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A B S T R A C T   

Understanding the mechanical properties and fracturing behaviours of coal is significant for the safety of un
derground mining engineering. Coal failure characteristics are highly influenced by the anisotropy and loading 
conditions. In this study, the coupled biaxial static and dynamic tests are conducted on coal specimens with five 
bedding orientations θ (i.e., 0◦, 30◦, 45◦, 60◦, and 90◦) with respect to the normal direction to loading. A Triaxial 
Hopkinson bar (Tri-HB) system is adopted to apply the biaxial quasi-static stress first and then dynamic loading 
at four impact velocities (i.e., 10, 13, 17, and 21 m/s). Real-time processes of coal fracturing are recorded by two 
high-speed cameras, and accordingly, full-field deformation and ejection velocities are identified by the three- 
dimensional digital image correlation (3D-DIC) technique. Moreover, the internal fracture morphology of coal 
specimens is characterised using synchrotron-based X-ray computed tomography (CT). Experimental results 
show that at similar strain rates, the peak stress against θ shows a “U” shape with the lowest value at θ = 60◦. The 
peak stress increases with increasing impact velocity, while its growth rate exhibits a downward trend revealing 
a decreasing sensitivity to strain rate. Coal ejection velocities are positively rate-dependent, and the highest 
ejection velocity is found shifting from θ = 45◦ to θ = 90◦ with increasing impact velocity. The average fragment 
size of coal specimens is negatively related to impact velocities and energy absorption, and the finest frag
mentations are observed at around θ = 45◦. Dynamic behaviours of coal under biaxial pre-stresses are dependent 
on bedding structures and strain rates, while the bedding effect becomes weak as strain rate increases.   

1. Introduction 

The rockburst, as a particular seismic event, poses a persistent threat 
to the safety of underground excavations.1,2 It involves the ejection of 
rock fragments at high velocity from the surfaces of the cavern, which is 
highly likely to result in fatal mining accidents.3–5 Rockburst is also a 
severe disaster in underground coal mining engineering, which results 
from a violent release of energy expelling coal mass into mining faces or 
roadways.6,7 In this study, the term “coal burst” is adopted to indicate 
rockburst particularly occurring in coal mines. Coal bursts have led to a 
huge number of economic losses and casualties around the world. For 
example, a coal burst accident in Springhill Coal Mine in Nova Scotia, 
Canada, claimed 75 lives.8 Most recently, a coal burst in Longyan Coal 
Mine in Yancheng City, China, trapped 22 miners and caused ten fa
talities on 20 October 2018.9 Moreover, numerous field and 

experimental cases show that the severity of coal bursts is much greater 
than rock bursts, which is most likely due to the unique behaviour of 
coal and excavation methods. For example, rock bursts usually only 
cause a small range of rock failures10; however, an intense coal burst can 
destroy roadways up to several hundred meters in length.11,12 It was 
reported that the ejection velocity of fragments in a rockburst was 
normally below 10 m/s,13–17 but that in a coal burst could be up to 20 
m/s.18,19 The coal burst becomes progressively severe with the increase 
of mining depth and complex geological conditions. Hence, to guarantee 
coal mining safety, it is imperative to understand the mechanism of coal 
bursts. 

The complex in-situ stress environment is one of the main factors to 
dominate coal bursts. Coal masses may suddenly fail when subjected to 
high stresses induced by the movement of geological discontinuities (e. 
g., faults, dykes and folds)20–22 and mining activities (e.g., mine design 
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parameters and mining practices).23,24 During the mining process, coal 
bursts can be triggered by various dynamic/seismic loads from fault 
slip,25 roof collapse26,27 and blasting.28 Experimental tests play a vital 
role in understanding the mechanism of coal bursts owing to the 
conveniently controllable conditions. Various theories and criteria were 
proposed to evaluate the rockburst proneness based on uniaxial,29–33 

biaxial34,35 and triaxial tests.36,37 For example, a modified true triaxial 
apparatus was developed by He et al. (2010)38 to simulate in-situ 
unloading-induced rockbursts. The setup configuration can simulate 
rockbursts occurring in the near-face region after underground excava
tion. It was further adopted to investigate the effect of specimen size,39 

rock lithology40,41 and bedding plane orientations42 on rockbursts 
associated with unloading. Valuable findings have been achieved to 
underpin the mechanisms of coal bursts under static stress conditions. 
However, rockbursts induced by dynamic loading are inadequately 
understood. Experimental studies on dynamic-induced rockbursts were 
mainly simulated by applying either locally frequent 
dynamic-disturbance or high-amplitude impact loading. The former was 
achieved by true-triaxial dynamic-static loading testing apparatus,43–45 

while the modified Hopkinson bar system was applied for the latter.46–49 

Experimental studies showed that the strength, failure modes and en
ergy evolution of rock under dynamic loading conditions are substan
tially different from those under quasi-static conditions.50–52 The 
existing studies mainly focus on the dynamic-induced rockbursts under 
uniaxial or unloading conditions, which is applicable to simulate coal 
bursts in pillars and longwall faces. However, the stress conditions of 
underground mining are mostly not in the uniaxial state, and around 
53% of the coal bursts in Chinese coal mines occurred in roadways 
(multiaxial stress).23 Also, more dynamic-induced coal bursts were re
ported in these locations.12 Thus, it is indeed crucial to investigate the 
effect of dynamic loads on coal bursts under multiaxial stress 
conditions.49,53,54 

In addition to stress conditions, coal bursts are heavily affected by 
the physical and mechanical properties of coal itself, including unique 
bedding structures and complex pore and cleat systems, which highly 
increases the prediction uncertainty in coal failures.55 Among them, 
beddings are regarded as the dominant factor influencing strength, 
deformation and failure modes of layered rocks.56–60 The existence of 
bedding planes has a great impact on coal/rock bursts based on labo
ratory experiments,42,61,62 numerical simulations63,64 and field obser
vations.3,65–67 Great achievements have been made to explore the effect 
of bedding planes on the tendency, severity and mechanisms of coal/
rock bursts. For example, rockbursts are controlled by the strength and 
structural stability when the bedding planes were perpendicular and 
parallel to the unloading surface, respectively.42 Rockbursts types can be 
changed from fault-slip, shear rupture to buckling with changes of weak 
plane orientations.61 The shape of ejected blocks is determined by the 
bedding separations, and higher densities of bedding planes lead to 
larger volumes of ejected bodies.68 The ejection velocity and released 
kinetic energy of failed rocks are much higher in tunnels with bedding 
planes.69 The bursting behaviour of coal with bedding planes parallel or 
perpendicular to the direction of dynamic loads is higher than that with 
oblique bedding planes, which is primarily controlled by the higher 
storage capacities of elastic strain energy in the former case.63 It has also 
been found that the dynamic load contributes significantly to coal bursts 
in roadways and its contribution varies with different bedding plane 
angles associated with coal seams.70,71 However, to the best of our 
knowledge, the effect of bedding planes on rockbursts under coupled 
biaxial static and dynamic loading conditions has not yet been fully 
studied, which is of critical knowledge for the design of roadway sup
ports during coal mining. 

This paper is to systematically investigate coal bursts under coupled 
biaxial static and dynamic loading conditions using a Triaxial Hopkin
son bar (Tri-HB) system with a specific emphasis on the effect of 
anisotropic bedding planes. Dynamic mechanical behaviours, including 
stress-strain curves and peak stresses, are analysed under a series of 

impact velocities. The high-speed three-dimensional digital image cor
relation (3D-DIC) technique is adopted to record real-time deformation 
and bursting process of coal specimens. Moreover, internal fracture 
morphologies of some typical coal specimens are conducted by using the 
synchrotron-based X-ray CT. Coal fragmentation and energy character
istics are also analysed to understand dynamic failure features. 

2. Materials and experimental methods 

2.1. Coal specimens 

Coal specimens tested in this study were selected from a longwall 
panel at an underground Coal Mine in Erdos City, Inner Mongolia, 
China. The average buried depth, thickness and inclination of the coal 
seam are 700 m, 4.8 m and 2◦, respectively. The panel has been expe
riencing numerous mining-induced seismicities in the longwall retreat. 
At 00:59:51 CST, on April 8, 2018, a seismic event with an energy of 3.3 
× 106 J detected by “SOS” microseismic monitoring system72,73 trig
gered a terrible coal burst on the tailgate of the panel, as shown in Fig. 1. 
This coal burst hazard caused tailgate damaged up to 762 m in length. 
The in-situ observation indicated that a large number of coal lumps was 
ejected out from the roadway surfaces, and mining equipment and 
support system were severely damaged after the coal burst. It is analysed 
that this strong seismicity that induced the hazard resulted from the 
sudden collapse of the hard roof 71 m above the mining coal seam.74 

Coal specimens were taken from the working face near the coal burst 
damage regions. Coal rank is identified as bituminous (middle rank) 
with maximum vitrinite reflectance (Ro,max) of 0.56%. The moisture 
content (2.63%), ash (13.65%), volatile matter (35.18%) and fixed 
carbon (55.97%) were determined by proximate analysis.75 Coal pe
trographers are characterised by high inertinite content (78.47%), 
moderate vitrinite content (20.86%), and small amounts of liptinite 
(0.67%). The density of the prepared coal specimen is 1.35 g/cm3. The 
surface morphologies of the coal specimen were verified at Monash 
Centre for Electron Microscopy. Fig. 2 shows the Scanning Electron 
Microscope (SEM) images taken parallel and perpendicular to coal 
beddings. It can be seen that the formation of coal macerals has obvious 
directionality (bedding planes) due to the sedimentation effect, and 
abundant pores were generated in macerals. Minerals were also detected 
in SEM images, as demonstrated in Fig. 2(c), which were identified 
mainly as calcite by SEM-EDS (Energy Dispersive Spectrometer). Cal
cites were also examined by reflected light microscopy with the 
oil-immersion lens, showing that they are distributed along the bedding 
planes, as shown in Fig. 2(d). 

Standard cubic specimens with a size of 50 × 50 × 50 mm3 were cut 
and polished from large coal blocks. Three opposite pairs of faces were 
ground to parallel with the accuracy of ±0.05 mm, and each adjacent 
surface is perpendicular to each other with a maximum deviation of 
0.25◦. The specimen was processed into a cube so that it can be loaded 
biaxially using triaxial systems. Five groups of bedding orientations θ 
(namely, 0◦, 30◦, 45◦, 60◦ and 90◦) were considered in the biaxial tests, 
where θ is the angle between bedding planes and the normal of axial 
load (σ1). The lateral load (σ2) is loaded parallel to bedding planes, as 
shown in Fig. 3. The mechanical properties of coal specimens with 
bedding orientation θ = 0◦, 30◦, 45◦, 60◦ and 90◦ are as follows: uniaxial 
compressive strength σc = 27.16, 19.44, 15.95, 15.47 and 22.85 MPa; 
Elastic modulus E = 2.17, 1.78, 1.67, 1.64 and 2.46 GPa; P-wave ve
locity Cp = 1762, 1902,1973, 2080 and 2385 m/s; and S-wave velocity 
Cs = 995, 1015, 1026, 1082 and 1018 m/s, respectively. 

2.2. Quasi-static and dynamic biaxial testing procedures 

Quasi-static biaxial tests were conducted using a true-triaxial loading 
testing apparatus in Central South University, China. The detailed 
introduction of the loading system can be found in Refs. 45,76–78. The 
purpose of quasi-static biaxial tests is to examine the effect of 
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confinements on coal failure characteristics. σ1 = 10 MPa and σ2 = 5 
MPa are specially chosen in this study to simulate the in-situ stress 
conditions to the greatest extent and meanwhile to guarantee that the 
selected pre-stresses can be successfully loaded on coal specimens with 
any bedding angles. A typical bedding orientation θ = 0◦ was selected to 
examine the confinement effect. In biaxial tests, the axial (σ1) and lateral 
(σ2) loads were first applied to reach the same stress level (5 MPa). Then, 
σ2 kept constant at the predefined value, and σ1 was monotonically 
increased at the loading rate of 0.15 mm/min until the specimen failure. 
The uniaxial tests were also conducted for comparison, and axial stress 
σ1 was applied at the loading rate of 0.15 mm/min.77,78 The testing 
results were shown in Fig. 4. It can be seen that the confinement has a 
great influence on the failure strength and failure modes: under biaxial 
confinement, the coal specimen is characterised by high strength and 
multiple tensile cracks parallel to σ2 direction. 

After examining the confinement effect, coupled biaxial static and 
dynamic loading tests were conducted using the Tri-HB system, as 
shown in Fig. 5(a). The system has three independent pairs of steel 
square bars (42CrMo Steel, cross-section 50 × 50 mm2) which are 
aligned orthogonally in X, Y and Z directions. The mechanical properties 
of the bars are: density ρb = 7850 kg/m3, Young’s modulus Eb = 210 GPa 
and longitudinal wave velocity CL = 5200 m/s. Among three pairs of 
bars, there is a loading cell for placing a standard cubic specimen of 50 
× 50 × 50 mm3 as shown in Fig. 5(b). Three hydraulic cylinders 

(pressure capacity up to 100 MPa) can move the steel bar to apply 
different pre-stresses on the specimen in three perpendicular directions. 
The dynamic loading was applied in the X-axis by the launch of the 
striker (42CrMo Steel, length 0.5 m, diameter 40 mm) compressed by 
the gas gun. When the striker hits the incident bar (2.5 m), a compressive 
stress wave will be generated and propagate towards the specimen. 
Since the difference of impedances between bars and specimen, a 
reflection wave will be generated on the contact surface of the incident 
bar, and a transmission wave will also be generated into the trans
mission bar (2 m). Meanwhile, the output wave will also propagate in 
the Y and Z bars (2 m). Red copper discs (diameter 15 mm, thickness 1.5 
mm) are served as pulse shapers to produce a ramped incident wave that 
reduces high-frequency oscillations and minimise the dispersion effect. 
Strain gauges (FLA-6-11) are attached on the bars to record strains, and 
these signals will be digitised to 12 bits at a 1 MHz sampling frequency 
by an analogue-to-digital converter-NI PXIe 5105. The velocity of the 
striker bar is measured by a laser-beam velocity measurement system. 
The detailed introduction of the Tri-HB system can be referred to the 
previous publications.49,53,54 

In this study, the coal specimen was subjected to dynamic loading 
with biaxial pre-stress conditions. Biaxial pre-stresses σ1 and σ2 were 
applied on the specimens in the X and Y directions, respectively. The 
dynamic loadings were applied along the direction of σ1. The experi
mental procedures are as follows: (1) the specimen is placed between 

Fig. 1. A coal burst induced by a dynamic loading: (a) microseismic events recorded during coal mining process; (b) roadway damage after the hazard; (c) schematic 
of the mechanism of dynamic-loading induced coal bursts. 
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bars in the loading cell; (2) desired pre-stresses σ1 = 10 MPa in X di
rection and σ2 = 5 MPa in Y direction are applied to the specimen by 
hydraulic cylinders with a low loading rate ~ 10− 4 GPa/s; (3) nitrogen 
in the gas cylinder is injected into the gas gun for desired gas pressure; 
(4) gas pressure is released to drive striker impacting the incident bar in 
the X direction with impact velocities (Vi) of 10, 13, 17 and 21 m/s 
corresponding to approximately 80, 130, 190 and 250 s− 1 of strain rates; 
(5) impact velocity and strain histories were recorded by the data 
acquisition system; and (6) after each test, coal debris was carefully 
collected from the loading cell for further fragmentation analysis. 

The dynamic stress σ, strain rate ε̇ and strain ε in the specimen are 
obtained under the state of stress equilibrium46: 

σx(t) =
EbAb

2As
[εin(t) + εre(t) + εtr(t) ] =

EbAb

As
εtr(t) (1)  

ε̇(t) = −
2Cb

L
εre(t) (2)  

ε(t)= −
2Cb

L

∫T

0

εre(t)dt (3)  

where, σx is the dynamic stress along the X direction; Eb and Ab are 
Young’s modulus, cross-sectional area of bars, respectively; As and L are 

the cross-sectional area and the length of the specimen; ε is the strain 
measured by strain gauges on the bars. The subscripts ‘in’, ‘re’ and ‘tr’ 
correspond to the incident, reflected and transmission waves in the 
impact direction, respectively. The respective stress and strain of the 
specimen in the Y direction can be calculated by49,53,54,79: 

σy(t)=
EbAb

2As

[
εy1(t) + εy2(t)

]
(4)  

εy(t)=
Cb

L

∫T

0

[
εy1(t) + εy2(t)

]
dt (5) 

The absorbed energy of rock specimen under dynamic loads can be 
calculated as follows53,80: 

Ws =W0 + Win − Wre − Wtr − Wy1 − Wy2 (6)  

where Ws is the energy absorbed by coal specimen; W0 is strain energy 
stored in the coal specimens during biaxial compressions, which can be 
expressed as: 

W0 =
m
2ρ

∑ σi
2

Ei
(7)  

where m and ρ are mass and density of coal specimens; σi and Ei are 

Fig. 2. Petrographic images of the coal: (a) SEM images taken parallel to coal beddings and (b) perpendicular to coal beddings; (c) minerals observed in the SEM 
image; (d) calcite distributed parallel to the bedding by the optical microscope. 

J. Li et al.                                                                                                                                                                                                                                         



International Journal of Rock Mechanics and Mining Sciences 143 (2021) 104807

5

principal pre-stresses applied on the coal and corresponding elastic 
modulus along the direction of principal stresses. Win, Wre, and Wtr are 
energy carried by the incident, reflected, transmitted waves along the X 
direction, which can be calculated as follows: 

Win =
AbCb

Eb

∫

σin(t)2dt (8)  

Wre =
AbCb

Eb

∫

σre(t)2dt (9)  

Wtr =
AbCb

Eb

∫

σtr(t)2dt (10) 

Wy1 and Wy2 are output strain energies along the Y-bar direction, 
which can be calculated by: 

Wy1 =
AbCb

Eb

∫

σy1(t)2dt (11)  

Wy2 =
AbCb

Eb

∫

σy2(t)2dt (12)  

Fig. 3. Coal specimens with different bedding angles. σ1 is the maximum stress in X-axis and σ2 is the intermediate stresses in Y-axis.  

Fig. 4. Stress-strain responses of coal specimens at θ = 0◦ in uniaxial and biaxial static tests (a) and corresponding failure modes (b). (10, 5) means the pre-stress 
combination of axial load σ1 = 10 MPa and lateral load σ2 = 5 MPa in the biaxial test, respectively. 
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where σin(t), σre(t), σtr(t) and σy(t) are dynamic stresses for the incident, 
reflected and transmitted and Y-output bars, respectively. 

2.3. High-speed imaging and 3D digital image correlation 

The deformation fields and fracturing process of coal under the 
coupled biaxial static and dynamic loading condition were measured by 
the high-speed three-dimensional digital image correlation (3D-DIC) 
technique. A planar calibration target with regularly spaced circular 
dots is used to calibrate cameras to obtain their intrinsic parameters and 
extrinsic parameters. The detailed stereo-calibration process has been 
well described in various publications.81,82 Two high-speed CMOS 
cameras (Phantom V2511) mounted on tripods form a binocular vision 
system capturing grey-scale images of the specimen surface simulta
neously from different views. A series of deformed images of coal 
specimen during impact is captured with the resolution of 256 × 256 
pixels at 200,000 frames per second (fps). These camera parameters 
have been proven to be good in the high-speed 3D-DIC measurement of 
rocks in SHPB test.83 Finally, these obtained calibration images and 
experimental images are processed to reconstruct the shape profile 
before and after deformation based on triangulation method.84 The 
procedure to measure full-field shape profile and deformation using the 

3D-DIC technique is schematically shown in Fig. 6. 

3. Anisotropic mechanical and fracturing behaviour 

3.1. Stress-strain curves and fracturing 

With captured signals by strain gauges attached on the Tri-HB sys
tem, incident, reflected, transmitted waves in the impact direction and 
stress waves in Y-direction can be extracted. Fig. 7(a) presents typical 
experimental signals at the impact velocity of 17 m/s. In this study, 
compression is defined as positive since all of the pre-stresses and im
pacts are compressive. According to the International Society for Rock 
Mechanics (ISRM) suggested method,85 the specimen should reach stress 
equilibrium before failure for a valid dynamic compression test. To meet 
this requirement, dynamic stresses on both ends of the specimen should 
be roughly identical. Fig. 7(b) illustrates the stress histories on both sides 
of the specimen along the impact direction in a typical coupled biaxial 
static and dynamic test. It is clear that the sum of incident and reflected 
stresses is basically equal to the transmitted stress; therefore, the uni
formity of the dynamic stress across the specimen has been achieved. 
With dynamic stress balance, the stress-strain curve of coal specimens in 
the X and Y directions can be obtained from Eqs. (1)–(5). 

Fig. 5. Triaxial Hopkinson bar system at Monash University (a) and a standard cubic coal specimen placed between bars in the loading cell (b).  
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Under coupled biaxial static and dynamic loading conditions, coal 
specimens deform elastically or slightly fractured at the low impact 
velocity. At the high impact velocity, specimens are broken into irreg
ular fragments ejecting out from the exposed surface accompanied by a 
tremendous noise. Table 1 compares the typical high-speed images of 
coal bursting processes and corresponding histories of stress and strain. 
Fig. 8(a)-(e) depicts typical dynamic stress-strain curves during coal 
bursts reproduced in the laboratory tests for different bedding orienta
tions. It can be seen that there is no obvious compaction stage at the 
beginning of dynamic stress-strain curves. Instead, coal specimens first 
experienced elastic deformation stage and then followed by nonlinear 
deformation until peak stress. After peak stress, stress-strain curves are 
classified into two types, i.e., Class-I and Class-II curves, based on the 
features of residual strain.86 For coal specimens at θ = 0◦ and 90◦, 

stress-strain curves gradually change from Class-I to Class-II type with 
increasing impact velocities, while only Class-II type can be found for 
coal specimens at θ = 30◦, 45◦ and 60◦. The dynamic strain of coal 
specimen with Class-I stress-strain curves firstly increases to the peak 
and then decreases, and the strain recovery in the unloading stage 
prevents further failure of specimens; thus, the coal specimen is not 
severely damaged and still has a certain bearing capacity. Generally, 
coal specimen with Class-I curves normally remain macroscopically 
intact or have a tensile split along the free surface. However, permanent 
deformation still occurs after unloading is completed due to the gener
ation and propagation of microcracks during loading. The high-speed 
images of coal specimen with bedding angle θ = 0◦ and Vi = 13 m/s 
in Table 1 present typical coal bursts with Class-I type. It can be observed 
that when applying dynamic compressive loading on coal specimens, a 

Fig. 6. The procedure to measure the shape profile and deformation using the 3D-DIC technique.  

Fig. 7. Typical experimental data in the dynamic tests of coal specimens: (a) stress waves in X and Y directions; (b) dynamic stress equilibrium check along the 
impact direction. 
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vertical displacement occurs in the Z direction due to the expansion 
effect. At the initial loading stage, the coal specimen deformed elasti
cally without visible cracks on the surface. With further loading, some 
noticeable cracks perpendicular to impact direction emerge at the 
incident edge of coal specimen. They are tensile cracks attributed to the 
bending effect in the impact direction. Bent tension flakes coal specimen 
into small fragments along bedding planes where laminated layers are 
poorly connected with each other forming a weak link. Cracks develop 
to the transmitted edge, and finally, coal fragments are ejected out from 
the coal surface. The specimen in such loading case is not damaged, and 
its stress-strain curves belong to Class-I type as indicated in Fig. 8(a). The 
high-speed images of coal specimen with bedding angle θ = 0◦ and Vi =

17 m/s in Table 1 present typical coal bursts with Class-II type. Coal 
failure processes in this stress-strain type are violent with the dynamic 
strain ε keeping increasing with loading time until specimen failure, and 
specimens are pulverised into many small fragments; additionally, the 
bearing capacity is greater than that in Class-I type. 

Bedding planes have a great influence on the stress-strain response, 
as indicated in Fig. 8(f). At Vi = 17 m/s, Class-II stress-strain curves are 
derived for all bedding orientations indicating coal specimens have been 
damaged. The highest failure strength is observed at θ = 0◦ followed by 
θ = 90◦ and θ = 30◦, while the lowest value is found at θ = 60◦. Coal 
burst characteristics are also significantly affected by bedding angles, as 
shown in Table 1. Specifically, the 0◦ oriented coal specimen was 
separated into several flying fragments in bars along with the bedding 
directions. The common failure process of 60◦ oriented specimens is that 
the whole surface ejected out from the exposed surface, while the largest 
deformation occurs near the incident bar, and the flying fragments 
clearly rotate during coal bursting process. For specimens with the 
orientation of 90◦, bent tension-induced cracks are observed near the 
incident and transmitter bars at 200 μs, and finally, coal fragments fly 
out from the centre of the specimen surface. 

3.2. Effect of bedding planes and strain rates on peak stresses 

The peak stresses of coal specimens with different anisotropy angles 
θ and impact velocities Vi are plotted in Fig. 9. Peak stresses exhibit 
strong dependency on both θ and Vi. The curves of average peak stresses 
versus θ display a U-shaped form, as shown in Fig. 9(a), which is 
consistent with previous experimental results on the bedding rocks in 
quasi-static uniaxial and triaxial compression tests.87 The maximum 
peak stress is observed at θ = 0◦, while the minimum value is obtained at 
θ = 60◦ throughout the range of all loading levels. Peak stresses are 
positively rate-dependent for all bedding angles, as demonstrated in 
Fig. 9(b). The most obvious strain rate effect on peak stresses is found at 
θ = 0◦ showing 66.78% of peak stress increment when Vi increases from 
10 to 21 m/s, while the peak stress increments are 33.2% and 19.9% at θ 
= 60◦ and 90◦, respectively. The effect of strain rates constantly slows 
down at a given bedding orientation. Fig. 9(c) and (d) present all 
experimental data and normalised data of peak stresses in the present 
work, respectively. It can be found that peak stresses have a linear 
dependence on the logarithm of strain rates, but the effect of strain rates 
on peak stresses is anisotropic. Coal specimens with bedding orienta
tions in the range of 0◦–45◦ are more sensitive to strain rates since slopes 
of the fitting lines at these angles are much steeper. The gentle slopes of 
the fitting lines indicate that specimens with bedding orientations from 
60◦ to 90◦ have low strain-rate sensitivity. 

A strength anisotropy index (Rc) was introduced to describe the 
anisotropic behaviour of oriented coal specimens, which is defined as 
follows88: 

Rc = σ0/σmin (15)  

where, σmin is the minimum strength obtained from oriented specimens, 
and σ0 is strength at θ = 0◦. In this study, the anisotropy index Rc = σ0◦/

σ60◦ is 2.82, 3.63, 3.76 and 3.53 at impact velocities of 10, 13, 17 and 21 
m/s, respectively. It indicates that the anisotropy index first increases 

Table 1 
Coal failure processes under coupled biaxial static and dynamic loading conditions and corresponding history of stress and strain.  

Vi (m/s) θ(◦)  High-speed images of coal failure process History of stress and strain 

13 0 

17 

17 60 

17 90 
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and then decreases with increasing impact velocities. Peak stresses of 
coal specimens at θ = 0◦ and θ = 60◦ both show rising trends with impact 
velocities growing. However, coal specimens at θ = 0◦ show more 
sensitivity to the strain rates than those at θ = 60◦, especially when Vi is 
from 10 to 13 m/s (Fig. 9(b)). This leads to an increase in σ0◦/ σ60◦ . On 
the other hand, the rate sensitivity for θ = 0◦ declines with the strain rate 
raising, which is shown as the decrease of strength increment. Therefore, 
σ0◦/σ60◦ also shows a slow growth trend, and the peak value is found at 
Vi = 17 m/s. In this regard, the strength anisotropy is mainly controlled 
by the bedding structure when Vi is from 10 to 17 m/s. At Vi > 17 m/s, 

the dependence of the coal strength at θ = 0◦ on the strain rates rapidly 
weakens, resulting in a decrease of σ0◦/σ60◦ . This leads to a reducing 
trend in the strength anisotropy index at the high impact velocities. 
Consequently, the contribution of the bedding effect to strength 
anisotropy decreases and anisotropic strength behaviour is mainly 
affected by strain rates. 

3.3. Full-field measurement of coal bursting 

By processing deformed and reference images, X-, Y-, Z-directional 

Fig. 8. Typical dynamic stress-strain curves of coal specimen under biaxial pre-stress states: (a-e) effect of impact velocities for different bedding angles; (f) effect of 
bedding angles at the impact velocity of 17 m/s. 
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displacement fields u, v and w can be obtained during coal bursting 
processes using the established DIC system (Fig. 6). These displacement 
fields are calculated at a square of 36 mm on the exposed coal surface 
with a subset size 31 × 31 pixels. Table 2 shows typical measured w- 
displacement responses of coal specimens under different impact ve
locities and bedding orientations. The w-displacement profile along line 
AB (impact direction) is also extracted and plotted in Table 2. For θ = 0◦, 
the deformation in Z-direction increases slowly at the initial loading 
stage when Vi = 13 m/s. Subsequently, the coal specimen begins to 
deform rapidly after 150 μs, and the maximum deformation is shifted 
from the middle of the specimen to the incident edge at 250 μs. When Vi 
is raised to 17 m/s, the distribution of w-displacement field is similar to 
that at Vi = 13 m/s, but the average displacement of the former is higher 
than the latter. For θ = 60◦, the out-of-plane deformation first occurs in 
the incident edge of the coal specimen after which the maximum 
deformation is always observed there. Furthermore, the maximum 
displacement of coal specimens with this orientation at 250 μs is almost 
twice as many as that of specimens at θ = 0◦ at the same impact velocity. 
For θ = 90◦, the entire surface of the specimen is continuously translated 

upward during the whole loading process, which is consistent with high- 
speed images of coal failure process in Table 1. The possible explanation 
is that the 90◦ oriented specimens have a strong tendency for under
going splitting parallel to beddings which are poorly connected. 

The typical mean displacements in X-, Y- and Z-directions at each 

deformed state are plotted in Fig. 10. Notice that here the formula Dz =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
w12+w22+…+wn2

n

√

is adopted to calculate the mean displacement in the Z- 
direction, which better reflects the contribution of the displacement at 
each pixel. Where, wi is the w-displacement in ith pixel, and nis the 
number of pixels. This method is also adopted for the calculation of Dx, 
and Dy. The general trend is that Dz is always largest and followed by Dx, 
while the Dy is not obvious at the end of dynamic loading. An inspection 
of Fig. 10(a) indicates for θ = 0◦, Dx increases gradually with dynamic 
loading to the peak stress after which it shows a downward trend at Vi =

13 m/s. The reason is that at this impact velocity, the specimen is not 
damaged, and the strain recovery phenomenon occurs after the peak 
value, as shown in Fig. 8(a) and Table 1. Accordingly, the stress-strain is 
categorised as Class I type. When Vi reaches 17 m/s, the specimen is 

Fig. 9. Dynamic peak stresses against anisotropic angles (a) and impact velocities (b), and experimental data (c) and normalised data (d) in this work. σs means the 
peak stress under static loading conditions. 
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completely damaged, and the deformation in the X direction keeps 
increasing after the peak value, as shown in Fig. 10(b). Here, the stress- 
strain response is Class II type. At this impact velocity, Dz slowly in
creases at the initial loading, and after the peak stress, the deformation 
dramatically accelerates indicates that macrocracks are generated 
within the specimen. The trend of deformation response at θ = 90◦ is 
similar to that at θ = 0◦, despite a reduced Dx and an amplified Dz at the 
end of loading (Fig. 10(d)). In addition, it is worth noting that for θ =
0◦ and 90◦, the Dx is much greater than Dz before peak stress, indicating 
that the deformation is mainly compression in the X direction, and the 
expansion in the Z direction is not apparent. After the peak stress, the 
deformation in the Z direction is accelerated, which ultimately results in 
Dz being greater than Dx. For θ = 60◦, the deformation in X and Z di
rections is similar at the initial loading stage, while Dz is greater than Dx 
since 75 μs and after that the difference keeps growing as demonstrated 
in Fig. 10(c). 

The mean deformation velocity Vx, Vy and Vz in the X-, Y- and Z- 
direction at each deformed state are extracted and shown in Fig. 11, 
which corresponds to Fig. 10. The total velocity Vtotal calculated by 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Vx
2 + Vy

2 + Vz
2

√

is also plotted in Fig. 11. For θ = 0◦ and 90◦, Vz in
creases rapidly when coal specimen is approaching its peak stress, after 
which it is steadily raised up to the peak and then gradually reduces. The 
reduction of Vz results from the separation of fragments from the sur
face. Besides, Vx dominates at the initial loading stage, but as the stress is 
approaching the peak, the maximum rate of deformation is found in the 
Z direction. However, for θ = 60◦, Vz always dominates during the whole 
loading process. 

The maximum total velocity is defined as ejection velocity in this 
study, and the effect of impact velocities and bedding angles on the 
ejection velocity is provided in Fig. 12. The ejection velocity is positively 
correlated with the impact velocity since more energy is converted into 
kinetic energy in flying fragments with increasing impact velocities. 
Similar trends of coal ejection velocity with varying impact velocities 

are found for cases with θ = 30◦, 45◦ and 60◦, among which, the highest 
and lowest the ejection velocities are identified in cases with θ = 45◦ and 
θ = 60◦, respectively. The ejection velocity ranges from 13.6 to 30.4 m/s 
for θ = 45◦ with the given range of impact velocity, while it changes 
from 10.4 to 21.7 m/s for θ = 60◦. The ejection velocity grows slowly 
from 4.34 m/s at Vi = 10 m/s, to 7.6 m/s at Vi = 13 m/s for θ = 0◦, and 
then rapidly increases to 23 m/s when the Vi reaches 17 m/s. However, 
the increment of ejection velocity slows down with the further increase 
in strain rates, and finally, the ejection velocity is 28.1 m/s at Vi = 21 m/ 
s. For θ = 90◦, the coal ejection velocity rapidly increases from 3.4 m/s 
at Vi = 10 m/s to 21 m/s at Vi = 13 m/s, after which the increment of 
ejection velocity slows down with increasing impact velocities. The 
maximum ejection velocity is found at θ = 45◦ from Vi = 10–13 m/s, 
possibly because that 45◦ oriented specimens are more likely to slide 
along the beddings under this range of impact velocities. At Vi > 13 m/s, 
the maximum ejection velocity is always found at θ = 90◦, indicating 
that coal specimens have a strong tendency for separating along the 
bedding direction at the high impact velocity. 

3.4. Post-failure states 

Table 3 presents typical post-failure states of coal specimens under 
coupled biaxial static and dynamic loading conditions. A clear strain- 
rate dependence of coal fragmentation can be observed for all bedding 
angles, i.e., the degree of fragment increases with increasing impact 
velocities. For θ = 0◦ and θ = 90◦, the applied dynamic loading is 
insufficient to break coal specimens at a low impact velocity, therefore 
specimens still keep partially intact. The common observation is split
ting failure of exposed surfaces, and damage degree decreases from 
unconfined surface to the centre of the specimen. The similar phenom
enon is observed in the quasi-static biaxial tests of layered rocks.35,89 

However, coal specimens with splitting failure have not been completely 
damaged and still has a certain bearing capacity. The above failure 
modes of tensile splitting correspond to the Class-I stress-strain type 

Table 2 
Evolutions of out-of-plane displacement with loading time.  

Vi 

(m/s) 
θ(◦)  Out-of-plane-displacement fields by 3D-DIC AB profile 

t = 50 μs 100 μs 150 μs 200 μs 250 μs 

13 0 

17 

17 60 

17 90 
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(Fig. 8(a) and (e) and Table 1), namely, the strain reduces gradually with 
the decrease of stress at the post-peak stage. Specimens are shattered 
into multiple fragments as the impact velocity further increases. Speci
mens with multiple fractures are characterised by some large fragments 
whose mean size is larger than 15 mm. Coal specimens are pulverised 
into hundreds of small fragments when the strain rate exceeds the crit
ical value. Failure modes of multiple fracture and pulverization corre
spond to the Class II of stress-strain type. For θ = 30◦, 45◦ and 60◦, coal 
specimen has been shattered into multiple fractures at Vi = 10 m/s, and 
specimens are further fragmented to fine debris with increasing impact 
velocities. Correspondingly, stress-strain curves at these bedding ori
entations all belong to Class-II types as shown in Fig. 8(b)–(d). Besides, 
the fragmentation degree of coal specimen at these angles, especially at 
θ = 60◦, is apparently high compared with θ = 0◦ and θ = 90◦ at the same 
impact velocity. 

The internal fracture morphology of coal specimens is identified by 
X-ray CT at the Imaging and Medical beamline (IMBL) in the Australian 
Synchrotron. Compared with traditional laboratory-based micro-CT, 
synchrotron beamlines with high energy can penetrate deeper into the 
matter to acquire high spatial resolution with shorter scanning time. The 
detailed introduction of synchrotron X-ray CT can refer to.53 

Considering that even an impact velocity of 10 m/s can shatter speci
mens with θ = 30◦, 45◦ and 60◦ into multiple fragments and make X-ray 
CT scanning impossible, specimens at these bedding angles were loaded 
at a relatively low impact velocity of around 7.5 m/s (strain rate ~ 50 
s− 1) so that specimens can maintain good integrity for CT scanning. 
Table 4 summarises X-ray CT images before and after dynamic tests for 
different bedding angles at a low impact velocity. The selected 2D slice is 
along the X direction and is located in the centre of the Y-Z plane. The 
cracks, macerals and minerals are represented in dark grey, grey and 
white, respectively, as the increase of material density contributes to an 
increased X-ray opacity. 3D imaging is reconstructed from the collected 
data using Aviso 9.7 package combining with the capabilities of 
MASSIVE supercomputer cluster, which can offer abundant 
state-of-the-art image data processing and analysis features. Details of 
the image processing and segmentation procedures can be referred to 
Refs. 53,90. The results show that internal cracks are both caused by 
tensile stresses for coal specimen at θ = 0◦ and 90◦. When the impact 
direction is perpendicular to the bedding orientation (θ = 0◦), cracks 
propagate along the impact direction, and they finally either change 
propagation direction or terminate in the maceral-mineral boundary as 
indicated as yellow arrows in Table 4. When the impact direction is 

Fig. 10. Coal stress response and deformation with loading time at (a, b) different impact velocities and (b, c, d) bedding angles.  
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parallel to the bedding orientation (θ = 90◦), newly formed cracks 
normally propagate along mineral-maceral boundaries. The newly 
generated cracks at mineral-maceral interfaces are probably attributed 
to stress concentrations and localised weaknesses at grain-grain 
boundaries.91 Furthermore, much more cracks are observed at θ = 90◦

compared with that at θ = 0◦ at the similar impact velocity. The bearing 
capacity of coal specimens is not significantly enhanced even though at 
high impact velocities since the occurrence of extensive cracks weakens 
the effect of strain rate for θ = 90◦. By contrast, more energy needs to be 
consumed for cracks to cross the mineral phase at θ = 0◦ than to prop
agate along the mineral-maceral boundary at θ = 90◦. Therefore, more 
energy is absorbed to break coal specimens thoroughly at θ = 0◦, which 
correspondingly enhances peak stresses. For coal specimens with θ = 45◦

and 60◦, the generated cracks are mainly shear ones propagating along 
with the bedding layers, which has a controlling effect on the specimen 
failure. The cracks that cross the bedding plane are also observed, which 
are connected with the cracks on the bedding planes to form a V-shaped 
crack band. For the specimen with θ = 30◦, the newly cracks are mainly 
tensile ones that propagate along the impact direction, although a few 
shear cracks exist along the bedding planes. Overall, as the θ increases, 
the contribution of bedding planes to the failure of coal specimens 

becomes small. 

3.5. Fragment size distribution 

After each test, coal fragments were carefully collected to perform 
sieve tests in order to quantitatively and intuitively analyse fragmen
tation characteristics in coal bursts.86 Standard sieves with mesh di
ameters of 1.18, 2, 2.8, 3.35, 6.4, 9.5, 11.2, and 19 mm are adopted. 
Fig. 13 shows typical fragment size distributions of post-failure coal 
specimen at the impact velocity (Vi) of 13 and 21 m/s at θ = 0◦. At Vi =

13 m/s, coal fragments with a size larger than 19 mm are in the majority 
of the mass weight, while a large amount of debris with a size smaller 
than 6.4 mm is observed at Vi = 21 m/s. Fig. 14 presents the cumulative 
mass fraction of fragments passing through a certain sieve size as a 
function of impact velocities and anisotropic angles. Increasing impact 
velocities contributes to a large proportion of fine fragment sizes, as 
indicated by the steep slope of the fragment size distribution in Fig. 14 
(a). Moreover, the fragment-size composition is also dependent on the 
bedding angles, as shown in Fig. 14(b). At Vi = 17 m/s, coal specimens 
with bedding angle θ = 60◦ have the finest fragmentation where 63.2% 
of fragments whose size is less than 5 mm, while the smallest 

Fig. 11. Motion velocity of coal surface with loading time for different impact velocities (a, b) and bedding angles (b, c, d).  
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fragmentation is found at θ = 90◦ where fragments with the size smaller 
than 5 mm account for 44.5%. Although the cumulative percentage of 
fragment sizes less than 5 mm is rapidly increasing, the decelerated 
growth trend is observed when the size is greater than 5 mm, especially 
for θ = 0◦. 

Fig. 15 summarised fragment size evolutions characterised by mean 
values and standard deviations for five bedding angles at various impact 

velocities. Here, the average size of coal fragments is analysed by.92 

dm =

∑
(γi⋅ri)
∑

γi
(14)  

where ri is the mean size of the fragments situated between sieves and 
successive mesh size and γi is the mass fraction of fragments corre
sponding to the size ri. 

Fig. 12. Variation in coal ejection velocity as a function of (a) anisotropic angles and (b) impact velocities.  

Table 3 
Post-failure states of coal specimen after coupled biaxial static and dynamic tests.  

θ(◦) 
Vi (m/s)  

0 30 45 60 90 

10 

13 

17 

21 
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Table 4 
2D slice and 3D reconstruction of X-ray CT images before and after tests at a low impact velocity for different bedding angles.  

θ (◦) Vi (m/s) ε̇(s− 1)  States 2D slice 3D reconstruction 

Cola matrix Mineral phase Fracture network 

0 10.6 86.3 Pre-impact 

Post-impact 

30 7.8 53.6 Pre-impact 

Post-impact 

45 7.2 49.1 Pre-impact 

Post-impact 

(continued on next page) 
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Table 4 (continued ) 

θ (◦) Vi (m/s) ε̇(s− 1)  States 2D slice 3D reconstruction 

Cola matrix Mineral phase Fracture network 

60 7.7 52.2 Pre-impact 

Post-impact 

90 9.7 77.2 Pre-impact 

Post-impact 

*θ, Vi and ε̇ mean bedding angle, impact velocity and strain rate, respectively. 
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For all bedding angles, coal fragment size exhibits a decreasing trend 
with the increase of impact velocities, and the decreasing degree is 
significant when Vi < 17 m/s, as shown in Fig. 15(a). The significant 
decrease of mean fragment size is observed at θ = 0◦ from 37.6 to 7.5 
mm (by 80.3%) when Vi is from 13 to 21 m/s. On the contrary, the coal 
fragmentation at θ = 60◦ shows the least sensitivity to the impact ve
locity manifested as fragment size ranging from 16.9 to 5.8 mm. Apart 
from that, coal specimens with bedding angle θ = 60◦ always show the 
smallest fragment size at specific impact velocity, as indicated in Fig. 15 
(b). For example, the mean fragment size at θ = 60◦ is 9.9 mm, while this 
value is 29.8 mm for θ = 0◦ at Vi = 13 m/s. The negative correlation 
between fragment size distribution and dynamic peak stress can be 
observed when comparing Figs. 15 and 9. It can be explained that 

increasing strain rates enhance the bearing capacities, but at the same 
time, it leads to increasing activated microcracks and subsequently in
creases the number of broken fragments. 

3.6. Effect of energy absorption on ejection velocity and fragmentation 

The dynamic incident, reflected, transmitted and absorbed energy of 
coal specimen under biaxial pre-stress conditions can be obtained based 
on Eqs. 6–12. Fig. 16 demonstrates histories of energy evolutions for 
coal specimens with bedding angles of θ = 0◦, 30◦, 45◦, 60◦ and 90◦ at Vi 
= 17 m/s. It can be seen that at different bedding angles, the evolution of 
various energies is similar in the deformation and fracturing stages. The 
incident energy and reflection energy increase slowly at the initial 

Fig. 13. Typical coal fragment size distribution of coal specimen at θ = 0◦ under impact velocities of (a) 13 m/s and (b) 21 m/s.  

Fig. 14. Variation in fragment size distribution as a function of (a) impact velocities and (b) anisotropic angles.  
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dynamic loading stage, while since around 100 μs these energies in
crease sharply until the energy remains constant after a certain value. 
The reflected energy has a significant difference at different bedding 
angles due to their impedance variances between the incident bar and 
coal specimens. The largest reflection energy is observed at θ = 60◦

while the lowest value is found at θ = 0◦. The energy absorption abilities 
also vary resulting from the bedding effect. Since a large amount of input 
energy is reflected, only a small part of the energy is consumed for the 
specimens at θ = 60◦. Besides, the transmission energy keeps low value 
and varies slightly for θ = 30◦, 45◦ and 60◦ indicating that most input 
energies are consumed to fracture specimens. 

Fig. 17(a) summarised the relationships of the absorption energy 
with incident energy at different bedding angles, where the energy ab
sorption Ws is derived from Eq. (6). A general trend is that the absorption 
energy increases with increasing incident energy. The absorption ca
pacity of coal specimens at θ = 0◦ has a slight upward trend when the 
input energy is less than 300 J (Vi = 13 m/s), after that it increases 
quickly and stably. The reason for the transition phenomenon is prob
ably attributed to the changes in coal failure modes.92 Coal specimens 
show split failure at θ = 0◦ when Vi < 13 m/s, and above the critical 
impact velocity, they are fractured into pulverised small fragments as 
shown in Table 3. Therefore, 300J of incident energy is transition energy 
from split to fracture for coal specimens with bedding angle θ = 0◦. The 
transition phenomenon is also observed for coal specimens with bedding 
angle θ = 90◦. However, no energy transitions are found for θ = 30◦, 45◦, 
and 60◦, and the energy at these bedding angles gradually increases with 
more energy input. A close observation of failure modes in Table 3 in
dicates that coal specimens with these bedding orientations have been 
fractured at Vi = 10 m/s. Fig. 17(b) demonstrates that the trend of 
ejection velocity with increasing absorbed energy. For all bedding an
gles, ejection velocity sees an increase with improving absorbed energy, 
but the growth rate shows a downward trend. With the same energy 
absorption, the highest ejection velocity is found at θ = 45◦, while to 
achieve the same ejection velocity, the 0◦ oriented coal specimens 
require the highest absorbed energy. The relationship between the 
ejection velocity of coal fragments with peak stresses is also demon
strated in Fig. 17(c). A positive correlation between them can be found 
due to they both enhance with increasing strain rates. Obviously, the 90◦

oriented specimen is the most sensitive to variation of peak stress: the 
peak stress only increase from 40.55 MPa to 48.62 MPa (by 19.9%), but 

ejection velocity increases sharply from 3.36 m/s to 32 m/s with an 
increase of over 8.5 times. Fig. 17(d) presents the relationship between 
the average fragment size and energy absorption at different bedding 
angles. The trends are somewhat similar for all bedding angles: the 
fragment size keeps decreasing as absorption energy increases. For the 
same fragment size, the energy consumption for θ = 0◦ is greater than 
that in other angles. In other words, to achieve the same fragment de
gree, coal specimens at θ = 0◦ consume maximum energy. On the con
trary, the minimum energy consumption required to achieve the same 
damage degree is found for θ = 60◦. 

4. Discussion 

The coal burst is one of the most serious and least understood 
problems in mining operations all around the world. Although great 
efforts have been made to explain its phenomenon, there is still huge 
potential for further research. In this work, coal bursts were reproduced 
under experimental conditions to understand the influence of the strain 
rate ε̇ and bedding angle θ on coal dynamic failures. Our experimental 
results show that for coal specimens with any bedding angles, increasing 
impact velocity (or ε̇) leads to an increase of peak stresses (Fig. 9(b,c)) 
and absorbed energy (Fig. 17(a,b)), but on the other hand, the speed of 
the flying fragments also increases (Fig. 12(b)). Besides, the bedding 
angles have an obvious dominated effect on coal fragment size and 
ejection velocity at a low ε̇, while as the ε̇ increases, its effect gradually 
becomes weak. In engineering applications, it is particularly important 
to determine the magnitude and direction of dynamic loads for safety 
support for a specific coal seam structure. For example, when the 
orientation of dynamic loads and the coal seam is around 45◦, the sup
port strength should be increased, or a strong energy-absorbing support 
system should be adopted to prevent potential hazards. 

Energy evolution analysis plays an important role in investigating 
the mechanism of coal burst disasters. The amount of energy absorbed 
by the coal mass directly determines the coal burst severity since it 
controls the speed of flying fragments.18,93 Our work shows that as the 
absorbed energy Ws increases, the ejection velocity ve of coal fragments 
gradually increases, but the growth rate exhibits a downward trend 
(Fig. 17(b)). Ws can be divided into three parts: kinetic energy Wk, 
dissipated energy Wf and other forms of energy Wo (e.g., thermal en
ergy). Wk is associated with flying fragments while Wf is used to create 

Fig. 15. Variation in mean fragment size as a function of (a) anisotropic angles and (b) impact velocities.  
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Fig. 16. Typical energy evolutions for different bedding angles at the impact velocity of 17 m/s.  
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fracture surface and micro-cracks.94,95 The Wo is assumed to be very 
small and negligible in this study since the strain rate is not very high, 
thus Ws = Wk + Wf. Assume that the mass and velocity of flying frag
ments are me and ve, respectively, as shown in Fig. 18, the relationship 
between ve and Wk can be expressed as Wk = ξWs = 1

2meve
2 = 1

2 λm0ve
2, 

therefore, ve = a
̅̅̅̅̅̅̅
Ws

√
, where a =

̅̅̅̅̅̅
2ξ

λm0

√

, m0 is the mass of tested coal 

specimen, ξ = Wk/Ws and λ = me/m0. If ξ and λ keep unchanged at 
different ε̇, the coefficient a remains the same, and ve∝

̅̅̅̅̅̅̅
Ws

√
. However, 

the fact is that increasing ε̇ will cause a variation of ξ and λ. Normally, 

Fig. 17. The change of absorbed energy with incident energy (a), the variation in ejection velocity (b) and fragment size (d) with absorbed energy, and the rela
tionship between ejection velocity and peak stress (c). 

Fig. 18. Energy distribution in coal burst process. Ws, Wf, and Wk mean absorbed energy, dissipation energy and kinetic energy, respectively.  
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the parameter λ grows with the increase of ε̇ since more fragments fly 
out at a higher ε̇. According to our experimental observation, λ 
approximately ranges from 10% to 30% at the strain rate of 80–250 s− 1. 
The parameter ξ also shows increasing trends with increasing ε̇ and its 
value ranges from 4% to 7% based on previous research in dynamic 
tensile tests.95 Therefore, a is probably fluctuant with increasing ε̇. Our 
experimental data indicate a mainly ranges from 1 to 3 (Fig. 19(a)), 
however, the specific values of ξ and λ for coal under the influence of ε̇ 
need further research, such as utilising numerical simulation, which is 
also our next research work. Besides, sufficient attention should be paid 
to the effect of bedding angles on ve. Under the same energy absorption, 
the highest ve is found at θ = 45◦ while the lowest is at θ = 0◦, which is 
attributed to different values of ξ and λ. According to the above analysis, 
the following two strategies can be adopted to reduce coal burst hazards 
in mining operations: reducing the absorption energy of coal mass or 
input energy from dynamic loads; and avoiding/preventing dynamic 
loads induced on the angle of 45◦ to the bedding planes. 

Coal fragmentation is also closely related to Ws: the coal fragment 
size gradually decreases as Ws increases but the decline rate tends to be 
slow as demonstrated in Fig. 17(d). Assume that coal fragments are 
spherical with an average size dm, as shown in Fig. 18, the dissipated 
energy Wf can be estimated by18,93,96,97: Wf = (1 − ξ)Ws = Gf Af =

Gf

(
6V0
dm

− A0

)

, where Gf is surface energy, which is defined as the en

ergy required to create one unit of surface area53,98,99; Af means newly 
created crack surface area; V0 and A0 are the volume and area of the coal 
specimen before the test, respectively. Therefore, the relationship be
tween dm and Ws can be written as: 1

dm
= bWs +

1
d0

, where b = 1− ξ
6V0Gf

, and 
d0 is the length of initial cubic specimens. Apparently, dm is negatively 
Ws-dependent if the effect of ε̇ is ignored. However, Gf generally en
hances with increasing ε̇100,101 and meanwhile considering that a 
negative correlation between (1-ξ) and ε̇, thus parameter b should 
decrease monotonously with growing ε̇. Currently, the parameter b, in 
theory, has yet to be further determined, but for our experimental data, b 
mainly ranges from 0.2 to 1.2, as shown in Fig. 19(b). Besides, it is worth 
noting that θ has a great effect on b: b tends to be low at θ = 0◦ and θ =
90◦ compared with that at other bedding angles, which is caused by the 
different values of Gf and ξ. 

The anisotropic failure behaviours caused by bedding structures in 
peak stress, ejection velocity and fragmentation are attributed to the 

different failure modes. In this work, for the first time, we revealed the 
effect of bedding angles on crack types and the crack propagation pro
cess of biaxially confined coal under dynamic loading by X-ray CT 
scanning (Table 4). Acoustic emission (AE) and/or microseismic moni
toring, as another promising non-destructive detection technology, has 
been widely used in the laboratory and real mining environment,102–107 

and the damage process of tested materials can be observed during the 
entire load history.104 However, until now, monitoring and analysis of 
AE signals under dynamic loads are still substantially challenging due to 
the extremely short loading time and complex stress waves propagated 
in the tested specimen. Capturing reliable and unsaturated raw signals, 
and separating AEs radiated by cracks from raw signals are keys to 
solving these problems. 

5. Conclusions 

The mechanical and fracturing properties of coal with inherent 
bedding planes under the coupled biaxial static-dynamic loading con
ditions were examined using a Triaxial Hopkinson bar system in com
bination with the high-speed 3D-DIC technique and synchrotron-based 
X-ray CT. The coupling effect of bedding planes and strain rates on 
stress-strain response, ejection process and fragmentation characteris
tics of coal bursts were analysed in detail. The following main conclu
sions are summarised as: 

Under the same biaxial confinement, the peak stresses enhance with 
increasing impact velocities, while its growth rate constantly decreases. 
An index Rc is used to describe coal anisotropic behaviour in strength. 
The results indicate that coal strength anisotropy is mainly affected by 
bedding structures at Vi < 17 m/s then dominated by strain rates at Vi ≥

17 m/s. In a coal burst, the coal ejection velocity is positively correlated 
with impact velocities. However, growing impact velocities tend to 
weaken the difference in the ejection velocity of coal specimens with 
different bedding orientations. As the loading level increases, the coal 
fragmentation shows an increasing tendency, with failure modes 
changing from tensile splitting, multiple fracture to pulverization. Spe
cifically, the obvious downward trend of fragment size with rising strain 
rates is found at θ = 0◦ and 90◦. 

The peak stresses exhibit a “U” shape against bedding orientations at 
a given impact velocity, and the highest and lowest values are found at θ 
= 0◦ and 60◦, respectively. The strain rate sensitivity of peak stress 
varies with anisotropic angles. Coal specimens with bedding 

Fig. 19. The trend of ejection velocity (a) and fragment size (b) with increasing absorbed energy.  
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orientations in the range of 0◦–45◦ are more sensitive to strain rates, 
while specimens oriented from 60◦ to 90◦ have low rate sensitivity. The 
bedding plane also heavily affects ejection velocity in a coal burst. The 
maximum coal ejection velocity is found at θ = 45◦ when Vi < 13 m/s (ε̇ 
< 130 s− 1), and then it remains at θ = 90◦ when Vi > 13 m/s. The dis
tribution of coal fragment size is affected by the bedding orientation 
while its effect declines with growing strain rates, especially when Vi >

17 m/s (ε̇ ≥ 190 s− 1). The maximum fragment size of coal specimens is 
observed at θ = 0◦, while the minimum one is found at θ = 45◦ or 60◦ at 
the same impact velocity. Moreover, to achieve the same fragment de
gree, the maximum energy needs to be absorbed for coal specimens with 
bedding angle θ = 0◦, but the minimum energy needs to be consumed for 
θ = 60◦. 

The testing using the Triaxial Hopkinson bar system is valuable in its 
capability of replicating coal bursts under the effect of complex in-situ 
geological conditions and unique physical properties of coal specimens. 
Experimental results indicate that coal bursting behaviours under 
coupled biaxial static and dynamic loading conditions are dependent on 
bedding angles and strain rates. However, there seems to be a compet
itive relationship between these two factors. The bedding plane is the 
major controlling factor for mechanical and fracturing properties of coal 
specimens, but increasing strain rates gradually weaken the bedding 
effect. 
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