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The three-dimensional (3D) stress waves of coal samples were studied using a true triaxial
split Hopkinson pressure bar compression rod. The results indicate that the 3D strain of the
coal samples increased gradually under vibration load. The 3D stress wave of coal samples
showed attenuation characteristics, and the change amplitude of the stress wave of coal
samples along the direction of dynamic load was the most obvious. The amplitude of stress
wave was the largest in the axial direction constrained by pre-stressing 3 MPa, while the
amplitude of stress wave in the lateral 2 MPa pre-stressing was smaller than that under the
constraint of 1 MPa. The results showed that the main deformation of coal samples was
along the impact direction, while the larger horizontal and vertical lateral binding forces
limited the deformation of coal samples. The Fourier transform was performed on the 3D
stress wave of the coal samples, and the change in the amplitude of the stress wave spectrum
was correlated positively with the vibration. The spectrum amplitude of the coal samples
under the pre-stressed 3 MPa constraint (axial) direction was the largest, while the spectrum
amplitude of the coal samples under the lateral 2 MPa pre-stressed constraint was smaller
than that under the binding 1 MPa. However, the main frequency of the three-way stress
wave was distributed in 0-10 kHz. By calculating the energy consumption rate and wave
velocity decay rate, it was verified that the damage of coal samples increased with increase in
dynamic load. This experimental testing provides an effective testing method for studying
the 3D stress waves of coal samples under complex stress medium conditions. In addition, a
dynamic constitutive model of coal was constructed according to the mechanical behavior of
coal and rock mass and the measured data.
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INTRODUCTION

Examining the durability and behavior of coal-
like materials when subjected to vibration loading is
crucial for defense and underground projects. For
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instance, vibrations from explosions and mining
typically travel as stress waves through coal rock,
impacting the nearby surroundings (Niu et al., 2020;
Li et al., 2023d; Shen et al., 2024; Hu et al., 2024).
Analyzing the way stress waves travel through coal
rock bodies under both static and dynamic loads is
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crucial for ensuring the dynamic stability of coal
rock in underground working areas and evaluating
the safety measures for underground engineering
projects.

Ju et al. (2007) concluded that the attenuation of
the stress wave is related to joints in rock, which
indicated roughness. Li et al. (2011) constructed a
fractal damage model based on related research. Feng
et al. (2016) described the attenuation process of
stress wave in coal by introducing the quality factor Q,
and confirmed that the crack extension of a coal body
under the action of stress wave is dominated by tensile
cracks. Wang et al. (2018) found that the reflection
coefficient is correlated negatively with the strain
rate, while the transmission coefficient is correlated
positively with the strain rate. Li et al. (2019) found
that the larger the clip angle between rock bodies, the
faster the attenuation of the stress wave. Yu et al.
(2019) measured the average propagation velocity of
stress waves in coral sand and proposed a dimen-
sionless equation for the attenuation of peak stress
with propagation distance. Huang et al. (2020) con-
cluded that the transmittance coefficient of the stress
wave of rock samples is correlated negatively with
water pressure. Han et al. (2020, 2022) found that the
reflection coefficient increases gradually and the
transmission coefficient decreases with increase in
thickness of mortar filling in rock samples. Kong et al.
(2021) concluded that the transmittance wave of coal
samples decreases with increase in axial pressure and
gas pressure, and increases with increase in circum-
ferential pressure and dynamic load (g,). Li et al.
(2021) and others conducted dry ice cracking experi-
ments at a field site and concluded that the attenua-
tion of stress waves at a certain distance showed an
inverse proportional function law. Wang et al. (2022a,
2022b) analyzed the effects of frequency, joints and
wave impedance on the attenuation characteristics of
rock stress waves. They used digital image correlation
to analyze the stress wave attenuation process within
the simultaneous length by testing the displacement
field of granite during dynamic compression. Xie et al.
(2022a, 2022b) innovatively used optical fiber to test
and analyze the internal deformation characteristics
of coal samples. Li et al. (2023¢) found that the inci-
dent, reflected and transmitted wave of coal samples
have attenuation processes after being subjected to
dynamic loading, and the changes in the surface dis-
placement of coal samples have a certain correlation
with changes in the stress waves. Yang et al. (2023)
analyzed that the stress wave attenuation ratio of
rocks increases with the increase of temperature.
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The above-mentioned previous tests of stress
wave have focused on testing using Hopkinson
compression rods, which are analyzed by capturing
the stress wave signals from their incident and
transmitted bar. Alternatively, stress wave signals
can be obtained by attaching strain gauges at dif-
ferent locations on the rectangular sample. In some
cases, stress wave signals generated by vibration or
blasting can be collected at the base of the experi-
mental site. All these test methods focus mainly on
one-dimensional stress wave testing, whereas in this
study, a true triaxial split Hopkinson pressure bar
was used to apply a pre-determined circumferential
pressure to the coal samples so as to test the three-
directional stress waves of the samples, and their
deformation characteristics and stress wave patterns
were analyzed. In this study, the dynamic experi-
ments of coal samples under different impact loads
were carried out by applying three unequal pre-
stresses of 3 MPa, 2 MPa and 1 MPa to coal sam-
ples. The stress waveforms in three directions of the
coal samples were obtained, the strain in three
directions was analyzed and the deformation char-
acteristics of the coal samples were revealed. The
stress wave changes of coal samples under different
binding conditions were compared and analyzed,
and the stress wave spectrum changes of coal sam-
ples in three directions were analyzed. The damage
degrees of the coal samples were analyzed by cal-
culating energy consumption rate and wave velocity
test. Finally, considering the pre-stressed ¢4, o, and
g5 of the coal samples, a mechanical constitutive
model under true triaxial condition was constructed.
This study provides useful reference for the study of
three-way stress waves and deformation character-
istics of coal samples.

EXPERIMENT
Experimental Equipment

Figure 1 shows the true triaxial split Hopkinson
pressure bar rod experimental setup, which con-
sisted mainly of a bullet launching device, an inci-
dent bar, a pre-stressing device and a transmitted
bar, and signals can be collected by a hyperdynamic
strain gauge through the strain gauges pasted on the
incident and transmitted bar. The incident and
transmissive bars as well as the strain gauges are
attached to a sample are of type BX120-3A A, and
the sensitive grids of the strain gauges are made of
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tional description of this experimental equipment
can be found in Gu et al. (2023a).

Figure 2 shows the coal samples used in this
experiment. The coal for cutting the samples was
selected from a mining area in Inner Mongolia,
China. In order to prevent damage of the original
state and structure of the coal samples, all the
samples were processed with large chunks of coal as
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Figure 2. Coal samples used in the experiment.

processing. According to the recommendation of the
International Society of Rock Mechanics and Rock
Engineering and the requirements of this true tri-
axial impact experiment, each sample was processed
into a 47 mm cube with height:diameter ratio of 1:1.
Considering the structure of the coal, all samples
were cut along the vertical bedding of a coal sample.



Each sample was polished to ensure that the paral-
lelism at both ends of the sample was less than
0.02 cm, and the maximum deviation angle at both
ends of the center line of a sample face was less than
0.25°. At the same time, before the experiment, in
order to eliminate the influence of the end friction in
the experiment as much as possible, the surface of
each coal sample was coated evenly with lubricant.
Through strict selection, processing and precise
cutting of the coal samples, the experimental error
was reduced as much as possible. Through the wave
velocity test on a sample, the longitudinal wave
velocity is:

B L
T t—t

(1)

Vp

where L is the distance of the longitudinal wave
through a coal sample; ¢, and ¢ are the excitation
time and reception time of the longitudinal wave
signal, respectively. For the processing requirements
of coal sample stratification in this study, coal sam-
ples with close wave speed size and similar quality
were selected for experimental testing.

Measurement Process

The experimental setup (Fig. 1) can effectively
provide a source of dynamic loading for coal sam-
ples under different stress medium conditions and
test the axial strain of coal samples, and many re-
searchers have conducted similar experiments and
analyzed the axial deformation characteristics of
coal samples. There have been limited studies on
stress waves and deformation properties of coal
samples in both vertical and horizontal directions.
Here, we developed a technique to analyze the tri-
axial stress waveforms of coal samples.

As shown in Figure 3(1), strain gauges were
used to test the horizontal (3#), axial (1#) and ver-
tical (2#) stress wave signals of a square coal sample
by attaching strain gauges to the axial, vertical and
horizontal squares of the sample, respectively. After
placing the sample with the affixed strain gauges into
the experimental chamber, the leads of the strain
gauges were sequentially connected to the Wheat-
stone bridge box (Fig. 3(2)). By switching on the
hyperdynamic strain gauge (Fig. 3(3)), the three-way
stress waveforms of the coal samples in the dynamic
loading experiment can be acquired. Figure 3(4)
shows the interface of stress waveform signal
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acquisition for the coal sample. In this case, the
static axial, vertical as well as horizontal pre-stresses
of the sample were set in turn to 3, 2, 1 MPa.
Varying dynamic impact speeds were achieved by
positioning the bullet launcher at different locations,
causing the bullet to travel through the infrared
velocimeter at distances of L and 2.5 cm. Different
impact speeds of the dynamic impacts were obtained
by capturing the time of passing through the
velocimeter as . The dynamic impact velocity (v)
was obtained by capturing the time of passing
through the velocimeter as ¢, thus:

L 25x107°
ot t

v (m/s) (2)

For vibration loads on the coal samples in real
working conditions, the impact velocities of the coal
samples were set in turn to four impact velocities of
1.06, 1.17, 2.08 and 3.01 m/s.

Measurement Principle
Stress Test

As shown in Figure 4, the stress wave passes
through the incident bar, the coal sample and the
transmitted bar in turn, forming incident, reflected
and transmitted waves. Figure 5a shows a typical
stress wave schematic of the coal sample after being
subjected to dynamic loading. The incident, trans-
mitted and 1# waveforms were all negative, which is
consistent with the direction of axial stress wave
action. The reflected wave, 2# and 3# were all posi-
tive, showing a tension wave. The waveforms from
the hop-bar and the anisotropy of the sample were
significantly different. According to the force anal-
ysis of a sample, at the initial moment (0 ms as
starting point), the stress wave first passed through
the incident rod to form an incident wave, and then
transmitted to the sample after about 0.4 ms, and all
aspects of the coal body generated input waves.
However, the waveform continued to enter the
transmission rod with the direction of the ¢, and the
reflected and transmitted waves were generated at
about 0.8 ms. At this stage, the anisotropic wave-
forms of coal samples all entered the decay stage.

According to the force schematic of a coal
sample (Fig. 4), the forces F;, F, on the axial two
end faces of the sample are (Gu et al., 2023b; Li
et al., 2023b).
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Fi = AE(S,‘ + 8,) + Agoq (3)
Fy, = AE¢ + Apoq (4)

where A and E are the cross-sectional area and
modulus of elasticity (210 GPa) of the compression
rod, respectively; and A, and ¢; are the cross-sec-
tional area and axial pre-stress (3 MPa) of the coal
sample, respectively.

From Figure 5b, assuming that the forces are
balanced at both ends of a sample (Li et al., 2023c),
the total force o, on the sample can be calculated as
(Tan et al., 2023):

P P
g =0(t) + o1 :%02
A 2A0
= EE[S;(I)"‘&'(I) + St(t)] + mal (5)

Therefore, the dynamic stress in the sample
should be:

o(t) =0, — 01 = %E[si(t)—i—sr(t) +e(n)]  (6)

where &(1), ¢(f) and ¢(f) are the incident, reflected
and transmitted strains, respectively, of the sample
at time . Based on the stress wave curve of the coal
sample in Figure 5a, the system device module can
effectively calculate and obtain the axial dynamic
stress of the coal sample. Part of the dynamic stress
test results is shown in Figure 6.

Figure 6a depicts the dynamic stress variation
curve of the coal samples, showing a gradual in-
crease in peak stresses with rise in g, over time. The
coal samples subjected to pre-stresses of 3, 0, 0 MPa
were fragmented slowly, whereas those under pre-
stresses of 3, 2, 1 MPa remained largely undamaged.
Between 0 and 0.1 ms, the stress curve maintained a
consistent upward trend. As time progressed, the
stress curve quickly rose to its maximum point,
indicating the duration of stress increase. Figure 6b
indicates that a coal sample exhibits greater
mechanical strength at 3, 2, 1 MPa than at 3, 0,
0 MPa. The coal samples exhibited greater
mechanical strength when subjected to a 3 m/s load
compared to a 2 m/s load. The coal samples reached
peak stress faster under a 3 m/s g, at 3, 0, 0 MPa
compared to 2 m/s, but took longer to reach peak
stress under a 3 m/s o, at 3, 2, 1 MPa compared to
2 m/s. The results show that the internal fractures of
the coal samples were more likely to expand and
accelerate the damage under the condition of lack of
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constraints, and the confining pressure made the
coal samples free from damage. Figure 6d shows that
with increase in deployment load, the stress rise rate
of the coal samples increased significantly, and the
stress rise rate was faster under uniaxial 3, 0, 0 MPa.

Stress Wave Testing

Under dynamic loading, the strain gauges con-
nected to a coal sample will stretch and compress in
response to the strain of the material being tested,
causing a corresponding alteration in electrical
resistance. The relationship between the change in
resistance and the strain ¢ can be expressed as:

A?R =K-¢ (7)
where R is the original resistance of the strain gauge,
AR is the change in resistance caused by elongation
or compression and K is a constant of proportion-
ality (the strain gauge constant, which took a value
of about 2).

Because strain change is fairly small, the
resulting change in resistance is also extremely
small. Whereas Wheatstone bridges are suitable for
detecting small changes in resistance, the change in
resistance of a strain gauge is measured using this
circuit. Connecting R; in the circuit with a strain
gauge, when there is a change in strain, denoted as
AR, and the input voltage before the strain test is £
(Fig. 7), the formula for the output voltage e is:

1
e=7K ¢ E (8)

So, when the output voltage e of the bridge is
measured, the strain ¢ of a sample can be calculated
as:

de
6_—k~E 9)

By utilizing the experimental apparatus de-
scribed above and understanding the experimental
concept, the stress wave curve of the coal samples
under triaxial conditions can be generated following
a full impact test, allowing for the calculation of a
coal sample’s anisotropic strain. In contrast to pre-
vious studies by certain academics that concentrated
on uniaxial stress-sweep and strain collection, this
experimental test plan clearly captured two addi-
tional directional strain parameters, providing valu-
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Figure 6. Kinetic parameter analysis of coal sample.

able guidance for analyzing stress-sweep and strain
variations in coal samples.

EXPERIMENTAL RESULTS
Strain Evolution Pattern

As shown in Figure §, the strain in the X, Z and
Y directions of the coal samples changed slowly at

the beginning. With increase in time, the strain
change trend of the coal samples accelerated grad-

ually, in which the strain in X direction increased the
fastest. This is due to the fact that the direction of
the o, force is along the X direction. When the
deformation of the sample reached a certain value
and then decreased gradually, the strain of sample
from O to the maximum value of the whole process
lasted about 0.3 ms. The test strain was positive in
the X direction, while it was negative in the Z and Y
directions for the coal sample. The lateral force on
the coal sample under o, caused expansion defor-
mation, while compression deformation occurred in
the axial direction.
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Maximum Strain Law

By defining the strain maximum in Figure 8 as
the maximum strain, the maximum strain deforma-
tion pattern of the coal samples under different
impact velocities is shown in Figure 9. With increase
in v, the maximum strain in X, Z and Y directions all
increase gradually and linearly. The deformation
pattern of coal samples in the X direction was the
most significant, the strain in the X direction of the
coal samples increased from 0.00323 to 0.00656 as
the v increased from 1.06 to 3.01 m/s; the strain in
the Z direction of the coal samples increased from
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Figure 8. Triaxial strain characteristics of coal samples.
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0.0003915 to 0.00111, and that in the Y direction of
the coal samples increased from 0.0009045 to
0.00184.

By taking the ratio of the maximum strain in the
Y and Z directions to the maximum strain in the X
direction, the following are defined:

eyl

Nz = & (10)
_ ey

Ny = & (11)

The study revealed that the 7 values ranged
0.12-0.17 while the 5y values ranged 0.22-0.28 for
impact velocities of 1.06-3.01 m/s. The coal samples
deformed primarily along the X-axis when subjected
to dynamic loading in the axial direction. Expansion
deformation in the vertical and horizontal directions
was found to be less significant than axial deforma-
tion.

Waveform Characteristics

By testing the axial stress wave on the coal
samples, the waveforms were obtained (Fig. 10a).
When the o, was applied to the coal samples, the
stress wave amplitude decreased rapidly, showing a
compression wave. When the stress wave reached
the maximum magnitude, it rose sharply, and then
the whole exhibited a recurring trend of rising and
falling. However, the whole showed a trend of stress
wave attenuation. Due to the existence of axial pre-

stressing, the sample was not completely compres-
sion wave, the decay process was also accompanied
by the appearance of tensile wave, but the maximum
magnitude of the tensile wave was smaller than the
amplitude of the compression wave. When the v was
1.06 m/s, after the stress wave action time was 15 ms,
the amplitude of the stress wave was mainly in the
positive range and was dominated by tensile wave.
When the v was 1.17 m/s, the stress wave finally
decayed to the positive value interval as well. This is
due to the low v acting on the coal samples, and the
coal samples themselves carried a static pre-stress of
3 MPa, which contributed to the limited deforma-
tion of the coal samples. When the v reached 2.08 m/
s and 3.01 m/s, the stress wave tended to flatten out
and with increase in time tended to 0. Obviously,
due to the increase of the g, applied to the coal
sample, the g, played a more significant role in the
change of the stress wave compared with the limited
deformation of the coal sample by the axial pressure.

Figure 10b and c shows the vertical and hori-
zontal stress waveforms of the coal samples,
respectively. Compared with Figure 10a, the stress
waves both showed a gradual decay pattern with
increase in time. However, compared with the axial
stress waveform, which was dominated by com-
pression wave, the vertical and horizontal stress
waveforms were dominated by tensile wave. The
coal samples were originally under static pre-stress
of 3,2, 1 MPa, and when subjected to the dynamic
loaded stress wave, the stress wave showed a ten-
dency of rapid increase and subsequent decay. The
change of the waveform of the stress wave was more
significant in the range of 0-10 ms, followed by a
slower change in the range of 1040 ms.

Spectral Analysis

The stress waveform in Figure 10 demonstrates
that the stress wave was induced on all sides of the
sample when it was subjected to the incident bar,
with the most noticeable change occurring in the
axial direction. According to research of related
scholars, the total wavelength L of stress wave
propagation from the incident bar to the sample and
then to the transmission bar should be (Han et al.,
2022):

L=CT (12)

The propagation velocity of the stress wave in
this study was 5100 m/s, and the action time of a
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Figure 10. Curve of three-way stress waveform: (a) axial stress waveform; (b) vertical stress waveform; (¢) horizontal stress waveform.

single stress wave was about 0.3-0.4 ms, then L was
calculated to be about 2 m. And the size of the
sample was about 47 mm, indicating that the strain
signal captured on the sample was a superposition of
multiple reflections and transmissions. Therefore,
Fourier transform was considered to analyze the
spectrum of waveform transformation (Wang et al.,
2023):

F(w) = / io F(r)e ™ dr (13)

where f{(¢) is the continuous time signal function, and
e”" is the basis function of the Fourier transform.
As shown in Figure 11a, the main frequency of
the stress wave was distributed mainly within 0-
10 kHz, and the amplitude signal varied more
drastically. The main peak was located within 0-

10 kHz, and the main peak showed a decreasing
trend. The overall pattern of the stress wave spec-
trum under different impact speeds was relatively
similar. As the ¢, increased, the spectrum’s ampli-
tude rose gradually. Comparing Figure 11b and c,
the spectra of vertical and horizontal stress waves
were similar to those of axial stress waves, and the
main frequency was distributed mainly within 0-
10 kHz, and the amplitude became larger with in-
crease in o, However, the maximum amplitude of
the spectrum was smaller than that of the axial stress
wave. It shows that, when the stress wave acts on a
coal body, all of its directions are affected by the
stress wave at a similar time, but the axial direction
belongs to the direction of the o, and the sample
suffers from the most obvious dynamic impact
damage of the stress wave.
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Figure 11. Stress wave spectral analysis: (a) axial direction; (b) upright; (c¢) level.

DISCUSSION
Stress Wave Characteristics

The stress waveforms shown in Figure 10 reveal
that the axial, vertical and horizontal stress waves in
the coal samples were decaying gradually after the
a4 was applied to the samples. Referring to a pre-
vious study on the decay process of the stress wave
of coal samples (Wang et al., 2022a, 2022b), as
shown in Figure 12, the incident and transmitted
waves of the stress wave of coal samples captured by
the strain gauges affixed to the incident and trans-
mitted rods showed a gradual decay process with
increase in time. Obviously, the attenuation signals
on the incident and transmitted rods were to some
extent similar to the attenuation law of the axial

stress waveforms tested on the coal sample surface.
Therefore, to prevent dynamic disaster produced by
stress wave on coal rock, stress should be prevented
from the source as much as possible and reduce the
stress fluctuation loading effect in time.

Referring to studies of some scholars, as shown
in Figure 13, it was concluded that the spectral
activity of the stress wave of the rock samples pen-
etrated with intercalation was within 0-30 kHz, and
the distribution of the main frequency spectrum of
the stress wave of the rock samples was within a
certain range (Han et al., 2022). Jin et al. (2020) also
worked out that the main frequency of the stress
wave of the rock is within 0-3 kHz. Based on Fig-
ure 11, it is concluded that the active frequency of
the stress wave of the coal body was distributed
mainly within 0-10 kHz, and the maximum magni-
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tude increases with increase in v (Jin et al., 2020).
According to our findings and those of previous
scholars, the spectrum of coal and rock and other
materials are distributed in the low-frequency range,
and the larger the g, stress wave is, the larger the
maximum magnitude of the spectrum is.
Meanwhile, compared with previous researches,
most of them rely on strain gauges on the incident
and transmission rods to obtain the stress wave-
forms, and mainly carry out one-dimensional tests
on coal and rock bodies. However, the present test
methodology can effectively simulate stress wave
changes of coal rock body under three-dimensional
(3D) unequal stresses after being subjected to oy,
which make the study of tress wave characteristics of
coal rock body closer to the field engineering reality.
Various alterations in triaxial stress and o, can
greatly impact the physical characteristics of coal
samples, while the testing equipment is capable of
accurately detecting stress waves in coal rock.

Stress Wave Attenuation Analysis

Because the dynamic impact direction of the
coal samples was consistent with the direction of a4,
the axial direction had the most significant stress
wave and strain changes due to the combined dy-
namic and static load forces. Based on research of
relevant literature (Li et al.,, 2023a; Shen et al.,
2023), the incident (E;), reflected (E,) and trans-
mitted (E;) energy of a coal sample can be calcu-
lated, respectively, as:

t

E; = AEC / er(t)d, (14)
0
t

E, = AEC / 2 (t)d, (15)
0
t

E, = AEC / eX(t)d, (16)
0

Based on the calculated E;, E, and E,, the en-
ergy absorption (N) of a coal sample can be defined
as (Han et al., 2020; Fan et al., 2021; Yan et al., 2021;
Du et al., 2023):

N = # « 100% (17)

i
As shown in Figure 14, the values of N increase
linearly with increasing v. The coal sample initially
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Figure 14. Energy absorption rate of coal samples.

had low deformation and intact morphology, and the
required energy consumption was low. Raising the
velocity at which the impact occurs raised the energy
involved in the event, causing cracks in the sample
to widen and worsen the damage to the coal sample.
This ultimately resulted in the coal absorbing more
energy when subjected to the stress wave. The
gradual increase of stress wave is synchronous with
the process of damage intensification of coal sam-
ples.

The propagation characteristics of ultrasonic
waves in coal rock are closely related to its physical
and mechanical properties. From the theory of
elastic wave correlation, the theoretical formula for
the longitudinal wave propagation velocity v,, in coal
rock is (Zhou et al., 2023a, 2024):

_BK(1 - )
PN ) (18)

where K is bulk modulus (Pa), p is density (kg/m?)
and u is Poisson’s ratio.

The macroscopic damage characteristics of the
coal samples under different impact velocities were
investigated by analyzing the change rule of wave
velocity. Based on the measurements of the v, and v
of the coal samples before and after impact, the
damage variable (D) of a coal sample subjected to
stress waves was calculated as (Gong et al., 2023).

V2
D=(1- g) x 100% (19)



As shown in Figure 15, when the v was about
1 m/s, the D was only about 5%, and there was al-
most no damage to the coal samples. When the v was
about 3 m/s, the damage variable reached about
18.5%, and the damage to the coal samples in-
creased. When the v increases from 1 to 3 m/s, the
overall damage variable showed a linear increase.
Meanwhile, in combination with Figure 14, the more
damage detected during ultrasonic analysis, the
higher the energy absorption rate of coal samples.
Moreover, it indicates a relationship between the
stress wave and spectral amplitude of coal samples
with both energy consumption and damage.

In engineering practice, most working condi-
tions can monitor or control the size of the v. The
degree and extent of macro damage to the coal body
can be determined by analyzing the v and verifying
the feedback with ultrasonic testing. This informa-
tion can be used as a reference for engineering and
construction design.

REFERENCE TO STRESS WAVE
EVOLUTION FOR ENGINEERING
APPLICATIONS

Stress changes in a quarry are often a precursor
to the occurrence of dynamic disasters, which have
different initiating effects on the coal rock impact at
the working face. In the process of stress wave ac-
tion, the stress balance of the surrounding rock in
the coal rock roadway is destroyed. The ¢, and static
load act together on coal rock, and the larger the o,
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Figure 15. Coal damage analysis based on the wave velocity.
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is, the three-directional stress waves of the coal body
have significant changes, among which the changes
are most obvious along the direction of stress wave
transmission (Fig. 16). The static loads o, and o5 are
provided to limit the deformation of a coal body
(Zhou et al., 2023b), and the deformation of a
stressed surface under o, pre-stress condition is
smaller. So, when o5 is increased to g, so that the
forces in both directions are equal, the deformation
of a coal sample will be reduced. Or, reducing oy,
that is, reducing the generation of ¢, stress wave,
reduces the deformation produced by a coal body.
Therefore, in a comprehensive analysis, the stress
wave (SW) influencing factors of a coal rock body
can be expressed as:

0d
sw={ o (20)
04 + 0y

When the dynamic stress wave g, or static pre-
stressing force oy is large enough, the coal body is
deformed and damaged. When static pre-stress is
not enough to damage a coal body, the provision of a
certain size of dynamic pre-stress (6, + o) damages
a coal body. Based on the stress wave study of a coal
body under three-way pre-stress in this study, it is
concluded that high static load, high ¢, stress wave
and the coupling effect of static load and stress wave
can damage a coal rock body. In the future, the
device used here can be utilized to analyze the stress
wave of various types of coal and rock materials,
uncovering the failure mechanism of critical static
and dynamic loads in complex stress environments.

MECHANICAL CONSTITUTIVE MODEL
Model Construction

The coal rock is believed to be made up of
numerous tiny particles that are large in size spa-
tially, allowing for many micro-defects, yet small
enough in the mechanical sense to be considered a
particle. Given that a cell’s power adheres to the
Weibull distribution, the probability density func-
tion ¢(F) is represented as (Zang et al., 2024a):

-5 ()] e

where F is a random variable of the Weibull func-
tion, and m and F; are the distribution parameters.
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Figure 16. Anisotropic stress analysis of coal.

Then, the statistical damage variable D can be de-
fined as (Zang et al., 2024b):
Ny
D=— 22
= (22)
where N, is the number of elements and N is the
total number of elements. According to Egs. (21)
and (22), the relationship between D and F can be
obtained as (Kong et al., 2021):

D=1-exp [— <F£o> m] (23)

Due to the three-way pre-stresses oy, 0, and o3
of a coal body in this study, the D—P criterion can be
considered under the constraint of multidimensional
pre-stressed stress, and the strength criterion can be
expressed as:

F=f(0) =l + VT (24)

where the relevant parameters can be expressed as
(Xie et al., 2022a, 2022b):

S = sin0
\/3(3+sin’0)
Iy = 0] +0;+ 03
B=4 (01 = o) + (5 = 03)” + (0] — 03)°]

where 0 is the internal friction angle of a coal sample
(30°), and ¢;* corresponds to the nominal stress o;.
The effective ;% of coal under three-way pre-stress
can be expressed as:

o %

=iop

According to Hooke’s law, by combining the
force of a coal sample with the static pre-stress g

(26)

and o, along the impact direction, and the lateral
binding force o, and o3, the axial strain € of a coal
sample can be expressed as:

871 04+ 01 — V0, — V303
E (1-D)

(27)
Then, the mechanical model of a coal sample
under true triaxial conditions can be determined as:
04 = ES(l — D) — 01 + V07 + V303 (28)

Combined with Egs. (23) and (27), the
mechanical model can be expressed as:

F\"™
Oq = ESCXP [— (F—O) ] — 01 + V07 + V303 (29)

Model Verification

According to Eq. (29), the values of m and F,
need to be solved. Therefore, the derivation of for-
mula (29) is obtained by combining experimental
data and extreme value method (Kong et al., 2021):

e ] ool ()]

88,‘
oy (E" L L0F
mn Fo FO Oe

=0
(30)
Equation (30) can be rewritten as:
F\" ¢ OF
A=) == =1 31
m <F0) F 0t (5,0,) (31)

The, from Eq. (24), (25), (29), (30) and (31), it
can be obtained that:



Table 1. Model correlation parameter

No. v/im/s o1 05 03 €m E/GPa v V3

—_

208 3 2 1 0.0057 18.822  0.147 0251
2 300 3 2 1 0.00816  28.058 0.169 0.28

m=1 (32)

According to Egs. (29) and (31), the constitu-
tive model can be further improved as:

F
aq = Eeexp {— (F_oﬂ — 01 + V200 + 303 (33)

According to the constitutive model in Eq. (33),
the peak stress ¢, and strain ¢, are obtained from
experimental data, and v, and v; are approximated
by reference Eqgs. (10) and (11), respectively, and
can also be considered as measured parameters.
Figure 16 shows the curve obtained by the model
and the curve measured by the experiment. The
relevant parameters of the constitutive model are
shown in Table 1.

The model reflects well the relationship be-
tween mechanical strength, ¢, and three-way pre-
stress (o1, 02, 03) of coal. Moreover, the overall de-
gree of fit of the theoretical curve to the experi-
mental curve is well taut (Fig. 17). Of course, there is
still some gap between the slope of the theoretical
curve and the linear elastic stage of the coal
mechanical curve. In the future, the model can be
improved further from the perspective of the strain
slope selection of the linear elastic stage or the strain
rate of the coal. However, combined with the testing
method, the mechanical constitutive model of true
3D coal is well analyzed. Compared with the
empirical values of a large number of conventional v,
the measured values of lateral constraints of coal are
reflected in this study, which are closer to the mea-
sured mechanical curves.

This paper focused on the study of the stress
wave variation characteristics of coal samples under
true triaxial conditions and will continue in the fu-
ture to carry out cyclic impact and non-isocyclic
impact tests (Liu et al., 2024; Zhang et al., 2024) with
different impact velocities. Based on the single v in
this study, the stress wave variation of coal samples
will be analyzed further. At the same time, only the
waveform changes were obtained for the stress
waves of coal samples. In the future work, we will try
to use ultrasonic detector (Luo et al.,2022; Wang
et al., 2024), optical fiber (Du et al., 2021), acous-

Z. Gu et al.

toelectric monitoring (Liu et al., 2023; Zhang et al.,
2023), potential (Zang et al., 2024a, 2024b, 2024c)
and computer tomography (Liu et al., 2019) to invert
the damage conditions of coal samples, so as to form
a comparative analysis with the stress wave changes
of coal samples. It will be helpful to further study the
stress wave characteristics of coal samples.

CONCLUSIONS

The dynamic mechanical properties of coal
samples under three-way circumferential pressure
were investigated experimentally using a three-way
circumferential pressure dynamic impact loading
experimental device, and the three-way stress wave
and strain characteristics of coal samples under
vibration loading were analyzed. The coal sample
experienced lateral stress waves and stress waves in
the impact direction, which exhibited tension and
compression waveforms, respectively.

The strain of the coal samples under three
directions of stress was greatly affected by the shock
load, and the maximum strain increased linearly
with increase in impact velocity. From 1 to 3 m/s, the
maximum strain in the X direction (3 MPa pre-
stress) increased from 0.00323 to 0.00656, and the
maximum strain in the Y (2 MPa pre-stress) and Z
(1 MPa pre-stress) directions increased from
0.000904 to 0.00184 and from 0.000391 to 0.00111,
respectively. The strain of the coal sample in the
axial impact direction with binding force of 3 MPa
was the largest, while the strain of the coal sample in
the lateral binding force of 2 MPa was smaller than
that in the lateral binding force of 1 MPa. These
show that the impact load causes the deformation of
a coal sample, and the increase of binding force
limits the deformation of a coal sample.

The three-way stress waves of coal sample
deformation all showed first increase and then
gradual decrease with increase in time, and the
overall evolution of the stress waves was a gradual
attenuation process. The dominant frequency of the
stress wave was distributed in the range of 0-10 kHz,
and the amplitude of the stress wave spectrum
showed a positive correlation with change in impact
velocity. The stress wave and spectrum amplitude of
the coal sample along the axial impact direction
(3 MPa pre-stressing) were the largest, and the
stress wave and spectrum amplitude of the coal
sample when the lateral binding force was 2 MPa
were smaller than that when the lateral binding
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Figure 17. Curves obtained by constitutive model and measured curves.

force was 1 MPa. These show that the impact load
promotes the stress wave transmission more than the
lateral binding force.

The generation of stress waves in coal samples
was correlated with both the static load as well as the
dynamic load applied. It is shown that high static
load, high dynamic load stress wave and coupling
effect of static load and stress wave can damage the
coal rock body. Due to the combined static and
dynamic loads on the axial direction of the coal
samples, the magnitude of the stress waves was
much higher than that of the vertical and horizontal
stress waves. Based on the energy absorption as well
as the change of ultrasonic velocity, the damage N
value of a coal body under 1 to 3 m/s dynamic load
increases from 15.86% to 22.88% and from 5.24% to
18.52%, respectively. This shows that coal damage
gradually increases with vibration load.

Combined with the force analysis of coal sam-
ple (i.e., o4, 01, 02, 03), a dynamic model of a coal
sample under true triaxial condition is proposed:

4 = Ecexp [— (Fio)} — 01+ voy +v303, and  the

theoretical curve corresponded well with the mea-
sured curve.
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