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To study the effect of loading rate on the progressive damage and failure characteristics of coal, an ultrasonic detector and a camera
were used to measure the P-wave velocity and record the failure process of cuboid coal samples in uniaxial compression tests with
five loading rates. (e mechanical properties, damage process, and failure characteristics of the samples were analysed, and the
mechanism of the advancing velocity of the working face in coal failure was discussed. (e results show that, as the loading rate
increases, the peak strength of the sample generally shows an increasing trend, but the elastic modulus changes irregularly. (e
sample is more prone to local failure before the peak strength. An increase in the loading rate rapidly promotes damage in the
sample and accelerates the transition from internal damage to macroscopic failure, with no obvious effect on the ratio of damage
threshold to corresponding peak strength. At low loading rates, the samples mainly experienced static failure; the failure form was
spalling, and the failure range was wide. At high loading rates, the samples were prone to dynamic failure in the local area,
manifested as the ejection of slabs and debris. A greater loading rate produced smaller and thinner slabs and a greater ejection
velocity. Properly increasing the advancing velocity of the working face is conducive to reducing spalling to prevent large-area roof
fall, but it may increase the possibility of coal burst in local areas. (e results of this study provide a reference for roof control and
coal burst disaster prevention on the working face in deep coal mining.

1. Introduction

As economic development increases the demand for energy
and shallow coal resources are gradually depleted, coal
mining is forced into the deep underground [1–6]. In deep
mining, the geological and geostress environment of the coal
becomes more complicated and varied. Under the influence
of high geostress and strong mining, the coal in front of the
working face is prone to spalling [7, 8], inducing rock and
coal burst disasters in severe cases [9–14]. With the in-
creasing scale of coal mining and degree of mechanization,
the advancing velocity of the working face increases, in-
creasing the likelihood of dynamic disasters, especially in
hard coal, threatening safe and efficient mining of coal re-
sources [15–18].

(e advancing velocity of the working face has an impact
on the transfer and concentration process of the mining
stress in the coal, resulting in different loading rates on the
coal caused by the abutment pressure. (e change in loading
rate affects the deformation, strength, and failure of the coal,
and increased loading rates increase the possibility of coal
failure [19]. To investigate the impact of loading rate on the
mechanical properties and failure characteristics of coal,
researchers have conducted many compression tests on coal
with different loading rates. Huang and Liu [20] conducted
uniaxial compression tests on coal-rock combinations at
different loading rates and reported that high loading rates
increased the ability of coal rock to convert external energy
into elastic strain energy, making it more prone to unsteady
failure. Okubo et al. [21] conducted uniaxial compression
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and uniaxial tensile tests on coal and found that the influence
of the loading rate on the uniaxial compression and tensile
peak strength of coal was relatively low. Huang et al. [22]
performed cyclic loading-unloading tests on coal at different
loading rates and studied the effect of loading rate on the
mechanical and creep characteristics of coal. Li et al. [23]
conducted uniaxial compression tests on coal with different
loading rates and studied the effect of loading rate on the
mechanical and acoustic emission characteristics of coal.
(ey noted that the loading rate has a significant influence
on the peak stress, but a small influence on the elastic
modulus, and that the cumulative number of acoustic
emissions was negatively correlated with the loading rate. Ai
et al. [24] performed triaxial loading-unloading tests on coal
at different loading rates and studied the effect of loading
rate on coal acoustic emission evolution and energy release
characteristics. It was found that a greater loading rate
produced earlier AE activity and main failure and that the
coal failure changed from brittleness to ductility at the
critical loading rate. Chen et al. [25] conducted a uniaxial
compression test on coal-rock combinations and reported
that as the loading rate increased, the peak strength in-
creased slightly and the stress threshold increased linearly.
Wang et al. [26] conducted uniaxial compression tests on
coal-rock combinations at different loading rates and found
that as the loading rate increased, the strength showed an
increasing trend, and the failures of the samples were
progressive shear failure, splitting failure, and structural
failure. Li et al. [27] studied the effect of loading rate on the
mechanical properties of coal and reported that as the
loading rate increased, the ultimate stress and strain of the
sample first decreased and then increased. Xiao et al. [28]
performed a uniaxial compression test on coal and found
that as the loading rate increased, the peak stress and total
absorbed energy of the samples increased continuously, with
debris splashing occurring at some loading rates. (ese
studies can provide guidance for understanding the influ-
ence of loading rate on coal mechanical properties and
failure characteristics. It is difficult to meet the increasingly
complex mining requirements; few studies have studied the
impact of loading rate on the coal damage process by
measuring longitudinal wave velocity in real time during
experimental loading.

In this study, uniaxial compression tests were performed
on cuboid coal samples at five loading rates. (e P-wave
velocity of the samples during the loading process was
measured with an ultrasonic detector in real time, and the
failure process of the samples was recorded using a high-
definition camera. (e mechanical properties, damage and
failure process, and failure characteristics of samples with
different loading rates were analysed in detail, and the
mechanism of the advancing velocity of the working face in
coal failure was studied.(e results can provide guidance for
the prevention of coal burst in deep coal mining.

2. Experimental Method

2.1. Sample Preparation. To facilitate measurement of the
P-wave velocity during the sample loading process, the

collected coal block was processed into cuboid samples
(50mm× 50mm× 100mm, Figure 1). (e upper and lower
end surfaces of the sample were polished to control the
surface flatness within ±0.02mm. Samples without obvious
structural surfaces were selected for testing.

2.2. Experimental Apparatus. An MTS816 rock mechanics
testing system was used to perform uniaxial compression
loading tests on cuboid samples at different loading rates. To
ensure the reliability of the test results, two tests were
conducted at each loading rate. During the test, a ZBL-U510
nonmetal ultrasonic detector was used to measure the
P-wave velocity of the samples in real time; the failure
process of the samples was recorded using a high-definition
camera. (e installation and layout of the experiment are
shown in Figure 2.

2.3. Experimental Scheme. To investigate the effect of
loading rate on the progressive damage process and failure
characteristics of coal, five loading rates (0.002mm/min,
0.004mm/min, 0.006mm/min, 0.008mm/min, and
0.01mm/min) were set for uniaxial compression tests on
coal samples. During the test, samples were continuously
loaded until overall failure occurred. When the axial de-
formation reached 0.1mm, the P-wave velocity of the
samples was measured once with an ultrasonic detector to
obtain the change in the P-wave velocity during the entire
loading process at different loading rates. A high-definition
camera was used to record the failure process of the samples
at different loading rates.

3. Test Results and Analysis

3.1. Mechanical Properties of Samples. After testing, stress-
strain curves were obtained for different loading rates, as
shown in Figure 3 (only one test stress-strain curve shown
for each loading rate is given). (e stress-strain curves
exhibit significant differences with different loading rates,
but the change trends of the curves are generally consistent.
All of the stress-strain curves show a long compaction stage,
which indicates that the coal contains a large number of
original microcracks and cavities. In addition, the stress-
strain curves indicate different degrees of stress drop before
reaching the peak strength. (is phenomenon is more ob-
vious at low loading rate, indicating that local failure in the
samples occurs before the stress reaches the peak strength. A
lower loading rate produces a larger failure range, and an
obvious stress drop is more likely to occur (at high loading
rates, the local failure range of the samples is smaller).

From the stress-strain curves, the peak strength and
elastic modulus of the samples were obtained at different
loading rates, as presented in Table 1. Figure 4 shows the
variation in peak strength and elastic modulus of the samples
as the loading rate increases.(e peak strength of the sample
is relatively discrete at the same loading rate. At a loading
rate of 0.01mm/min, the difference between the peak
strengths of the two samples was nearly 13MPa.(is may be
the result of a structural weak surface inside samples with a
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low peak strength; the initial P-wave velocity is significantly
lower than that of high peak strength samples. (e average
peak strength shows an increasing trend as the loading rate
increases, which is consistent with previous research results
[28, 29]. (e elastic modulus of the samples exhibits ir-
regularities with an increase in loading rate, which is con-
sistent with the results obtained by Wang et al. [18] and Li
et al. [27]. Compared with other types of rocks, coal gen-
erally exhibits poor homogeneity and contains more
structural weak surfaces [30], resulting in significant dif-
ferences in coal deformation parameters.

3.2. Damage Process of Samples. (e essence of the macro
failure of coal is the result of crack propagation and coa-
lescence caused by internal damage accumulation under the
action of external force. Generally, the P-wave velocity better
characterizes the internal damage of coal and continues to
decrease with accumulation of internal damage. (e P-wave
velocity measured in the experiment was used to analyse the
damage process of the samples at different loading rates.
Figure 5 shows the relationship between the stress-strain
curve and the P-wave velocity of the samples at different

(a)

50 mm

50 mm

100 mm

(b)

Figure 1: Experimental samples: (a) photo of samples and (b) sample dimensions.

MTS816 Rock mechanics testing system

Ultrasonic detector

Computer HD camera

Specimen

Acoustic probe

Figure 2: Test equipment and its installation and layout.
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Table 1: Physical and mechanical parameters of samples at different loading rates.

Loading rate
(mm/min)

P-wave velocity
(km/s)

Peak strength
(MPa)

Average peak strength
(MPa)

Elastic modulus
(GPa)

Average elastic modulus
(GPa)

0.002 1.57 19.57 21.88 2.03 2.111.21 24.19 2.19

0.004 1.79 17.93 21.94 3.47 2.831.25 25.94 2.20

0.006 1.44 23.82 22.34 2.25 2.161.23 20.85 2.07

0.008 1.31 25.99 24.23 2.92 2.531.32 22.46 2.13

0.010 0.99 20.84 27.18 2.42 2.081.31 33.52 1.74

0.4 0.6 0.8 1.00.2
Loading rate (10-2 mm/min)

0

5

10

15

20

25

30

35

Pe
ak

 st
re

ng
th

 (M
Pa

)

Peak strength
Average peak strength
Fitting curve

(a)

0.4 0.6 0.8 1.00.2
Loading rate (10-2 mm/min)

0.0

0.8

1.6

2.4

3.2

4.0

El
as

tic
 m

od
ul

us
 (G

Pa
)

Elastic modulus
Average elastic modulus

(b)

Figure 4: (a) Peak strength and (b) elastic modulus of samples at different loading rates.
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Figure 5: Continued.
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loading rates. Generally, the P-wave velocity does not change
significantly during the compaction stage (I) and the elastic
deformation stage (II) of the stress-strain curve, which in-
dicates that the samples are not damaged in these stages.
When the stress-strain curves enter the yield stage (III), the
P-wave velocity of the samples first decreases slightly and
then decreases rapidly before the peak strength. After the
sample yields, a small amount of damage is slowly generated
in the samples before damage occurs quickly; a large amount
of damage is accumulated in the samples before reaching the
peak strength. However, the P-wave velocity change process
exhibits certain differences between samples. At low loading
rates, the decreasing section of the P-wave velocity curves is

relatively inclined; at high loading rates, the decreasing
section of the P-wave velocity curve is steeper. Once damage
occurs inside the sample, damage occurs rapidly in a short
time with a high loading rate. A red solid point is marked on
the wave velocity curves in Figure 5 (indicating the turning
point when the P-wave velocity begins to decrease signifi-
cantly). From the P-wave velocity curve and the stress-strain
curve, the axial stress corresponding to the red solid point
(σa) can be obtained. Figure 6 shows the relationship be-
tween the ratio of σa to the peak strength (σp) of the sample
and the loading rate. It is observed that σa/σp for the samples
fluctuates between 0.6 and 0.7 and is not significantly af-
fected by the loading rate. (e effect of loading rate on the
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Figure 5: Relationship between P-wave velocity and stress-strain of samples at different loading rates: (I) compaction stage, (II) elastic
deformation stage, (III) yield stage, and (IV) postpeak stage. (a) 0.002mm/min; (b) 0.004mm/min; (c) 0.006mm/min; (d) 0.008mm/min;
(e) 0.01mm/min.
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damage of coal can be summarized as follows: when damage
starts to occur in coal, the increasing loading rate accelerates
the generation of damage, but has no significant effect on the
ratio of damage threshold stress to the peak strength of the
coal.

3.3. Failure Process and Characteristics of Samples. From the
recorded videos during the test and the stress-strain curves
(Figure 5), the failure process of each sample and the cor-
responding loading stress conditions at different loading
rates can be obtained, as shown in Figure 7. For the sample
with a loading rate of 0.002mm/min, a splitting crack
parallel to the left side was first generated in the lower-left
corner when the axial stress reached 18.71MPa, before the
axial stress decreased to 17.62MPa. A splitting crack parallel
to the left side was subsequently generated in the upper-left
corner when the axial stress increased to 18.32MPa, before
the axial stress decreased by 0.73MPa. As the axial stress
increased to the peak stress (19.57MPa), the upper and lower
splitting cracks on the left side coalesced, causing large
pieces of coal to peel off and the acoustic probes to fall off
when the axial stress decreased to 18.39MPa. Splitting
cracks approximately parallel to the left side appeared on the
inner side of the spalling area; no obvious failure occurred in
other areas (Figures 5(a) and 7(a)). For the sample with a
loading rate of 0.004mm/min, before reaching the peak
stress, the axial stress fluctuated due to unstable propagation
of the internal cracks. When the stress reached 17.39MPa
(peak stress), a crack appeared in the upper-right corner of
the sample. After entering the postpeak stage, the axial stress
continued to fluctuate, generally showing a downward trend.
(e crack in the upper-right corner gradually propagated to
the lower-left corner and formed an inclined shear crack that
penetrated the upper and lower end faces when the axial
stress decreased to 11.04MPa. Splitting cracks were gen-
erated at the bottom of the left and right sides; they con-
tinued to propagate upward, forming long cracks that
penetrated the upper and lower end faces on the left side at
an axial stress of 10.62MPa, causing the acoustic probe to
fall off (Figures 5(b) and 7(b)). For the sample with a loading
rate of 0.006mm/min, when the axial stress was loaded to
21.62MPa, cracks were generated in the middle of the left
side; ejection of slabs and debris occurred in the lower-right
corner. When the peak stress was reached (23.82MPa),
ejection of slabs and debris occurred in the upper-left corner.
(e axial stress decreased to 21.12MPa; the sample suddenly
suffered severe failure, resulting in some splitting cracks and
ejection of slabs and debris, causing the acoustic probe to fall
off (Figures 5(c) and 7(c)). For the sample with a loading rate
of 0.008mm/min, there was no obvious failure before
reaching the peak stress. When the stress reached the peak
strength (25.99MPa), splitting occurred in the lower-left
corner.(e crack continued to propagate upward, forming a
long approximately V-shaped crack at an axial stress of
25.27MPa. A small amount of debris and a large slab were
ejected on the upper-right side at an axial stress of
25.23MPa. With further loading, when the axial stress de-
creased to 15.21MPa, slabs and debris were ejected at the

upper-right corner, causing the acoustic probe to fall off
(Figures 5(d) and 7(d)). For the sample with a loading rate of
0.01mm/min, when the axial stress reached 19.24MPa,
failure occurred in the middle of the left side, causing the left
probe to slide downward. As the stress increased to the peak
stress (20.84MPa), a large amount of powder was ejected on
the upper-right side, followed by ejection of debris and slabs
at the axial stress of 19.86MPa, causing the right side probe
to fall off. Subsequently, the axial stress dropped sharply to
11.1MPa, a large amount of debris and slabs ejected on the
upper left side (see Figures 5(e) and 7(e)). In addition, at all
five loading rates, when the samples experienced macro-
scopic crack propagation or failure, a crisp tearing sound
was heard; the sound became louder with increased loading
rates.

From the analysis, at loading rates of 0.002mm/min and
0.004mm/min, the samples exhibited static failure, man-
ifested mainly as spalling of slabs or static splitting. At
loading rates of 0.006mm/min, 0.008mm/min, and
0.01mm/min, the samples experienced dynamic failure,
manifested mainly in the ejection of slabs and debris. To
analyse the impact of the loading rate on the dynamic failure
of the sample, the ejection failure process of the samples at
loading rates of 0.006mm/min, 0.008mm/min, and
0.01mm/min is presented in Figure 8. For the sample with a
loading rate of 0.006mm/min, the ejection of slabs and
debris occurred suddenly at 08 :15 : 720 (min:s:ms); the
broken coal reached the left baffle in approximately 80ms.
(e geometry of the ejected coal was mainly thick slabs and
debris, and the ejection direction was mainly horizontal and
toward the lower-left. (e sample was severely damaged
(Figure 8(a)). For the sample with a loading rate of
0.008mm/min, failure occurred suddenly at 06 : 51 :120
(min:s:ms); the ejected slabs and debris reached the right
baffle in approximately 40ms. (e geometry of the ejected
coal was primarily thin slabs and debris. (e ejection di-
rection was horizontal and toward the lower right and upper
right. (e sample failure was relatively severe (Figure 8(b)).
For the sample with a loading rate of 0.01mm/min, several
layers of splitting cracks formed suddenly on the upper-right
side at 07 : 27 :120 (min:s:ms), accompanied by a spray of
misty coal powder and ejection of thin slabs and debris; the
broken coal reached the right baffle within 40ms. (e
ejection direction was horizontal and toward the lower right
and the upper right; the failure of the sample was relatively
light (Figure 8(c)). It can be concluded that with an increased
loading rate, the failure of the sample is more violent, the
kinetic energy of the ejected coal is greater, the failure area is
smaller (the sample is more prone to ejection failure in a
local area), and the thickness of the slabs is smaller.

(us, the loading rate has a significant impact on the
failure of coal. At low loading rates, splitting is likely to occur
near the free surface of the sample; the failure form is
spalling (static failure), and the failure range runs through
the entire height of the sample. As the loading rate increases,
the failure form gradually changes from large-scale spalling
to local ejection (the failure changes from static failure to
dynamic failure). A greater loading rate produces a more
violent ejection failure of the sample.
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Figure 7: Failure process of samples at different loading rates (the indicated stress is the axial stress at the corresponding loading moment):
(a) 0.002mm/min; (b) 0.004mm/min; (c) 0.006mm/min; (d) 0.008mm/min; (e) 0.01mm/min.
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4. Discussion

Coal is a heterogeneous and anisotropic material with
certain creep properties [31]. Under high stress, its defor-
mation and failure are time dependent; thus, the mechanical
properties and failure behaviour of coal exhibit a loading rate
effect. For deep low gas coal mines (i.e., without considering
the influence of gas on coal failure), the advancing velocity of
the working face affects the transfer and concentration of
mining stress and produces different loading rates on the

coal, which affects the stress redistribution and coal failure
on the working face.

It is generally believed that a greater advancing velocity
of the working face results in a greater loading rate on coal
caused by mining stress [32, 33]. With a low advancing
velocity of the working face, the mining stress exerts a low
loading rate on the coal, and its internal cracks and plastic
deformation can be well developed.(emining stress can be
transferred to the deep coal; the strength of the coal is
relatively low, resulting in relatively little elastic strain energy

07:27:400

07:27:480

07:27:440

07:27:520 07:27:560

07:27:600 07:27:640 07:27:680

07:27:360

(c)

Figure 8: Ejection process of samples at different loading rates: (a) 0.006mm/min; (b) 0.008mm/min; (c) 0.01mm/min.
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0.01mm/s

Ejection

(a) (b)

σ σ

Figure 9: Diagram of influence of advancing velocity of working face on coal wall failure: (a) low advancing velocity and (b) high advance
velocity.
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stored in the coal. In this case, the failure zone in front of the
working face is wider; the peak abutment pressure is rela-
tively low, and the distance from the working face is rela-
tively large; the failure of the coal at the working face is
spalling, as shown in Figure 9(a). With a high advancing
velocity of the working face, a high loading rate is applied to
the coal; the bearing capacity (strength) of the coal increases,
and its internal cracks and plastic deformation are not well
developed; the mining stress is concentrated in a small area
near the working face. In this case, the width of the failure
zone is formed in the working face, and the peak bearing
pressure is large and closer to the working face. (e in-
sufficient development of plastic deformation and cracks
reduces the dissipated energy, and the increase in strength
causes the coal to store more elastic strain energy, which can
induce coal burst (the coal burst discussed in this study is the
strain coal burst) dynamic disasters, as shown in Figure 9(b).

From the analysis, it can be concluded that reducing the
advancing velocity of the working face is likely to cause
large-scale spalling of the coal wall and exposed roof, in-
creasing the possibility of roof-fall accidents, and is not
conducive to the control of the roof in the working face.
Increasing the advancing velocity of the working face can
reduce the failure range of the coal wall, which is beneficial
for roof control, but may cause the coal to store a large
amount of elastic strain energy, increasing the possibility of a
coal burst at the working face.(us, in deep coal mining, the
advancing velocity of the working face can be appropriately
accelerated to facilitate roof control of the working face;
however, timely monitoring and appropriate measures
should be taken to prevent coal burst disasters.

5. Conclusions

(1) As the loading rate increases, the peak strength of the
sample generally increases, but the elastic modulus of
the sample does not change regularly. Increasing the
loading rate rapidly produces a large amount of
damage inside the sample, accelerating the trans-
formation of internal damage to macroscopic failure.
(e loading rate exhibits no obvious effect on the
ratio of the damage threshold to the corresponding
peak strength; the ratio is between 0.6 and 0.7.

(2) At low loading rates, cracks easily penetrate the
upper and lower ends of the sample, and the failure
range is wide. (e sample primarily exhibits static
failure, and the failure form is spalling. At high
loading rates, cracks coalesce locally in the sample,
and the failure range is narrow.(e sample primarily
exhibits dynamic failure, and the failure form is
ejection of slabs and debris. A greater loading rate
results in a more violent ejection failure, and thinner
slabs are produced.

(3) For the deep stope, reducing the advancing velocity
of the working face causes large-scale coal wall
spalling, which can cause the roof at the front of the
support to be exposed and induce roof fall. In-
creasing the advancing velocity of the working face

can reduce the failure range of the coal and help
prevent a roof fall, but may increase the risk of a coal
burst.
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