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Abstract

In underground coal mining, frequent dynamic disturbances adversely affect the stability of coal pillars. Thus, it is essential to
understand the dynamic mechanical behaviour of coal under repeated impact loads. In this paper, a cone-shaped striker bar with a
length of 200 mm was designed for a split Hopkinson pressure bar (SHPB) system, and repeated impact experiments of coal were
carried out with this system. Based on three-wave theory, original voltage signals were recorded during the tests and then
processed to study the changes in the dynamic stress-strain curves with the number of impacts. Relationships between the
dynamic compressive strength, peak strain, and the number of impacts were analysed. Meanwhile, the failure mode and fracture
mechanism of coal under repeated impact loads were discussed. It was found that as the number of impacts increases, the peak
strain increases but the dynamic strength decreases. Furthermore, the studied coal specimens present two typical failure modes
under these conditions, including axial splitting failure and hoop tensile failure. Based on the ultimate fracture modes of the
specimens, two crack group failure models are established to reveal the fracture mechanism of coal under repeated impact loads.

This study can make a deep understanding about the failure mechanism of coal pillar’s instability induced by impact load.

Keywords Coal - Repeated impact loads - Mechanical characteristics - Fracture mechanism - Spilt Hopkinson pressure bar

Introduction

In the 1980s, room and pillar mining methods were primarily
utilized to extract coal seams in most coal mines in China
(Zhang et al. 2016). This mining method abandoned a large
quantity of coal pillars, especially in the Shendong and
Datong mines, China (Bai et al. 2019; Zhang et al. 2019).
The dynamic failure of remnant coal pillars can easily induce
goaf collapse and surface subsidence (Xu et al. 2017). For this
reason, many experts and scholars have conducted extensive
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research on the failure mechanism of coal or rock pillars (Cao
et al. 2016; Cording et al. 2015; Wang et al. 2011; Yang et al.
2015; Zhou et al. 2018; Zhu et al. 2017). In practical mining
engineering, remnant coal pillars are more vulnerable to fre-
quent dynamic disturbances, such as dynamic loads induced
by hard stratum fracture, blasting stress concentration coal
pillars, fault activation, and roadway excavation, as shown
in Fig. 1. These frequent dynamic loads may degrade the
bearing capacity of the coal and even induce the instantaneous
collapse of the coal pillars. According to previous studies
investigated by many scholars, frequent dynamic disturbances
can be simplified to a kind of repeated impact load in the
laboratory (Li et al. 2011; Li et al. 2005; Ramulu et al. 2009;
Xiao et al. 2009). Therefore, investigating the dynamic me-
chanical behaviour of coal under repeated impact loads is
fundamental to comprehensively understanding the failure
mechanism of remnant coal pillars.

According to the recommendations of the International
Association of Rock Mechanics (Zhou et al. 2012), the
SHPB system has been used as an important and reliable
device for studying the mechanical behaviour of rock
material under dynamic loads. Hence, extensive tests have
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Fig. 1 Dynamic stress
environment of remnant coal
pillars
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been performed using a modified SHPB system to study the
dynamic mechanical behaviour of rock materials under
repeated impact loads. Jin et al. (2013) investigated the effects
of repeated impact loads on the energy dissipation and failure
mechanism of sandstone. The conclusions provide useful ref-
erences for the blasting design of rock engineering.
Furthermore, an evolution model of damage accumulation
was established to explain the damage characteristics of sand-
stone under repeated impact loads (Jin et al. 2014). Tang et al.
(2015) studied the mechanical properties of skarns under one-
dimensional coupled static and repeated impact loads, and
found that rock has fatigue damage characteristics.
Moreover, many constitutive equations have also been pro-
posed (Wang et al. 2017; Zhu et al. 2013), which comprehen-
sively consider the effects of axial static loads, repeated im-
pact loads, and confining pressure on the deformation of rock.
Most recently, some geophysics methods, such as acoustic
emission (Li et al. 2018) and scanning electron microscopy
(Shu et al. 2019), have also been applied to study the rock
fracture mechanism under repeated impact loads.

Coal is a special rock material with a large number of
natural fissures. Compared with other hard rocks, coal has a
relatively low strength. It is more challenging to apply a re-
peated impact loading on coal using the SHPB system.
Therefore, the previous studies associated with the dynamic
mechanical behaviour of coal mostly focused on a single im-
pact load using the SHPB system. For instance, Klepaczko
et al. (1984) first studied the mechanical characteristics of coal
under impact loads, and found that the dynamic mechanical
parameters of coal were significantly influenced by the strain
rate. Shan et al. (2006) studied the deformation characteristics
of anthracite samples at high strain rates and found that the
dynamic stress-strain curves could be mainly divided into four
stages. Li et al. (2016) studied the magnetic field characteris-
tics of coal under different impact velocities, and found that
the signal amplitude of the transient magnetic field changes
with the limit of the value of the fracture stress during the
impact failure process. Meanwhile, more efforts have been
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devoted to investigating the dynamic mechanical properties
of coal, taking into consideration the effects of water content
(Wang et al. 2016; Zhao et al. 2016), temperature (Yin et al.
2016), and gas pressure (Kong et al. 2019; Yin et al. 2019).

A review of previous studies suggests that the mechanical
properties, deformation characteristics, and constitutive equa-
tions of various rocks under repeated impact loads have been
explored extensively. Studies of coal materials have thus far
mostly focused on their mechanical responses under single
impact load. However, the dynamic mechanical behaviour of
coal, in terms of metrics such as the stress-strain curve, failure
mode, and fracture mechanism under repeated impact loads, is
not clear. In this paper, a cone-shaped striker bar with a length
of 200 mm was designed, and repeated impact experiments of
coal specimens were carried out successfully with this system.
Based on the experimental data, the relationships between the
dynamic strength, deformation characteristics, and number of
impacts were analysed. More specifically, the changes in dy-
namic stress-strain curves with the number of impacts were
discussed. Finally, the crack propagation and failure modes of
coal under repeated impact loads were explored, based on
which two failure models were established to reveal the frac-
ture mechanism of this coal under these conditions. The re-
sults of this study can provide a theoretical basis for the safe
mining of coal resources and the prevention of dynamic
disasters.

Experimental work
Coal specimen preparation

Fresh coal blocks were collected from the 8117 working face
of the Majiliang Mine, Datong city, Shanxi Province, China.
According to the experimental methods suggested by the
International Society of Rock Mechanics (ISRM 1978; Zhou
et al. 2012), the experimental coal specimens were made into
cylinders with a diameter of 50 mm and a height of 30 mm. To
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remove the friction phenomenon and reduce the transmission
wave error, the roughness and the perpendicularity of the two
loading planes were both less than 0.02 mm after cutting and
polishing. Moreover, the NM-4B non-metal ultrasonic testing
system was used to measure the wave velocity of the prepared
specimens. Finally, ten specimens were picked and numbered
(D1-D10). The locations of the Majiliang mine and prepared
coal specimens are shown in Fig. 2. Before carrying out the
impact test, the basic mechanical parameters of the coal spec-
imens were measured, as shown in Table 1.

Experimental system

According to the recommendations of the International
Society of Rock Mechanics (Zhou et al. 2012), the
Hopkinson pressure bar (SHPB) test system has been exten-
sively used as reliable equipment for studying the mechanical
response of rocks under high strain rate conditions. In this
study, a split Hopkinson pressure bar (SHPB) system was
employed to conduct repeated impact experiments on coal
specimens. The testing system includes three bars (a striker
bar, an incident bar, and a transmission bar), an ultra-dynamic
strain instrument, an oscilloscope, a data processing system,
and an air compressor, as shown in Fig. 3. The incident bar,
transmission bar, and striker bar used in the experiments are
all made of 7075 aluminium alloy (see Fig. 4(a)). The diam-
eters of the incident bar and transmission bar are 50mm, while
the lengths of these bars are both 2500mm. The detailed phys-
ical and mechanical parameters are shown in Table 2.

The main purpose of the dynamic experiments is to realize
repeated impact loading of the coal specimens. Therefore,
before subjecting the specimen to repeated impact loading
conditions, it is important to guarantee that macrofractures
are not produced in the specimens after the first impact. For
this reason, the methods of reducing the size of the striker bar
and shortening the impact distance were adopted to reduce the
impact energy loaded on the specimen. Specifically, an alu-
minium alloy striker bar with a length of 200 mm was de-
signed, as shown in Fig. 4(b). Compared with the alloy steel
striker bar used in previous experiments (Cai et al. 2020; Jin
et al. 2014; Wang et al. 2016; Yin et al. 2016; Zhao et al.
2016), the size of this aluminium alloy striker bar is relatively
small, and this bar can produce an impact with less kinetic
energy. In addition, the source of the impact pressure is an
air compressor (see Fig. 4(c)). The accuracy of the air

compressor can be controlled within 0.02MPa. Based on pre-
vious trials, macrofracture of the coal specimens cannot occur
when the impact pressure is 0.06 MPa. Therefore, 0.06 MPa is
determined as the impact gas pressure for this experiment.

Experimental theory

Previous studies have shown that an input strain wave €,(f) and
reflected strain wave £,(f) are generated in the incident bar.
Meanwhile, a transmission strain wave £,(¢) is generated in the
transmission bar (Li et al. 2008; Xia and Yao 2015).
Therefore, the strain gauges were affixed on the incident and
transmission bars to record the three elastic waves, which
were in turn connected to an ultra-dynamic strain instrument,
an oscilloscope, and a data processing system. Based on three-
wave theory (Mohr et al. 2010), the strain rate, strain, and
stress of the specimen can be calculated by Egs. (1) to (3):

£ ) = 1 02020 m
(1) :L—fg (i(t)=, (1)-.(0))dt 2)
olt) = %E[a(r) o) +el0)] 3)

where £(7) is the strain of the specimen; o(?) is the stress of
the specimen; ¢ (¢) is the strain rate of the specimen; C is the
velocity of the stress wave propagation in the elastic bar; # is
the duration of the stress wave pulse; L and Ay are the length
and the sectional area of the specimen, respectively; and
E and A are the elastic modulus and the sectional area
of the elastic bar respectively. Specifically, the determi-
nation of the dynamic peak stress and strain rate of the
specimen is shown in Fig. 5.

Experimental process

The repeated impact tests of the coal specimens mainly in-
cluded the following steps: (1) Before each impact test, the
coal specimen was sandwiched between the incident bar and
transmission bar. Vaseline was applied between bars and
specimen to reduce the effect of interface friction. (2) It was
checked that the striker bar was in the same position before
each impact test. Hence, the striker bar was placed 100 mm
from the outlet of the chamber, as shown in Fig. 3. (3) The

Table 1 Basic mechanical

parameters of the coal specimens Specimen  Uniaxial compressive Elastic Compressional wave Poisson’s  Density
strength (MPa) modulus velocity (m/s) ratio (kg/m3)
(GPa)
Coal 9 2.33 1985 0.45 1358
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Fig. 2 Location of the Majiliang
coal mine and coal specimens

Mine field boundary

Protection coal pillar

pressure value of the pressure gauge (see Fig. 4(d)) was set to
0.06 MPa so that the high-pressure air drives the striker bar to
hit the incident bar and trigger the first impact on the speci-
men. (4) After the first impact was applied to the specimen,
whether the specimen had been macroscopically fractured and
lost its bearing capacity was checked. Then, the impact loads
were continued until the specimen eventually failed.

Experimental results and analysis
Characteristics of the dynamic stress wave

During the dynamic experiments, the raw voltage signals were
collected using an ultra-dynamic strain instrument. The typi-
cal dynamic stress wave signals are depicted in Fig. 6. A
similar half-sine incident wave was generated by using a
cone-shaped striker bar with a length of 200mm. Previous
studies have verified that a similar half-sine incident wave
can alleviate high-frequency oscillations and achieve better
stress uniformity within a short time (Davies and Hunter

Majiliang Coal Mine

Coal Blocks

1963; Zhang and Zhao 2014). Moreover, the duration of the
incident wave from the action of impact loading to
completion of loading on the specimen is approximately
120us. The amplitude of the incident wave for each
impact load is almost the same.

The reliability of the SHPB test results will be affected by
waveform dispersion and inertia effects. Therefore, realizing
the dynamic stress balance on the two end faces of the spec-
imen is a prerequisite to ensure the validity of the SHPB test
results. (Dai et al. 2010). In this study, the dynamic stress
equilibria are checked for all specimens. Figure 7 shows the
typical dynamic stress balance verification curve of the spec-
imen. The sum of the incident stress wave and the reflected
stress wave is almost consistent with the transmitted stress
wave, which indicates that the experiments satisfy the require-
ments of the SHPB test.

The representative dynamic stress-strain curves

Figure 8 shows the typical stress-strain curves of specimens
under repeated impact loads. The changing features of the

Table 2 The physical and

mechanical properties of the Material Diameter Young’s Compressional Poisson’s Density  Elastic
SHPB (mm) modulus wave velocity ratio (kg/m3) limit
(GPa) (m/s) (MPa)
7075 Al 50 71 5000 0.3 2810 455
alloy
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stress-strain curves between the first impact and the second
impact were analysed, as shown in Fig. 9. The following char-
acteristics were identified:

(1) During the first impact and the second impact, the spec-
imen deformations consist of four stages: (1) Extremely
short compaction state (OA, OA’). In this stage, there are
no obvious compaction phenomena under repeated im-
pact loads. (2) Microcrack stable propagation stage (AB,
A'B’). In this stage, the strain increases linearly with the

Fig. 4 The testing system of
SHPB: a incident bar and
transmission bar, b striker bar, ¢
air compressor, d pressure gauge

\/

@

stress. (3) Microcrack unstable propagation stage (BC, B’
C"). Under the continuous action of the stress wave, the
coal specimen begins to experience nonlinear deforma-
tion. @ Stress unloading stage (CE, C'E"). This stage
consists of two parts: the first is an unloading stage
(CD, C'D’), and the second is an unloading stage (DE,
D'E").

The slopes of the stress-strain curve are different between
the first impact and the second impact. The curves of the
initial loading phase (OA, OA’) are almost completely

Regular size striker bar

|

Small size striker bar

30mm

400mm

(d)
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Fig. 5 Determination of strain rate and dynamic strength

coincident, indicating that the initial elastic moduli of the
coal specimens are almost the same. However, in the
elastic deformation stage (AB, A’'B’) and the inelastic de-
formation stage (BC, B'C"), the slopes of the curves both
decrease with an increasing number of impacts. This can
be explained as follows: The coal specimen experiences
a certain degree of damage under the first impact load.
The propagation of internal microcracks leads to a reduc-
tion in the transmission efficiency of the stress wave
inside the specimen.

The shapes of the first two stress-strain curves are almost
similar from the origin to the peak stress point (OC,
0C("), indicating that the second impact load does not
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Fig. 7 Verification of the dynamic stress equilibrium of a specimen

change the constitutive characteristics of the loading sec-
tion. However, there are some differences between sec-
tions DE and D'E’. An obvious “strain rebound” phe-
nomenon exists during the unloading state (DE). This
is because macrofractures in the coal specimens are not
produced after the first impact and the release of elastic
energy causes the strain to rebound. Then, the curve of
the unloading section (D'E’) significantly slows down,
and the “strain rebound” disappears. This indicates that
the increase in damage inside the specimen results in the
reduction in the elastic deformation after the second
impact.

Fig.6 Typical stress wave signals > 01 -
under repeated impact loads g 0.0 | Reflected wave 1t impact
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Fig. 8 Stress-strain curves under repeated impact loads

Changes in the dynamic strength with increasing
number of impacts

In this study, the related dynamic experimental results of coal
specimens are listed in Table 3. To study the dynamic strength
characteristics of coal under repeated impact loads, the rela-
tionships between the dynamic peak stress and the number of
impacts are further analysed. As shown in Fig. 10, the average
dynamic peak stress of the coal specimens shows a decreasing
trend with increasing impact number. More specifically, the
degradation coefficient of dynamic peak stress is defined to
quantify the damage degree of coals under repeated impact
loads. The degradation coefficient of the dynamic peak stress
can be expressed by Eq. (4).

o0—0
5y =221 % 100% (4)
o0
25
—— st impact
. C-..
— 2nd impact
20
g 15 g D'
S 10
b=
n
5 Strain rebound
~A A
or 00
0.000 0.001 0.002 0.003 0.004 0.005 0.006

Strain

Fig. 9 Changes in the dynamic stress-strain curves with increasing
number of impacts

where 9, is the dynamic peak stress degradation coeffi-
cient, oy is the peak stress of the first impact, and oy is the
peak stress of the last impact.

The calculated result shows that the degradation coeffi-
cients of this coal range from 0.20 to 0.37, with an average
value of 0.29. These findings are similar to those of sandstone
(Jin et al. 2012). Based on the above analysis, it can be con-
cluded that the number of dynamic disturbances has a signif-
icant influence on the ability of coal to resist impact loads.

Changes in the deformation with increasing number
of impacts

Coal rock inevitably deforms during the impact loading pro-
cess, which mainly transitions from microscopic accumulative
damage to macroscopic fracture. Therefore, it is important to
investigate the deformation changes with the number of im-
pacts. Figure 11 shows four strain-time curves of the D-6
specimen under repeated impact loads. On the one hand, the
four curves all have the same characteristics: the slope of the
strain with time remains almost unchanged during the initial
loading stage. Then, the strain increases rapidly and reaches
the peak value. On the other hand, the slope of the strain
versus time curve shows an increasing trend with the increase
in the impact numbers.

Moreover, the relationships between the peak strain and the
number of impacts are also summarized to further investigate
the deformation characteristics of these specimens under re-
peated impact loads. As shown in Fig. 12, the average peak
strain of the coal specimens increases with increasing impact
number. This indicates that the capacity of coal to resist im-
pact deformation decreases with increasing impact number.
Meanwhile, this result also reveals that damage can be easily
produced inside the coal body under repeated impact loads.
Therefore, it can be concluded that frequent dynamic distur-
bances can degrade the bearing capacity of coal rock and even
induce the instability of coal pillars.

Coal is a typical sedimentary rock (Wang et al. 2020).
Mineral grains and other land-based debris constitute the skel-
eton structure of the coal body. Organic matter, cements, and
other fine-grained debris constitute the filler (called the “ma-
trix”’) of the coal skeleton structure. A single impact cannot
cause a macrofracture to form in the coal rock, but the internal
matrix and skeleton structure begin to break. After repeated
impacts, the macrocracks start to nucleate and expand until
breakthrough. The response to this deformation is that the
strain of the coal gradually increases with increasing impact
number.

Crack propagation and failure modes

Under the action of repeated impact loads, crack initiation,
propagation, and coalescence cause the coal specimens to

@ Springer
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Table 3  Experimental results of the coal specimens under repeated
impact loads

Numbers strain rate/s™! Dynamic peak Dynamic

stress/MPa peak strain

D-1-1 79 20.97 0.005015
D-1-II 79.64 16.98 0.005607
D-2-1 75.54 19.63 0.004219
D-2-11 107.61 14.51 0.004882
D-4-1 52.76 21.73 0.002916
D-4-11 61.55 18.42 0.003709
D-4-111 54.26 17.39 0.003909
D-5-1 48.52 12.33 0.002827
D-5-II 51.24 10.37 0.003643
D-5-1I 51.55 8.85 0.003687
D-5-IV 52.77 8.63 0.003988
D-6-1 79.71 21.42 0.003902
D-6-11 86.76 18.79 0.004373
D-6-111 78.81 17.66 0.004680
D-6-1IV 80.68 16.44 0.004952
D-7-1 62.78 17.28 0.003341
D-7-11 96.54 11.00 0.005558
D-7-1I 96.30 10.84 0.005700
D-8-1 57.21 19.22 0.002916
D-8-1I 71.33 18.88 0.003525
D-8-111 73.27 12.60 0.005432
D-10-1 76.24 15.32 0.004392
D-10-1I 69.74 12.79 0.003920
D-10-111 73.73 11.51 0.004337
D-10-IV 96.99 10.83 0.006203

Note: D, dynamic experiment; (/—10), the specimen number; (I-/V), the
number of impacts.

become damaged and undergo failure. The evolution of cracks
can not only reflect the failure process of the coal, but can also
be useful for understanding the failure mechanism of coal
pillars. Table 4 shows the crack evolution photographs of

22
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14 + \
I Qo
12t \o
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Dynamic stress/MPa
©

8 1 1 1 1
1 2 3 4

Number of impacts

Fig. 10 The relationship between the peak stress and the number of
impacts
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specimens under repeated impact loads, taking specimens
D-4, D-5, D-6, D-7, and D-8 as examples. Among them, spec-
imen D-5 underwent four impact loadings during the failure
process. The entire specimen was still intact after the first
impact, and only a main axial tensile crack (TC-1) was pro-
duced along the end surface of the specimen. After the second
and third impacts, TC-1 continued to expand, while a
microfracture (MF) was produced at the left edge of the spec-
imen. After the fourth impact, another main axial tensile crack
(TC-2) was produced below TC-1. The two axial tensile
cracks caused macroscopic fracture of the entire specimen.
The bearing capacity of the coal specimen was eventually lost.
It should be noted that D-4, D-7, and D-8 were destroyed after
the third impact. The crack evolutions of D-4 and D-7 are
similar to those of D-5. However, D-8 exhibited composite
failure mode due to hoop and axial tensile cracks. After the
first impact, there was no obvious damage on the surface of
the D-8. However, a macroscopic hoop tensile crack was pro-
duced in the middle of the specimen due to second impact. In
addition, two axial penetrating cracks were produced after the
third impact. They formed to the upper left and lower right of
the hoop tensile crack. Finally, the axial penetrating cracks
and hoop tensile crack crossed and propagated, which caused
macroscopic fracture of the entire specimen.

Discussion

In the previous section, the changing features of the
dynamic strength and deformation with the number of
impacts were analysed. In the following section, the
fracture mechanism of coal affected by repeated impact
loads will be discussed.
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Fig. 11 Changes in strain with time under repeated impact loads
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The influencing factors of the fracture formation in
coal

Coal is a porous medium with a large number of orig-
inal cracks randomly distributed in all directions (Zhao
et al. 2016). Under the action of dynamic stress waves,
stress concentration inevitably occurs at the crack tips.
On the one hand, when the stress intensity factor (SIF)
at a crack tip reaches the fracture toughness, the crack
begins to expand (Wang and Shrive 1995). On the other
hand, when a crack propagates to a certain length, the
adjacent cracks will be affected, which means that these
cracks will gradually coalesce and form macroscopic
ruptures (Wong and Einstein 2009a, 2009b). Therefore,
the interaction between the crack groups should be con-
sidered an important factor of the failure of the speci-
men (Horii and Nemat-Nasser 1985, 1986).

From the above experiments, the crack propagation
characteristics of the studied coal are shown in
Table 4. It is found that these coal specimens produce
two types of tensile cracks (axial tensile cracks and
hoop tensile cracks) that are parallel and perpendicular
to the axial stress, respectively. This indicates that the
original axial tensile crack and transverse tensile crack
are the main cracks dominating the failure of the spec-
imen. These two types of cracks correspond to the axial
tensile failure and hoop tensile failure of the coal spec-
imens, respectively, as shown in Fig. 13.

Therefore, the influencing factors of the formation of
fracture in coal include not only external factors but
also internal factors, as shown in Fig. 14. The external
influence factors are the repeated impact loads. The in-
ternal influencing factors are the original axial crack
group and the transverse crack group inside the coal.

Two failure models of the crack group

To better reveal the fracture mechanism of coal under
the influence of the two main aforementioned factors,
two failure models of the crack group were established
based on the slip crack model (Horii and Nemat-Nasser
1986). The axial crack group failure model and trans-
verse crack group failure model are depicted in Fig. 15
(a) and Fig. 15 (b), respectively. Moreover, the force
diagram of the models can be simplified, as shown in
Fig. 15 (c) (Li et al. 2000).

According to the theory of dynamic fracture mechanics
(Freund 1990; Li et al. 2000), the dynamic stress intensity
factor (K;p) of the crack tip for the models of the axial crack
group and transverse crack group can be expressed by Eq. (5)
and Eq. (6), respectively:

Kip = k(WK = k(v) Fasing ()

\/wsin [wsin[7 (1 +17)] /w]

Kip = k(V)K; = k(v)o+/2wtan(mc/2w) (6)

where K;p is the dynamic stress intensity factor; K is the static
stress intensity factor; K(v) is a constant function of crack
growth velocity (v); 6 is the angle between the wing crack
and the principal stress; / is the wing crack length; [* is equal
to 0.27¢; c is the crack half-length; w is the wing crack centre
distance; and F, is the driving force of crack growth, and its
calculation formula is as follows (Li et al. 2000):

Fy = 2co(sinfcosf—jicos*d) (7)

where o is the dynamic compressive stress and p is the coef-
ficient of friction. According to the previous study by Freund
(1990), K(v) can be expressed as follows:

k(v)

VR—V

= Ve0.75v (8)

where vy is the Rayleigh wave velocity. Combining Egs.
(5) to (8), the dynamic speed of the wing crack growth (v) can
be expressed as follows:

dL 1-A

T a T 10754 " ©)
where L is the instantaneous length of the wing crack
and A is the ratio of the dynamic fracture toughness to
the static stress intensity factor of the sliding crack
group model. The increased length of the axial crack
group and transverse crack group of the specimen dur-
ing each impact load can be recorded as L(i=1,2,3...),
which can be calculated by Eq. (10) and Eq. (11) re-
spectively:
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Table 4  Crack evolution of coal specimens under repeated impacts

Specimen  Impact numbers Cracks evolution photos Ultimate failure modes

D-5 4
Istimpact 2nd impact 3rd impact 4th impact
D-6 4
Istimpact 2nd impact 3rdimpact 4th impact
D-4 3
axial tensile failure
D-7 3
Istimpact 2nd impact 3rd impact -
D-8 3

BTN
hoop and axial tensile
composite failure

Istimpact  2nd impact 3rd impact

Note: TC represents tensile crack; MF represents micro-fracture.

Fig. 13 Typical failure modes of
coal specimens: a axial tensile 3
failure, b hoop tensile failure axialtensile

®hoop.tenstle Crackis

-
,\\“ -
-
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Fig. 14 Influencing factors of the
formation of fractures in coal

Repeated impacts

Original transverse crack group

. Fasing-K¢, \/wsin [r(1+17)/w]

Li=J— y : ——vpdt (10)
F4sin0-0.75K9, \/wsm [r(I+1)/w]
[0 /2wtan(mc/2w)-K? an

L= Vrdt
e m/2wtan(7rc/2w)—0.75KfD :

Then, the total length of the cracks that propagate during
the whole process of the repeated impact test is written as
Lyg,m» which can be expressed by Eq. (12).
Lsum = i Li (12)

i=1

On the one hand, when the dynamic stress intensity factor
(K;p) of the crack tip reaches the dynamic fracture toughness

K}"D, the cracks start to grow. On the other hand, when Lj,,,
reaches the critical length (L.) between crack groups, the

Fig. 15. Crack propagation
failure models: a axial crack

Original axial crack group

specimen begins to fail. Therefore, the failure criteria of the
axial crack group model and the transverse crack group model
under repeated impact loads can be established as follows:

{ KID ZK?D

1
Ly = L ( 3)

Fracture mechanism of coal under repeated impact
loads

According to the failure criteria of the crack group models
established above, the whole failure process of coal specimens
under repeated impact loads can be explained as follows:

(1) During the impact loading process, part of the stress
waves inside the coal body are reflected to form tensile
stress waves. Under the action of tensile stress waves, the
dynamic stress intensity factor (K;p) at the tip of the

group propagation model, b
transverse crack group
propagation model, ¢ force
diagram of these models

1 0y 1 0y
2C | 2C
1 ¢ 1
2w
Fd
s "
l L__- F,

T 04 1 04
() (©)
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1st impact l U(/

Nth impact 1 O-(/

Final impact 1 0-‘/

Cracks start propagating

Continue propagating l

Cracks | through

T 0-(/

T 04 T 04

(a) The process of axial tensile failure

1st impact l O-zl

Nth impact l O-c/

Final impactl 0(/

*\—’*\_.

Original crack group Cracks start propagating

1 O-d

xx

Continue propagating

»—

Cracks through

T Ut/ T O-(I

(b) The process of hoop tensile failure

Fig. 16 Failure process of coal under repeated impact loads. (a) The process of axial tensile failure. (b) The process of hoop tensile failure

@

original transverse crack group reaches the dynamic frac-
ture toughness (K¢, ), and the cracks begin to expand.
Then, the length of cracks that are generated after the first
impact continues to increase with the increase in the
number of impacts. Once the total length (Ly,,) of the
cracks reaches the critical length (L), hoop tensile failure
of the specimen occurs. The whole process of hoop ten-
sile failure is depicted in Fig. 16(a).

In addition, the coal sample inevitably undergoes lateral
expansion due to the Poisson effect (Alawneh et al.
2007). This causes the stress concentration to occur at
the tip of the axial crack group. When the dynamic stress
intensity factor (K;p) at the tip of the original axial crack
group reaches the dynamic fracture toughness (K, ), the
cracks begin to expand. Then, the tensile cracks that are
generated after the first impact continue to expand with
an increasing number of impacts. When the total length
(Lgum) of the cracks reaches the critical length (L..), mac-
roscopic fracture of the specimen is eventually

@ Springer

generated. The whole process of axial tensile failure is
depicted in Fig. 16(b).

Conclusions
In this study, the dynamic mechanical characteristics and frac-
ture mechanism of coal under repeated impact loads are inves-

tigated. The main conclusions are as follows:

(1) The dynamic characteristics of coal, such as its dynamic

strength and peak strain, are closely related to the number
of impacts. As the number of impacts increases, the dy-
namic strength decreases but the peak strain increases,
which indicates that the damage degree of coal speci-
mens can gradually increase under repeated impact
loads. It also reveals that frequently dynamic
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disturbances can deteriorate the bearing capacity of coal
and even induce the instability of coal pillars.

(2) Coal has an obvious characteristic of nonlinear deforma-
tion under repeated impact loads, and the strain rebound
phenomenon exists in the response of the first impact.
However, the slope of the curve in the inelastic deforma-
tion phase decreases gradually with increasing impact
number, and the phenomenon of strain rebound corre-
spondingly disappears.

(3) Under repeated impact loads, coal specimens present two
typical fracture modes: the axial tensile failure mode and
hoop tensile failure mode. The original axial crack group
and transverse crack group inside the coal are the internal
influencing factors, while the repeated impact loads are
the external influencing factors. These two main factors
ultimately affect the fracture mode of coal, and two crack
group failure models are established based on these fac-
tors to reveal the fracture mechanism of coal under re-
peated impact loads.
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