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Full understanding of dynamic mechanical characteristics of coal samples under true triaxial
condition is of great significance for preventing and controlling deep coal and rock dynamic
disasters. The results of this study showed that the transmission amplitude decreases with the
increase in o and increases with the increase in the impact velocity. The peak stress and
absorbed energy of coal decreased with the increase in ¢; under true triaxial conditions.
Under uniaxial and true triaxial conditions, the peak stress and absorbed energy of coal
increased with the increase in impact velocity, and the stress change under true triaxial
conditions was more sensitive to the action of dynamic load. Compared with uniaxial impact,
the damage degree of coal sample under true triaxial condition was lower. The fractal
dimension of broken blocks increased linearly with the increase in ¢y and dynamic load,
indicating that the degree of broken coal was intensified. This study effectively reveals the
failure mechanism of coal under unequal static load and dynamic load.
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INTRODUCTION tonic stress (Du et al. 2021; Wang et al. 2022a),

accompanied by dynamic load such as explosive

As coal mining enters into the deep, coal rock is
generally in a multidimensional stress state due to
the coupling effect of high static stress and strong
dynamic disturbance (He et al. 2015; Peng et al.
2015; Duan et al. 2021; Li et al. 2023a). Taking deep
mining as an example (Zhang et al. 2014) (Fig. 1),
deep coal and surrounding rock are subjected to
high static stress such as self-weight stress and tec-
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blasting and mechanical drilling. The stress state of
coal at depth undergoes three-dimensional (3D),
two-dimensional and one-dimensional (1D) condi-
tions (Zhang et al. 2014; Liu et al. 2019; Liu et al.
2023; Wang et al. 2023; Zhou et al. 2023). Therefore,
the study of mechanical behavior and deformation
capacity of coal and rock under true triaxial pre-
stress has more extensive application in engineering
practice.

The SHPB (Split-Hopkinson pressure bar) de-
vice is used widely for dynamic testing of coal and
rock materials (Grote et al. 2001; Zhang et al. 2014;
Feng et al. 2022; Song et al. 2022; Li et al. 2023b,
2023c). Scholars have successively carried out sev-
eral uniaxial studies (Liu et al. 2015; Zhao et al.
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Figure 1. Stress evolution process of coal rock.

2017; Li et al. 2018, 2021a; Yu et al. 2019; Huang
et al. 2021; Tan et al. 2023; Gu et al. 2023a) and
conventional triaxial (Yin et al. 2012; Chen et al.
2018; Kong et al. 2020; Li et al. 2022; Zhu et al. 2022)
studies on coal and rock materials. The mechanical
properties, energy characteristics and failure forms
of coal samples under uniaxial and conventional
triaxial conditions have been analyzed experimen-
tally. In recent years, scholars have developed a true
triaxial SHPB impact test device (Liu et al. 2020a,
2020b; Xu et al. 2020; Xie et al. 2021; Luo et al. 2022;
Gong et al. 2023) for specimens subjected to 3D
unequal prestress. Liu et al. (2019, 2020a) and Wei
et al. (2023) conducted true triaxial impact experi-
ments on rock and concrete, and concluded that the
mechanical strength of rock and concrete decreases
with the increase in ¢g; (maximum principal stress)
and gradually increases with the increase o, and o3.
The failure mode of rock under high prestress is
shear fracture. Hu et al. (2020) analyzed that the

mechanical strength of rock under true triaxial
conditions decreases with the increase in ¢; and in-
creases with the increase in strain rate by numerical
simulation. Through the combination of experiment
and numerical simulation, You et al. (2022a) studied
and found that the dynamic strength of rock samples
under triaxial conditions gradually decreases with
the increase in axial compression g1, while the total
strength hardly changes. Liu et al. (2020b), Wang
et al. (2021a, 2021b, 2021c, 2021d) and Chen et al.
(2023) revealed that the mechanical strength of rock
and concrete gradually increases with an increase in
the impact load under true triaxial conditions.
Compared with rock and concrete materials, studies
on coal samples mainly focused on uniaxial and
conventional triaxial impact. Kong et al. (2021)
concluded that the dynamic strength of conventional
triaxial coal samples decreases with the increase in
axial pressure and increases with the increase in
impact velocity. Wang et al. (2022a, 2022b) found
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Figure 2. Coal samples.

that the dynamic strength of coal samples increases
first and then decreases with the increase in axial
pressure, and increases with the increase in impact
velocity under uniaxial conditions. Ji et al. (2023)
found that the damage of coal samples increases
with the increase in prestress difference.

Uniaxial (g1 2 g, = g5 = 0) tests and conven-
tional triaxial (¢ # o0, = 03 > 0) SHPB tests have
been conducted on coal substantially, whereas true
3D (o1 # 0, # o03)dynamic tests on coal are rarely
mentioned. It is necessary to fully understand the
influence of axial dynamic—static load interaction on
the mechanical behavior of coal samples under the
three-way unequal binding force. In this paper,
experiments were performed under different static
prestress and impact velocities. The stress evolution,
energy storage mechanism and failure mode of coal
mass were analyzed. The mechanism of coal fracture
was also studied in different three-way prestress and
dynamic load.

EXPERIMENT
Experimental Sample and Apparatus

The coal samples used in the experiment were
collected from Inner Mongolia, China. These sam-
ples boast good integrity and homogeneity. To carry
out the impact experiment, all samples were pro-
cessed into a cube shape with a side length of 47 mm
(Fig. 2). To ensure homogeneity, all samples were
taken from the same coal block and tested for
weighing before the test. The average density of coal
samples was measured to be about 1.2 g/cm?. Par-
allelism at both ends of the sample was controlled
within a tolerance of 0.2 mm. By observing the basic

physical parameters of the coal sample (Table 1), it
was found that the parameters of the quality, density
and wave velocity of some selected samples had
small differences, and the overall homogeneity of
the coal sample was good.

Figure 3 shows the diagram of the experimental
system, which mainly includes modules such as true
triaxial loading, axial loading, impact loading and
data acquisition. True triaxial and axial loading can
successively apply triaxial unequal static prestress to
a sample, and the dynamic load is controlled by the
bullet launcher. The stress waveform of coal samples
under true triaxial impact load can be captured and
the mechanical characteristics of coal can be calcu-
lated and analyzed. The bullet, incident bar and
transmission bar of this experimental device are all
made of steel material, the rod diameter is 100 mm,
the longitudinal wave propagation velocity (C) is
5100 m/s, and the elastic modulus (E) is 210 GPa.

Figure 4a displays the 3D unequal prestress
loading device and the infrared velocimeter device
in the experimental system. True triaxial cavity has a
pressure system in three directions, which can apply
effectively a specified amount of prestress to a
sample. The three-way prestress is controlled by
static loading control panel. Through infrared
monitoring of the probe distance and the bullet
through time, the impact speed of the impact process
can be obtained. There is positive correlation be-
tween bullet impact velocity and dynamic load. Oil
pumps in all directions can provide up to 30 MPa of
prestress to a sample, and the dynamic load speed
can reach over 20 m/s. Obviously, these loading
devices can effectively achieve true triaxial and dy-
namic load failure experiments for coal samples at
high strain rates.
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Figure 4b displays the 3D prestress loading path
of the experimental coal sample. Prestress was ap-
plied to a sample from the horizontal, vertical and
axial directions in sequence, and the dynamic impact
experiment was performed along the oy direction. In
the experiment, different dynamic loads were ap-
plied to a coal sample by adjusting the impact
pressure to impact the incident rod under different
impact velocities.

Experimental Procedure
First, the sample was placed into the true tri-
axial cavity so that the sample was located in the

specify location of the cavity. Then, prestress was

Table 1. Physical parameters of coal samples

No. Weight (g) Density (g/cm?) Wave velocity (km/s)

R. Shen et al.

applied on the sample by the loading system. The air
compressor was used to provide the specified air
power for the bullet launcher. Meanwhile, parame-
ters of the infrared velocimeter and the strain test
system were set. Next, the bullet was launched to
impact the incident rod. Upon the completion of a
set of experiment, the data were saved, and the
sample was taken out to have its failure mode ob-
served. In addition, for the uniaxial impact test, we
used a high-speed camera to capture the dynamic
impact failure process of coal samples in real time.
The collection frame of the camera was set to 22000
frames. Coal samples were stored in sealed bags and
then screened and weighed.

Some representative samples were also made
into specific specimens for SEM testing. The SEM
sample preparation process was as follows. (1) The
fragments with relatively flat and clean surfaces
were selected from some original and damaged
specimens as the specimens to be scanned. (2) By
cutting and pruning, the fragments were prepared
into circular slices with a diameter of about 10 mm
and a thickness of about 2—4 mm, which were used
as observation samples. (3) A sample was glued to
the sample table with conductive adhesive and a
gold film was sprayed on the fracture surface, then
the sample is placed on the test table. Subsequently,
the fracture microstructure of coal samples was ob-
served by scanning electron microscopy in labora-
tory. (4) The original morphology and fracture
characteristics of fractured coal samples were ob-
served by scanning electron microscopy, and then,

1 127.57 1.24 1.86
2 128.27 1.25 1.88
3 126.78 1.23 1.85
4 125.8 122 1.83
5 123.72 12 1.79
6 124.11 1.19 1.84
7 121.96 1.18 1.77
8 127.11 1.22 1.83
9 125.29 122 1.83
10 124.11 121 1.81
1 126.19 1.23 1.84
12 126.75 1.23 1.85
13 121.78 1.18 1.79
14 12423 12 18
1 Bullet 2 Speedometer 3 Incident rod
6 Transmitted rod 7 Axial cylinder

4 Confining pressure device

5 Strain gauges

Figure 3. True triaxial experimental system.
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Figure 4. (a) Photographs of the experimental equipment. (b) Loading path of coal samples.
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the cracking characteristics of coal samples induced
by static prestress and dynamic load were analyzed.

Experimental Data Process

The stress wave formed by bullet impacting the
incident rod will undergo multiple reflection and
transmission propagations in the incident rod, sam-
ple and transmitted rod, thus forming the incident
wave g;, the reflected wave ¢, and the transmitted
wave &. Based on the 1D elastic wave propagation
theory (Liu et al. 2019), the stress at both ends along
the axial direction of coal can be characterized as
(Kong et al. 2021):

P, :AE(Si—FSr)—FA(]O’p (1)
P, = AEg +A06p

where A and Ay are, respectively, the cross-sectional
area of the elastic bar and the sample; o, is axial
static prestress of coal.

As the dynamic stress wave propagates along
the axial direction and is applied to the coal sample,
the velocities (V1/V,) ends of the coal sample are,
respectively:

{ vi = C(e — &) 2)

vy = Ce

The displacements u; and u, of the two end
faces of the specimen can be expressed as:

u = Cfto(&l — Sr)dt (3)
1
Uy = Cfostd[

The average stress of the specimen can be cal-
culated as follows (You et al. 2022a):

P+ P
o(t) + o, = 12;0 2
A 2A0
— g Elalt) 40 +a(0] + 5520, (4)

= E[ei()+& () + @)  (5)

Substituting Eq. 3 into Eq. 5, the average strain
of the specimen can be calculated as:

u — up C !

Lo LoJo

(t) [ei(1) — & (1) — &()]d:~ (6)

The strain rate can be obtained by differenti-
ating this equation:

R. Shen et al.

de(t) C

b= Sl =l — s -] ()

where L is the sample length.

The stress and strain of coal samples were cal-
culated according to the stress wave data collected in
the experiment. At the same time, the morphology
observation, fractal calculation and SEM tests of
samples were carried out after impact. The
mechanical properties of coal samples are discussed
below comprehensively under three-way unequal
prestress and different dynamic loads.

EXPERIMENTAL RESULTS
Stress Wave

As dynamic load acts on coal samples under
different prestressed conditions, the stress wave
curve is shown in Figure 5. The reflected waveform
values were opposite to the incident and transmis-
sion directions. On the whole, there was a certain
variation rule about the waveform amplitude under
different axial static and dynamic loads. In Fig-
ure Sa, the amplitude of reflected wave and trans-
mitted wave both increased first and then decreased
with the increase in ¢;. The analysis showed that the
increase in the static load made the fracture damage
in coal sample aggravated gradually, leading to in-
crease in wave impedance (Kong et al. 2021). In
Figure 5b and c, the variation trend of stress wave
shape was consistent. The amplitudes of incident
wave, transmitted wave and reflected wave in-
creased gradually. At the same impact velocity, the
incident wave amplitude was larger than the re-
flected wave amplitude, while the reflected wave
amplitude was much larger than the transmitted
wave amplitude. It is believed that the increased
impact velocity made the bullet gain more momen-
tum to the impact the incident bar, prompting the
incident wave amplitude to increase. When the
incident wave passed forward to the contact area of
coal, the impact of the reflection spread transmission
amplitude value increased, but the stress wave gave
priority to the reflection and this may be due to the
impact of time was shorter. It is also related to the
material property of the sample; that is, the porous
microstructure in the coal. However, by comparing
the transmitted wave amplitudes between the two
figures, it was obvious that due to the provision of
the three-way static prestress, the coal became



Study on Impact Dynamic Behavior and Failure Characteristics of Coal 2851
0.25 0.25
—(0,2,1)MPa (@) (3,2,1)MPa ®)
0201 ___ (3,2,1)MPa Reflected wave 0.204 — 1.13m/s
0.154 —(5,2,1)MPa \ ,\ 0.159— 4. 7m/s Reflected wave
0.10{— (7:2.)MPa 0.10
>
% 0.05 ~ ©0.05 1
2 &
= 0.00 =0.00 —
> > O
-0.054 \ -0.05 A /
-0.10- \ Transmitted wave -0.10 Transmitted wave
0151\ 015 .
-0.20 4 \V/ Incident wave -0.20 Incident wave
_025 I I I I I I -025 T T T T T T
00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14
Time/ms Time/ms
0.25
(3,0,0)MPa (©)
0-209 — 1.07mss
0.154 — 4.48m/s Reflected wave
0.10 1 \
2
2 0.051
8
< 0.00
>
-0.05 1 /
-0.10+ Transmitted wave
-0.151 \
-0.20 1 Incident wave
'0.25 T T T T T

0.0 02 04

06 08 1.0 12 14
Time/ms

Figure 5. Stress wave curve.

denser, and more stress wave passed through the
coal sample under true triaxial dynamic load.
However, the original coal sample itself had many
internal cracks and lacked the constraint of pre-
stress, and so, less stress wave transmission passed
through the coal.

Mechanical Curve

Figure 6 displays the dynamic curves of coal
samples. Three parts can be described as the stress
evolution process of coal: linear, plastic and failure
stage. In the initial stage, the stress rose linearly with

the increase in strain. Different from the conven-
tional static stress curve (Liu et al. 2015; Li et al.
2021b; Ma et al. 2021, 2023), the initial compaction
stage was not obvious in the dynamic curve. It is
attributed to the following reason: Since the dy-
namic load did not last long under the impact load,
the coal under the 3D prestresses was compacted
quickly and then entered the linear stage. The mi-
cro-cracks expanded and new cracks were generated
in the coal, thereby inducing damage with the coal
sample from the linear stage into the plastic stage,
and the stress soared to the peak stress with the in-
creased strain. Meanwhile, the micro-cracks ex-
panded further and the stress increased
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Figure 6. Dynamic curves of coal.

continuously. After the stress of coal reached the
peak, stress decreased gradually due to damage or
destruction of coal sample.

Failure Pattern

Figure 7 displays the macroscopic failure modes
of coal samples under true triaxial impact, and that
the overall modes of coal samples were intact.
However, macroscopic cracks or slight edge shed-
ding were observed on the surface of the coal.
Damage occurred inside the coal sample and cracks
occurred on the surface. Many small fragments were
produced, and the whole was granular or powdery

under the action of high load. Clearly, it was
accompanied by intensified generation and expan-
sion of micro-cracks with the increase in ¢;. Subse-
quently, the coal sample was damaged more
severely.

As shown in Figure 8, the coal sample only
produced cracks along the axial direction, and the
whole sample basically contacted with the elastic rod
without showing large area spalling or splashing
when the impact velocity was 1.8 m/s. Part of the
coal sample was split into large fragments and some
small fragments when the impact velocity was
3.39 m/s. However, the coal sample was completely
broken into fine particles when the impact velocities
were 4.48 and 4.74 m/s. Therefore, under a low im-
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Figure 8. Macroscopic failure modes of true triaxial condition.

pact velocity, axial tensile cracks appeared in the
coal sample, which experienced open and complete
rupture; as the impact velocity rose, the sample was
completely broken into blocks or particles. Based on
the morphology of fragments under impact load, the
destruction mode was mainly rectangular section,
cone-shaped section fragments and wedge-shaped
section fragments, showing the characteristics of
crushing failure. The fragmentation degree of coal
under true triaxial impact load was notably lower
than that under uniaxial impact load, because the
sample was constrained by 3D static load prestress.

ANALYSIS
Analysis of Coal Fracture Factors

Figure 9 shows the coal sample crushing process
under uniaxial impact load, whereby the original
micro-fracture in the coal body expanded and new
cracks gradually occurred under dynamic load. The
cracks generated along the axial impact direction,
and the fracture cracks showed tensile failure as a
whole. The lack of ¢, and o5 forces resulted in a
large number of fragments splash. The impact load
continued until the crack of the sample was com-
pletely through and the coal sample was completely
broken into fragments or granules.

In Figure 10, the overall shape is basically in-
tact, and only each surface presented different forms
of fracture. When the prestressed coal sample was
(0,2,1) MPa, the shape of plane x of the coal was
basically undamaged, and there were slight cracks in
planes y and z. With the increase in axial static oy,
the 3D stress difference of coal increased. The axial
static load promoted the further expansion of the
micro-cracks in the coal and aggravated the damage
inside the coal. The x surface of the coal sample was
still basically intact when the axial static load on the
coal sample increased from 3 to 7 MPa. However,
several cracks were generated in the y and z direc-
tion planes, and the cracks were at a certain angle to
the axial direction, which was different from the
overall axial propagation of the cracks in Figure 9.
With the gradual increase in g4, the impact surface
(x) of the coal sample was basically intact, while the
surface constrained only by the prestress g, and o3
had serious deformation and failure, especially the
minimum principal stress surface (y). Therefore, the
plane with the fastest stress unloading was prone to
failure when it was impacted by a certain dynamic
load when the difference of three-way prestress of
coal rock increased.

Figure 11 shows the schematic diagram of under
conventional triaxial (Kong et al. 2021). Coal sam-
ples were subjected to conventional confining pres-
sure (o = 03). The crack propagation of coal
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(a) 4.48m/s

(b) 4.74m/s

Figure 9. Fracture evolution under uniaxial impact.

Figure 10. (a) Distribution of each plane of the coal. (b) Diagram of coal fracture surface under true triaxial

loading.
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Figure 11. Failure diagram of coal under conventional confining pressure (Kong et al. 2021).

samples under dynamic load was basically perpen-
dicular to the axial direction, and the analysis
showed that the failure crack of coal body presented
tensile failure (Kong et al. 2020). However, the
force of coal studied in this paper was ¢, > 03, and
the circumferential force was uneven. The crack
penetration direction was obviously different from
that shown in Figure 11 after the coal was affected
by the impact load. The fracture of the fracture
plane contained more shear and tensile failure. This
also fully reflected the anisotropic failure charac-
teristics of coal samples under the action of true
3D. For the coal sample under uniaxial loading, the
dynamic load along the axial direction played a
major role in cracking due to the lack of lateral
prestress. Although the coal samples constrained by
the 3D prestress were subjected to the coupling
action of axial and static loads, the lateral prestress
effectively restricted the crack propagation of the
coal, so that the cracks were not completely par-
allel to the axial direction and presented a certain
angle.

Combined with the analysis of the macroscopic
morphology of the sample broken in Figure 10, it is
concluded that true 3D unequal prestress and dy-
namic load jointly acted on the coal sample. From
Figure 12a, the cracks inside the coal sample were
gradually compacted by external forces when the
axial prestress was small. However, as the axial
prestress continued to increase, the cracks and pores
in the coal sample expanded along the fracture, and
the bearing capacity of the coal sample decreased
gradually. In Figure 12b, the provision of ¢, and g3
made the crack denser to a certain extent and re-

stricted the deformation of the coal. From Fig-
ure 12c, the dynamic load acted on the coal sample
in a very short time, and the fracture continued were
promoted to expand. Crack propagation of coal was
intensified by the action of stress wave. Therefore,
the combination of static prestress and dynamic
impact force had a significant impact on the defor-
mation of coal samples.

Analysis of Coal Failure Causes based on SEM

The cross section of coal after damage was
detected by scanning electron microscope. As
shown in Figure 13a-c, coal is a complex multi-
fracture medium, the skeleton of the coal medium
is composed of a large number of coal matrices
(Zhou et al. 2023). There were a large number of
cracks between the skeletons, and the original
cracks were irregularly distributed. Based on the
unique properties of coal itself, when the axial
pressure g; on coal body gradually increased, the
coal sample gradually produced damage. When the
stresses g, and g3 were applied to the coal, they
gradually become tight and restricted the defor-
mation of the sample. Figure 13d-f shows the
fracture morphology of coal under impact load.
The fault zone runs through the middle of the coal
body or between different crystal zone, and there is
a slight dislocation on both sides. The grain
boundary fracture was relatively smooth, and frac-
tures or cracks occurred through the intact crystal,
and the fracture was brittle fracture. In addition,
there were some fragmentary particles attached to
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Figure 12. Effects of various factor on coal sample fracture.

the surface. When the stress wave contacted the
fracture, it reflected into the tensile wave on the
surface of the fracture and drove the crack to ex-
pand because of the many primary cracks in coal
(Wang et al. 2021a; Gu et al. 2023b). According to
the principle of fracture mechanics, when the stress
wave loading these crack tip formed a stress con-
centration area, coal is destroyed since the tip can
withstand limited plastic deformation (Wang et al.
2021b). Therefore, the stress wave imposed on coal
was strengthened gradually, promoting the contin-
uous penetration of primary cracks and new cracks,
and the sample was broken gradually. This also
better reflected the damage process of coal sample
with macroscopic failure in Figure 8.

Analysis of Failure Characteristics of Coal Samples

Coal samples will produce fragments of differ-
ent mass and size after failure, and so, it is necessary
to quantitatively analyze the distribution character-
istics of fragments. The debris of the specimen was
treated by screening method (Shen et al. 2020; Chen
et al. 2022). The screening sizes were > 45 mm,
31.5-45 mm, 22.4-31.5mm, 7.1-22.4 mm, 1.7-
7.1 mm, 0.5-1.7 mm, 0.1-0.5 mm, 0-0.1 mm, a total
of eight grades. The mass percentage of fragments of
different screening levels by weighing the fragments
of different screening levels can be calculated as:

N ="y, (8)
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Figure 13. SEM image.

where Mn is the mass of fragments screened by two
adjacent sieves. Different particle sizes correspond
to different qualities of coal sample fragments under
dynamic load. The fragment distribution of each
sample after sieving is shown in Figure 14.

Figure 14a shows the broken sample diagram of
coal. With the increase in oy, the fragments were
mainly complete blocks, and the distribution of the
fragments was relatively uniform. The fragments
were mainly distributed in 45-47 mm, and then, the
particle size of the fragments showed a rapid decline
trend in the range of 7.1-22.4 mm. In addition to the
complete fast-shaped broken samples, the rest were
mainly granular or powder-like with a small particle
size of 0.1-7.1 mm. The fragmentation quality of
coal samples under (7,2,1) MPa in each section was
higher than that under low prestress. Due to the
existence of three-way static load prestress, the
damage degree of coal samples was weaker than that
under uniaxial impact, and no larger particles or
larger fragments were produced. The fracture mor-
phology of coal sample was mainly large chunks,
followed by small particles.

In Figure 14b, when the impact velocity was
3.39 m/s, the maximum block size of the sample was
distributed in 31.5-45 mm, and the minimum parti-

cle size was in the range of 0.1-0.5 mm. The maxi-
mum particle size distribution interval of the sample
was 22.4-31.5 mm when the impact velocity was 3.89
and 4.48 m/s. Although the overall grain size change
rule was the same as 3.39 m/s, the coal particle size
in the smaller range was much higher than 3.39 m/s.
The maximum particle size range of the fragments
was 7.1-22.4 mm when the impact velocity was
4.84 m/s. This indicates that the fracture degree of
coal samples was aggravated under the stress wave,
and the samples evolved from intact form to massive
form and then to granular form. According to the
distribution of coal sample fragments, the quantita-
tive characteristics were analyzed (Xie et al. 2000;
Zhang et al. 2022). Due to the regularity of particle
size distribution range after coal crushing, we con-
sidered using fractal dimension (Xie et al. 2000;
Shen et al. 2022) for further analysis.

The fractal definition is generalized in the con-
tinuity and the form is (Xie et al. 2008):

N=Cr? 9)

where r is the characteristic scale (particle size) of
the object, N corresponds to the number of objects
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greater than or equal to r and C is the proportion- Combining Egs. 11 and 12, we derive:
ality constant. The derivative of Eq. 9 is:
y 4 dM « PPdN (13)

dN o rP-1dr

(10)

According to the mass—frequency relationship,
the distribution equation of coal samples after fail-
ure is established as (Peng et al. 2015; Weng et al.
2019; Li et al.2020):

Y = M(r)/M = (r/r,)"
The derivative of Eq. 11 is:
dM o r*=1dr

(11)

(12)

According to Egs. 10, 12 and 13, the fractal
dimension (D) of coal sample lumpiness distribution
can be obtained as:

k= 1g[M(r)/M]/1g(r)

D =3—k

(14)
(15)

where M is the total mass of debris, r is the equiv-
alent particle size, namely the screen diameter.
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Figure 15a shows the fractal law of coal failure
under the change of ¢;. D increased gradually with
the increase in oy. The D and ¢, can be expressed as:

D = 0.09390; + 1.3634 (16)

Equation 16 shows that the increase in g
gradually aggravates the damage inside the coal
when o, and o3 remain unchanged. With the action
of dynamic load, the coupling effect of static load
and dynamic load made the coal sample breakage
worse. Figure 15b shows the fractal curve of coal
under different impact velocities ((3,0,0) MPa). The
relationship between the fractal dimension D and
the impact velocity v can be expressed as:

D = 0.2522v + 0.8441 (17)

The fractal dimension D increases linearly with
impact velocity. When the impact velocity was
3.39 m/s, the fractal dimension was small, and the
specimen contains larger particles. The fractal
dimension was large and the sample was broken
seriously when the dynamic load of the coal sample
increased. Therefore, the fractal dimension of the
specimen increased gradually and the specimen was
broken seriously when the dynamic load stress wave
increased.

DISCUSSION
Stress and Failure Evolution

Based on the evolution law of stress obtained in
this paper, combined with the energy and failure
characteristics of coal samples, the dynamic evolu-
tion characteristics of coal under different prestress
conditions were analyzed. Following the principle of
1D stress wave, incident energy (W;), reflected en-
ergy (W,) and transmitted energy (W;) (Wang et al.
2021c; Li et al. 2023d) about dynamic action on coal
were defined in dynamic impact process (Zang et al.
2021; You et al. 2022b):

Wi = A—chai(t)zdz
W, = A_char(t)zdt (18)

W =A4C [ 6,(t)°d,
Referring to the relevant triaxial Hopkinson
impact experimental research literature (Zhu
et al.2021; Wu et al. 2022), the absorbed energy of

coal under the process of impact can be expressed
as:
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Figure 16. Relationship between stress and energy and
particle size.

Wa = Wi — Wy — Wy (19)

Quantitative characterization of coal failure
samples under different static load prestresses and
impact velocities was carried out. The average par-
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Figure 17. Stress state of coal sample.

ticle size was calculated by counting the broken
sample mass obtained by sieve screening (Tian et al.
2023):

_ MyDy+MyDs + -+ M, Dy
o M

D

(20)

where D, is the average value of the mesh holes of
the corresponding two sieves.

As shown in Figure 16a, keeping the prestresses
g, and o3 unchanged, the peak stress intensity,
average particle size and absorbed energy con-
sumption of coal decreased gradually with the in-
crease in g;. Obviously, the difference of three-way
prestress increased. The internal cracks of coal
samples ran through and developed, the distribution
was crisscross, the structural damage was large, and
more serious damage occurred. The compressive
strength of coal was reduced, and the energy con-
sumption required for dynamic impact was reduced.
In Figure 16b and c, the peak stress intensity and
absorption energy of coal increased gradually with
the increase in dynamic load, and the average par-
ticle size of crushing decreased gradually. The in-

crease in the impact velocity strengthened the stress
wave acting on coal body and promoted the con-
tinuous coalescence of primary and new fractures.
The sample was broken gradually and the average
particle size decreased gradually, while the large
amount of coal crushing required more energy. At
the same time, the mechanical strength of coal under
(3,2,1) MPa was higher than that under (3,0,0) MPa,
and the three-way static load prestress also increased
the mechanical strength of coal to a certain extent.

Influence Factors of Prestress and Dynamic Load
on Coal Sample

Based on the analysis of some mechanical data
mentioned above, the mechanical strength of coal
samples under three-way prestressing is significantly
improved compared with that under uniaxial impact.
As is known to all, scholars (e.g., Kong et al. 2021)
have shown that in conventional triaxial experiments
(02 = 03), the dynamic strength increased greatly
with 3. As shown in Figure 17a, the crack opening
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in the lateral direction of the sample was limited due
to the confining pressure g3, and the crack cannot
propagate and required a larger shear force (Kong
et al. 2018). The effective shear force for crack
propagation and initiation is defined as:

01— 03 01+03

Teif = |T13] — 013 - tang = 2c05p 5 tang
(21)
Teff = (04 t0p) =05 _ (04F ) 03 tanp (22)
¢ 2cos 2

According to Eq. 22, coal sample failure re-
quired high shear force, which fully indicates that
confining pressure promoted the increase in the
mechanical strength of coal and rock.

In this study, true triaxial compression test
(0, # 03) has been carried out on coal. In Figure 8,
coal deformation under true triaxial state was lim-
ited relative to uniaxial impact, and the mechanical
strength of coal under true triaxial prestressed state
was greater. Relevant literature also showed that,
with the increase in o,, the mechanical strength of
coal mass increased (Liu et al. 2021; Gu et al. 2023a,
2023b). With the provision of g, the inhibition in-
creased sharply. This shows that crack propagation
was also inhibited in the o, plane.

Based on the analysis of shear stress under
conventional confining pressure o3, the effective
shear stress .y of 0, plane is expressed as (Kong
et al. 2018):

01 —0y 01+02

Teff = |T12| — 012 @ tang = 2c0sp 5 tang
(23)
Tetf = (04t 0p) Z0r_ (04 ) T2 tangp  (24)

2cosp 2

According the Eq. 24 and the principle of
mechanical strength rising under conventional con-
fining pressure o3, the g,-plane micro-crack propa-
gation required a higher g (64 + op). Therefore, the
mechanical strength increased under certain ¢, and
g3, and coal failure occurred when reaching the
critical shear strain energy.

With continuous increase in the axial prestress,
static load promoted the damage of coal sample, and
the internal crack was derived and expanded. With a
certain confining pressure provided, crack propaga-
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tion of coal samples was gradually limited. When the
static load caused great damage to the coal sample,
only a small dynamic load can cause the coal to fail.
However, when the coal was subjected to a small
static load oy and lateral binding force of o, and a3
was enough to limit the deformation of the coal
sample, a larger dynamic load was needed to pro-
duce rupture. In relevant literature, it was proposed
that total stress oy should include static prestress o,
and dynamic prestress ¢4, and the total stress can be
expressed as:

Ototal = Op + 04 (25)

You et al. (2022a) studied the total stress of
rock in 3D state basically remains unchanged with
the increase in axial static load. However, the total
strengths of coal samples in the study at 0, 3, 5 and
7 MPa were 47.26, 59.2, 52.34 and 48.47 MPa; thus,
the strength was first increasing and then decreasing.
Obviously, compared with rock samples, coal sam-
ples are more sensitive under axial static load. The
failure of coal sample under high axial static pre-
stress did not require too high dynamic load. Zhou
et al. (2022) studied that the total strength of rock
increased gradually with the increase in axial pres-
sure. Since the total mechanical strength in this
study was a parameter of the final breaking of rock
under repeated impact, it may be related to pro-
viding a small dynamic load. This also proved that
the dynamic load also played a key role in the coal
sample after the coal sample is subjected to static
load. When the static load was not enough to dam-
age or destroy the coal sample, higher dynamic load
was required. The analysis of total stress will be
further studied in the future, whether there is a
certain ultimate total strength under static load and
dynamic load.

Other Factors

Compared with the relevant literature, rock and
concrete samples presented shear failure under true
triaxial conditions. Coal, as a kind of semi-hard
brittle rock with many fractures, is an anisotropic
heterogeneous medium, and there are some differ-
ences in physical and mechanical properties between
coal and rock. Moreover, primary cracks on the
surface of a coal sample may continue to expand due
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to the action of dynamic load, and so, the coal
sample presented mixed shear or tensile failure. The
microstructure and internal composition of the
sample also had a certain impact on its mechanical
properties. In the future, true triaxial mechanical
impact experiments will continue to be carried out
for coal samples under different bedding and water
content, and the evolution process of crack growth
under true triaxial constraints of coal samples can be
retrieved by means of acoustic emission devices, CT
tests and numerical simulation (Liu et al. 2022;
Wang et al. 2022b; Yang et al. 2023; Zang et al. 2023;
Ding et al. 2023).

Therefore, for deep underground engineering
protection, in order to prevent the occurrence of
dynamic disasters, measures can be taken from the
following aspects. That is, pay attention to moni-
toring the three-way stress to prevent that the three-
way stress difference from becoming too large, that
is, to reasonably control the mining speed while
reducing the underground blasting and other dy-
namic load.

CONCLUSIONS

The transmitted amplitude of coal sample de-
creases with the increase in ¢y, indicating that the
increase in the axial load aggravates the damage of
coal sample. Under uniaxial and true triaxial con-
ditions, the transmitted wave amplitudes increase
with the increase in impact velocity, indicating that
the increase in the impact velocity causes more
stress waves to pass through the coal sample.

The peak strength of coal samples decreases
gradually with the increase in ¢ and increases with
the increase in impact velocity under true triaxial
conditions. Compared with uniaxial impact, the
mechanical strength of coal sample under true tri-
axial impact increases significantly.

The absorbed energy of the coal sample de-
creases with the increase in ¢; and increases with the
increase in impact velocity. With the increase in o
and impact velocity, the average particle size of the
broken samples decreases gradually, and the fractal
dimension increases with the increase in ¢; and im-
pact velocity.

The gradual increase in the axial compression
g1 causes the coal to slide along the cross section,
and the increase in the confining pressures ¢, and o3
limits the deformation of the coal. Dynamic load is

the main factor leading to coal cracking and con-
tinuous crack propagation.
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