 4.75 m/s. When
the impact velocity is greater than 4.75 m/s, the dynamic
tensile strength, strain, and strain rate values of the CD
group coal samples constantly increased. By contrast, the
first and second dynamic deformation moduli, and
dynamic failure time of coal samples are constantly
decreasing. Under the same impact velocity conditions,
the dynamic tensile strength of the vertically layered CD
group was greater than that of the parallel stratification
PD group coal samples.

(2) The dynamic impact angles range from 0 to 90°, and the
dynamic tensile strength of the PD group coal specimens
was increased. The values of peak strain, ultimate strain,
and strain rate of the coal samples are maximum at the
impact angle of 0°. The first and second dynamic
deformation moduli of the PD group coal samples have
the largest values at an impact angle of 30°. In addition,
it was noted that impact angle has little influence on the
dynamic tensile strength and deformation parameter
change of the PD group coal samples.

(3) Based on the monitoring of the failure process of coal
samples, it was found that the energy evolution and
failure characteristics have similar features. With the
increase of incident energy, the sum of reflected energy
and transmitted energy was increased, and absorb energy
also increased for the CD and PD group coal samples.
The failure model was mainly tensile failure, and there
was also existing shear failure in the fracture develop-
ment position of the two types of coal samples. The
greater the impact velocity, the more obvious crushing
characteristics of coal samples, and the fractal dimension
of crushed coal samples increased. Moreover, after the

complete failure of coal samples, multiple small coal
sample fragments will be formed. The impact angles
mainly affect the crack growth characteristics of the PD
group coal samples.
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