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The failure characteristics and mechanism of coal under dynamic and static loading are a
basic problem for studying the mechanism of rock burst. It is also a basic research problem to
solve the protection of deep underground engineering. By using the split Hopkinson bar
system, the mechanical behavior and energy change of coal were analyzed. The law of stress
and energy evolution during coal sample failure were analyzed. Combined with a high-speed
camera, the analysis of a coal sample after failure showed that, in the process of dynamic
loading, it produced cracks along its axial direction. The critical strain rate in the dynamic
damage process of coal samples was also analyzed, and the damage degree of coal samples
intensified gradually within a certain range of strain rate. Finally, a dynamic mechanical
constitutive model was established by considering the influence of strain rate, and the
damage changes of coal samples were analyzed. The research results provide a reference
basis for further revealing the mechanism of rock burst and preventing coal rock dynamic
disaster.
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INTRODUCTION

Coal is one of the main energy sources in the
world. With increasing mining depth (Kaiser et al.,
2015; Fairhurst et al., 2017; Xie et al., 2019, 2021),
coal and rock dynamic disasters have become
increasingly serious, resulting in dynamic phenom-
ena such as rock burst or coal and gas outburst,
which seriously threatens the safety and production
efficiency of mines (Xie et al., 2019; Hao et al., 2020;
Li et al., 2023a). In underground coal mining, dy-

namic load is produced due to roof caving, blasting
or fault sliding, which has great influence on coal
pillars. Therefore, the study of coal mechanical
behavior and failure characteristics under dynamic
load has important theoretical guidance and practi-
cal significance to analyze and prevent coal rock
dynamic disaster in deep coal mining.

Scholars have conducted extensive studies on
the mechanical behavior of coal under quasi-static
conditions in the laboratory, including uniaxial (Liu
et al., 2015; Ding et al., 2023), biaxial (Zhang et al.,
2017) and true triaxial (Liu et al., 2019; Zhou et al.,
2023) servo press experiments. According to some
research results, the loading strain rate of samples in
the above related studies is generally less than 0/s�1.
However, the dynamic impact load on a sample can
achieve a strain rate as high as 0–1000/s�1, which
makes the dynamic failure of coal and rock instan-
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taneous. This also suggests that the development of
most static experiments is a slow process for single
loading of coal samples relative to a dynamic shock
previously. Considering the time response, failure
degree and other conditions, the mechanical prop-
erties of coal samples under different strain rates are
quite different. In the practical application of coal
mine engineering, there are a lot of damages under
high strain rate, such as, among others, blasting, coal
explosion and drilling operation. Compared with
static loading, dynamic loading failure of coal is
more consistent with the actual situation of under-
ground coal mine (Li et al., 2008; Zhao et al., 2014;
Feng et al., 2016; Gu et al., 2023). Therefore, re-
searchers have gradually used the split Hopkinson
bar (SHPB) system to test the failure behavior of
coal rock under dynamic load, and have made great
progress in dynamic impact mechanics. The SHPB
system was mostly applied to rock materials (Li
et al., 2008, 2021a; Wang et al., 2016; Yao et al.,
2017; Ma et al., 2021), and then transited gradually
to coal SHPB impact experiment. Scholars studied
the mechanical behavior of coal under impact load
(Feng et al., 2018; Li et al., 2021b), failure charac-
teristics (Feng et al., 2020; Hao et al., 2020), micro-
scopic characteristics (Li et al., 2020a, 2020b) and
acoustic and electric response process of coal under
impact (Ju et al., 2007; Yang et al., 2019; Feng et al.,
2022). Although the relevant research and analysis
of various indicators and parameters of coal under
impact have been carried out, the relationship be-
tween stress and energy evolution in the process of
coal sample crushing under dynamic load is still
unclear, and the quantitative characterization and
microscopic analysis of particle size distribution in
coal sample crushing process are seldom studied.
There are also few researches on the strength sta-
tistical damage constitutive model describing the
dynamic characteristics of coal, which can be further
discussed.

In this study, the relationship between stress
and energy evolution in the process of coal sample
crushing was analyzed in combination with high-
speed photography technology. The particle size
distribution and fracture mechanism of coal samples
were characterized quantitatively by using scanning
electron microscopy (SEM) and the fractal theory.
The critical strain rate of coal sample failure during
dynamic impact is also discussed. The dynamic
mechanical constitutive model of coal sample was
established, and the damage evolution law of coal
sample was analyzed under the premise of consid-

ering strain rate. The research results provide a
theoretical basis for the prevention and control of
coal and rock dynamic disasters.

EXPERIMENT

Experiment System

Figure 1a shows the experimental device of
SHPB, which is composed mainly of dynamic and
static load loading subsystem, data acquisition sub-
system, infrared velocity measurement subsystem
and pressure bar main body. The dynamic and static
loading subsystems are composed of bullet, incident
bar and transmission bar. All the bars are made of
30Crmosini2a steel, with elastic modulus of 210 GPa
and p-wave propagation velocity of 5.1 km/s.

The coal samples (Fig. 1b) used in this test came
from Shandong Province, China. The size of each
sample was about u100 mm 9 50 mm. After grind-
ing, the parallelism of both ends of a sample was
controlled within the tolerance range of 0.02 mm.
The wave velocity of a sample was tested in advance
and samples with similar densities were selected for
the test. The average mass and density of the cake
samples were 516.7 g and 1.316 g/cm3.

For the high-speed camera device (Fig. 1c), its
capture frame number was set to 22,000, its photo
collection interval to 45.45 ls. For the sample
screening device and balance (Fig. 1d), its screen
had a total of eight sizes, with maximum aperture of
45 mm and minimum aperture of 0.1 mm. Figure 1e
shows the SEM images of the crushed particles of
coal sample.

Test Principle and Process

As shown in Figure 2, the bullet impinges on the
incident bar and forms stress wave propagation in
the incident bar. The incident wave (ei) passes
through the incident bar and acts on a coal sample to
form reflected wave (er) and transmitted wave (et).
As is the cross-sectional area of a specimen, and L is
its length. A and E are the cross-sectional area and
elastic modulus of the compression bar, respectively,
and t is the duration of stress wave pulse. Based on
the one-dimensional stress wave theory, the stress
(r(t)), average strain rate _e tð Þð Þ and strain (e(t)) of
the sample are deduced, respectively, as follows (Ai
et al., 2019):
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r tð Þ ¼ A
2As

E ei tð Þ þ er tð Þ þ et tð Þ½ �
_e tð Þ ¼ C

L ei tð Þ � er tð Þ � et tð Þ½ �

e tð Þ ¼ C
L

Rt

0

ei tð Þ � er tð Þ � et tð Þ½ �dt

8
>>>><

>>>>:

ð1Þ

A coal sample is tightened by loading the
transmission rod, then the data acquisition system is
debugged and the photography system is started
synchronously. After the strain instrument is stabi-
lized, the bullet is launched, impacting the incident
rod and forming a stress wave to act on the coal
sample. The coal sample is damaged or destroyed by
the impact of high strain rate. Different velocities

can be obtained by placing the bullet at different
locations from the entry bar and then triggering the
bullet with air pressure. Because the sensing dis-
tance L (mm) between the two ends of the infrared
velocimeter is known, the time t (ms) of a bullet
passing through the sensor can be obtained, There-
fore, the impact velocity of each action on coal is
quantified: v = L/t.

After the first impact test is completed, the
stress wave data and high-speed photography images
are stored. All fragments of a coal sample are col-
lated and placed in an airtight bag for sealing stor-
age. Then, the coal samples are screened and
weighed by different sizes of screens and electronic
scales. Some particles were selected for SEM anal-
ysis.

Figure 1. SPHB test equipment (a) Schematic diagram of SHPB test; (b) Coal sample; (c) High speed camera;

(d) Screening and weighing; (e) SEM Test.

Figure 2. Experimental test schematic diagram. ‘‘1’’ and ‘‘2’’ are the two end faces of a specimen.
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EXPERIMENTAL RESULTS

Mechanical Characteristics

The incident, reflected and transmitted waves�
amplitudes increased with increase in impact veloc-
ity (Fig. 3a). The analyses show that increased im-
pact velocity made the bullet gain more momentum
to impact the incident bar, prompting the incident
wave amplitude to increase. When the incident wave
passed forward to the contact area of coal, the im-
pact of the reflection spread and the transmission
wave amplitude increased, but the stress wave gave
priority to the reflection and this may be because the
impact of time was shorter. This is also related to the
material property of a sample; that is, the porous
microstructure in coal. In addition, relative to the
stress waveform of the rock, the wavelength of
transmitted wave was larger than that of reflected
wave. The interior of the coal sample was loose and
porous, with many cracks. At the same time, the
internal cracks of the coal sample were derived un-
der the impact load, and the damage degree of the
sample was increased.

The strain rate was positively correlated with
the impact velocity (Fig. 3b). The fitting rate of this
linear relationship was as high as 0.99. This shows
that the experimental strain rate can be controlled
by adjusting the impact velocity. The stress–strain
curves of a coal sample under dynamic load (Fig. 3c)
included mainly linear stage, yield stage and stress
decline stage. The higher the dynamic load, the
faster the initial ascent of the curve. The peak stress
and strain of coal samples both showed a linear in-
crease trend with change in dynamic load (1.06–
6.25 m/s) (Fig. 3d). The linear relationship was very
good: y = av + b (R2 ‡ 0.8) within the impact
velocity of 1.06–6.25 m/s.

Broken Morphology of Coal

In terms of the fracture failure form, the
lumpiness scale of a coal sample failure decreased
significantly (Fig. 4), indicating that there was sig-
nificant correlation between failure morphology and
impact velocity. When the dynamic loads on coal
were 1.06 m/s and 1.99 m/s, V- or Y-type failure
cracks appeared at the end face of a coal sample, but
the coal samples were relatively intact and no

overall crushing instability occurred. The coal sam-
ples split along the axial direction and the frag-
mentation degree was relatively large, mainly with
large particle size when the impact velocities were
3.18 m/s, 3.97 m/s and 4.82 m/s. When the impact
velocity increased to 5.51 m/s and 6.25 m/s, the coal
samples broke seriously, showing tiny fragments or
particles.

Energy Evolution

The incident energy Wi(t), reflected energy
Wr(t) and transmitted energy Wt(t) generated during
the dynamic load impact of coal sample are defined,
respectively, as (Wang et al., 2021a; Kong et al.,
2022):

Wi tð Þ ¼ AEC
Rt

0

e2i tð Þdt

Wr tð Þ ¼ AEC
Rt

0

e2r tð Þdt

Wt tð Þ ¼ AEC
Rt

0

e2t tð Þdt

8
>>>>>>><

>>>>>>>:

ð2Þ

Without considering the splashes and other re-
lated factors, the absorbed energy Ws(t) during coal
sample fracturing can be expressed as (Zang et al.,
2021):

Ws tð Þ ¼ Wi tð Þ �Wr tð Þ �Wt tð Þ ð3Þ
The energy dissipation rate (n) is calculated

according to the total incident energy and absorbed
energy, thus:

n ¼ Ws tð Þ=Wi tð Þ ð4Þ
The energy values of each item were approxi-

mately zero at the beginning and then increase
gradually with increase in time (Fig. 5a). In the end,
the gradual energy curves remained constant.
However, the time history curves of incident energy
and reflected energy increased synchronously and
varied greatly, while the transmitted energy was
relatively small. Regarding the relationship between
each energy value and impact velocity (Fig. 5b), all
energy values increased with impact velocity. The
reflected energy, transmitted energy and absorbed
energy increased linearly with the incident energy
(Fig. 5c–e), conforming to the linear fitting formula:
y = ax + b (R2 ‡ 0.85). In the process of impact
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failure, the energy absorbed by the macroscopic
crushing of coal accounted for about 15–30% of the
incident energy and most of the energy was ab-
sorbed by the incident rod (Fig. 5f). The energy
absorption rate still had a trend of increasing grad-
ually from the speed of 3.18 m/s to 6.25 m/s when
the coal sample failure at this stage was not com-
plete because the low impact velocities of 1.06 m/s
and 1.99 m/s were not taken into account.

ANALYSIS

Law of Stress and Energy Evolution

The energy consumption was analyzed in com-
bination with the stress–time variation process
(Fig. 6). For example, in the initial phase of AB, the
coal sample was rich in pores and microcracks, and
the coal sample was compressed quickly in a very
short time, and the stress increased slightly, but

(a) (b)

(c) (d)

Figure 3. Mechanical characteristics of coal samples: (a) stress wave curve; (b) dynamic curve; (c) variation of

stress and strain; (d) variation of peak stress and impact velocity.

Figure 4. Macroscopic failure morphology of the sample.
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basically no absorbed energy was produced (Fig. 6a).
This stage took very fast, and so it is generally be-
lieved that there was almost no compaction stage in
the mechanical curve of a coal sample under dy-

namic load. In the initial phases of BC and CD, a
small number of microcracks began to expand in the
elastic stage and part of the input energy was dissi-
pated due to the impact load of large energy on the

(a) (b)

(c) (d)

(e) (f)
Figure 5. Energy characteristics of coal samples: (a) energy change; (b) energy at different impact velocities; (c)

reflected energy; (d) transmitted energy; (e) reflected energy; (f) changes in energy absorption rate.
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coal. The dissipation energy began to increase slowly
due to the expansion of local cracks, but the stress
rose faster. In the DE and EF phases, the internal
cracks began to initiate, expand and develop in a
large area, the coal damage intensified, leading to
energy dissipation, and the stress rise rate of coal
samples slowed down. As the peak stress was
reached, the stress decreased gradually to point H.
Original and new cracks continued to expand and
penetrate. The dissipated energy continued to in-
crease. Finally, the growth rate of dissipated energy

slowed down gradually, and the crushing speed of
coal decreased gradually.

In the initial stage of AB, dynamic load acted
rapidly on the coal sample (Fig. 6b). The coal sample
was compacted quickly to produce a small stress,
and the corresponding energy was almost 0. With
the continuous action of stress wave on the coal
sample, the coal sample in BC stage was damaged,
and the internal cracks were damaged and macro-
cracks started to crack gradually. The coal sample at
the CD stage continued to fracture until it was al-

(a)

(b)

(c)
Figure 6. Energy absorption and stress evolution: (a) 1.99 m/s; (b) 3.97 m/s; (c) 4.82 m/s.
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most completely connected. In the DE stage, the
peak stress of the coal sample decreased gradually,
but the energy was still absorbed along with the
crack propagation of the sample. Until the stress of
the sample decreased slowly, the bearing capacity of
the coal sample further decreased, and the energy
absorption stabilized gradually.

The initial action of stress wave on the coal
sample in stage AB made the internal cracks of the
coal sample close (Fig. 6c). The characteristics of
this phase were similar to those in Figure 6a and b.
With the continuous action of the stress wave, the
interior of the BC coal sample was damaged and the
cracks expanded gradually. Compared with Fig-
ure 6a and b, the crack propagation speed became
faster. At the CD stage, the crack propagation of the
coal sample was intensified, and the coal sample
showed a failure state when the stress of the sample
evolved to the peak stress. In the DE stage, the
stress of the coal sample decayed gradually, but the
crack of the sample was still expanding and still re-
quired energy. In the EF stage, the stress of the coal
sample decreased gradually slowly, and the energy
consumption of the coal sample gradually leveled
off.

Figure 6 shows clearly that the energy dissipa-
tion process of coal failure truly reflects the devel-
opment rate of coal internal fractures, and it well
describes the degree and process of coal failure. At
the early stage, the surface cracks continued to ex-
pand and failed to penetrate completely when the
maximum stress was reached. However, the crack
continued to develop and basically expanded axially
along the specimen when the maximum stress was
reached. In the subsequent stress attenuation pro-
cess, the surface cracks of coal samples continued to
open, accompanied by continuous energy consump-
tion. The stress attenuation after the peak stress
does not mean that the energy absorption com-
pletely slowed down, which is related to the crushing
process of the sample.

By comparing the time–history curve of dissi-
pation energy of coal body in Figure 6a, it was found
that there was a linear growth stage of dissipation
energy with points D–F of dissipation energy. In
order to study further the variation law of the steady
growth rate of dissipated energy of coal and rock
under different impact velocities, the crack propa-
gation coefficient K was introduced to better reflect
the propagation rate of internal cracks in coal and
rock. The K value is defined as the slope of the
linear fitting curve of the steady growth section of

the dissipative energy of coal and rock under dif-
ferent impact velocities.

As shown in Figure 7, the K value increased
linearly with increase in impact velocity. When the
impact velocity was 1–3 m/s, the K value increased
slowly. This indicates that the fracture process of a
coal sample is slow when dynamic load is low. When
the impact velocity was about 3–6 m/s, the K value
increased rapidly. Clearly, when the dynamic load is
higher, the crack growth rate is faster. Overall, the
increase in dynamic load promotes crack propaga-
tion.

Combined with Figures 6 and 7, it can be found
that the larger the dynamic load is, the sooner the
crack propagation time of coal sample will be. The
stress evolution process of coal samples is also
accelerated.

Coal Fragmentation Characteristics

The particle size distribution of crushed coal
samples was characterized quantitatively and the
analyzed by collecting crushed coal fragments.
Standard screens with specifications of 0–45 mm
were used to screen the fragments and weigh the
remaining fragments of coal samples on each screen
hole. It was converted into the under-screen accu-
mulative percentage of coal sample fragments at
each screen size and the accumulative fraction curve
of mass percentage of coal sample fragments at
different impact velocities was obtained. As shown
in Figure 8, when the impact velocity was low, the
initial increase rate of particle size percentage was

Figure 7. Relationship between dissipation energy

growth rate and impact velocity.
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slow. The increase rate accelerated and the number
of broken samples increased within the particle size
range 0–45 mm and when the particle size distribu-
tion was 7.1–22.4 mm. When the impact velocity was
large, the increase rate of particle size distribution
curve was fast at the beginning, but when the par-
ticle size range was 7.1–22.4 mm, the increase rate
was fast. Clearly, the crushed samples were domi-
nated by massive coarse debris at low velocity, while
the crushed samples were dominated by fine debris
at high velocity.

The average particle size was calculated
according to the quality of the broken sample sieved
by each sieve hole (Tian et al., 2023), thus:

D ¼

Pi

1

MiDi

M
ð5Þ

where Mi is the mass of fragments screened by two
adjacent screens, Di is the average value of the sieve
holes of the two screens, and M is the total mass of
fragments.

The average particle size of the broken sample
decreased linearly with increase in dynamic load
(Fig. 9). According to the crushing form of coal
sample in Figure 4, when the impact velocities were
1.06 m/s and 1.99 m/s, the particle size D was 50–
60 mm. When the impact velocities were 3.18 m/s,
3.97 m/s and 4.82 m/s, the particle size D was 20–
30 mm. When the impact velocities were 5.51 m/s
and 6.25 m/s, the particle size D was about 10 mm.

The overall change trend of particle size conforms to
the linear relationship: D = av + b (R2 ‡ 0.89).

The fractal dimension was calculated according
to the specific mass of the fragments under different
conditions, and the specific formula of fractal
dimension was (Peng et al., 2015; Shen et al., 2022):

k ¼ lg M rð Þ=M½ �= lg rð Þ ð6Þ

N ¼ 3�k ð7Þ

where M is the total debris mass, r is the equivalent
particle size, namely the screen diameter, M(r) is the
mass of debris with sieve diameter less than r, N is
the fractal dimension. The calculated values of N by
the above methods ranges from 0 to 3. When
0<N< 2, the mass proportion of large-scale debris

Figure 8. Cumulative mass distribution of broken coal

samples.

Figure 9. Coal sample flatness particle size after impact.

Figure 10. Fractal dimensions of samples at different

impact velocities.
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is larger. When N = 2, the proportion of debris mass
of each scale is equal. When 2<N< 3, the pro-
portion of small scale debris is larger (Peng et al.,
2015).

The fractal dimensions of the fragments were
about 1.7–2.0 when the impact velocity was less than
5 m/s (Fig. 10), indicating that the broken sample
contained chunks, particles and powders. The sam-
ples were mainly particles and powders when the
impact velocity was higher than 5 m/s, and the de-
gree of breakage of the coal sample intensified
gradually. The relationship between N and impact
velocity v can be expressed as: N = av + b
(R2 ‡ 0.8). Fractal dimension values reflect effec-
tively the degree of fracture of coal rock under dif-
ferent strain rates, which has guiding significance in
efficient mining of coal mine.

The defects of single coal section such as joint
and fissure were developed significantly (Fig. 11).
Under the impact load, the coal particles squeezed
each other, and the particles formed transgranular
or intergranular fracture. The results show that the
microcracks in the coal sample were constantly
friction and expansion in the process of dynamic
load impact. The damage behavior of coal mass
caused by stress wave was analyzed based on
microscopic and high-speed photographic images of
coal sample failure. When the stress wave was in
contact with the crack, it was reflected as tensile
wave on the crack surface and drove crack propa-
gation (Wang et al., 2021b, 2021c). The higher the
impact velocity, the greater the stress wave acting on
the coal sample. Due to the dynamic load stress
wave in a short period of time and continuous action
with coal samples, a stress concentration zone was
formed at the crack tip inside the coal sample, and
failure occurred due to the limited plastic deforma-
tion that the tip can withstand (Wang et al., 2021c).
Based on Figures 6 and 11, the dynamic failure
process of coal sample was accompanied by the
expansion of original cracks and the generation of
new cracks.

Critical Strain Rate Analysis

The process of coal sample failure under the
action of stress wave is also a process of energy
accumulation (Fig. 12). The mechanical strength
variation, energy evolution and fracture character-
istics of coal under stress wave were significantly
correlated, and the dynamic load was highly af-

fected. When the stress wave acted on the coal
sample along the pressure bar, the coal body
deformation generated the force gradually. Due to
the damage caused by the stress and deformation of
the sample, energy consumption was generated
gradually. At this stage, the energy consumption
increased gradually until it became stable, while the
stress increased first and then decreased. Finally, the
sample could no longer bear the stress and the en-
ergy consumption became stable gradually.

The specimens also showed various macro-
scopic failure forms, which were related to different
strain rates. When the strain rate was small (0–20/
s�1), there was almost no damage to the coal sample,
and only dynamic stress waves constantly acted on
the coal sample. At this time, the dynamic strength
was small and the sample had almost no deforma-
tion, which can be called vibration load. With
gradual increase in strain rate, when the strain rate
was about 20–40/s�1, the coal sample deformed and
fractured; however, the overall outline of the coal
sample was clearly visible. The sample was based on
a large semicircular cake. At this stage, when the
stress wave acted on the coal sample, the crack on
the coal sample surface continued to expand until it
cracked. When the strain rate continued to increase
(40–80/s�1), the damage degree of coal sample was
aggravated. In addition to the generation of a large
number of cracks, a large number of small scale
fragments was generated in the coal samples, and
the energy consumption of coal samples continued
to increase. When the strain rate was 80–120/s�1, the
crushing degree of coal sample was more aggra-
vated, and a lot of powder particles appeared.
Clearly, there were critical strain rates of 20/s�1, 40/
s�1 and 80/s�1 under dynamic loading of coal sam-
ples in this study. The coal under the action of stress
wave had experienced the process from no damage,
fracture, crushing and severe crushing. The dynamic
strength of the coal sample increased gradually, and
the energy of failure process increased gradually.

MECHANICAL CONSTITUTIVE MODEL
OF COAL SAMPLE AND ITS
VERIFICATION

Model Building

The mechanical constitutive model of coal
sample can describe its strength and deformation
characteristics well, providing a theoretical basis for
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engineering practice and numerical simulation.
Assuming that coal element strength follows the

Weibull distribution, this probability density func-
tion P(F) can be expressed as (Kong et al., 2021; Li
et al., 2023b):

P Fð Þ ¼ c

F0

F

F0

� �c�1

exp � F

F0

� �c� �

ð8Þ

where F, c and F0 are the distribution variables and
distribution parameters of the cell body, respec-
tively. Aiming at the above assumptions, the damage
variable D is introduced and expressed as:

D ¼ Nf

N
ð9Þ

where Nf is the number of destroyed elements under
a certain load, and N is the total number of units.
The number of destroyed particles in any interval [F,

Figure 11. Microscopic fracturing modes of coal.

Figure 12. Schematic diagram of coal impact evolution.
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F + dF] is NP(x)dx. Therefore, the number of
destructive elements can be expressed as:

Nf Fð Þ ¼
ZF

0

NP xð Þdx ¼ N 1� exp � F

F0

� �c� �� �

ð10Þ
Equation 11 is substituted into Eq. 10 to sim-

plify, thus:

D ¼ 1� exp � F

F0

� �c� �

ð11Þ

Considering the influence of intermediate
principal stress in D–P criterion measurement
(Amstutz et al., 2012), the strength criterion of coal
body is:

F ¼ f rð Þ ¼ a0I1 þ
ffiffiffiffiffi
J2

p
ð12Þ

where a0 is the test constant. The expression formula
of each indicator is, respectively (Lu et al., 2021):

a0 ¼
sinu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 3þ sin2 u
	 
q ð13Þ

I1 ¼
r1 þ 2r3ð ÞEe1
r1 � 2lr3ð Þ ð14Þ

ffiffiffiffiffi
J2

p
¼ r1 � r3ð ÞEe1ffiffiffi

3
p

r1 � 2lr3ð Þ
ð15Þ

where u is the average value (30�). Considering the
forces acting on coal sample r2 = r3 = 0 MPa, the
expression of cell strength is:

F ¼ aþ 1
ffiffiffi
3

p
� �

Ee ð16Þ

The strain rate effect should be considered in
the constitutive relation of coal. Referring to rele-

vant literature, the Kelvin model was adopted to
improve the aging damage model of coal (Li et al.,
2015; Shan et al., 2018), as shown in Figure 13.

The constitutive relation of the viscous body is
(Shan et al., 2019):

rb ¼ g � de
dt

ð17Þ

where g is the coal viscosity coefficient, which ranges
from 0 to 0.5 (Yin et al., 2018; Wang et al., 2022).

According to the equivalent strain hypothesis,
the constitutive relation of the damaged body can be
written as:

ra ¼ Ee 1�Dð Þ ¼ Ee exp � F

F0

� �c� �

ð18Þ

According to Eqs. 17 and 18, the following
relation can be obtained:

r ¼ Ee 1�Dð Þ ¼ Ee exp � F

F0

� �c� �

þ g � de
dt

ð19Þ

Because the combined force of dynamic (rd)
and static (rs) loads can be provided along the im-
pact direction, the following expression is defined:

rd ¼ r� rs ð20Þ
By combining Eqs. 19 and 20, the kinetic model

of a coal sample can be obtained as:

rd ¼ Ee exp � F

F0

� �c� �

� rs þ g � de
dt

ð21Þ

It can be seen from Eq. 21 that model param-
eters F0 and c need to be determined to establish the
constitutive model. From the multivariate function
for solving the extreme value problem, it can be seen
that at point (rm, em) of the curve (Kong et al.,
2021), there is:

dr
de

�
�
�
� rm; emð Þ ¼ 0 ð22Þ

By combining Eqs. 21 and 22, the following can
be obtained:

F0 ¼ a0 þ
1
ffiffiffi
3

p
� �

Eem � c1
c ð23Þ

c ¼ 1

ln Eemð Þ � ln rm þ rs � g � de
dt

�  ð24Þ

Figure 13. Damage model of coal

sample..
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According to Eqs. 21, 23 and 24, the mechanical
constitutive model of coal sample can be obtained
as:

rd ¼ Ee exp �
aþ 1ffiffi

3
p

� 
Ee

a0 þ 1ffiffi
3

p
� 

Eem � c1
c

0

@

1

A

1

ln Eemð Þ�ln rmþrs�g�de
dtð Þ

2

6
4

3

7
5

� rs þ g � de
dt

ð25Þ
According to Eqs. 23 and 25, the following can

be obtained by simplifying:

rd ¼ Ee exp � e
em

� � 1

ln Eemð Þ�ln rmþrs�g�de
dtð Þ� ln Eemð Þ½

(

� ln rm þ rs � g � de
dt

� ���

� rs þ g � de
dt

ð26Þ

Equation 26 shows the combined action of static
prestress and dynamic stress wave on coal samples.
Considering that rs = 0 MPa in this experiment,
Eq. 26 can be simplified as:

rd ¼ Ee exp � e
em

� � 1

ln Eemð Þ�ln rm�g�de
dtð Þ� ln Eemð Þ½

(

� ln rm � g � de
dt

� ���

þ g � de
dt

ð27Þ

The above model was used to calculate the
stress. Figure 14 shows an example of the mechani-
cal curve under different velocities. The curve of
theoretical calculation and the curve of experimen-
tal measurement show basically the same trend.

Damage Evolution Process

According to Eqs. 11 and 23, it can be deduced
that the exit damage D is:

D ¼ 1� exp � e
em

� �c

� 1
c

� �

ð28Þ

By combining Eqs. 23 and 28, D can be ex-
pressed as:

D ¼ 1� exp � e
em

� � 1

ln Eemð Þ�ln rm�g�de
dtð Þ� ln Eemð Þ � ln rm � g � de

dt

� �� �( )

ð29Þ
The damage variable increased gradually with

increase in strain Fig. 15). When the impact velocity

was small (v = 3.18 m/s), the damage variable rose
slowly at first. However, the damage quantity in-
creased rapidly in the initial damage stage with in-
crease in impact velocity (v = 3.97, 4.82, 6.25 m/s).
In the stress plastic deformation stage, the damage
changes of coal samples were approximately linear.
Damage changes slowed down slightly after the
post-peak stage of mechanical curve of coal sample.
This indicates that it was still in deformation and
failure after the coal sample was broken. This also
shows that energy absorption can increase even after
the maximum stress (Fig. 6).

It is clear from the damage changes of coal
samples at the above four speeds that the increase of
dynamic load promoted the fracture of coal samples.
This is corresponds to the conclusion analyzed in
Figure 7. In addition, the variation trend of the
maximum damage quantity is also related to energy
and crushing. The more severe the damage degree of
coal sample was under the action of high stress wave,
the maximum damage amount increased gradually.
In addition, the dynamic damage evolution curve of
coal sample increased faster than that of rock and
concrete by comparing related studies on rocks (Zhu
et al., 2012; Yin et al., 2018) and concrete (Tan et al.,
2022). The initial damage evolution stage of rock
and concrete shows a downward convex trend, while
this phenomenon is almost not obvious in coal. This
may be related to the density of rock and concrete
materials, internal crack development degree,
porosity size and so on. Coal samples are more
prone to damage and destruction under the action of
stress waves.

CONCLUSIONS

Part of the energy is still absorbed when the
peak stress decays due to the continuous fracture of
coal sample under uniaxial impact load. The ab-
sorbed energy of coal shows a process from slow to
fast and then from slow to stable at different stress
stages. And the increase of dynamic load also in-
creases the crack propagation speed to some extent.

Coal fragments have good fractal characteris-
tics. Combined with the high-speed camera shooting
and SEM characteristic analysis of coal sample, the
crack of coal sample shows tensile failure. The fail-
ure of coal samples under dynamic load corresponds
to the critical strain rate. The strain rate increases
gradually, and the coal samples show the states of
intact, broken, and (complete) failure successively.
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Considering the strain rate, the mechanical
constitutive model of coal samples under dynamic
load is established, and the damage variation of coal
samples under dynamic load is analyzed. The model
reflects the stress evolution of coal samples well.

The larger of the failure strength of coal will
cause the higher of absorption energy and the larger

of the sample fractal dimension. Coal strength under
impact load can be used as dynamic load resistance
index to reflect the strength of dynamic load resis-
tance. The fractal dimension of debris can be used as
dynamic load impact energy index to measure the
severity of dynamic load impact damage.

(a) (b)

(c) (d)
Figure 14. Fitting and experimental stress–strain curves for different velocities: (a) 3.18 m/s; (b) 3.97 m/s; (c)

4.82 m/s; (d) 6.25 m/s.
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