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Abstract
The occurrence of dangerous coal and gas outbursts seriously threaten safety in underground coal mining. Thus, defining the 
spatio-temporal evolution of the mechanisms that contribute to these outbursts is of great significance in defining optimal 
countermeasures for outburst prevention. A dynamic system-based mechanism of coal and gas outbursts is proposed to define 
conditions that define the formation and instability criteria of outburst dynamics. A stress–damage–seepage coupled model 
is devised to represent gassy outbursts from the coal seam that couples elastic-damage and permeability evolution. Numeri-
cal solution of this coupling model is used to investigate the spatio-temporal evolution of coal and gas outbursts. The spatial 
scales of both the outburst system and the geological body are discussed, as well as countermeasures for prevention. We 
show that the outburst dynamic system comprises a gassy coal mass combined with a geo-dynamic environment and mining 
disturbance. The evolution through failure involves stages of initialization, formation, development then termination. The 
dynamic system forms when the mining damage zone and the tectonic damage zone coalesce. Stress transfer, gas migration, 
energy accumulation then release in the dynamic system are shown as key contributing features to the dynamic outburst, 
as well as the three-dimensional structure of the dynamic system and geological body. A released energy density greater 
than the required dissipation energy density is the key to determine whether an outburst can continue. This criterion defines 
countermeasures for outburst prevention that include unloading and depressurization, which either reduce the geo-stress 
or the gas pressure and content in the coal seam to avoid the instability criterion for the formation of the dynamic system.

Highlights

•	 A stress-damage-seepage coupled model is derived to represent coal and gas outbursts.
•	 The spatio-temporal evolution of coal and gas outbursts is investigated.
•	 An energy based instability criteria is proposed to determine whether an outburst can continue.
•	 Countermeasures for outburst prevention include unloading and depressurization. 
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1  Introduction

Coal and gas outbursts comprise a complex dynamic process 
that may occur during underground coal production (Tian 
et al. 2021; Zhou et al. 2021a). A large mass of coal and gas 
is ejected from the coal mass into the mining space, damag-
ing roadways or the working face (Rudakov and Sobolev 
2019; Kong et al. 2022). The demand for coal resources in 
China continues to increase, resulting in a necessary increase 
in depth and intensity of coal mining. Concurrent with this 
increase in depth, stresses and gas pressures increase, with 
the intensity and frequency of coal and gas outburst disasters 
increasing (Zhang et al. 2018; Li et al. 2021). In October 
2010, a gas outburst occurred in the Pingyu No.4 Coal Mine 
of the Henan Pingmei Group, China, resulting in 37 deaths 
(Yuan 2016). The combined action of stress and gas pressure 
is implicated in the outburst although the exact mechanisms 
remain unclear (Wang and Cheng 2023). To clarify mecha-
nisms, we examine the dynamic failure of gassy coal from 
the viewpoint of energy dissipation in the outburst process 
and accommodating the multi-physics of the coupling (Liu 
et al. 2021).

Outburst mechanisms are divided into two catego-
ries: single-factor and multi-factor mechanisms (Ma et al. 
2020). The multi-factor mechanism is widely accepted, but 
all statistical phenomena during a single outburst cannot 
be explained using present knowledge. Additional topics 
about outburst mechanisms are proposed by summarizing 
the phenomena that need precise explanation. The evolution 
through triggering then generation of coal and gas outbursts 
have been studied through field observation, physical and 
theoretical analysis, and numerical simulation (Fan et al. 
2017). Mechanistic hypotheses involving various interac-
tions of gas overpressures, the dominance of stresses, chemi-
cal effects have been advanced to qualitatively explain coal 
and gas outbursts (Zhou et al. 2021a; Xue et al. 2023; Guo 
et al. 2023). In terms of a comprehensive hypothesis, coal 
and gas outbursts have been considered as a mechanical fail-
ure process where the coal and rock system is dynamically 
destabilized by external agents (Zhang et al. 1991; Soleimani 
et al. 2023). The outburst process may be divided into sev-
eral stages (Shu et al. 2023a; Hu et al. 2008) and various 
criteria for initiation defined (Shu et al. 2017).

Fluid–solid coupling is a leading contender to codify the 
spectrum of mechanisms observed to act at various length 
and time scales (Liang 2000; Wang et al. 2022). Incor-
porating the effects of gas pressures and compressibility, 
stress, coal mechanical properties, energy accumulation and 
release during the instability of an outburst, the gas seep-
age–stress–damage coupling model in mining disturbed coal 
and rock mass is a popular rationalization that accommo-
dates most observed phenomena (Xu et al. 2006; Liu et al. 

2016). Based on the multi-scale structural characteristics and 
spatial–temporal variability of coal, the fluid–solid coupling 
behavior in multi-scale fractured coal is accommodated in 
three aspects—the interaction between the coal matrix and 
fractures, the mechanical properties of gas-bearing coal with 
multi-phase coupling in the pores and the evolution of dam-
age during seepage coupling within the coal seam (Hu 2015; 
Xu et al. 2019). Coal seams are typically characterized as 
a dual porosity medium (Shu et al. 2022; An et al. 2013). 
The influence of seepage and desorption processes on the 
initial conditions of coal and gas outbursts was discussed 
(Sobczyk 2014).

Various models have enabled the energetic state and 
evolution of the dissipation of energy within the coal 
and gas to be followed with the progress of the outburst 
(Tang et al. 2000; Xiong et al. 2015), as well as charac-
terizing mechanisms of energy dissipation (Wang et al. 
2015a, 2015b; Shu et al. 2023b) The energy-limiting fac-
tor was proposed for coal and gas outburst occurrence in 
intact coal seam, and the needed strain energy accompa-
nying with the required minimum stress for the crushing 
work was estimated (Shu et al. 2023b; Tu et al. 2021). 
Recently, scholars considered the response characteristics 
of gas pressure under simultaneous static and dynamic 
load, assuming that coal and gas outburst is a high-speed 
loading environment with two-phase gas–solid outbursts 
in roadways (Zhang et al. 2021; Zhou et al. 2021b).

The above research only studied the interaction between 
coal and gas, or the energy release from coal rock fracture 
and gas, or the dynamic process, but failed to systemati-
cally integrate these ideas to elaborate on the occurrence 
mechanism of coal and gas outburst from the mathemat-
ics to spatial–temporal evolution and countermeasures. 
We follow the evolution of coal and gas outbursts as a 
dynamic system by defining an instability criterion. We 
consider the evolution of permeability in an elastic coal 
mass undergoing damage, as a problem in stress–dam-
age–seepage coupling. We define the governing equations 
defining the stress field and gas transport from desorption 
and diffusion from the matrix to the embedded fractures. 
This model enables the roles of stress transfer, gas migra-
tion, energy accumulation then release to be incorporated 
into the run-up to the outburst. The model enables the key 
features contributing to the outburst to be determined and 
methods for their mitigation defined.

2 � Mechanism of Coal and Gas Outburst 
Based on Dynamic System

Coal and gas outbursts comprise three mandatory compo-
nents: a gassy coal seam, a stressed environment, and mining 
disturbance. The gassy coal seam and stressed environment 
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result from tectonic evolution. Mining disturbance drives 
damage, then failure of the coal–rock system in the early 
stage of the outburst, and provides the conditions for rapid 
release of gas and coal as an instability comprising the out-
burst (Fan et al. 2017). The outburst experiences the four 
stages of initialization, formation, development, and termi-
nation, as shown in Fig. 1.

At initialization, the system is primed by tectonic move-
ment, then disturbed through engineering activities that alter 
the physical and mechanical properties of the coal seam. A 
tectonically induced damage zone results, which produces 
the stress state and gas accumulation conditions conducive 
to the outburst. As the roadway is excavated, the stress bal-
ance is disturbed and a mining-induced damage zone is gen-
erated ahead of the advancing face.

In the formation stage, a large damage zone evolves 
around the roadway under the combination of tectonic 
and mining stresses (Guo et al. 2016a). When the roadway 
advances close to this zone of tectonically induced damage, 
the stress redistribution within surrounding rock caused by 
mining, blasting, mechanical vibration, gravity and tectonic 
movement, is dynamically superimposed. Under the action 
of compressive stress, the bedding fractures parallel to the 
roadway axis in the damage area are closed, hindering the 
migration of gas to the roadway space. Simultaneously, mas-
sive fractures perpendicular to the axis of the roadway are 
developed, which promote the desorption of adsorbed gas 
and production of free gas at high pressure in the fractures. 
The outburst initiates by comminuting the coal seam to par-
ticles and shortens the path of gas desorption and migration 
to individual fractures. As a result, the gas desorption time 
is sharply decreased, and the desorbed gas will rapidly sub-
limate in the outburst process. The coal outside the damage 
zone remains elastic and with native low permeability, in 
which the gas migration is impeded and with failure of the 
coal participates in the outburst.

In the development stage, the coal mass in the damage 
zone near the advancing face undergoes tensile failure, and 
becomes unstable. The unstable and broken gassy coal mass 
is ejected as a mixture of gas and coal particles with high 
kinetic energy. The high-pressure gas expands to propel the 
coal–rock–gas mixture forward, resulting in the formation 

of a remnant cavity. Gas desorbs rapidly from the coal wall 
and migrates into the roadway. The coal face continues to 
undergo tensile failure and is thrown out under the ground 
stresses and gas pressure gradient with the cavity deepen-
ing. The outburst may pause as the coal face is temporarily 
unable to meet the instability criterion. At this time, the coal 
face continues to undergo quasi-static deformation and fail-
ure, and releases gas into the outburst cavity, resulting in a 
sharp increase of the gas pressure gradient around the free 
space. If the gas pressure gradient reaches a threshold value, 
the accumulating crushed coal will be thrown out again.

In the termination stage, when the pressure gradient 
caused by the gas accumulation in the cavity is unable to 
further eject the coal–rock–gas mixture, the wall of the cav-
ity will stabilize, and the coal and gas outburst terminates. It 
is necessary to note that the tectonic damage zone ahead of 
the advancing face may be caused by the dynamic environ-
ment pre-mining in the initialization or formation stages, or 
by the combined effect of the mining disturbance and the 
dynamic environment following the initiation of mining. In 
extreme cases, the outburst may also be caused by the min-
ing disturbance alone, without the formation of the tectonic 
damage zone. In addition, the suspension and restart of coal 
and gas outbursts in the development stage are not inevita-
ble, as the conditions after restart following suspension may 
not be meet, and finally the gas outburst is terminated.

3 � Formation and Instability Criterion for Gas 
Outbursts

3.1 � Forming Criterion

The priming of the coal–rock mass ahead of the advancing 
face is the premise for the occurrence of an outburst. As 
shown in Fig. 2, the low-strength coal–rock mass in the tec-
tonic damage zone is acted on by the tectonic stress. When 
the advancing face advances to adjacent to the tectonic dam-
age zone, the minin- induced stress and the tectonic stress 
around the tectonic zone are superimposed to generate an 
instantaneous load. This acts on the coal–rock mass around 
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Fig. 1   Evolution of a coal and gas outburst
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the tectonic zone and the location between the tectonic zone 
and the advancing face.

The maximum tensile stress criterion and Mohr–Coulomb 
criterion are used to determine whether tensile or shear dam-
age occurs after the coal is stressed. The formation crite-
rion of the unstable system can be expressed as (Chen et al. 
2018):

where σ1 is the maximum principal stress, Pa; σ3 is the mini-
mum principal stress, Pa; σt and σc are tensile and compres-
sive strength of the coal respectively, Pa; θ is the internal 
friction angle of the coal, and; F1 is the threshold functions 
for tensile or shear damage. The positive sign means tension, 
while the negative sign means compression.

3.2 � Instability Criterion

The maximum tensile strength criterion and the Mohr–Cou-
lomb criterion can be used to determine whether the represent-
ative element volume (REV) is damaged – this criterion will 
condition the location or scale of the outburst region. However, 
damage to the REV does not necessarily result in instability 
of the coal mass. An instability criterion for the system will 
be established based on energy conservation. The actions of 
the internal energy of the gas, the elastic potential energy, and 
gravitational potential energy conspire to fracture the coal. The 
internal and potential energies will contribute to the crushing 
work and the kinetic work of the fragmented coal. Ignoring the 
energy dissipated by frictional heating, vibration and sound, 
the instability process must satisfy (Hu et al. 2008):

where Eg is the internal energy of the outburst gas, J/m3; Ep 
is the gravitational potential energy of the outburst coal–rock 
mass, J/m3; Ee is the elastic potential energy of the outburst 

(1)F1 =

⎧⎪⎨⎪⎩

�1 − �t ≥ 0

−�3 + �1
1 + sin �

1 − sin �
− �c ≥ 0

(2)Eg + Ep + Ee ≥ Ek + Ef

coal mass, J/m3; Ef is the crushing work required for the 
coal–rock mass in the dynamic system, J/m3; Ek is the kinetic 
work required for the outburst coal, J/m3.

Gas is transported into the roadway from the coal mass 
and gas pressure will decrease from p1 to p2 resulting in the 
released gas internal energy as (Wang et al. 2015b):

where φ is the porosity of coal; η is the proportion of 
adsorbed gas participating in the outburst in total adsorbed 
gas, which is related to the initial velocity of diffusion; n is 
the process index, and the adiabatic process can be taken 
as 1.25; ρs is the density of the coal mass, kg/m3; VL is 
Langmuir volume constant, m3/kg; PL is Langmuir pressure 
constant, Pa; sg is gas saturation in the fractures; T0 is the 
standard temperature, K, and; p0 is standard atmospheric 
pressure, Pa.

The gravitational potential energy of coal–rock mass is 
expressed as:

where g is the acceleration due to gravity, m/s2; h is the 
relative height between the pre-outburst and post-outburst 
positions of the coal–rock, m.

The elastic potential energy of the coal–rock mass is 
expressed as:

where σ1, σ2, and σ3 are the maximum, intermediate, and 
minimum principal stresses on the coal, MPa.

The crushing work required for the coal–rock mass is (Hu 
et al. 2008):

where Yp1 is the percentage of the mass of coal broken into 
particle sizes < 0.2 mm in the total coal mass; f is the firm-
ness coefficient of the coal in the dynamic system; A, B, 
C are fitting coefficients. By fitted with results of impact 
crushing tests on 21 coal samples from outburst Coal Mine 
in China, the coefficients A, B, C are determined as 46.914 J/
kg, 1.437, and 1.679.

The kinetic work required for the outburst is (Wang et al. 
2015a):

where v is the transport speed of the coal mass, m/s.

(3)Eg =

(
�sgp1T0

Tp0�s
+

�VLp1

PL + p1

)
�sp1

n − 1

[(
p1

p2

) n−1

n

− 1

]

(4)Ep = �sgh

(5)Ee =
1

2E

[
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1
+ �2
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Fig. 2   Spatial relationships between zones adjacent to the advancing 
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Substituting Eqs. (3–7) into Eq. (2), the instability crite-
rion for the dynamic system can be obtained:

The instability criterion of the dynamic system 
involves the regional tectonic stress, mining-induced 
stress, strength of the coal–rock mass and gas proper-
ties. These parameters reflect the interactions among the 
coal–rock mass, geo-stress, gas and conforms to conser-
vation of energy. The occurrence of coal and gas outbursts 
require that both the formation criterion and the instabil-
ity criterion are satisfied.

4 � Stress–Damage–Seepage Coupling Model 
for Outbursts in Coal Seams

4.1 � Basic Assumptions

Coal and gas outbursts involve an instability in coal defor-
mation–failure and gas rapid desorption–diffusion–seep-
age. In this section, we develop the stress–damage–seep-
age coupling model for outbursts in coal seams and a 
method for numerical simulation. The coal is character-
ized as a pore-fracture dual porosity structure with the 
coal composed of coal matrix (containing micro-pores) 
and fractures. To simplify the complex processes of 
outburst evolution, the following basic assumptions are 
made:

•	 The fracture network transects and is embedded within 
the coal matrix. Gas and water are present in the coal 
matrix and is also the main medium for mass transfer. 
Because the matrix permeability is very low, only the 
fracture permeability is considered.

•	 The coal matrix comprises the coal skeleton and micro-
pores. The inner surface of the micro-pores can adsorb a 
large amount of gas; meantime free gas exists in the micro-
pore space.

•	 Groundwater exists and migrates only in fractures. The 
fractures are saturated by water and gas.

•	 Gas desorption from the inner surface of the micro-pores in 
coal matrix follows the Langmuir adsorption isotherm and 
the gas adsorption/desorption process evolves instantane-
ously.

•	 The gas diffuses from the matrix pore to the fractures under 
the action of the concentration gradient, governed by Fick’s 
first law.

(8)

F2 =
(�sgp1T0

Tp0�s
+

�VLp1
PL + p1

)

�sp1
n − 1

[

(

p1
p2

)
n−1
n

− 1

]

+ �sgh

+
�2
1 + �2

2 + �2
3 − 2�

(

�1�2 + �2�3 + �1�3
)

2E
− Cf AYB

p1�s −
�sv2

2
≥ 0

•	 Gas seepage from the fracture to the roadway follows Dar-
cy’s law.

•	 The migration of gas and water in the coal seam evolves 
isothermally.

•	 The gas is regarded as ideal and the seepage and gravity 
force of gas is ignored.

•	 The tensile stress is positive and compressive stress is nega-
tive.

•	 Coal and gas outburst is a high-speed loading environment 
that the strain rate effects may be obvious (Lu et al. 2017). 
However, we did not consider the strain rate effect in the 
strength of the material in the model because of the great 
time consumption and difficulty in calculation in this study.

4.2 � Governing Equations

The total strain of the coal includes strain caused by solid 
stress, by fluid pressure in the pores and fissures, and by gas 
adsorption/desorption. The governing equation of the stress 
field can be expressed as a modified Navier equation (Li et al. 
2016):

where G is the shear modulus of coal, Pa; K is the bulk 
modulus of coal, K = E/3(1−2ν), Pa; αm and αf are Biot’s 
effective stress coefficients corresponding to pores and frac-
tures respectively; pm is the pressure in matrix pores, MPa; 
pf is the fluid pressure in the fractures, Pa; E is the elastic 
modulus of the coal, Pa; υ is Poisson’s ratio; Km is the elastic 
modulus of the coal matrix, Km = Em/3(1−2ν), Pa; Em is the 
bulk modulus of the coal matrix, Pa; Ks is the bulk modulus 
of the coal skeleton, Pa; Ps is the Langmuir-type stress coef-
ficient, Pa; εmax is the maximum strain of coal.

Stress concentrations develop ahead of the advancing face, 
and this damages the coal seam. The elastic modulus of the 
coal decreases with the damage and may be expressed as (Fan 
et al. 2017):

where E and E0 are the elastic modulus of coal post- and pre-
damage, respectively, Pa; D is the damage variable.

The maximum tensile stress criterion and the 
Mohr–Coulomb criterion are used to determine whether 
tensile and shear damage occur in the coal seam. The dam-
age variable in coal is expressed as (Xu et al. 2006):

(9)
Gui,jj +

G
1 − 2�

uj,ji −
(

K
Km

− K
Ks

)

pm,i

−
(

1 − K
Km

)

pf ,i − K
(

�maxpm
Ps + pm

)

,i
+ Fi = 0

(10)E = E0(1 − D)
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where f1 = �1 − �t , f2 = −�3 + �1
1+sin �

1−sin �
− �c ; εt is the maxi-

mum tensile strain in the coal; εc is the minimum compres-
sive strain in the coal; εt0 represents the ultimate tensile 
strain in the coal; εc0 represents the ultimate compressive 
strain in the coal. The calculation details of the damage vari-
able are shown in Fig. 3.

The governing equation for gas migration in the coal 
matrix is:

where φm is the porosity in coal matrix; Mg is the molar mass 
of gas, kg/mol; R is the molar constant of gas, J/(mol·K); T is 
the temperature in the coal seam, K; VL is Langmuir volume 
constant, m3/kg; PL is the Langmuir pressure constant, Pa; 
ρgs is gas density in standard state, kg/m3; αD1 is the coef-
ficient of damage on desorption rate; τ is the gas desorption 
time, s.

Combined with the generalized Darcy's law for two-
phase gas–water seepage, the mass conservation equation 
of the gas phase in the fracture system can be expressed 
as (Wu et al. 2010; Pan and Connell 2012):

(11)D =

⎧
⎪⎪⎪⎨⎪⎪⎪⎩

0 f1 < 0, f2 < 0

1 −

�
𝜀t0

𝜀t

�2

f1 = 0, df1 > 0

1 −

�
𝜀c0

𝜀c

�2

f2 = 0, df2 > 0

(12)

�

�t

(
VLpm

PL + pm
�s�gs + �m

Mgpm

RT

)
= −

Mg

(
pm − pfg

)
�RT

e�D1D

(13)

�
(

sg�f �g
)

�t
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(

−�g
kkrg
�g

(

1 +
bk
pfg

)

∇pfg

)

=
(

1 − �f
)
Mg

(

pm − pfg
)

�RT
e�D1D

where φf is the fracture porosity; k is the absolute fracture 
permeability, m2; krg is the relative permeability of gas; 
μg is dynamic viscosity of CH4, Pa·s; bk is the slippage 
factor, Pa.

The mass conservation equation for the water phase in 
fracture system can be expressed as:

where ρw is the water density, kg/m3; krw is the relative per-
meability to water; μw is the dynamic viscosity of water, 
Pa·s.

Based on the capillary pressure curve, Corey proposed 
the relative permeability model of gas–water two-phase flow, 
which was later confirmed to accurately reflect the migra-
tion law of water and gas in coal seams. The model is (Fan 
et al. 2019):

where swr is the bound water saturation; sgr is residual gas 
saturation; krg0 is the gas phase endpoint relative perme-
ability; krw0 is the relative permeability of the water phase 
endpoint.

The coal seam is initially in a state of elastic deforma-
tion. After disturbance by mining or excavation, the stress 
state ahead of the advancing face changes, and the coal is 
damaged or fails. The loading and unloading effect on the 
coal ahead of the advancing face triggers the original frac-
tures to expand, generates new fractures that then extend 
and penetrate, with the coal matrix also damaged or failed. 
The development and penetration of fractures in the coal 
promote the rapid migration of gas and water. The damage-
induced permeability of the coal increases rapidly, which 
may reach 300–500 times that of the initial state (Guo 2017). 
Therefore, the permeability of coal ahead of the advancing 
face is divided into elastically influenced permeability and 
damage-influenced permeability.

The evolution of coal permeability is related to the change 
in fracture opening and fracture volume in coal. In the elastic 
stage, the change in fracture volume results from the effec-
tive stress-induced strain and the gas adsorption-induced 
strain. According to previous studies, the porosity in the coal 
matrix can be expressed as (Fan et al. 2019):

(14)
�
(
sw�f �w

)
�t

+ ∇ ⋅

(
−�w

kkrw

�w

∇pfw

)
= 0

(15)
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krg = krg0
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�
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Fig. 3   Stress–strain curve of coal seam post- and pre-damage
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where εe = εv + pmg/Ks−εs; εv is the volumetric strain of the 
coal; the subscript ‘0’ represents the initial value.

The fracture state in the coal can be defined as:

and the relationship between permeability and fracture 
porosity satisfies the cubic law, and the permeability can 
be obtained as:

(16)�m = �m0 +

(
�m − �m0

)(
�e − �e0

)
(
1 + �e

)

(17)�f =
3b0

(
1 + Δ�f

)
a

Considering the anisotropy in permeability, the coal per-
meability in the different coordinate directions (kx, ky, kz) 
under the elastic state is given as:

where ki0 is the initial permeability in the i direction, m2.
If the coal seam is damaged, the permeability is mainly 

controlled by the evolution of damage and fracture creation. 
The sudden increase coefficient ζ is introduced into the coal 
permeability model to represent the abrupt change in perme-
ability caused by the damage (Cui and Bustin 2005; Zheng 
et al. 2017). The sudden increase coefficient increases expo-
nentially with the damage variable, which can be expressed 
as (Xue et al. 2015):
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where αD is the damage coefficient; and D is the damage 
variable.

Considering the pore pressure and damage evolution, the 
damage-based permeability model for the coal is (Xue et al. 
2015):

According to Eq. (19) and Eq. (21), the permeability 
model for the evolution of coal from elastic to damaged state 
is obtained as:

Combining Eqs. (9–22), the stress–damage–seepage 
coupling model for coal containing gas is obtained, and 
the full coupling among key physical fields of stress, 
damage, diffusion, and seepage in coal containing gas 
is defined. The stress–damage–seepage coupling model 
for coal containing gas is composed of several complex 
second-order partial differential equations (PDEs). Due 
to their time–space nonlinearity, it is difficult to solve 
these by analytical methods (Wu et al. 2010). Hence, 
the finite element method (FE) is used for numerical 
solution.

4.3 � Solving Method for Stress–Damage–Seepage 
Coupling Model

There are some advanced numerical algorithms, such 
as the robust stress update algorithm for elastoplastic 
models without analytical derivation of the consistent 
tangent operator and loading/unloading estimation, the 
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open-source unconstrained stress updating algorithm for 
the modified Cam-clay model, et al. (Lu et al. 2023; Zhou 
et al. 2022). Here, we solve the proposed model using 
the scripts linking Comsol with Matlab to codify the 
stress–damage–seepage coupled model. The solid mechan-
ics module is used to calculate the stress evolution during 
the outburst, and the PDE modules are used to evaluate 
gas desorption, diffusion, and gas–water two-phase seep-
age migration during the outburst. Coal damage is concur-
rently evaluated. The damage variable and permeability 
are defined in Matlab scripts and their values are linked 
to Comsol for the spatial evaluation of the PDEs. Fracture 
development and propagation and rapid gas desorption and 
seepage in the dynamic process are followed.

The evolution of damage and gas and water migration in 
the coal seam are all followed in time, and a transient solu-
tion is adopted. The load on the coal gradually increases 
and is regarded as a quasi-static process as the fields of 
stress, damage, and seepage in the coal stabilize over a 
very short time increment △ti at time ti. For the simula-
tion of the compressive seepage process in the coal, the 
sample is gradually loaded from zero to the target load. 
The procedures of loading are listed as follows:

•	 Step 1: Initialize the Comsol with Matlab routines, build 
the geometric model, establish the solid mechanics mod-
ule, and initiate the PDE modules for the equations of gas 
desorption, diffusion, and seepage, and water seepage.

•	 Step 2: Evaluate the heterogeneous elastic modulus of 
the coal, input the initial value of the parameters, set 
the boundary conditions for the solid and fluid, and 
mesh of geometric model.

•	 Step 3: Apply the first stress loading, and solve for the 
variables, i.e., stress, strain, damage, gas pressure and 
water saturation.

•	 Step 4: Extract the effective stresses and strains to obtain 
the distribution of the damage variables, and evaluate the 
stress state of element and whether it meets the criterion 
for the occurrence of new damage. If there is new dam-
age, the parameters, including elastic modulus, strength 
and permeability of coal are modified. Adjust the stress 
within the coal accordingly, and complete successive 
cycle of calculation until no new damage occurs.

•	 Step 5: Increment of the solution step, apply the next 
loading, continue to steps 3 and 4, and repeat until the 
target load is achieved.

•	 Step 6: Conduct post-processing, and terminate the Com-
sol with Matlab routines.

5 � Modeling the Spatio‑temporal Evolution 
of the Outburst

5.1 � Geometry and Settings

We follow the evolution of a serious coal and gas outburst 
that occurred on October 20, 2004 in the Daping Coal Mine, 
of the Zhengzhou Coal Group, China. A gas explosion 
resulted in 148 deaths and 32 injuries (Guo et al. 2016a). 
The roadway encountered a squeezing reverse fault with a 
vertical offset of ~ 10 m during the excavation process. A 
coal and gas outburst occurred when the coal seam on the 
underside of the reverse fault was excavated. The outburst 
was of 1894 t of coal–rock (1362 t of coal and 532 t of rock) 
and 250,000 m3 of outburst gas. As shown in Fig. 4a, the 
outburst face of the excavating roadway is ~ 5 m from the 
coal seam on the underside of the reverse fault. The bur-
ied depth of the coal seam is 612 m. The outburst cavity is 
located in the middle and upper parts of the advancing face. 
The opening of the cavity is 2.2 m in width, 1.6 m in height, 
and 7.3 m in length. The upward inclination angle of the 
cavity is 43°, which is coincident with the orientation of the 
fault surface (Luo et al. 2018).

As shown in Fig.  4b, a three-dimensional geometric 
model reflecting the outburst in situ is established to simu-
late the temporal and spatial evolution of the coal and gas 
outburst, to obtain the stress transfer, gas migration, energy 
release, and damage zone development in the dynamic sys-
tem during the outburst process. The simulation block geom-
etry is 65 m in length, 33 m in width, and 55 m in height. 
The roadway is excavated in the x direction, and the roadway 
cross-section is square with side length of 4 m. The strata 
from top to bottom are roof shale, coal seam, mudstone, 
limestone, and sandstone. There is a fault fracture zone with 
width of 1.2 m. The geometric modeling is divided into free 
tetrahedron meshes. The complete mesh consists of 41,571 
domain elements, 9295 boundary elements, and 1432 edge 
elements.

Figure 4c shows a section of the model under different 
excavation steps. The roadway initially advances along the 
horizontal x direction. When advanced 15 m, the direction 
of advance is changed to 20° inclined upward to expose the 
coal seam. When the advancing face is ~ 5 m separated from 
the footwall coal seam of the reverse fault, the coal and gas 
outburst occurs. The simulation of the roadway excavation 
is divided into four steps, and the advancing excavation dis-
tance is from 5 to 10 to 20 and then to 30 m, respectively. 
The reference line A-B-C-D-E–F in the center of the coal 
seam is set to monitor changes in the relevant parameters.

The vertical load of 15.3 MPa is applied from the overly-
ing strata to the top boundary of the prismatic solution block 
in the z direction, and the horizontal load of 18.8 MPa and 
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12.8 MPa are applied on boundaries in the x and y direc-
tions with the bottom boundary set as fixed. The surround-
ing boundaries are impermeable. The initial gas pressure 
is 2.04 MPa, the coal permeability is 2.27 × 10–17 m2, the 
water saturation in the fracture is 0.35, and the compres-
sive strength of coal seam is 2.143 MPa. The mechanical 
properties of the microscopic REV of the coal–rock mass 
are heterogeneous in space. Assuming that the coal–rock 

mechanical parameters on the REVs obey a Weibull distribu-
tion, the initial values are randomly generated by the Monte 
Carlo method. The spatial distribution of elastic modulus of 
coal–rock mass is shown in Fig. 4b. The relevant parameters 
used in the simulation are shown in Table 1 and Table 2. 
Most of parameters were measured from experimental test 
on samples taken from the same coal seam in Daping Coal 

Table 2   Mechanical and 
transport parameters of the coal 
and rock mass

Parameter Shale Coal Mudstone Limestone Sandstone Fault 
fractured 
zone

Compressive strength (σc, MPa) 8.93 1.34 2.06 12.61 6.03 1.13
Tensile strength (σt, MPa) 2.16 0.48 0.68 2.624 1.16 0.32
Elastic modulus (E, GPa) 18.34 4.34 10.93 35.34 16.05 1.84
Degree of uniformity (m) 8 6 8 12 10 4
Poisson ratio (ν) 0.3 0.35 0.3 0.25 0.28 0.38
Initial permeability (k0, 10−18m2) 0.57 22.7 1.27 1.25 85.7 8.21
Angle of internal friction (θ, °) 25.96 12.7 20.24 30.73 23.1 9.57

Table 1   Relevant parameters for 
simulation of the evolution of 
outbursts in the dynamic system

Parameter name Value Parameter name Value

Initial gas pressure (p0, MPa) 2.04 Geothermal temperature (T0, K) 300
Volume constant (VL, m3/kg) 0.0256 Maximum sorption induced strain (εmax) 0.0128
Pressure constant (PL, MPa) 2.07 Molar mass of gas (Mg, g/mol) 16
Gas dynamic viscosity (μg, Pa·s) 1.84 × 10–5 Molar gas constant (R, J/(mol·K) 8.314
Gas viscosity (μw, Pa·s) 1.03 × 10–3 Benchmark temperature (Ts, K) 273.5
Initial water saturation (swi) 0.35 Standard pressure (ps, kPa) 101
Irreducible water saturation (swr) 0.32 Expansion coefficient (fm) 0.5
Porosity in rock (φf10) 2.21 Increasing coefficient of permeability (αD) 12
Gas desorption time (τ, d) 6 Increasing coefficient of gas desorption (αD1) 0.05
Initial porosity in coal (φm0) 0.065 Porosity in fault (φf20) 0.2
Initial fracture in coal (φf0) 0.012 Rock density (ρr, kg/m3) 2500
process coefficient (n) 1.25 Coal density (ρc, kg/m3) 1470
slippage factor (bk, MPa) 0.76 capillary pressure (pcgw, MPa) 0.05

(a)
(b) (c)

Fig. 4   Geometric model for simulations of spatio-temporal evolution of coal and gas outburst in Daping Coal Mine
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Mine, while some of these parameters were cited from other 
literatures.

5.2 � Stress Transfer and Damage Evolution During 
the Formation of the Outburst

The distribution of the maximum principal stress in the 
coal–rock mass after different advance lengths of excava-
tion is shown in Fig. 5. When the roadway is excavated 
for 5 m, the stress increases ~ 2–4 m ahead of the road-
way. The advancing face of the roadway remains distant 
from the fault, and the damage zone near the fault is small, 
indicating that the excavation has little effect on the fault 
damage zone. As the excavation of the roadway continues, 
the rock surrounding the roadway is damaged, and a stress-
relief zone is generated in the floor and roof. With advance 
of the roadway, the stress-relief zone expands. The closer 
to the fault damage zone, the greater the impact of the 
roadway excavation on the failure of coal and rock near 
the fault. When the advancing face is excavated to 30 m, 
significant damage occurs at the intersection of the fault 
and the upper coal seam, and the stress in the coal–rock 
mass decreases rapidly.

The spatial distribution of damage in coal–rock mass 
for different advance lengths of the roadway excavation 
is shown in Fig. 6. The total damage zone can be divided 

into the damage zone around the roadway and the damage 
zone in fault region. When the roadway is excavated to 
30 m, the advancing face is then close to the fault. The 
damage zone around the roadway and in the fault region 
are superimposed and connected. The coal–rock mass in 
the damage zone satisfies the formation criterion F1 of 
the dynamic system, thus a coal and gas outburst initiates.

5.3 � Evolution of Stress, Gas, and Energy During 
the Gas Outburst Instability

5.3.1 � (1) Stress Transfer

When the instability criterion F2 is satisfied, the failed 
coal–rock mass is ejected into the roadway and accompa-
nied by a massive release of gas, resulting in a coal and gas 
outburst. In Fig. 7, the zone of reduction of the maximum 
principal stress in the coal–rock mass expands as the out-
burst time increases. When the outburst lasts 30 s, the zone 
of stress reduction is mainly distributed in the coal seam in 
the upper stratum, the reverse fault, and the rock surrounding 
the roadway. With an increase of the time of the outburst, the 
coal–rock mass above the advancing face is damaged and the 
stress is relieved. At 60 s, a zone of reduced stress appears 
and begins to expand in the coal seam in lower part of the 

Fig. 5   Maximum principal 
stress within coal–rock mass 
during roadway excavation
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fault. This zone reaches a maximum size when the outburst 
lasts for 180 s.

The stress distribution near the fault is complex. The 
zone of stress reduction in the coal–rock mass near the 
fault enlarges with time. The stress in the stress-relief 
area is then borne by the surrounding rock, leading to 
a stress increase in the coal–rock mass outside the red-
stressed region. For point B, distant from the reverse 
fault, the ground stress is less affected in the outburst pro-
cess. While for point C, near the fault, the stress field is 
strongly affected. The maximum principal stress reaches 
17.73 MPa when the outburst has lasted 30 s. However, as 
the outburst continues, the stress is rapidly released and 
finally reduces to 1.7 MPa. The coal–rock mass at point C 
is initially intact. In the outburst process, damage occurs 
at point C, and the load-bearing ability decreases. The 
coal–rock mass at point D, located at the intersection of 
the upper coal seam and the fault, is damaged in the early 
stage of the outburst. As the outburst proceeds, damage 
increases, and the stress decreases from 2.83 MPa at 30 s 
to 1.08 MPa at 180 s.

5.3.2 � (2) Gas Migration

The participation of gas is one of the main differences 
between coal and gas outburst and other dynamic disas-
ters. In the coal seam, gas is mainly in the adsorbed state, 
accounting for more than 90% of the total gas. When the 
coal mass is damaged, the fracture space in the coal mass 
increases, and the state of equilibrium sorption is disrupted. 
The adsorbed gas desorbs and migrates to the fractures, and 
then participates in the process of the coal and gas outburst, 
providing a steady energy source for the outburst. When 
the high-pressure gas is rapidly depressurized, a volume 
expansion occurs and works on the coal–rock mass, which 
promotes the extension of fractures and fragments the coal 
(Zhao et al. 2016; Guo et al. 2016b).

The distribution of gas pressure in the fractures within 
the coal–rock mass is shown in Fig. 8. In the first 60 s of 
the outburst, the gas pressure slowly decreases, mainly in 
the zone located in the front of the roadway and the lower 
part of the fault. The fault damage zone is not connected at 
this time, as well as the high permeability zone. After 60 s, 
the damage zone propagates and the gas rapidly migrates to 

Fig. 6   Distribution of damage 
zone within the coal and rock 
mass during roadway excavation



6866	 C. Fan et al.

1 3

the free space of the roadway, driven by the high pressure 
gradient and high permeability, resulting in a sharp drop in 
the gas pressure. In the coal seam close to the fault zone, the 
gas pressure rapidly decreases with time. The closer to the 
fault, the larger the decrease in gas pressure. In 60 s–150 s, 
the gas pressure decreases at a high rate, indicating that the 
gas outburst is severe over this time interval.

The fracture gas pressure at points B, C, and D is 
1.95 MPa, 1.89 MPa, and 1.80 MPa, respectively, at 30 s, 
thus relatively uniform. When the outburst lasts for 180 s, the 
gas pressures at points B, C, and D are 1.57 MPa, 0.52 MPa, 
and 0.48 MPa, respectively. These are 21.9%, 74.1%, and 
76.1% lower than the initial pressure of 2.04 MPa.

The distribution of gas pressure in the coal matrix is shown 
in Fig. 9. Compared with the fracture gas pressure, the rate of 
reduction in the matrix gas pressure is significantly slowed 
and the size of the zone of reduced pressure is clearly reduced. 
The reason may be that the gas diffusion rate in the matrix is 
slower than the gas seepage rate in the fracture. In the early 
stage of the outburst, the matrix gas pressure decreases slowly, 

and the zone of reduced pressure is mainly located ahead of 
the roadway and the lower part of the fault. With a decrease 
in the gas pressure in the fracture, the gas desorbs from the 
matrix, migrates to the fracture, and then rapidly migrates to 
the free space of roadway. The matrix gas pressure changes 
only slightly at 150 s and 180 s, indicating that the gas desorp-
tion is slow and the amount of outburst gas sharply reduces. At 
points C and D near the fault, the matrix gas pressure decreases 
rapidly, while at point B, far from the fault, it remains essen-
tially unchanged. At 180 s, the matrix gas pressure at points B, 
C, and D is 2.03 MPa, 1.17 MPa, and 0.63 MPa respectively, 
which is 0.5%, 42.65%, and 68.78% lower than the initial pres-
sure. The matrix gas pressure decreases more significantly in 
the area closer to the fault.

5.3.3 � (3) Energy Dissipation

The coal and gas outburst process involves energy accumula-
tion, release, and transformation. In the outburst, the accu-
mulation of elastic potential energy and gas internal energy 

Fig. 7   Distribution of maximum 
principal stress in the coal and 
rock mass during outburst
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is continuously released and converted into comminution 
work and the kinetic energy of the high-speed motion of the 
coal–rock. The gas desorption speed slows until the release 
and the dissipation of energy in the dynamic system reaches 
a new equilibrium (Wang et al. 2013, 2015c).

The dissipated energy (Ed) in the outburst is mainly 
composed of the comminution/crushing work (Ef) in pro-
ducing coal–rock fragments and the kinetic energy (Ek) 
for coal–rock ejection. Figure  10 shows the dissipated 
energy density of coal–rock mass in the damage zone. 
In the dynamic system, the position where the dissipated 
energy density is greater than 30 MJ/m3 indicates that the 
energy density required to crush and eject the coal mass is 
significant. As time increases, the damage zone expands, 
the firmness coefficient in this zone decreases, caused by 
the increased damage. According to Eq. (6), the dissipated 

energy required to crush the coal–rock is greatly reduced. At 
30 s, the dissipated energy density in most zones is greater 
than 30 MJ/m3, except for the zone near the fault. As the 
zone of damage expands, the crushing work required for 
the damaged coal–rock mass decreases and the zone of the 
decreasing required energy density extends.

In the outburst, the energy released from the gassy 
coal–rock mass (Es) includes the gravitational potential 
energy (Ep), the solid elastic energy (Ee), and the gas internal 
energy (Eg). Figure 11 shows the change of energy released 
from the gassy coal–rock mass in the damage zone during 
the outburst. At 30 s, the energy density that can be released 
from the coal–rock mass is limited. With the increase of 
time, the damage zone in coal mass expands, and gas des-
orption from the crushed coal accelerates. The adsorbed 
gas is quickly desorbed as free gas and accompanied by the 

Fig. 8   Gas pressure distribution 
in fractures within the coal and 
rock mass during outburst
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release of internal gas energy. The gas pressure produces 
a tensile stress within the coal mass, comminutes the coal 
into small fragments, accelerates the process of coal damage 
and failure, and finally the high-pressure gas ejects the coal 
mass into the roadway. In Fig. 11, the released energy den-
sity in the damage zone increases with time, and this zone 
expands. The maximum released energy density can reach 
25 MJ/m3 in the coal seam near the fault. As time contin-
ues, the released energy density near the fault increases. In 
0–60 s, the increasing rate of the released energy density is 
slow. After 60 s, the gas internal energy is released rapidly, 
and the released energy density increases sharply. Gas inter-
nal energy density dominates the change of released energy 
density, and thus the trends in the released energy density 
and the adsorbed gas are opposite.

Figure 12 shows the variation in the released energy 
density with time for the reference points. At point B, the 
required dissipated energy density is maintained at 116 MJ/
m3, while the energy released from the coal mass is only 

0.58 MJ/m3-far less than the energy required for instabil-
ity. According to the instability criterion F2, the coal mass 
will be stable, and an outburst will not occur. At point C, 
the required dissipated energy is higher at first, and results 
in damage to the coal mass and a reduction in the firmness 
coefficient of the coal mass, resulting in the reduction of the 
required dissipated energy and thus instability of dynamic 
system. At 120 s, the dissipated energy at point C is 1.77 MJ/
m3, and the released energy is 8.85 MJ/m3. Clearly, the insta-
bility criterion F2 is satisfied to trigger an outburst. At point 
D, the required dissipated energy density is initially low, 
at 1.96 MJ/m3. With the rapid release in desorbed gas, the 
energy density released at this point reaches 2.19 MJ/m3 at 
90 s, which is greater than the required dissipated energy 
density, satisfying the instability criterion F2, and ultimately 
an outburst occurs.

Fig. 9   Distribution of gas pres-
sure in the coal matrix during 
outburst



6869Spatial–Temporal Evolution and Countermeasures for Coal and Gas Outbursts Represented as a…

1 3

5.4 � Spatial–Temporal Evolution of the Outburst 
Dynamic System

The coal–rock mass with the largest changes in the geo-
stress, gas pressure, and mechanical properties are the main 
places where outburst occurs. Due to the low permeability 
in the original intact coal–rock mass, gas outflow and pres-
sure dissipation are difficult and cannot participate in the 
dynamic process of gas outburst. In general, the changes 
of gas pressure, geo-stress, and energy in the undamaged 
coal–rock mass are small, while these parameters in the 
damaged zone all change significantly. We define the spatial 
scale of the outburst dynamic system as the damaged zone 
of the coal–rock mass, satisfying the formation criterion F1.

Compared with the damage to the coal–rock, the insta-
bility is a phenomenon where the coal–rock mass is bro-
ken and loses its load-bearing capacity under the applied 

stress. One of the main characteristics of coal and gas out-
bursts is that the gassy coal–rock mass in a certain zone 
suddenly loses its load-bearing capacity. Therefore, an 
instability criterion is a basic requirement for the occur-
rence of coal and gas outbursts. Accordingly, the occur-
rence of coal and gas outbursts depends on the released 
energy density–that it is greater than the required dis-
sipated energy density, which satisfies the energy-based 
instability criterion F2 of the dynamic system. The newly 
outburst-prone coal–rock mass needs to reach the instabil-
ity criterion F2 after the formation criterion F1. Here, we 
define the spatial scale of the outburst geological body 
as the coal–rock mass satisfying both criteria F1 and F2. 
Thus, the spatial scale of the outburst determines the size, 
spatial position, and shape of the outburst cavity. It char-
acterizes the intensity of the outburst and is the key area 
in which to prevent an outburst.

Fig. 10   Distribution of dis-
sipated energy density within 
coal and rock mass in the area 
of damage during outburst
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In this work, the dynamic system and the geological 
body of coal and gas outburst are constructed for the out-
burst accident in the Daping Coal Mine. The spatial scale of 
the dynamic system and the geological host to the outbursts 
are given. The volumes of coal–rock, coal mass, and rock 
mass are calculated, as shown in Figs. 13–16. When the 
outburst occurs for 60, 90, 120, and 180 s, the total volume 
of coal and rock in the outburst dynamic system is 4766, 
5230, 5699, and 6779 m3, respectively. The total volume of 
coal–rock in the outburst geological body is 96, 926, 1572, 
and 1698 m3, respectively.

In Fig. 13, when the outburst occurs for 60 s, the volume 
satisfying the instability criterion F2 is small. The fault dam-
age zone is not effectively connected, and the gas in the coal 
seam fails to participate in the process of outburst. At this 
duration, the volume of the outburst in the geological body 
only accounts for 2.01% of the geo-dynamic system.

Fig. 11   Distribution of energy 
density released by gas-bearing 
coal and rock mass during 
outburst
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In Fig. 14, when the outburst occurs for 90 s, the fault 
damage zone has been effectively connected, and the des-
orbed gas can release energy, promote instability of the 
dynamic system, and rapidly extend the outburst through 
the geological body. At this duration, the outburst geological 
body only accounts for 17.7% of the geo-dynamic system.

In Fig. 15, the outburst has occurred for 120 s, and the 
outburst geological body expands by 646 m3, accounting 
for 27.6% of the geo-dynamic system. The outburst is still 
severe during this period, with a large amount of gas releas-
ing energy and participating in the outburst process.

In Fig. 16, the outburst has occurred for 180 s, the out-
burst geological body expands by 126 m3, and the outburst 
geological body accounts for 25.1% of the geo-dynamic 
system. The outburst intensity tends to stabilize during this 
period, and the outburst terminates.

In Fig. 17a, the spatial scale of the geo-dynamic sys-
tem satisfying the formation criterion F1 increases with 
the outburst time, from 3816 m3 at 30 s to 6779  m3 at 
180 s. The volume of rock mass in the geo-dynamic system 
is much larger than that of coal mass, due to the dam-
age to the rock surrounding the roadway in the outburst 

geo-dynamic system. In Fig. 17b, the volume of the out-
burst in the geological body satisfying both the forma-
tion criterion F1 and the instability criterion F2 shows a 
slow–rapid–slow trend with time. From 60 to 120 s, the 
outburst geological body enlarges most significantly. Dur-
ing this period, the outburst intensity is the largest, which 
is the most serious stage in the disaster. In general, the vol-
ume of coal in the outburst geological body is greater than 
that of rock. At 180 s, the outburst is essentially terminated 
and the outburst volume of total coal–rock, coal, and rock 
is 1698 m3, 1154 m3, and 544 m3, respectively. According 
to the on-site outburst in the Daping Coal Mine, the vol-
ume of the outburst coal–rock is 1461 m3, amounting for 
1894 t of coal–rock, 1362 t of coal, and 532 t of rock. By 
comparison, the volume of the geological body obtained in 
the simulation is close to that of on-site outburst, with an 
error of ~ 16.2%. The reason for this slight mismatch may 
be the strong heterogeneity of the mechanical properties 
of the coal–rock and the difficulty in obtaining accurate 
parameter for the coal–rock masses in the outburst cavity.

Figure 18 shows the volume ratio of the outburst geological 
body to the geo-dynamic system. Before the outburst occurs 

Fig. 13   Spatial scale for 
dynamic system and geological 
body of outburst at 60 s
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120 s, the volume ratio increases with the outburst time, and 
reaches a maximum value of 27.58% at 120 s. After that, the 
volume ratio gradually decreases. The total amount of out-
burst of the geological body only accounts for approximately 
a quarter of that of the outburst dynamic system. This indicates 
that there is a large volume of coal–rock mass that provides 
motive power and energy for the outburst of coal–rocks in the 
dynamic system. This coal–rock mass has contributed to the 
outburst disaster, although has not been ejected.

6 � Preventative Countermeasures for Coal 
and Gas Outbursts

We observe that the final outburst volume closely approxi-
mates the volume of the coal–rock zone satisfying the insta-
bility criterion F2. This implies that the energy accumulation 
and release in the dynamic system dominate the initiation 
and development of outburst. The change in energy com-
prehensively reflects the mechanical strength of coal–rock 

mass, the geo-stress state, and the gas ad-desorption. In the 
initialization of the outburst, the fractures extend when the 
coal mass is destroyed or crushed under the combined action 
of gas pressure and external loading. This process consumes 
the major energy to increase the surface energy of coal–rock 
fragments. An increase in coal–rock strength will increase 
the crushing work required, and as a result, the energy 
threshold required for an outburst will also be increased. 
On the contrary, an increase in gas pressure and geo-stress 
will increase the energy accumulated in the gassy coal–rock 
mass, and thus the potential energy released by the outburst 
will be increased. From the results of the simulation, the 
formation of the dynamic system is a prerequisite for the 
release of potential energy, while a released energy density 
greater than the required dissipation of energy density is the 
key to determine whether the outburst can continue.

In Fig. 19, the effective stress, dominated by geo-stress, 
acts on the coal–rock mass. When the formation criterion F1 
of the dynamic system is satisfied, damage occurs to form 
the outburst. When the coal–rock mass has low strength, the 

Fig. 14   Spatial scale for 
dynamic system and geological 
body of outburst at 90 s
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system meets the instability criterion F2 under the action of 
geo-stress and gas pressure alone and instability as an out-
burst occurs. Therefore, preventative countermeasures may 
be proposed to eliminate the risk of outbursts by controlling 
the major factors impacting the formation criterion F1 and 
instability criterion F2 of the dynamic system.

The high geo-stress in the coal seam formed by the min-
ing stress and tectonic stress are the major controlling fac-
tors influencing the formation criterion F1 for the dynamic 
system. This dominates the mechanical damage and failure 
process, and reduces the strength of the coal–rock mass. 
Fractures and pores within the coal–rock mass under the 
high stress state are often compacted and closed, which seals 
gas migration. In engineering practice, the regional meas-
ures of using a mining protective layer and local measures 
of hydraulic punching or large diameter relief boreholes 
are usually adopted to alleviate the high geo-stress, namely 
the “unloading” countermeasure. In this situation, the spa-
tial scale of the outburst-prone dynamic system cannot be 
formed, and the risk of coal and gas outburst is reduced or 
eliminated.

However, if the outburst geo-dynamic system is formed, 
an outburst disaster can also be prevented by addressing 
the instability criterion F2 of the geo-dynamic system. The 
regional measures of pre-drainage of coal seam gas and the 
local measures of gas drainage ahead of the advancing road-
way or mining face are usually adopted to reduce the gas 
pressure and content in the coal seam, namely the “depres-
surization” countermeasure. By this, the instability criterion 
F2 is obviated and the likelihood of an outburst is avoided.

Therefore, the prevention of coal and gas outbursts 
based on the dynamic system includes countermeasures 
of “unloading” and “depressurization”. “Unloading” is to 
reduce the geo-stress to improve the stress conditions of 
the coal seam, and to obviate the formation criterion F1. 
“Depressurization” is to reduce the gas pressure and gas 
content in the coal seam, and to obviate instability criterion 
F2. By applying one or all of these countermeasures, the 
coal–rock mass can maintain its stability, and thus eliminate 
the danger of an outburst.

Fig. 15   Spatial scale for geo-
dynamic system and geological 
body of outburst at 120 s
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Fig. 16   Spatial scale for 
dynamic system and geological 
body of outburst at 180 s

(a) The geo-dynamic system (criterion F1) (b) Geological body (criterion F1+F2)
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7 � Conclusion

(1)	 Mechanisms contributing to the evolution of coal and 
gas outbursts are explored as a dynamic system to 
reveal key controls on criteria for the formation and 
instability of such gas outbursts. The outburst pro-
gresses as a dynamic system in four stages—initiali-
zation, formation, development through termination.

(2)	 A stress–damage–seepage coupling model for outbursts 
in coal seams is established. This comprises govern-

ing equations defining the stress field and gas transport 
from desorption, then diffusion through the matrix to 
the embedded fractures. This model is used to simulate 
the macro-fracture propagation and gas migration con-
tributing to coal and gas outbursts.

(3)	 The spatial–temporal evolution of coal and gas outburst 
is simulated using this model and the relative impacts 
of stress transfer, gas migration, energy accumulation 
and then release in the dynamic system revealed. The 
dynamic triggering of a coal and gas outburst occurs 
when the mining-induced damage zone is superim-
posed onto the tectonically induced damage zone ahead 
of the roadway.

(4)	 The spatial scales of the outburst dynamic system and 
the geological body are defined and provide the spa-
tial basis for the implementation of outburst counter-
measures. A three-dimensional view of the evolving 
dynamic system is recovered from these models with 
volumes in good agreement with the outbursts observed 
forensically on site.

(5)	 The formation of a dynamic system is a prerequisite for 
the release of the potential energy. A released energy 
density greater than the required dissipation energy 
density is the key feature to determine whether the 
outburst can continue. Thus, countermeasures for the 
prevention of coal and gas outbursts based on such a 
dynamic system include “unloading” and “depressuri-
zation”.
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