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)e essence of both rockburst and coal and gas outburst lies in fast energy release. In order to explore the energy actionmechanism
of coal and gas outburst induced by rockburst in rockburst and coal and gas outburst combined mines, the split Hopkinson
pressure bar (SHPB) experimental device was firstly used to conduct uniaxial impact failure test of coal specimens prone to
outburst under different strain rates, and their energy dissipation laws under impact loading were obtained. Next, under the
engineering background of coal and gas dynamic phenomena induced by rockburst with different intensities in Xinyi Coal Mine
and Pingdingshan Coal Group No. 12 Colliery in Henan Province and Dingji Coal Mine of Huainan Mining Group in Anhui
Province, experimental study results were combined with numerical simulation analysis to discuss the energy mechanism of coal
and gas outburst induced by rockburst. )e study results show that the outburst can be divided into two different proc-
esses—critical outburst and outburst—according to the evolution law of outburst energy, and the critical energy conditions for
coal and gas outburst are proposed. )e minimum destructive energy range for the critical outburst of coal mass is obtained as
(5–10)× 104 J/m3. Under some low gas, high stress, or strong disturbance conditions, applied loads can become the main energy
sources causing critical failure and even crushing and throwing of coal mass. )e coal mass will present an interval splitting
structure under dynamic loading, which is obviously different from the failure mode of coal mass under static actions.

1. Introduction

)e coal and gas outburst and rockburst are the most serious
dynamic disasters in the underground coal mining activities
in various countries across the globe [1–6]. In shallow
mining, the dynamic disaster is mostly manifested by the
single appearance of coal and gas outburst or rockburst,
while their interaction is not that prominent, and their
prediction and prevention and control are usually separately
implemented.

Rockburst usually happens in mining operation and civil
engineering. )ere are diversified rockburst mechanisms,
and the main factors are generally related to underground
geometrical shape and geological conditions [7–9]. Rock-
burst in itself is the sudden release of elastic strain energy
stored in the rock mass under the excavation unloading

effect, and it is an energy-driven dynamic instability phe-
nomenon. Many scholars have investigated the dynamic
mechanical behaviors of rockburst based on the energy
theory and achieved prominent results. Cook [10] pointed
out that energy release was one of the most important factors
inducing rockburst and put forward the concept of energy
release rate. Mitri et al. [11] proposed the burst potential
index, expressing that rockburst would probably happen
when the energy storage rate in the rock reached the energy
storage limit. As indicated byWiles [12], local energy release
density (LERD) should be combined with the stress con-
ditions to evaluate rockburst; namely, it could be used to
predict rockburst only when approaching the stress con-
ditions of rock mass strength. In order to understand
rockburst from the angle of energy release, Jiang et al. [13]
developed local energy release rate (LERR), which could be
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used to predict the rockburst intensity very well. Xu et al.
[14] combined LERR and limiting energy storage rate
(LESR) to put forward a new energy index—rockburst en-
ergy release rate (RBERR).

Coal and gas outburst refers to the outburst phenom-
enon of mass coal or gas during the coal mining process. In
recent hundred years, many scholars have explored this
phenomenon, expecting to better understand its formation
mechanism. A current viewpoint is that outburst means the
intense dynamic instability of coal mass when the interac-
tion of coals with abnormal ground stress, high gas pressure,
and “inclination to outburst” reaches the critical conditions.
)e divergence among different theories lies in the different
reasons for reaching the critical conditions of outburst.
Many models such as pocket model, dynamic model, and
multifactor model have been raised to explain the outburst
mechanism [15, 16]. Hodot [17] and Zhao et al. [18] thought
that the outburst could be divided into four phases: prep-
aration, trigger, development, and termination. Dı́az
Aguado and González Nicieza [2] and Guan et al. [19]
pointed out that the outburst conditions could be quantified
through outburst thresholds such as gas pressure, gas
content, and stress. However, it is difficult to estimate the
energy participating in the outburst, not to mention to
quantify it, because of the complexity of coal and gas
outburst.

As the mining depth is increased, the interaction be-
tween two disasters—coal and gas outburst and rock-
burst—has started appearing, and therefore, they tend to
coexist and combine each other. Especially in deep high-
ground-stress zone, their interaction will be aggravated,
which has gradually aroused high attention among domestic
(Chinese) and foreign scholars. In rockburst and coal and
gas outburst combined mine, the rockburst has induced coal
and gas outburst, and the coal and gas outburst induced
under low gas pressure has becomemore andmore frequent.
)e gas concentrations in German Rhein-Westphal Mine,
Ruhr Mine, and Husk Mine are elevated abnormally before
and after the rockburst [20, 21]. )e rockburst and mine
earthquake-induced coal and gas outburst or abnormal gas
emission have occurred in Laohutai Mine and Beipiao Taiji
Mine in Liaoning Province, Hegang Coalfield in Hei-
longjiang, Huainan Dingji Mine, and Pingdingshan Coal
Group No. 12 Colliery, China [22–25].

)e former Soviet scholar Petukhov [26] put forward
studying the two phenomena—rockburst and outburst—as a
whole at the earliest; according to the increasing volume
fraction of gas before and after rockburst, Akruoj [27]
proposed a doubt over whether it was rockburst that induced
the increasing volume fraction of gas or it was the increasing
volume fraction that induced rockburst or the two coexisted;
Ogieglo et al. stated [28] that the gas emission quantity
would be elevated when the working face was under vi-
bration. In China, Zhang et al. [29] took the lead in pro-
posing and establishing the theory of unified instability of
rockburst and coal and gas outburst and deemed that
rockburst was outburst without gas action while outburst
was rockburst with nonnegligible gas action. Pan et al. [30]
proposed the concept of coal and gas outburst and rockburst

combined dynamic disaster, put forward their integrated
prediction and control, revealed the unification mechanism
for the occurrence of this combined dynamic disaster, and
established the judgment criteria for the uniform instability.
Li et al. [31], Li et al.[32] andWang et al. [33] expounded the
internal relation, difference, induction and transformation
mechanism, and transformation conditions of two dis-
asters—rockburst and outburst at coal seam.

Materials usually show different failure modes and
mechanical characteristics under static load and dynamic
load conditions [34–36]. )e quasistatic characteristics of
coal and rock have been widely investigated, but its dynamic
failure characteristics have not been fully recognized. Split
Hopkinson pressure bar (SHPB) system has been generally
used in dynamic tests at high loading rate, in order to de-
termine the dynamic properties of brittle materials like
concrete [37], glass [38] and rock [39, 40] under different
strain rates. Shan et al. [41] and Liu et al. [42] used the SHPB
device to perform impact tests of coal under different strain
rates and obtained the failure deformation characteristics of
coking coal and anthracite, etc. Mu and Gong [43] and Rong
et al. [44] established a dynamic constitutive equation of coal
mass and simulated its two damage forms—fast jumping
type and slow stepping type—under impact load. Kong et al.
[45, 46] studied the dynamic characteristics of gas-con-
taining coal and established the dynamic constitutive
equation of the gas-containing coal under impact load.

Both rockburst and coal and gas outburst refer to the fast
energy release in essence, so they can be studied together
from the aspect of dynamic energy. Under the engineering
background of coal and gas dynamic phenomena induced
by rockburst with different intensities in Xinyi Coal Mine
and Pingdingshan Coal Group No. 12 Colliery in Henan
Province and Dingji Coal Mine of Huainan Mining Group
in Anhui Province, the SHPB experiment was combined to
obtain the coal energy dissipation laws and investigate the
energy mechanism for rockburst-induced coal and gas
outburst. )e judgment criteria for critical energy condi-
tions and critical crushing energy of coal and gas outburst
were proposed, thus providing a reference for recognizing
and controlling the rockburst-induced coal and gas
outburst.

2. Energy Analysis of Coal and Gas Outburst

)e final energy condition for the coal seam to experience
outburst-type crushing is as below [31]:

WG + WC + WΔ ≥WP + WD + WV + WB + ΔK, (1)

where WG is total dilation energy of gas; WC is elastic energy
of coal; WΔ is energy entering the coal mass from sur-
rounding rocks; WP is energy consumed to crush coal mass
into blocks; WD is energy absorbed by surrounding rocks
nearby the occurrence site of dynamic phenomenon; WV is
energy consumed by the coal vibration in the nearby region
(smaller than 10%); WB is energy consumed by the for-
mation of air blast wave; and ΔK is kinetic energy increased
by the blocks.
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)e outburst process is divided into two different
phases—critical outburst and outburst—and the critical
energy condition for the coal and gas outburst is presented as
follows:

WG1 + WC + WΔ ≥WP1, (2)

where WG1 is total dilation energy of free gas; WC is elastic
energy of coal mass;WP1 is energy of coal crushing under the
critical coal and gas outburst.)e conditions for coal and gas
outburst can be satisfied and the outburst will occur only
when the sum of the energies applied by gas, surrounding
rock, or other sudden loads to the coal mass is approximate
to or exceeds the energy of coal crushing under critical
outburst.

3. Energy Analysis of Coal Crushing under
Impact Load

3.1. Impact Test Results. Soft coal extracted from soft layer
was crushed; coal powders were sieved via 40-80-mesh
screen, placed into a self-made coal compression tank, and
finally made into cylindrical coal specimens (draw ratio:
about 0.5) on a large rigid press.

)is experiment was completed on the Φ75mm SHPB
experimental system, and the device diagram is shown in
Figure 1. )e diameters of the impact bar, the incident bar,
and the output bar are all 75mm, and the lengths are 0.4m,
4m, and 2.5m, respectively.)e bar is made of high strength
alloy steel with an elastic modulus of 195GPa.

)e basic parameters and experimental conditions of the
specimen are shown in Table 1.

)e crushing forms of coal specimens after the impact
are shown in Figure 2.

According to the energy theory of stress wave, the size
effect of different specimens was eliminated, and the rela-
tionship between coal crushing energy density and strain
rate was calculated as seen in Figure 3.

It can be seen that the crushing energy density of each
coal specimen presented an exponential increase with the
strain rate, and their fitting relation could be expressed by.

wd � 0.05e
0.012_ε

. (3)

In general, the mass-frequency distribution in crushed
coal follows the following law:

M(R)

M
� 1 − exp −

R

R0
 

b

⎡⎣ ⎤⎦, (4)

b �
lg(M(R)/M)

lgR
, (5)

where M(R) is accumulative mass of crushed coal with
diameter of smaller than R, kg; M is total mass of crushed
coal, kg; R0 is average size, mm. According to literature [47],
D � 3 − b, and D is fractal dimension of crushed coal, while
b is the slope of the line drawn by M(R)/M − R.

Standard screen was used to screen the experimental
fragments, and the mesh diameters were 0.5, 1, 10, 20, and

30mm, respectively. According to (4) and (5), the fractal
dimension of experimental fragments is calculated, as shown
in Table 2.

)e relationship between fractal dimension and crushing
energy density of crushed coal specimens is seen in Figure 4.

With the increase in the impact load intensity, the degree
of crushing was elevated after the coal failure, the proportion
occupied by tiny fragments was significantly enlarged, and
the fractal dimension presented a logarithm growth relation
with the crushing energy density, indicating that the higher
the degree of specimen crushing, the higher the intensity of
impact load needed. )is is basically identical with the
conclusions drawn in other literatures with respect to fractal
characteristics of rock and anthracite, etc. under impact
failure.

)e average particle size of crushed specimens can be
expressed by.

d �
 diηi

 ηi

, (6)

where di is average size of crushed blocks retained in a sieve
with some specifications during the sieving process, mm; ηi

is mass percentage of crushed blocks intercepted in the sieve
with the corresponding pore diameter, %.

As the sudden load energy was increased, the average
size of crushed blocks was rapidly reduced, and there was a
turning point. It could be seen from Figure 5 that when the
experimental strain rate exceeded 200 s and the crushing
energy density of sudden load reached 6.5×105 J/m3, the
average particle size of crushed blocks was approximately
unchanged; at the time, the specimen was completely
crushed into powders with extremely uniform distribution,
and the energy required by the further crushing presented an
exponential growth. )is coincides with appearance and
separation of coal powders following the coal and gas
outburst in soft coal.

3.2. Critical Crushing Energy. According to the study of Hu
[48] regarding the crushing energy of coal mass, the fol-
lowing can be obtained:

WP � 46914ρf
1.437

Y
1.679

, (7)

where f is firmness coefficient of coal mass; Y is mass
percentage occupied by coal specimens with particle size of
below 0.2mm after crushing in the total mass of coal
specimens. In consideration that the coal mass will be
further crushed after the outburst, the Y value under critical
outburst should be much smaller than that after the out-
burst. )e relationship between crushing energy of Tolsti
coal seam and particle size of coal specimen is listed in
literature [49]. When the crushing energy is 7×104 J/m3, the
mass percentage occupied by coal specimens with particle
size of below 0.375mm in the total mass of coal specimens is
1.28%, 1.57% under crushing energy of 12×104 J/m3, and
2.2% under crushing energy of 16×104 J/m3. )erefore, Y
value is taken as 2.0 under critical outburst, and WP is
5.6×104 J/m3 when the firmness coefficient f is 0.4.

Shock and Vibration 3



As shown in Figure 1, the experimental strain rate
corresponding to the critical state (crushed but not dis-
persed) of coal mass was about 80/s, and its actual crushing
energy was about 9 ×104 J/m3. Based on the fractal results
of impact lumpiness, Y≈ 2, f � 0.6, and ρ� 1.4 kg/m3, which
were substituted into (6) to obtain the critical crushing
energy of coal mass as 1.01× 105 J/m3, which was very
approximate to the experimentally measured crushing
energy. )erefore, the critical crushing energy of coal with
f � 0.6 was about 1× 105 J/m3. However, the coal masses
from different sources with different coal qualities have
different hardness values and f values, so their critical

crushing energies will also be different. Hence, no unified
judgment criteria for critical crushing energy have been
proposed. Nevertheless, outburst coals are generally soft,
their f values will not be that different, so a standard scope
of critical crushing energy can be given as about (5–10) ×

104 J/m3.

4. Numerical Simulation and Field Analysis of
Rockburst-Induced Coal and Gas Outburst

4.1. Modeling. LS-DYNA software was used in this nu-
merical simulation. LS-DYNA software is a general explicit

(a) (b) (c) (d) (e) (f )

(g) (h) (i) (j) (k) (l)

Figure 2: Specimens after impact. (a) 78 s. (b) 81 s. (c) 102 s. (d) 115 s. (e) 129 s. (f ) 160 s. (g) 174 s. (h) 193 s. (i) 214 s. (j) 219 s. (k) 268 s. (l)
279 s.

Table 1: )e basic parameters and experimental conditions of the specimen.

Serial number Quality (g) Height (cm) Diameter (cm) Draw ratio Bullet velocity (m·s−1) Strain rate (s−1)
1 85.5 3.61 5 0.72 1.877 73
2 80.4 3.39 5 0.68 4.108 78
3 79.9 3.37 5 0.67 4.032 81
4 79.2 3.36 5 0.67 6.203 101
5 79.6 3.38 5 0.68 6.416 115
6 79.8 3.4 5 0.68 7.175 129
7 79.4 3.34 5 0.67 8.903 160
8 78.9 3.36 5 0.67 7.417 174
9 79.3 3.36 5 0.67 10.36 193
10 77.5 3.24 5 0.65 8.523 214
11 69 2.84 5 0.57 8.602 219
12 80.9 3.49 5 0.70 10.81 221
13 72.7 3.03 5 0.61 9.723 268
14 74.6 3.07 5 0.61 9.79 279

1 2 65 7 8 10

11

93

4

A B

Figure 1: Sketch map of split Hopkinson pressure bar testing system. 1: air cannon; 2: drop bar; 3: laser unit; 4: laser receiver; 5: incident bar;
6: resistance strain gage; 7: test specimen; 8: transmission bar; 9: absorbing bar; 10: bumper; 11: superdynamic strain gauge.

4 Shock and Vibration



dynamic analysis program, especially suitable for solving a
variety of two-dimensional and three-dimensional nonlinear
structure of high-speed collision, explosion, and other
nonlinear dynamic impact problems.

)e driving working face was taken as the study object to
investigate the failure characteristics of coal mass under the
action of external sudden load. )e model specification was
15m× 10m, where the thickness of both roof and floor was
3m, the thickness of coal seam was 4m, and the concrete
geometric dimensions are shown in Figure 6.

)e basic physical and mechanical parameters of the
model are listed in Table 3.

According to related studies [50], the stress wave caused
by impact load can be simplified into a triangular pulse load
through the propagation for a certain time as shown in
Figure 7.

)e dynamic constitutive equation of coal mass con-
structed in literature [42] was embedded into the large-scale
finite element analysis software to numerically simulate the
coal damage under sudden loading action with peak in-
tensities of Pmax � 30MPa, 50MPa, and 70MPa. Mean-
while, the cases of coal and gas outburst occurring in
domestic coal mines in recent years are sorted out, and the
three most similar cases are selected (shown in Figure 8).
By comparing the results of SHPB experiment and nu-
merical simulation, the coal body fracture characteristics
and energy dissipation laws in the process of coal and gas
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Figure 3: Relationship between crushing energy density and strain rate.

Table 2: Fractal dimension of fragment after impacting outburst coal.

Serial number Strain rate (s−1) b Fractal dimension D Correlation coefficient R
1 73 0.63 2.37 0.990
2 78 0.59 2.41 0.962
3 81 0.58 2.42 0.992
4 102 0.49 2.51 0.999
5 115 0.44 2.56 0.996
6 129 0.45 2.55 0.995
7 160 0.43 2.57 0.991
8 174 0.40 2.60 0.986
9 193 0.44 2.56 0.996
10 214 0.36 2.64 0.959
11 219 0.37 2.63 0.983
12 221 0.38 2.62 0.992
13 268 0.36 2.64 0.955
14 279 0.36 2.64 0.966

Crushing energy density (J·cm–3)
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Figure 4: Relationship between fractal dimension and crushing
energy density.
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outburst caused by impact loads of different intensities
were explored.

4.2. Numerical Simulation and Case Analysis under Suddenly
Applied Load of 30MPa

4.2.1. Numerical Simulation. When the impact load of
30MPa was applied to the coal mass at rate of 4ms, it could
be seen from the numerical simulation results that the first
oblique crack appeared on the coal mass until 3.908ms as
shown in Figure 9(a), because of loading delay caused by the

propagation of stress wave in the coal mass for a certain time.
With the continuous loading of stress wave until 4.887ms,
the second oblique crack appeared and ran through the first
crack, thus providing a channel for gas migration and de-
sorption, and at the time, the coal permeability started in-
creasing as shown in Figure 9(b). With the propagation of
stress wave in coal mass, the compression wave would be
transformed into tensile stress wave when encountering
reflectors like cracks, thus causing further tensile failure of
coal mass; new cracks were continuously formed until the
energy of stress wave was exhausted at 14.66ms; multilay-
ered annular cracks were formed in the coal mass nearby the
loading end, which damaged the remote coal mass to a
certain extent; and microcracks were then formed as shown
in Figure 9(f ).

From the SHPB experiment, the experimental strain
rate was about 80/s when the external load intensity was
30MPa in the simulation, and the crushing energy input
into the coal mass was about 9 ×104 J/m−3. According to
the impact test results, the load intensity was not enough to
cause the specimen failure, and only some crushed blocks
were peeled off as shown in Figure 10. )e coal mass could
still keep intact, broken, but not dispersed, which was

Table 3: Basic parameters of the model.

Parameter Value
Elastic modulus of rock (GPa) 40
Poisson ratio of rock 0.25
Density of rock (kg·m−3) 2300
Cohesion of rock (MPa) 20
Internal frictional angle of rock (°) 27
Elastic modulus of coal (GPa) 20
Poisson ratio of coal 0.4
Density of coal (kg·m−3) 1400
Cohesion of coal (MPa) 2.5
Internal frictional angle of coal (°) 40

0 2 4

t (ms)

P m
ax

Figure 7: Load time-history curves.
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embodied by dynamic phenomena like sound and slagging
from a macroscopic perspective. Meanwhile, cracks were
increased in the coal mass with enhanced gas permeability,
but restricted by the gas desorption rate, and the emission
amount presented a certain time delay and persistence.

4.2.2. Outburst Case Analysis: Outburst Accident on Driving
Working Face 12011 Belt Roadway in Xinyi Mine, Henan
Province. On July 11, 2009, when the blasting driving
construction was implemented at about 21m of 12011 belt
roadway from the crossheading port in Xinyi Mine, Henan
Province, coal blasting with loud sound took place con-
tinuously at 111m of working face of this belt roadway from
the crossheading port after the blasting continued for
130min. After another 10min, the abnormal gas emission
exceeded the limit, the maximum concentrate reached about
11%, and the total gas emission was about 700m3, without
significant coal falling or coal outburst. At 1 h, the gas
concentration declined to below 1%.

It was found through the field reconnaissance that the
head-on coal mass on the working face was shifted outside
for about 50 cm, and a crack with length of about 8m, width
of about 6 cm, and detectable depth of about 1m appeared
on the floor 16m away from the head-on place as shown in
Figures 11 and 12.

)e geodetic survey data of the coal mine showed that
the gas content at this coal seam was 8.38–12.84m3/t (av-
erage content: 9.86m3/t), the gas pressure was
0.57–1.25MPa (average pressure: 0.81MPa), and the coal
was soft with firmness coefficient of f� 0.22–0.65 (average
value: 0.35). Before the coal blasting occurred, the gas
concentrations in both head-on place and return air of the
belt roadway were lower than 0.5%. In addition, no large
rupture and fold structures existed in the scope of the mine,
and no apparent geological structures were seen nearby the
occurrence site of dynamic phenomenon. It could be

inferred that the gas dynamic phenomenon was triggered by
floor fracture-type rockburst.

According to the field microearthquake observation
results, the energy generated by the rockburst triggered by
this floor fracture was about 1× 105 J. )e existing studies
have shown that the energy used to generate vibration and
received by the monitoring equipment in the formation of
primary rockburst accounts for about 5%–10% in the total
energy. If calculated by 10%, here the energy generated by
this rockburst was about 1× 106 J. In addition, the

(a) (b) (c) (d) (e) (f )

Figure 9: Numerical simulation under rockburst of 30MPa. (a) 3.908ms; (b) 4.887ms; (c) 5.865ms; (d) 6.844ms; (e) 7.822ms; (f ) 14.66ms.

(a) (b)

Figure 10: SHPB experimental results at strain rate of about 80 s. (a) 78 s. (b) 81 s.
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Figure 11: Location of coal and gas dynamic phenomenon in Xinyi
Mine, Henan Province.
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Figure 12: Profile map of working face outburst.
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occurrence source of floor fracture was only 16m from the
location of gas dynamic phenomenon, and it could be ap-
proximately deemed that the impact energy generated by the
vibration was totally input into the nearby coal mass without
attenuation.

Furthermore, the outward shift of head-on coal mass
triggered by rockburst was about 0.5m, while the sectional
area of working face was 18.9m2, and then the total volume
of coal mass experiencing outward shift was about 9.5m3.
Hence, the energy density input by rockburst into the coal
mass could be estimated as 1.05×105 J/m−3. By combining
the field gas data, the gas content and gas pressure in the coal
seam were Q� 9.86m3/t and P0 � 0.74MPa, respectively.
According to literature [47], the dilation energy of gas
participating in the coal failure could be calculated as
2.3×104 J/m3.

To sum up, in this dynamic phenomenon, the total
energy of gas and external rockburst acting upon the coal
mass was about 1.28 ×105 J/m−3, which was slightly greater
than the minimum energy intensity criterion needed by the
critical failure of coal mass as given in the previous part.
)erefore, it was just enough to trigger the failure, but the
coal mass was crushed but not dispersed, and internal
cracks were generated, which provided a channel for the
gas migration and desorption. By a comparison between
the two input energies, the dilation energy of gas was only
1/5 of the impact vibration energy, so the main energy
source triggering this dynamic phenomenon was rockburst
caused by the floor fracture. Meanwhile, as the gas pressure
was low at the coal seam, the generated minimum dilation
energy of gas was not enough to trigger the coal outburst,
no coal mass was thrown out, but only abnormal gas
emission took place.

As the desorption of adsorbed gas is a slow process while
the free gas only accounts for about 10% of total gas, the gas
emission on the site showed a certain time delay and
continuity, the gas concentration exceeded the limit after
10min, reaching about 11%, and after about 1-2 h, about
over 90% of the gas inside the coal mass was desorbed and
released, and the field gas concentration was gradually re-
covered to below 1%.

4.3. Numerical Simulation and Case Analysis under Suddenly
Applied Load of 50MPa

4.3.1. Numerical Simulation. When the simulated load
intensity reached 50MPa, the crack propagation was ob-
viously aggravated in the coal mass. Multilayer annular
spalling occurred in the coal mass at near loading end at
5.862ms as shown in Figure 13(c). )e coal mass started
crushing since 6.841ms, and the crushing was continuously
aggravated and extended till the roof of coal seam as shown
in Figure 13(f ). Apparent cracks appeared at the far end of
coal mass.

From the SHPB experiment, the experimental strain rate
was about 160/s when the intensity of external applied load
reached 50MPa, and the crushing energy input into the coal
mass reached about 3.5×105 J/m−3. )e energy input into

the coal mass was enough to trigger the coal failure and
instability, and the coal was crushed into large blocks as
shown in Figure 14. After the coal mass was crushed, the
crushed coal mass was damaged and peeled off the coal wall
and even thrown out for a certain distance under the re-
leasable elastic latent energy accumulated in the coal mass
and internal energy of gas.

4.3.2. Outburst Case Analysis: Outburst Accident during the
Driving Process on the Working Face of 17310 Conveyor Lane
in Pingdingshan Coal Group No. 12 Colliery. At 17:00 on
March 19, 2006, the coal and gas dynamic phenomenon
triggered by the rockburst occurred after the blasting op-
eration on the working face of 17310 conveyor lane in
Pingdingshan Coal Group No. 12 Colliery as shown in
Figure 15.

)rough the field reconnaissance, the coal and gas dy-
namic phenomenon presented the following characteristics:
(1) about 46 t of coal mass was thrown out, without sepa-
ration phenomenon; the throwing angle of coal mass was
close to the natural angle of repose, the stacking length along
the roadway was 5.6m, where the first 4.0m showed
complete-roadway stacking, and the remaining 1.6m pre-
sented half-roadway stacking. (2) Above the stacked coal and
rock was a layer of crushed coal blocks, and there was a small
quantity of crushed coal inside the coal and rock, without
separability. (3) From the thrown crock and rock and
stacking status, there was no gas channel. (4) No floating
dust was stacked on the surface or at rear part of the thrown
surface. (5) )e total gas emission was 1,280m3, which was
converted into gas emission per ton of coal of 28m3/t,
approaching the gas content at the coal seam. (6) )e coal
wall at left of the roadway bulged for 0.9m; obvious de-
formation of trapezoid beam and reinforcing mesh triggered
by outward impact force could be observed at the roadway
roof, the tapered end of anchor rope was loosened, and
obvious nonuniform subsidence took place at the immediate
roof. )e upper-wall trapezoid beam was deformed; the
scraper conveyor on the floor deviated towards the right wall
of roadway for 5°, and the maximum displacement reached
0.9m. )e overall outward shift of coal wall was observed at
the lower wall of the head-on roadway and outward head-on
roadway, the displacement and thickness of the lower wall
were 10m and 0.8m, respectively, the floor bulged for 0.5m,
and the head-on place was shifted out of the wall mass for
3m. )erefore, the power source for this dynamic phe-
nomenon mainly came from the left side of the roadway.

)e elevation of the working face in 17310 conveyor lane
where the coal and gas dynamic phenomenon happened was
−1,100m, and it was located at the lower segment of Likou
large syncline under serious influence of tectonic stress. )e
immediate roof of this coal seam consisted of sandstone and
mudstone with an average thickness of 0.8m, while the
upper roof was composed of sandstone and fine sandstone
with average thickness of 8.0m. )e coal seam was dry and
brittle, the coal failure types were II-III, and the firmness
coefficient of coal was f � 0.4–1.5. Influenced by the mining-
induced stress like roadway blasting excavation and
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tectonic stress, stress concentration could be easily formed
in the coal mass behind the working face, and thus a large
quantity of elastic latent energy was accumulated. When
the coal and rock mass reached or exceeded the ultimate
strength, the coal mass would experience a failure. )e gas
occurring in the coal mass released gas energy with the
fracture of coal mass, and the energy superposition at the
time created conditions for the coal and gas dynamic
phenomenon.

Given this, this was a gas dynamic phenomenon induced
by the rockburst in the zone with high ground stress,
concentrated stress, and gas pressure.

From the gas data, the gas pressure in the coal seam was
0.74MPa (after the antioutburst measures were taken), and
the dilation energy of gas participating in the coal failure

could be calculated as about 4.68×104 J/m3, which was
approximate to the lower limit of the standard scope
((5∼10)× 104 J/m3) of critical crushing energy as given in the
previous part, indicating that this outburst is the product of
joint action of gas and external applied load. Moreover, due
to high gas content in the coal seam, a large quantity of gas
was released after the critical failure, the coal mass was
further crushed and thrown out, and thus a large quantity of
coal mass was extruded out.

4.4. Numerical Simulation and Case Analysis of Rockburst
under Suddenly Applied Load of 70MPa

4.4.1. Numerical Simulation. From the numerical simula-
tion results, the coal crushing speed was significantly

(a) (b) (c) (d) (e) (f )

Figure 13: Numerical simulation of rockburst under load of 50MPa. (a) 3.907ms; (b) 4.884ms; (c) 5.862ms; (d) 6.841ms; (e) 7.819ms; (f )
14.66ms.

(a) (b)

Figure 14: SHPB experimental results under strain rate of about 160 s. (a) 160 s. (b) 174 s.
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Figure 15: Location of dynamic phenomenon in 17310 conveyor lane of Pingdingshan Coal Group No. 12 Colliery.
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accelerated when the intensity of applied load reached
70MPa in comparison with the previous two circumstances.
)e coal mass at loading end presented multiple layered
cracks at 3.906ms, the cracks basically ran through each
other at 5.863ms, and multilayer annular spalling was
generated as shown in Figures 16(a)–16(c) With the con-
tinuous and reciprocal propagation of stress wave, the
original cracks were further stretched, and meanwhile, the
surrounding coal mass experienced continuous tensile
failure, and the cracks were extended to deep parts. Since
6.842ms, as a large quantity of elastic latent energy was
stored in the coal mass within the stress concentration zone
in front of the working face, the coal mass was crushed when
the energy storage limit (namely, ultimate strength) of the
coal mass was exceeded. Moreover, the elastic latent energy
was continuously released outward, thus damaging the
surrounding coal mass as shown in Figures 16(d) and 16(e).
)e surplus elastic latent energy and released internal energy
of gas further acted upon the crushed coal mass, so the
crushed coal mass in the pressure relief zone was contin-
uously peeled off the coal wall and even thrown towards the
exterior space. Moreover, a wedge-shaped hole with large
mouth and small cavity might be formed on the coal mass. In
the later loading phase as shown in Figure 16(f ), the coal
failure was aggravated with the continuous energy release,
the supporting stress was reduced and the roof and floor
nearby the coal mass started experiencing failures, along
with dynamic phenomena like roof caving or floor bulging
deformation. As the releasable elastic latent energy stored in
the coal mass was gradually released and exhausted, the coal
and rock continuously stacked in the hole formed greater
and greater supporting force on the hole wall, so the coal
mass around the hole wall was not further fractured, and the
outburst process became unsustainable and was even
terminated.

From the SHPB experimental results, the strain rate was
about 200/s and the crushing energy input into the coal mass
reached about 6.5×105 J/m−3 when the intensity of external
applied load reached 70MPa. At the time, the energy input
could trigger the intense coal failure, and the coal might be
even crushed into powders as shown in Figure 17.

4.4.2. Outburst Case Analysis: Outburst Accident on the
Working Face of 1331 (1) Conveyor Lane in Dingji Mine.
)e working face of 1331 (1) conveyor lane where the ac-
cident occurred was located in east No. 2 mining area of
Dingji Mine, and the burial depth and coal thickness were
870m and 2.1-2.2m, respectively. At the roof was sandy
mudstone with a thickness of 6.0m, and at the immediate
floor was mudstone with thickness of 3.6m. )e excavation
teamwas on the scene of this accident, and the pattern of two
rows per cycle was adopted. )e one-cycle construction and
anchor bolt supporting were already completed at about 18:
40, and the second-cycle drivage was started. At 19:40, the
coal mass was thrown out in right front of the working face.
)e roof wall zone at right of the roadway presented ir-
regular hemiellipsoidal collapse, the top steel belts in the first
row at the left wall of the driving working face were exposed

forward on the roof for 1.6m (there were cutting nicks of
roadheader at the roof of the working face), the right wall
caved forward for 4.6m, and the maximum caving height
was 1.7m. An irregular hole appeared above the coal mass at
the interface between right wall and working face on the
field, with diameter of 0.65m and depth of about 3m, and
the horizontal distance from the center line of hole to the
extension cord of the right wall of the roadway was 1.5m as
shown in Figure 18. )e gas concentration in the hole was
about 0.8%.

)e disaster triggered by gas dynamic phenomenon
showed the following characteristics.

)e maximum value of gas concentration sensor T2 on
the working face was 2.02% after the dynamic phenomenon.
)rough the calculation, the total gas emission and coal
quantity were 235.4m3 and 35 t, respectively; due to this
dynamic phenomenon, the average gas emission per ton of
coal was 6.7m3/t, which was smaller than the standard;
namely, the gas emission per ton of coal in the coal and gas
outburst was greater than 30m3/t or twice the gas content in
the coal seam. Moreover, except for the deaths caused by
coal burying, other deaths on the accident scene had no sign
of asphyxia, and the gas concentration at the bottom of
cavity formed by the dynamic phenomenon was about 0.8%
after the accident took place for 135 h.

Before the accident took place, there was no coal blasting
sound during the working shift, and the gas concentration in
the return air did not experience any abnormal change. )e
right wall of the roadway and the coal wall on the working
face were caving, where the right wall caving width of the
roadway was about 1.6m, and the maximum depth was 0.5-
0.6m. )e coal wall caving width and depth in right front of
the working face were about 2m and 0.9m, respectively.

)e driver of roadheader heard a sound of “bang,” just
like blasting sound when the accident occurred. )e field
staffs felt vibration and blast, the air duct was obviously
agitated, the well-connected metal net was not torn open,
and the air duct and existing supporting facilities were not
obviously damaged.

Partial coal mass was thrown out, and the distance from
stacked coal to the working face was 4–6m. )e cavity
formed after the coal mass was thrown out was located the
interfacial zone (wedge shape) between right wall and coal
wall of the working face, with width of about 3-4m and
depth of 6-7m, and it presented pinching-out towards the
deep part. After the coal and gangues were cleared away
from the field, the residual cavity was about 0.65m in width
and 3m in depth, and there was a split fissure surface at the
coal seam inside the cavity with clear stratification as shown
in Figure 19. )e coal stacked on the field had no obvious
separation phenomenon, which was obviously different
from the traditional coal fracture form induced by coal and
gas outburst.

By comparing Figures 16 and 19, it could be found that
the coal mass generated vertical split cracks under the impact
load, and the cracks were under interbed interval distri-
bution. With the increase in the impact load, the through
cracks (red region in the figure) were wedge-shaped, seri-
ously damaged wedge-shaped through cracks were
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generated at 2-3m from the free face of the coal mass, and
these cracks were basically identical with the shape and
location of wedge-shaped holes found on the field. )e coal
and rock crushing under the impact load generated larger
particle size than the traditional gas-dominated outburst
coal and rock crushing did, and the outburst holes were not
traditional “pyriform” holes with small mouth and large
belly, but instead, they were wedge-shaped.

)ere was a normal fault with drop height of 0.9m at
16.7m away behind the working face, and the working face
was located at its footwall but still in the tectonically affected
zone. As predicted by the geodetic survey department, the
coal seam was thinned at 3-4m in front of the working face
where the accident took place, and minor structures were
quite developed.

To sum up, this was a dynamic disaster of coal outburst
caused by local rockburst during the excavation process of

the working face under large burial depth and high ground
stress of coal seam in the tectonically affected zone.
According to the field gas data, the gas content and gas
pressure in the coal seam were Q� 5.2m3/t and
P0 � 0.74MPa, respectively, and the dilation energy of gas
participating in the coal failure was only 1.13×104 J/m3,
which was different from the previously given critical coal
crushing energy of (5–10)× 104 J/m3 by orders of magnitude.
Hence, the main energy leading to the critical coal failure in
the coal and gas outburst was not dilation energy of gas but
the energy applied by the intense external load on the coal
mass. By combining the above numerical simulation, it
could be known that when the impact load was large (like
70MPa), the coal mass would not only present stratiform
splitting until being extruded out. Moreover, the surplus
elastic latent energy could also cause the roof and floor
failure, so the dynamic phenomena like roof caving or floor

(a) (b)

Figure 17: SHPB experimental results under strain rate of about 210 s. (a) 214 s. (b) 219 s.
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Figure 18: Profile map of outburst accident scene.
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Figure 16: Numerical simulation of rockburst under load of 70MPa. (a) 3.906ms; (b) 4.884ms; (c) 5.863ms; (d) 6.842ms; (e) 7.82ms; (f )
15ms.
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bulging deformation would take place, which was very
identical with this case.

Based on the above numerical simulation of coal damage
under the loading action with intensities of 30MPa, 50MPa,
and 70MPa and combining the corresponding field cases
and energy calculation, it can be found that the coal and gas
outburst is caused by the coaction of dilation energy of gas
and external applied load (like excavation, blasting, tec-
tonic stress, surrounding rock stress, etc.). Under low gas
content, high stress, or strong disturbance, the external
applied load can become the main energy source for the
critical coal failure, and even crushing and throwing.
Meanwhile, it is verified through the field measured data
that the proposed standard scope ((5–10) × 104 J/m3) of the
minimum coal crushing energy needed by the critical
outburst is reasonable.

It can be seen that, in different geological conditions and
mining conditions, the risk of coal mine disaster is very
different. )e influence of geological conditions on rock-
burst and gas outburst is mainly shown in the following. (1)
Normal fault is formed by tensile stress, there is no energy
accumulation in the layer, and it has little influence on
rockburst and gas outburst. )e mechanism of rockburst
and gas outburst induced by normal faults is mainly stress
superposition. (2) Since the reverse fault is formed by
compression, the rock layer accumulates a lot of elastic
energy in the process of compression. )erefore, the release
of elastic energy is easy to induce rockburst and gas outburst.
(3) Because the fold is formed by horizontal stress extrusion,
there will be residual stress and elastic energy in the rock
mass in the fold area. )e further release of elastic energy is
an important factor causing rockburst and gas outburst. (4)
When the hardness, thickness, and dip angle of the coal seam
changed, the stress concentration of the surrounding rock
mass is easy to appear.When the mining face is close to these
areas, it is prone to cause stress superposition, which may
lead to the occurrence of rockburst and gas outburst.

In order to ensure mining safety, commonly used goaf
gas extraction methods include (1) buried tube extraction;
(2) high drilling extraction; (3) high lane extraction; (4)
surface borehole extraction.

When the sealing of the roof and floor is good, and in the
stress concentration area, it is more likely to lead to the

occurrence of rockburst and gas outburst. With the increase
of mining depth, the coupled disaster of stress and gas will
increase, which is the focus of the next research.

5. Conclusions

(1) )rough the energy analysis of outburst process, the
outburst process can be divided into two different
processes: critical outburst and outburst, and the
critical energy condition for the coal and gas out-
burst is proposed as WG1 + WC + WΔ ≥WP1. In
other words, the initiating conditions for the coal
and gas outburst can be met and the outburst can
occur only when the sum of energies applied by gas,
surrounding rock, or other suddenly applied loads to
the coal mass is approximate to or exceeds the coal
crushing energy in the critical outburst. By combining
the experimental results of coalmass under the impact
load and predecessors’ study results, the scope of
minimum coal crushing energy for the critical out-
burst is proposed, namely, (5–10)× 104 J/m3.

(2) Based on a comparative analysis of numerical sim-
ulation and field cases, the coal and gas outburst is
caused jointly by the dilation energy of gas and
external applied load (such as excavation, blasting,
tectonic stress, and surrounding rock stress). Under
low gas content, high stress, or strong disturbance,
the external applied loads can become the main
energy source for the critical coal failure and even
crushing and throwing.

(3) )e evolution process of split cracks under different
impact loads is effectively investigated through the
numerical analysis of coal impact failure caused by
the stress waves with different peak intensities. )e
study results show that an interval split structure
appears in the coal mass under the dynamic loading
action, which is evidently different from the failure
form of coal mass under static action. With the
increase in the peak intensity of stress wave, all the
interval splitting damage in different zones presents
an enhancement trend, but the enhancement am-
plitude is varied.

(a) (b)

Figure 19: Coal fracture form under impact load. (a) Roadway; (b) coal body.
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