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Deep coals are mostly in a three-dimensional (3D) unequal stress state. In the hope of
revealing dynamic characteristics of deep coals under impact load, dynamic failure experi-
ments were performed on coal samples under dynamic load through the triaxial Split–
Hopkinson pressure bar test system. In addition, the dynamic characteristics of coal in the
multi-axial pre-stress state were analyzed by sampling the signals of incident, reflected and
transmitted waves. Moreover, the relationships of dynamic peak strength, macroscopic
fracture morphology of coal with axial pressure and confining pressure were explored. The
following conclusions were drawn: The 3D pre-stress state exerts an obvious constraint on
the dynamic failure of coal. With increase in strain, the dynamic initial stress of coal in-
creases linearly first, and then grows at a reduced rate until the peak strength. After that, the
mechanical curve rebounds notably. With increases in vertical force r2 and horizontal force
r3, the dynamic strength of coal increases gradually. Under uniaxial impact, coal is broken
into particles or powder, while in 3D pre-stress state, coal presents macroscopic fracturing.
The dynamic strength factors of coal vary obviously with the increase of confining pressure.
The research results can provide reference for the study on dynamic characteristics of coal
under multi-axial constraints and for the prevention and control of dynamic disasters in-
duced by dynamic loads in deep coals.

KEY WORDS: Hopkinson pressure bar, True triaxial, Stress–strain, Dynamic strength, Fracture
morphology.

INTRODUCTION

With increase in mining depth, crustal stress
increases gradually and rock burst occurs in mines
more often. Consequently, coal rock dynamic dis-
asters have become a research hot spot in coal rock
dynamics (Hast 1969; He et al., 2015; Li et al., 2017).

Many studies have shown that, different from the
mechanical properties of shallow coal, deep coal
under high stress is mostly in a three-dimensional
(3D) unequal stress state (Seager 1964; Lee 1976;
McGarr and Gay 1978; Si et al., 2020). During coal
seam mining, coal is affected by blasting stress wave
and seismic wave caused by roof instability and
collapse, and such effects pose dynamic disturbance
to coal rock under high static load. The above two
effects jointly constitute the mechanical environ-
ment of deep coal rock under coupled static–dy-
namic loads (Jamison et al., 2010; Mudau et al., 2016;
Fan et al., 2018; Liang et al., 2020). Considering the
present exploitation status of deep coal and the
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force conditions of coal in underground engineering,
studying the dynamic characteristics of coal under
multi-axial pre-stress is of great significance for the
prevention of deep coal rock dynamic disasters.

To reveal the mechanical properties and frac-
ture behavior of coal rock under constraint condi-
tions, many scholars (e.g., Sato et al., 1981; Yin et al.,
2015; Feng et al., 2017; Kong et al., 2018) have
performed extensive static triaxial compression
experiments. Mogi (1971) investigated accurately
the mechanical behavior of rock under three un-
equal principal stresses with the aid of a self-made
triaxial test device. It was concluded that the
strength of rock depends on the intermediate prin-
cipal stress r2. Liu et al. (2019a) explored the
mechanical properties and failure behavior of dried
and saturated coal samples under true triaxial
loading stress, and pointed out the influence of water
weakening and intermediate stress on the mechani-
cal properties and failure behavior of coal. Lu et al.
(2020a; 2020b) studied the strength and failure
characteristics of coal under different loading paths
by a true triaxial testing machine and found that the
peak stress strength of coal increases first and then
decreases with increase in intermediate principal
stress under the same force r3.

Due to the influence of dynamic disturbance on
coal rock under high static load, the Split–Hopkin-
son pressure bar (SHPB) test has been widely used
to study the dynamic characteristics of coal rock
(Green et al., 1968). Many scholars have designed
uniaxial SHPB dynamic experiments and found that
the dynamic strength of coal rock is affected signif-
icantly by the variation of impact velocity (Green
et al., 1968; Liu et al., 2020a, 2020b, 2020c; Feng
et al., 2022). Liu et al. (2020a, 2020b, 2020c) per-
formed impact tests on granite under different
loading rates with the aid of SHPB system and re-
searched the response characteristics of acoustic
emission of rock during dynamic failure. Xiao et al.
(2009) tested the dynamic compressive strength,
peak strain, residual strength and secant stiffness
and other parameters of concrete through experi-
ments. Li et al. (2009a, 2009b) made a comparative
analysis of the mechanical properties, strength dif-
ferences and macroscopic failure modes of rocks
under static and dynamic loads by static and dy-
namic load impact experiments. Li et al. (2011)
studied the propagation and reflection characteris-
tics of coal rock stress wave by SHPB impact
experiments. Li et al. (2018) analyzed the dynamic
characteristics, deformation and micro-structure of

sandstone under multiple impacts via SHPB impact
experiments driven by the dropping hammer.

Considering the influences of axial pressure and
confining pressure on the dynamic characteristics of
coal rock, a triaxial SHPB test device was devel-
oped. Gong et al. (2019) studied the effect of dy-
namic properties of sandstone under triaxial
compression, explored the correlation between fail-
ure mode and stress curve of sandstone samples, and
analyzed the dynamic Mohr–Coulomb criterion and
dynamic Hoek–Brown criterion under confining
pressure. Jin et al. (2013, 2020) conducted cyclic
impact experiments on rocks and investigated the
change law of dynamic strength and stress wave of
rocks during cyclic impact. Kong et al. (2021a,
2021b) designed the dynamic experiments on gas-
containing coal to study its dynamic characteristics,
established its dynamic constitutive equation, and
analyzed the influence of different axial static load,
confining pressure, impact velocity and methane
pressure on the dynamic mechanical properties of
coal samples.

In deep mining, most coal rock is subjected to
3D unequal stress. In view of this fact, Xu et al.
(2020) tested and analyzed the dynamic mechanical
characteristics of concrete with the aid of a self-
made true triaxial SHPB device. Liu et al. (2019a,
2020b, 2020c) studied the dynamic mechanics and
fracture behavior of sandstone and concrete under
changing 3D pre-stress with a self-developed triaxial
SHPB device. Xie et al. (2021) developed a new 3D
rock dynamic test based on true triaxial electro-
magnetic SHPB system, which can realize triaxial
3D dynamic impact experiments. You et al. (2021,
2022) carried out true triaxial SHPB impact experi-
ment to study the law of mechanical strength of rock
under the change of pre-stress r1, r2 and strain rate.
All the above-cited studies concluded that the dy-
namic strength of rock or concrete decreases with
increasing axial pre-stress r1 along the impact
direction, while it increases with increase in lateral
pre-stresses r2 and r3. The rock or concrete under
high pre-stress mainly suffers from shear failure. Liu
and Zhao (2021) and Luo et al. (2022) conducted
repeated impact tests on rocks under true triaxial
pre-stress respectively, and analyzed that the
mechanical strength of rocks decreases gradually
with increase of impact times, the absorbed energy
presents a cumulative effect, and the dissipated en-
ergy increases gradually. Compared with high-
strength rock or concrete, the surface of coal is
smooth without fine cracks. The material of coal
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sample itself is quite different from that of rock and
concrete. There may be derived cracks on the sur-
face of coal sample, and the interior is sparse and
porous. The mechanical evolution law and failure
behavior of coal under dynamic load may be sig-
nificantly different from that of rock, and so it is of
great significance to carry out coal body dynamics
experiment.

Although extensive uniaxial and conventional
triaxial SHPB experiments have been performed to
explore the dynamic characteristics of coal, true
triaxial SHPB dynamic experiments are rarely re-
ported. Therefore, true triaxial SHPB dynamic
experiments on the dynamic mechanical character-
istics of coal are conducive to the in-depth study on
the influence of 3D ground stress on coal rock dy-
namic disasters. In this research, the triaxial SHPB
system was employed to carry out the experiment
and to collect experimental data. The relationships
of the dynamic mechanical curve, peak strength,
strain and fracture morphology of coal mass with
axial pressure and confining pressure were explored
and discussed. The research results can provide an
experimental and theoretical basis for the preven-
tion and control of disasters induced by coal rock
disturbance under an unequal stress state.

EXPERIMENT

Experimental Sample Preparation

In the experiment, coal samples which exhibited
relatively good integrity and homogeneity were se-
lected from a mining area in Shaanxi Province,
China. The experimental coal samples were pro-
cessed according to the performance test require-
ments of coal rock mechanics routine tests. For the
true triaxial dynamic load impact tests, all samples
were uniformly processed into cubes of 47 mm 9

47 mm 9 47 mm (Fig. 1). Some parameters of the
samples were as follows: static compressive
strength � 28.8 MPa, elastic modulus 2.2 GPa,
density 1.3 g/cm3, and wave velocity 1.9 km/s.

Experimental System

The experimental system (Fig. 2) consisted
mainly of the following subsystems: the true triaxial
pressure operating system, the true triaxial main
body system, the data acquisition system, the main

part of pressure bar and the operating table system.
The true triaxial pressure operating system was
made up of a pressure operating display and a
loading controller. The true triaxial main body sys-
tem included axial, horizontal and vertical hydraulic
cylinders that can apply 3D pre-static loads, namely
axial force r1, vertical force r2 and horizontal force
r3. The data acquisition system had a superdynamic
strain gauge, strain gauges, a strain connection box
and a speedometer. The main part of pressure bar
comprised a barrel, an impact bar (commonly
known as bullet), an incident bar, a transmission bar
and corresponding pressure devices. The operating
table system was composed of a power switch, a data
acquisition interface and a launcher.

The bullet, incident and transmission bars of the
experimental system, which were 0.4 m, 5 m and
3 m in length, respectively, were made of 30Crmo-
sini2a steel; besides, the elastic modulus was 210
GPa, the longitudinal wave propagation velocity
5100 m/s, and the bar diameter 100 mm. The strain
gauges were affixed to the middle of the incident and
transmission bars in a symmetrical way in order to
collect the pulse signal generated by the impact.

Experimental Loading Path

Pre-stress conditions mainly included uniaxial
(r1> r2 = r3 = 0), biaxial (r1 ‡ r2> r3 = 0) and
triaxial (r1 ‡ r2 ‡ r3 „ 0) states. Static load pre-
stress was applied to the cubic samples by axial,
horizontal and vertical hydraulic cylinders. Dynamic
load was provided by bullet emission so as to realize
triaxial static–dynamic coupled loads and perform
triaxial impact experiments.

In this study, under the same impact velocity,
dynamic impact experiments were carried out on
coal samples under different pre-stress states. The
pre-stress loading path is shown in Figure 3. The
axial and confining pressures of the samples were
increased to the stress state of r1 ‡ r2 ‡ r3 at a low
loading rate with the aid of the hydraulic cylinder,
and then the dynamic load was applied along the
direction of r1 to complete the dynamic load impact
experiments.

The uniaxial and true triaxial SHPB dynamic
characteristics of coal were explored by setting dif-
ferent confining pressure gradients. The setting of
pre-static load parameters of coal samples is exhib-
ited in Table 1. Many experiments were performed
according to the experimental schemes and then
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representative coal samples were selected for data
analysis. The six coal samples selected were denoted
as T1–T6.

Experimental Procedure and Principle

First, the coal sample was put into the test
chamber and subjected to preset stress in the axial,
vertical and horizontal directions by the loading

system. The preparation for the experiment included
turning on the air compressor to enable the launcher
to reach the corresponding pressure and setting the
infrared speedometer and superdynamic strain sys-
tem. Then, the pneumatic device launched the bullet
and impacted the incident bar. The infrared
speedometer was triggered automatically to measure
the impact velocity. The superdynamic strain gauge
collected the stress wave signals during the experi-
ment with the aid of the strain gauges. In the uni-

Figure 2. Diagram of the experimental system. 1 = launch system; 2 = super strain gauge; 3 = speedometer;

4 = triaxial cavity; 5 = three = way oil pump; 6 = pre = stress loading; 7 = main part.

Figure 1. Experimental coal samples.
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axial impact experiment, the high-speed camera
(14,000 frames) was started to shoot and observe the
morphological changes of coal samples during the
impact. After the experiment, the tester saved the
data and 3D confining pressure of the sample was
relieved at a low speed. Afterwards, the tester took
out the sample from the chamber and examined its
morphology. Subsequently, the next group of
experiment was performed.

As shown in Figure 4, the stress wave propa-
gates in the incident bar upon the strike of bullet.
When the incident wave reaches the contact inter-
face between the incident bar and the sample, one
part of the incident wave is reflected, and the other
part propagates in the sample. When the incident
wave reaches the contact interface between the
sample and the transmission bar, the reflection and
transmission occur again. The stress wave propa-
gates in the incident bar, the sample and the trans-
mission bar through multiple reflections and
transmissions, forming the incident wave ei, the re-
flected wave er and the transmission wave et.

Since the pre-stress was loaded in advance in
three directions of X/Y/Z in the specimen, the im-
pact was carried out along the axial X direction, the
interpretation of dynamic strain data obtained in the
true triaxial impact tests still followed the one-di-
mensional (1D) elastic wave propagation theory
(Liu et al. 2019; You et al. 2021; Luo et al, 2022).
The test principle is the same as that of 1D dynamic
load tests; both are based on the 1D stress wave
assumption and the stress homogenization assump-
tion (Liu et al. 2019; Xie et al. 2021).

Therefore, when processing stress wave signals,
the first incident wave, reflected wave and trans-
mission wave were selected for calculation by the
method of three-wave separation (Fig. 5). Figure 5
shows the stress wave curve under different pre-
stress. When the stress wave propagates to the coal
sample, abundant stress waves are reflected, leaving
only a small part of the stress wave transmitting
energy through the sample. For all the coal samples,
the form of incident wave is relatively stable, and the
amplitudes of reflected wave and transmission wave

Figure 3. Experimental loading directions and paths.

Table 1. Settings of experimental schemes

Number Static load pre-stress

Axial stress r1/MPa Vertical stress r2/MPa Horizontal stress r3/MPa

1 8 0 0

2 8 0 + 0 +

3 8 2 2

4 8 4 2

5 8 6 2

6 8 6 4
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are smaller than that of incident wave. Based on the
1D stress wave assumption and the stress homoge-
nization assumption, the average strain rate, strain

and stress of the sample can be derived (You et al.,
2021; Luo et al., 2022), thus:

Figure 5. Stress wave waveforms collected.

Figure 4. Schematic diagram of axial stress wave propagation.
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where C is the propagation velocity of stress wave in
elastic bar, L0 is the sample length, E is the elastic
modulus of the elastic bar, A is the cross-sectional
area of the elastic bar, A0 is the cross-sectional area
of the sample, and t is the duration of stress wave
pulse.

As shown in Figure 6, the strain under different
loading conditions changed regularly with time. The
results showed that the reflected strain was larger
than the transmission strain, indicating that most of
the incident waves were reflected after impact. The
reflected strain and transmission strain increased
with increase in confining pressure, and the ampli-
tude growth rate of the transmission strain was more
significant. This is because, with the gradual increase
of pre-stress on the coal sample, the sample became
more compact, improved the compactness of the
coal sample, and promoted more transmission waves
to pass through.

Figure 7 exhibits the stress balance between the
two ends of the coal sample. For example, under the
pre-stress [(8, 0 + , 0 + MPa) and (8, 6, 4 MPa)], the
curve of the sum of incident strain and reflected
strain (Int + Re) almost completely coincided with
the transmitted strain curve, indicating that the
sample had realized the stress balance in the process
of dynamic compression, with its left and right ends
subjected to equal stress.

ANALYSIS ON EXPERIMENTAL RESULTS

SHPB Dynamic Curve Characteristics of Coal
under Multi-Axial Constraints

The dynamic curves are shown in Figure 8.
Curve variation of T1 coal sample (r1 = 8, r2 =
r3 = 0): In the initial compaction stage oa, there
were a lot of micro-cracks in the coal. In the early
stage of impact loading, the micro-cracks closed
gradually under compressive stress; the stress–strain
curve of ab stage soared linearly, representing the
linear elastic stage during coal failure. Then, entered

the bc stage of plastic deformation, with increase in
strain, the increase rate of stress slightly slowed
down, representing the stable deformation stage; the
pores within the coal sample began to connect and
developed into cracks. As the newly generated
cracks and the original cracks continued to develop,
the strain continued to increase and the stress
reached the peak (point A(c)). The ce stage was the
failure process of coal, among which cd stage had a
stress plateau stage, and the stress was almost con-
stant with increase in strain. This is because the
internal and surface failure cracks of coal samples
continued to expand, but the whole sample was not
completely open to fragmentation and splash. In the
first unloading stage of de, with continuous increase
in strain, the stress decreased slightly, indicating that
the coal body decreased gradually after experiencing
the peak stress, and the overall damage of the coal
sample was more significant, and the structural plane
was damaged significantly (Liu et al., 2021). The ef is
the second unloading stage, where the stress con-
tinued to decrease and the strain decreased gradu-
ally due to rebound effect (Li et al. 2018).

Curve variation of T3 coal sample (r1 = 8,
r2 = r3 = 2): the stress varied rapidly with strain in
the initial stage. The stress curve of the coal sample
almost escaped the compaction stage, which is dif-
ferent from that of conventional coal rock (Shen
et al., 2020; Li et al. 2021; Ding et al., 2022). With
increase in strain, the stress growth decelerated
slightly, and the decelerating rate was lower than
that of T1 curve. As the strain continued to increase,
the stress reached the peak, which means the coal
entered the unloading stage. After the stress peak,
the strain declined slowly.

Due to the existence of confining pressure, the
peak stress of T3 was higher than that of T2 and T1.
This suggests that compared with the constraint of
uniaxial force r1, the applied vertical force r2 and
horizontal force r3 promoted the dynamic strength
of coal. 3D pre-stress exerts a significant constraint
on the coal sample (Liu et al., 2019, 2020c) and
greatly enhances its dynamic strength.

SHPB Dynamic Curve Characteristics of Coal
in a 3D Pre-stress State

Figure 9 exhibits the dynamic stress–strain
curves of coal samples under varying 3D pre-stresses
(r1> r2> r3> 0). Under constant impact velocity,
the axial, vertical and horizontal pre-stresses in-
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creased in turn based on the 3D static load stress (8,
2, 2 MPa). In this case, the following stress–strain
curve characteristics under a high confining pressure
were observed: The initial dynamic stress of coal
surged, and then the increase slowed down until the
peak stress stage. The strength of coal plunged after
the initial fracture, and T2–T6 curves varied in

basically the same trend. Under the 3D stress con-
straints, the stress of coal dropped rapidly after the
peak stress, and the stress curve presented a re-
bound. This research conclusion has similarities with
previous researched on the dynamic characteristics
of rock or concrete under triaxial unequal pre-stress
(Cui et al. 2019; Liu et al. 2019, 2020c).

Figure 6. Strain evolution with time under different loading conditions.

Figure 7. Dynamic stress balance check.
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Figure 10 shows the variations of peak stress
and strain of coal samples under varying 3D pre-
stresses. With increase in 3D pre-stress, the dynamic
peak strength rose gradually. When the preset con-

fining pressure was (8, 6, 4 MPa), the maximum of
dynamic strength occurred. A combination of Fig-
ures 9 and 10 fully verifies the constraints of 3D
unequal pre-stress on coal samples under impact in
that the dynamic strength increased significantly.

Fracture Characteristics of Coal Samples

The process of coal crushing under uniaxial
impact captured by a high-speed camera is illus-
trated in Figure 11. As shown in Figure 11, when the
incident bar just contacted the coal sample, no
obvious crack occurred on the surface of the coal
sample. At 71 ls, a visible crack occurred in the
lower left corner of the sample, which may be caused
by the uneven contact stress between the bar and the
coal sample (Cai et al., 2020). At 143 ls, a crack
occurred along the axial direction of the bar, which
may have resulted from the instantaneous impact of
the incident bar vibration disturbance on the coal
sample. Then, at 286 ls, the axial crack propagated
along the vertical direction. After 571 ls, the crack
continued to expand along the vertical direction
until the sample was completely broken into parti-
cles.

The characteristics of coal sample failure under
the same impact velocity are exhibited in Figure 12.
Under uniaxial impact, the coal sample was crushed
into powder, showing a high degree of fragmenta-
tion. Under (8, 2, 2 MPa), the coal generated cracks
and its surface fell off. The surface cracks consti-
tuted combined failure of tension and compression-
shear. Compared with only static load axial stress,
3D stress exerted a significant constraint on the dy-
namic failure of coal, causing a low degree of frag-
mentation.

From Figure 13, under (8, 4, 2 MPa), the coal
sample generated cracks similar to that under (8, 2,
2 MPa), thus mainly underwent shear failure
accompanied by tensile failure. As the vertical static
load stress increased from 2 to 6 MPa, the integrity
of the coal sample was gradually intact after
destruction. The overall failure was that the cracks
on each action surface were connected to form a
macro-fracture zone.

Under high confining pressure of (8, 6, 4 MPa),
the coal sample had a low degree of fragmentation,
and the cracks were mainly compression-shear fail-
ure, which resembled the fracture morphology of
rock and concrete reported in relevant literature
(Liu et al., 2019). Figure 13 reveals that the lateral

Figure 10. Variations of peak stress of coal

samples under varying 3D pre-stresses.

Figure 8. Multi-axial SHPB dynamic curves.

Figure 9. True triaxial SHPB dynamic curves.
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constraint pressure can inhibit crack propagation
(Chen and Ravichandran 1997), and the multi-stress
state or the lateral constraint helped enhance the
strength of coal.

DISCUSSION

Influence of Confining Pressure on Dynamic
Characteristics of Coal

Based on the above-discussed experimental re-
search, under triaxial precompression, the dynamic
strength of coal changed significantly due to the
existence of 3D pre-stress. Under the lateral con-
straint, the stress situation of the coal sample dif-
fered from the mechanical behavior of that under
conventional dynamic triaxial compression.

Figure 14a displays the conventional triaxial
stress of coal sample. To achieve such a stress state,
the coal sample was generally processed into the

shape of a round cake shape and was uniformly
stressed in the vertical direction in a fully enclosed
state created by the loading device of confining
pressure (r1> r2 = r3> 0) (Yin et al., 2012; Gong
et al., 2019; Li et al. 2019; Kong et al., 2021b; Ma
et al., 2021). Figure 14b illustrates the true triaxial
stress diagram of a standard cubic coal sample sub-
ject to static load from three directions. The lateral
confining pressure on the sample was r2 and r3

(r1 ‡ r2 ‡ r3 „ 0). As disclosed through a com-
parison of the two samples, the one under the
combined impact of dynamic–static loads presents
notably more complex stress conditions and types
compared with the one under conventional triaxial
stress.

As can be seen from Figures 8 and 9, the
characteristics of dynamic failure stress–strain
curves of the T1–T3 coal samples (under uniaxial
and true triaxial impacts) and T2–T6 coal samples
(under variable confining pressure) were as follows:
The stress surged in the initial stage, then grew at a

Figure 11. Fracture morphology evolutions of the coal sample under uniaxial impact.

Figure 12. Macroscopic morphology of the coal sample failure under uniaxial and triaxial impact.
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slightly reduced rate, and finally reached the peak
stress. In the whole process, the stress–strain curves
almost escaped the compaction stage. According to
analysis, because of the short dynamic loading
duration caused by pre-stress constraint and impact
load, coal became compacted and entered the elastic
deformation stage quickly. As a result, the com-
paction stage was not significant in the stress–strain
curve of the coal sample.

It can be seen from Figure 10 that with the
gradual increase of the 3D pre-stress, the dynamic
strength of coal was enhanced remarkably, which
verifies that the dynamic strength of coal was con-

strained by axial pressure and confining pressure.
The test results demonstrate that under a certain
impact velocity, the increase of coal strength de-
pended on the confining pressure constraint condi-
tion.

Combined with the analysis on coal crushing
morphology in Figures 11, 12 and 13, the coal sam-
ple was broken significantly and even impacted into
fragments or even powders in the dynamic uniaxial
compression test, resulting in the continuous in-
crease of post-peak strain. However, under 3D high
pre-stress, the coal sample was approximately intact
with only slight deformation or micro-cracks. The
fracture behavior of coal was mainly determined by
the constraint conditions.

Analysis on Dynamic Strength Factor

Dynamic strength factor (DIF) is an important
parameter for studying the relationship between
dynamic compressive strength and strain rate of
materials such as concrete (Bailly et al., 2011; Hao
and Hao 2014; Cui et al., 2018; Liu et al., 2020c).
Considering that coal and concrete can be used as
similar materials, we calculated the DIF of coal as:

DIF ¼ rd=rc ð4Þ

where rd is the dynamic compressive strength
(MPa), and rc is the static compressive strength
(MPa).

The relationships of DIFs of the coal samples
under varying pre-stresses are reflected in Figure 15.
Under the same impact velocity, the DIF of coal
sample under uniaxial impact was relatively low,
while that of coal sample under triaxial impact rose
with increase in confining pressure. It is concluded
that the pre-stress had a great influence on the dy-

Figure 13. Macroscopic morphology of coal sample failure

under true triaxial impact.

Figure 15. Variation law of DIF.

Figure 14. 3D stress diagram of coal samples.
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namic compressive strength of coal sample. Under
triaxial impact, the coal sample was more con-
strained than the one under uniaxial impact, and
thereby its DIF was also larger.

True triaxial SHPB tests are performed on rock
and concrete under a higher confining pressure
(static load pre-stress up to 30 MPa) and at a higher
impact velocity (velocity above 10 m/s) (Fig. 16 [Liu
et al., 2019b, 2020c]). The DIF of concrete was
estimated to be about 1.5–3 (Liu et al., 2020c). In
this experiment, the DIFs of the coal samples were
about 0.8–1.6. The significant differences in DIF may
be caused by many factors such as static compressive
strength, 3D pre-stress, impact velocity and material
difference in different experiments.

In this experiment, by setting different confin-
ing pressures, the variations of dynamic strength and
peak strain of coal under true triaxial dynamic and
static load combination were studied and analyzed
preliminarily, and the macroscopic failure mor-
phology of coal under high confining pressure was
analyzed. Different from rock and concrete, coal
contains many primary pores and cracks on the
surface, and it features relatively higher dispersion
and lower compressive strength under static load.
Besides, during loading, coal breaks easily and cor-
responds to a more complex dynamic mechanism.

Dynamic Characteristics under 3D Stress Evolution

As shown in Figure 17, for the original coal
seam, the coal stratum was in 3D stress balance
before tunneling. With the excavation of under-
ground roadways, the original stress state of coal and
rock strata was broken and the stress was redis-
tributed. The stress state of roadway surrounding

rock changed from three-way stress state to two-way
stress state. The stress of coal seam changed from
two-way compression to one-way compression. With
the provision of dynamic load stress, a 3D stress
state of dynamic and static load combination was
formed.

The use of the developed true triaxial SHPB
device will provide an important experimental
means for studying the influence of 3D stress evo-
lution of coal and rock on rockburst in the future.
The fracture morphology analysis of the sample
after the experiment also provides a theoretical basis
for the future study of its fracture mechanism.

The experimental results show that the dynamic
compressive strength increased obviously when the
3D pre-stress of coal seam was large. Therefore,
when the coal bearing stress is large and the 3D
stress difference is large, corresponding measures
need to be taken to improve the surrounding rock
stress environment to make it close to the 3D equal
stress, so as to slow down the coal seam damage
under dynamic load impact. The research and

Figure 16. Fracture morphologies of different materials after impact.

Figure 17. Stress evolution of deep coal body.
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development of the true triaxial SHPB device and
the related research results have reference signifi-
cance for the mechanism and prevention of coal
rock impact failure.

CONCLUSIONS

In this study, the dynamic mechanical proper-
ties of coal samples were studied with the aid of the
true triaxial SHPB system. The device can apply 3D
pre-stress on coal samples (r1 ‡ r2 ‡ r3 ‡ 0) and
dynamic load along r1 direction. Besides, the dy-
namic mechanical properties of coal under multi-
axis constraints were analyzed by collecting stress
wave signals, which provides an experimental basis
for studying the disaster mechanism of coal rock
burst under 3D ground stress.

Through the true triaxial SHPB impact experi-
ment, the dynamic characteristics of coal samples
were analyzed. The dynamic stress soared in the
initial stage, then the stress variation slowed down
slightly until the peak strength; subsequently, it re-
bounded significantly.

Compared with the coal sample in the uniaxial
state, the one in the 3D pre-stress state had a higher
dynamic strength. This reflects the constraint effect
of confining pressure on the dynamic failure of the
coal sample. With increases in the vertical force r2

and horizontal force r3, the dynamic strength of coal
sample continued to increase. The dynamic strength
factor of coal jumped significantly with increase in
confining pressure.

Under uniaxial impact, coal was broken into
particles or powder, while in 3D pre-stress state, coal
presented a low degree of fragmentation and slight
macroscopic fracturing. The failure mode of coal
also reflects the constraint applied by the confining
pressure. The research results can provide reference
for the research on the dynamic characteristics of
coal under multi-axial constraints and for the pre-
vention and control of dynamic disasters induced by
dynamic load in deep coals.
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