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Abstract Gas pressure is one of the necessary conditions for the occurrence of coal and gas 11 

outburst. Realization of continuous and dynamic gas pressure forecasting is of significance for 12 

prevention and control of coal and gas outburst. In this work, we established a gas pressure 13 

prediction model based on the source of gas emission with considering fluid-solid coupling 14 

process. The verified results showed that the predicted gas pressure was roughly consistent with 15 

the actual situation, indicating that the prediction model is correct. And it could meet the need of 16 

engineering projects. Coal and gas outburst dynamic phenomenon is successfully predicted in 17 

engineering application with the model. Overall, prediction coal and gas outburst with the gas 18 

pressure model can achieve the continuous and dynamic effect. It can overcome both the static and 19 

sampling shortcomings of traditional methods, and solve the difficulty of coal and gas outburst 20 

prediction at the excavation face. With its broad applicability and potential prospect, we believe 21 

the model is of great importance for improving prevention and control of gas disasters. 22 

Keywords: Gas emission; gas pressure; mining; coal and gas outburst 23 

1 Introduction 24 

Coal and gas outburst occurring in the coal mining process are dynamic phenomena 25 

accompanied by great hazards. This kind of disaster exists in almost all the main coal-producing 26 

countries in the world (Díaz Aguado and González Nicieza, 2007; Toraño et al., 2012). Among 27 
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them, about one-third occurred in China. Thus, it is one of the major security issues in China coal 28 

mining (Guan et al., 2009; Skoczylas, 2012; Xu et al., 2006). With the mining depth and intensity 29 

continuously increasing and geological conditions gradually complicating, coal and gas outburst 30 

disasters will become more and more serious. Therefore, accurate prediction of coal and gas 31 

outburst becomes very important and urgent. 32 

Conventional methods for prediction of coal and gas outburst are mainly drilling-based. 33 

These methods predict coal and gas outburst by measuring the initial velocity of gas emission 34 

from boreholes, the amount of drill cuttings weight, etc. Although their implementation has 35 

reduced the occurrence of coal and gas outburst effectively, outburst accidents frequently occur 36 

when the indexes are below the warning criteria or due to missed prediction. It’s mainly because 37 

gas outburst is very complex. And miners experience is also a reason. 38 

Therefore, some unconventional prediction methods, such as those based on changes in coal’s 39 

mechanical property and coalbed thickness (Lat et al., 2007), as well as abnormal gas emission 40 

(Nie et al., 2014; Yang et al., 2010) and gas expansion energy (Jiang et al., 2015), etc., were 41 

proposed and applied in f ield trials, and obtained some results. In addition, geophysical methods 42 

such as electromagnetic radiation (He et al., 2012; Wang et al., 2011), microseismic (Lu et al., 43 

2012) and acoustic emission (Lu et al., 2014) have also made great progress in coal and gas 44 

outburst prediction and been successfully applied in some coal mines. 45 

Although there are a lot of prediction methods, gas outburst hasn’t been completely 46 

eliminated. Gas pressure is one of the main factors inducing coal and gas outburst directly. And 47 

it’s also one of the important indicators reflecting coal and gas outburst coalbed (Díaz Aguado and 48 

González Nicieza, 2007). Therefore, compared with the above methods, predicting coal and gas 49 

outbursts by gas pressure must have higher accuracy and universality. Since direct measurement of 50 

gas pressure in the excavation process has a great impact on coal production, prediction has drawn 51 

more and more attention by some researchers. 52 

The initially gas expansion energy was used to determine critical gas pressure of gas outburst. 53 

And it was realized in the coal and gas outburst simulation experiments. The method has also been 54 

applied in some coal mines (Han and Jiang, 2005). Using gas desorption property, and residual gas 55 

content measured in the laboratory to fit and compute the coalbed gas pressure provides a new 56 

idea for gas pressure prediction (An et al., 2011; Wu et al., 2011). In addition, the safety line 57 
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method for predicting gas pressure also met the needs in some coal and gas outburst mines (Wang 58 

et al., 2012). Moreover, the development of numerical simulation technology provides a new tool 59 

for predicting gas pressure. The finite difference method was applied to study the distribution of 60 

gas pressure and the characteristics of gas emission from areas around the excavation face and 61 

roadway (Gao and Hou, 2007). The distribution of gas pressure ahead of tunneling was analyzed 62 

when the gas content is assumed to be constant (Liang et al., 2011; Qi et al., 2007). Although these 63 

gas pressure prediction methods solved some field requirements to a certain extent, the dynamic 64 

behaviors of underground coalbed gas pressure are difficult to be truly reflected. It is very 65 

unfavorable for accurate prediction of coal and gas outburst.  66 

In order to predict coal and gas outburst accurately, a continuous and dynamic predicting gas 67 

pressure is necessary and can be achieved by gas emission. On the one hand, gas emission during 68 

roadway excavation is the result of interactions between geological conditions and coalbed 69 

occurrence, and consistent with gas pressure impacting conditions. On the other hand, wide 70 

application of gas monitoring systems has inherent advantages in continuous and dynamic 71 

prediction of gas pressure using gas emission. No doubt, using such a method could solve the gas 72 

outburst prediction difficulty that has troubled coalmines for many years. Based on this, in this 73 

work, we established a continuous dynamic model to predict gas pressure at the excavation face 74 

based on gas emission. And verified and applied it into engineering by numerical simulation. We 75 

hope our research achieves continuous and dynamic pre-warning for coal and gas outburst.  76 

2 Gas pressure prediction model 77 

Gas emission is a fluid-solid coupling process and gas migration is driven by gas pressure 78 

gradient through coal seepage channels to excavation face. It involves desorption, adsorption, 79 

diffusion, etc. It is closely related to gas pressure. Thus, we can establish a gas pressure prediction 80 

model according to the sources of gas emission from the excavation face by considering 81 

fluid-solid coupling process.  82 

2.1 Gas emission model 83 

Because gas emission is originated from collapsed coal and coal wall, the intensity of gas 84 

emission on the excavation face can be described by  85 

 Q = Qc + Qw                               (1) 86 
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where Qc and Qw are the gas emission intens ities from the collapsed coal and the coal walls, 87 

respectively, m3/min.  88 

Gas from coal wall is continuously supplied by coalbed, and affected by the fractures formed 89 

by underground pressure and coal damage, as well as mining procedures. Therefore, the intensity 90 

of gas emission in its attenuation process fluctuates greatly with changes in underground pressure 91 

and crack production. But in general, it obeys the law of exponential decay (Yu et al., 2000). By 92 

contrast, gas emission from collapsed coal is not affected by its supply source and underground 93 

pressure. Therefore, it does not fluctuate in its decay process. 94 

2.1.1 Intensity of gas emission from collapsed coal 95 

The intensity of gas emission from collapsed coal per ton and per minute is (Yu et al., 2000) 96 

 1 1

1 0

t
Q Q e


                     (2) 97 

where Q1 and Q0 are the intensity of gas emission from collapsed coal at the time t1 time and at the 98 

initial time, respectively, m3/ (t.min); 1  is the decay coefficient of collapsed coal gas, min-1; t1 is 
99 

the time of the collapsed coal remains at the face, min.  100 

The total intensity of gas emission from collapsed coal Qc becomes: 101 

 1 1 1 1

0 0

t t

c c csQ G Q e XS Q e      (3) 102 

where Gc is the amount of collapsed coal by mining, t; X is the amount of footage at the face, m; 103 

Scs is the cross section of roadway, m2;  is the bulk density of coal, t/m3. 104 

2.1.2 Intensity of gas emission from the coal wall 105 

The intensity of gas emission from the coal wall is the intensity of gas emission from the 106 

excavation face wall plus the intensity of gas emission from roadway walls. Let the intens ity of 107 

gas emission from a unit area of coal wall be q at the initial time, m3/ (m2.min), the intensity of gas 108 

emission from the face coal wall Qf, [m
3/min] at time t2, is (Yu et al., 2000) 109 

  
2 2t

f csQ qS e    (4) 110 

where 2  is the decay coefficient of coal wall gas, min-1; t2 is the exposure time of coal wall,  111 

min. 112 

Likewise, the intensity of gas emission from a unit area of roadway wall is 113 

 2 2

3

t
Q qe


  (5) 114 
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where 3Q  is the amount of gas emission from a unit area of roadway wall at t2 time, m3/ 115 

(m2.min). 116 

Suppose that a small length segment along the roadway is dl, the rate of gas emission around 117 

the roadway wall along the dl obeys Eq.(5), the amount of gas emission from dL at t2 is 118 

 2 2

3

t
dQ qe Adl


  (6) 119 

where A is the perimeter of the coal wall, m. 120 

After excavating X m, at the place L far away from the roadway head, the amount of gas 121 

emission from the roadway wall Qr is the integral of Eq.(6) from the roadway head to the place L, 122 

that is,  123 

 2 2 2 2

0
( )

L X
t t

rQ qe Adl qA L X e 


     (7) 124 

According to Eqs.(4) and (7), the intensity of gas emission from the coal wall is 125 

 2 2 2 2[ + ( ) ]t t

w csQ q S e A L X e    . (8) 126 

From Eq.(8), it can be seen that gas emission from coal wall is closely related to the intensity 127 

of gas emission per unit area of the coal wall.  128 

To obtain the intensity of gas emission per unit area of the coal wall, it is assumed that the 129 

process of coalbed gas migration is an isothermal process, free gas is an ideal gas complying with 130 

the ideal gas equation of state; coal is a continuous medium, plastic deformation of gas bearing 131 

coal is small, and the gas flow in coal wall is unidirectional and steady.  132 

Gas adsorption obeys the Langmuir equation, the content of gas can be expressed as  133 

 
1

m

abp
X Bnp

bp
 


 (9) 134 

where Xm is the content of gas per unit coal mass, m
3
/t; a is the limit adsorption amount of coal, 135 

m
3
/t; b is the adsorption equilibrium constant, MPa

-1
; p is the coalbed gas pressure, MPa; n is the 136 

porosity of coal; B =T0/(Tp0ξρ),

 

T0 is the absolute temperature (under standard conditions, T0=273 137 

K); T is the gas temperature, K; p0 is the atmospheric pressure (under standard conditions, p0 = 138 

0.101325 MPa); ξ is the gas compression factor; ρ is the apparent density of coal, t/m
3
.  139 

Gas flow in the coal is in line with Darcy's law 140 

 
k p

u
x


 


 (10) 141 
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where u is the velocity of gas flow, m/s; k is the permeability of coalbed, m
2
; μ is the coefficient of 142 

gas dynamic viscosity, MPa·s; ∂p/∂x is the gradient of gas pressure, MPa/m. According to the ideal 143 

gas law, we converted the velocity of gas flow to volume flux. Hence, Eq.(10) can be written as 144 

 
2

v

p
Q

x



 


 （11） 145 

where Qv is the gas volume flux per day, m3/ (m2.d);   is coal permeability ratio, 146 

0/ 2Ck p  ,
 
m2/ (MPa2.d), C is the unit conversion factor. 147 

After introducing the volume flux per minute q, 
vQ  can be written as /1440vQ q .  148 

So Eq.(11) can be written as 149 

 150 

 
0

2

21440

Ckq p
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 (12) 151 

Therefore, putting Eqs.(12) into Eq.(8) one finds the intensity of gas emission from the coal 152 

wall to be 153 

 2 2 2 2

2
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  . (13) 154 

In addition, according to Eqs (9) and (12) as well as the law of conservation of mass, the 155 

relationship between gas pressure to the permeability becomes 156 
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 (14) 157 

2.1.3 Model for continuous gas emission  158 

Combining Eqs.(1), (3) and (13) one can obtain the model of continuous gas emission from 159 

the excavation face as follows: 160 

 1 1 2 2 2 2

2
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720
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x
e

p

  


   
  


   (15) 161 

2.2 Model for gas pressure prediction 162 

The fluid-solid coupling in the process of gas emission is very complex, thus it is necessary 163 

to introduce the dynamic evolution of the permeability of gas-bearing coal in the following (Perera 164 

et al., 2013; Wei et al., 2015):  165 
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 (16) 166 

where k0 is the coalbed initial permeability, m
2
; pl is the gas pressure of coalbed within the 167 

affecting extent of gas seepage, MPa; φ0 is the coalbed initial porosity; K is the coal elastic 168 

modulus, MPa;   is the stress increment, MPa; c is the mass of combustible materials in a 169 

unit volume of coal, t/m
3
; R is the universal gas constant, 8.3145 J/ (kg·K); Vm is the molar volume 170 

of gas under standard conditions and equals to 22.4 L/mol; Kj is the elastic modulus of coal matrix, 171 

MPa.  172 

Joining Eqs.(14), (15) and (16) one finds that the gas-emission-based gas pressure prediction 173 

model is as follows:  174 
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with its initial and boundary conditions: 178 
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 (18) 179 

 180 

where l is the affecting scope of gas seepage, m. 181 

   The model for predicting gas pressure is a set of complex nonlinear partial differential 182 

equations. Because it fully considers factors related to gas pressure including stress, as well as 183 

fluid-solid coupling process, we believe it should have a higher accuracy. 184 

3 Numerical verification of gas pressure model 185 

The gas pressure prediction model is a set of complex non-linear partial differential equations 186 

and that need to be solved through numerical simulation methods. Comsol Multiphysics can 187 
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convert a multiple physics field coupling mathematical model into a unified system of partial 188 

differential equations. It can give the numerical solution closer to real physical process and avoid 189 

many errors caused by loosely coupled methods in resolving multi-field coupling problems. The 190 

software provides many solution modules with multiple commonly-used physical models and 191 

could customize PDE to numerically solve partial differential equation(s), achieving s imulation of  192 

real physical phenomena. 193 

3.1 Geological background 194 

Liangbei Coal Mine is located at 37 km west of Xuchang City, Henan Province, China, as 195 

shown in Fig.1. It belongs to the Shenhuo Coal Industry Group. Its annual raw coal output is 196 

900,000 tons. In its production process, the coal mine experienced many coal and gas outbursts, 197 

extrusion, rib spalling, floor heave, and serious deformation of roof and both sides of roadway. 198 

Currently, the main coalbed of Liangbei Coal Mine is the No. 21 coalbed located at the 199 

bottom of the Permian Shanxi Formation. Fig. 2 shows comprehensive stratigraphic column of the 200 

Shanxi Formation of the No. 11131 excavating face at the scale of 1:200. The No. 21 coalbed has 201 

stable occurrence, relatively simple geological structure. Its average thickness is 4.53 m and 202 

average dip is 13° in the range of 8~15°. Its immediate roof is a 5.63 m thick dark gray sandy 203 

mudstone. The mudstone is a well-developed horizontal bedding, containing small visible 204 

muscovite flakes and rich plant fossils debris. Its main roof is a 3.33 m thick, gray, medium and 205 

grained sandstone. The sandstone is composed of dominantly quartz and minorly feldspar and 206 

black minerals. It contains a large amount of carbonaceous, muscovite chips and cemented 207 

siliceous mud. Its immediate f loor is 8.64 m thick, dark gray, thin-layered, fine sandstone mixed 208 

with muddy strips with wavy bedding and contains a large number of plant fossils fragments; Its 209 

main floor is 0.3 m thick carbonaceous mudstone; Its original gas pressure is 0.6~3.65 MPa; Its 210 

gas content is about 5.73~13.97 m3/t. The attenuation coefficient of gas flow from borehole per 211 

100 m into the coalbed is 0.0313~0.2588 d-1 and coal permeability ratio is 0.0011~0.0454 212 

m2/MPa2·d, so the coalbed is more difficult for gas drainage. The quality of coal is softer with its 213 

Protodyakonov coefficient being 0.15~0.25. 214 

3.2 Model parameters 215 

Our model is 100 m long and 100 m wide and uses the geological conditions of the No. 216 

11131 excavating face of Liangbei Coal Mine as our prototype. Its roof, floor and coalbed 217 

thicknesses are fixed according to the actual situation, as shown in Fig. 3. The bottom of the 218 

model is subject to the fixed constraint, and all its boundaries are fixed. The excavation part is the 219 

dark blue bulk in Fig. 3 and the excavation distance is determined according to the driving footage. 220 
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Gas flows only within the coalbed. Table 1 shows the model’s initial physical parameters. 221 

3.3 Numerical verification 222 

Fig. 4 shows the intensity of gas emission from No. 11131 excavating face of Liangbei Coal 223 

Mine from May 6 to 30, 2015. From Fig. 4, it is clear that the minimal and maximal gas emission 224 

rates are 1.15 m3/min and 1.24 m3/min, respectively, with little change.  225 

Fig. 5 shows changes in conventional indicators from May 6 to 30, 2015. From the graphs it 226 

is obvious that during this time, the minimal and maximal drill cuttings desorption indexes Δh2 227 

were 80 Pa and 100 Pa, respectively; the minimal and maximal drill cuttings weight S were 2.6 228 

kg/m and 3kg/m, respectively; the minimal and maximal initial gas emission velocity ΔP were 5.2 229 

and 6.1, respectively. Thus, all the conventional indicators were far below the warning criteria of 230 

risk and little change. It shows that there’s not any coal and gas outburst risk and factors impacting 231 

gas emission including stress, gas pressure as well as coal physical and mechanical properties 232 

barely changed. And it is the main reason for relative stable gas emission during the period.  233 

Measuring gas pressure takes several days or even months. So borehole gas content was 234 

measured on-site, and Eq.(9) was used to deduce the gas pressure by gas content. The simulated 235 

gas pressure based on the prediction model was verified from two respects, one is the coal seam 236 

gas pressure during May 6~30, 2015, and the other is the gas pressure distribution in the front of 237 

the face. 238 

Fig. 6 shows the comparison between the simulated and deduced gas pressure during May 239 

6~30, 2015. It can be seen from the figure that their deviation is 5.88~13.3%, indicating that the 240 

simulated results is roughly consistent with the deduced results.  241 

Fig.7 shows that the comparison between the simulated and calculated distribution of gas 242 

pressure using that at 0:00 am of May 14 as an example. It can be seen from the figure that the 243 

relationships of both simulated and deduced gas pressure distribution to the drilling depth are 244 

roughly consistent with each other, with minimal and maximal deviation of 0.86% and 15.5%, 245 

respectively.  246 

The above verification of the gas-emission-based gas pressure prediction model clear 247 

indicated that the model fully considers the factors related to gas pressure and has a higher 248 

accuracy. It is suitable for engineering needs. 249 
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4 Engineering application 250 

Coal and gas outburst events have occurred in Liangbei Coal Mine for several times. For 251 

example, on June 29, 1999, coal and gas outburst occurred in the excavation process of main 252 

crosscut, discharging 180 tons of coal and 18,000 m3 of gas; on July 8, 2009; coal and gas outburst 253 

happened during the opening of the No.21 coal seam at the return airway crosscut, ejecting 600 254 

tons of coal and approximately 50,000 m3 of gas. During the current production, coal and gas 255 

outburst phenomena, such as gas spurting from boreholes and drill-bit suction, happened many 256 

times. Gas is an important factor causing coal and gas outburst disaster. In China, gas pressure less 257 

than 0.74 MPa or gas content less than 8 m3/t is regarded as no outburst risk. However, the No.21 
258 

coalbed of Liangbei Coal Mine has strong outburst risk, and low index coal and gas outbursts 259 

happened several times. And coal and gas outburst is very difficult to predict accurately. In Henan 260 

Province where Liangbei Coal Mine is located, more strict stipulation is made. Gas pressure less 261 

than 0.6 MPa or gas content less than 6 m3/t is regarded as no out risk. Thus, application of our 262 

new gas pressure prediction method may help solve the coal and gas outburst prediction problem 263 

of Liangbei Coal Mine.  264 

On August 16, 2015, workers at the 16:00 shift of Liangbei Coal Mine found that gas 265 

emission from the No.11131 excavation face rose slowly from 1.73~2.1 m3/min from July 23 to 266 

August 16 and up to 2.18 m3/min on August 16, as shown in Fig.8. The predicted gas pressure 267 

based on the new model reached 0.62 MPa. Thus, the excavation was stopped for drilling to test 268 

risk and relief stress and gas pressure. During the drilling process, a slight borehole-spurting 269 

phenomenon occurred. However, the impacts of geological structure and other related factors were 270 

not found.  271 

The index of gas desorption from drill cuttings Δh2 and the initial velocity of gas emission ΔP, 272 

but not the drill cuttings weight, were beyond their warning criteria. Fig.9 shows the measured 273 

conventional indicators on August 16, 2015. From Fig. 9, it is clear that before 16:00 on August 16, 274 

2015, the index of gas desorption from drill cuttings Δh2 was 100~140 Pa, the initial velocity of 275 

gas emission ΔP was 6~8, and the cuttings magnitude S was 2.2~3 kg/m, all of them were less 276 

than their critical values of outburst risks. 277 

The above mentioned prediction verification proved that compared with the conventional 278 
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indicators, the gas-pressure prediction model for coal and gas outburst can be used for continuous 279 

and dynamic prediction. And it overcomes the static and sampling shortcomings of traditional 280 

methods. The new method for coal and gas outburst prediction at the excavation face has 281 

advantages over the conventional method in the continuous and dynamic prediction. 282 

5 Conclusions 283 

We established a continuous dynamic prediction model of gas pressure in this paper. It’s 284 

based on gas emission and considers fluid-solid coupling process. The simulated results 285 

according to the prediction model were roughly consistent with the actual situation. It’s with 286 

errors in coalbed gas pressures in the range of 5.88~13.3% and in gas pressure distribution with 287 

the drilling depth increasing in the range of 0.86~15.5%. The gas pressure prediction model fully 288 

considers factors and has a higher accuracy. It can meet the needs of engineering.  289 

The uses of gas pressure prediction model successfully predict the coal and gas outburst 290 

dynamic phenomenon occurring at the roadway excavation face of the Liangbei Coal Mine. 291 

Before its occurrence, all the conventional indicators of the face were below the critical values of 292 

outburst risks. This shows that the gas pressure prediction model, as a new method for coal and 293 

gas outburst prediction, realizes continuous and dynamic prediction for coal and gas outburst. And 294 

it overcomes the static and sampling shortcomings of the traditional prediction method. We 295 

believe it has broad applicability and great potential prospect. 296 
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Figures legends 366 

Fig.1 Geographical location of Liangbei Coal Mine. 367 

Fig.2 Comprehensive stratigraphic column of the Shanxi Formation strata (with a scale of 1:200) 368 

Fig.3 Schematic of the geometric model. 369 

Fig.4 Gas emission from No. 11131 excavating face from May 6 to 30, 2015.  370 

Fig.5 Changes of conventional indicators to time from May 6 to 30, 2015. 371 

Fig.6 Comparison between the simulated and deduced gas pressure results from May 6 to 30, 372 

2015. 373 

Fig.7 Relationships of both the simulated and deduced gas pressure distribution with drilling 374 

depth. 375 

Fig.8 Gas pressure by using the prediction model before the dynamic phenomenon occurred.  376 

Fig.9 Conventional indicators before the dynamic phenomenon occurred. 377 
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Figures 378 
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Fig.2 398 
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Fig.5 412 

 413 

 414 

415 

Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2015-322, 2016
Manuscript under review for journal Nat. Hazards Earth Syst. Sci.
Published: 4 February 2016
c© Author(s) 2016. CC-BY 3.0 License.



21 
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Fig.7 425 
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Tables 443 

 444 

Table 1 Basic parameters of the model 445 

Parameter Value 

Elastic modulus of roof and floor rocks 30000 MPa 

Poisson ratio of roof and floor rocks 0.22 

Density of roof and floor rocks 2.5 t/m
3
 

Internal cohesive force of roof and floor rocks 40 MPa 

Internal friction angle of roof and floor rocks 34° 

Elastic modulus of coal 3600 MPa 

Poisson ration of coal 0.22 

Internal cohesive force of coal 2.1 MPa 

Internal friction angle of coal 30° 

Elastic modulus of coal matrix 6200 MPa 

Limit adsorption amount of coal 30.7 m
3
/t 

Adsorption equilibrium constant 0.4 MPa
-1

 

Temperature 

Mass of combustible materials in per volume coal 

293 K 

1.07 t/m
3 

Initial porosity of coal 0.046 

Initial permeability of coalbed 1.5×10
-15

 m
2
 

Kinetic viscosity coefficient of gas 1.84×10
-5

Pa.s 

Density of gas 0.717 kg/m
3
 

Atmospheric pressure at face 0.1 MPa 

Area of roadway cross-section 12 m
2
 

Bulk density 1.4 t/m
3
 

Intensity of gas emission from initial collapsed coal 0.182 m
3
/t.min 

Decay coefficient of gas from collapsed coal 0.098 min
-1

 

Decay coefficient of gas from coal wall 0.0061 min
-1
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