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Abstract
The gas pressure in front area of heading face is essential to dynamically evaluate coal and gas outburst during coal mining. 
In this work, a novel inversion model of gas pressure in front area of the heading face was established on premise of the 
hypothesis that a time-dependent zone of steady flow exists within newly exposed face. The key parameters in the inversion 
model were obtained based on the gas emission models and field data of gas emission rate in different times, which were 
used to calculate the volumes of gas emission from different sources. The results show that the percentage of gas emission 
from the heading face, coal wall and collapsed coal ranges from 7% to 47%, 47% to 82% and 2% to 11%, respectively. Based 
on the calculated volumes of gas emission and gas pressure inversion model, the gas pressure was obtained and transformed 
to the gas content. The absolute errors between the gas content tested and transformed in every hour is 0.4%–33%, which 
proved the rationality of gas pressure inversion model. Furthermore, the daily drifting footage, the radius of gas pressure 
boundary and the gas permeability coefficient of coal seam were confirmed to have a great effect on the result of gas pres-
sure inversion. The inversion results verify that the speedy excavation can increase the risk of coal and gas outburst. This 
work produces a useful method for gas disaster prevention and control that converts the gas emission rate to an index of gas 
pressure within coal seam.
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1  Introduction

Currently, massive coal mines in China suffer the risk of 
gas disaster, which seriously threatens the safety of person-
nel and coal mines (Ma et al. 2020; Wang et al. 2020a). 
The gas pressure, supposed as the main driving force of gas 
migration in coal seam, is used as one of the indicators for 
an instantaneous outburst of coal and gas. The measuring 
results of gas pressure in coal seam influence the assessment 
of actual gas occurrence and division of outburst area. The 
quality and quantity of measuring points plays an important 
role on the reasonable plan of auxiliary operations for coal 
mining, such methods of gas drainage, periods of gas extrac-
tion and coalface heading. Therefore, the measurement of 

gas pressure within coal seam is an important step to evalu-
ate the severity of gas disasters in new mining areas as well 
as gas content.

At present, the measuring methods of gas pressure in coal 
seam include direct method and indirect method. The direct 
method requires drilling a borehole reaching the measuring 
spot of coal seam. The releasing gas is sealed in borehole, 
which makes pressure rise and steady. Periods of gas pres-
sure stabilization are related to the factors of gas flow in coal 
seam, such as geo-stress, fractures distribution, gas content 
and filtration capacity (Khristianovich and Kovalenko 1988; 
Zhang et al. 2016). The difference of most direct methods 
is the borehole sealing technology, including materials, the 
number of plugs and grouting method (Wang et al. 2020b; 
Kurlenya et al. 2014; Zhang et al. 2019). The typical techno-
logical process is named “two-plug and one-grout” in China, 
as shown in Fig. 1. The emission gas is sealed by sealing 
materials between the plugs in borehole, such as expanding 
cement and cement mortar. The pressure values are observed 
from the pressure gauges, which will be steady after 10 to 
30 days. For the direct method, a large number of boreholes 
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need to be constructed, and a limited number of results are 
obtained for the test area, resulting in high cost and huge 
quantities of engineering.

To overcome the shortcomings of the direct method, 
scholars have developed the indirect method, which uses 
geophysical exploration and theoretical calculation to pre-
dict gas pressure. Statistical analysis of gas pressure in coal 
seams is feasible and popular in China. Wang et al. (Wang 
et al. 2012) proposed a safety-line method for relationship 
between gas pressure and depth to predict deep coal-seam 
gas pressure. Wu et al. (Wu et al. 2006) obtained a power 
function relationship between the residual gas content and 
gas pressure through experiment results. Zhang et al. (2021) 
adopt the multiple linear regression to predict gas pressure of 
coal seam by building relationships among the burial depth, 
thickness, coal structure index and structural curvature. The 
geophysical exploration technology is also used by scholars 
to study coal gas reservoirs, such as 3D seismic fine inter-
pretation technique (Shi et al. 2018), amplitude variation 
with offset (Peng et al. 2006), and transient electromagnetic 
(Wang et al. 2017). The geophysical methods have a high 
degree of explanation to gas pressure and content in coal 
seams. In addition, theoretical calculation method based on 
gas flow rules was used to analyze gas pressure values in 
coal face. Wang et al. (1999) proposed a one-dimensional 
stable gas flow equation to calculate coal bed gas pressure. 
Gas flow in coal body is simulated to analyze pressure 
changes and distributions (Valliappan and Zhang 1996; Zhao 
et al. 2004; Liu et al. 2018). An et al. (2011) developed a 
method to determine gas pressure based on gas desorption 
characteristics. Wang et al. (Wang et al. 2021) used an inver-
sion model of gas pressure to predict the pressure values in 
coal seam based on directional drill technology. Compared 
with the direct method, indirect method can obtain pressure 
changes and distribution rapidly but with lower accuracy. 
Although the research on the pressure measurement with 
the indirect method has made great process, few studies 
focused on the inversion of gas pressure based on gas emis-
sion in process of tunneling. Gas volumes emitting from 
coal body can be monitored by sensing system (Dougherty 
and Özgen Karacan 2011; Zhou et al. 2020) and described 

by theoretical modeling (Wang et al. 2021; Karacan et al. 
2011). The gas pressure can be continuously inverted and 
modified by a calculation model, which should be deeply 
investigated.

In this work, a dynamic inversion model of gas pres-
sure is established in front area of the heading face based 
on gas emission volumes from different sources (newly 
exposed coal in the heading face, coal wall and collapsed 
coal) and theoretical models. Characteristics of gas seepage 
and emission attenuation are analyzed in terms of physics 
and mathematics. By monitoring gas emission volumes and 
daily drifting footage of heading face, the model was applied 
to continuously obtain the gas pressure in front area of the 
heading face. The calculated gas pressure was transformed 
to the gas content, which was used to verify the inversion 
model by comparing the gas content tested. The research 
proposes a novel measuring method of gas pressure and has 
an important and practical significance for prevention and 
control of coal and gas outburst.

2 � Theoretical analysis and model 
construction

2.1 � Gas emission source of an excavating roadway

2.1.1 � Gas sorption and release in coal seam reservoirs

Coal-natural gas system is described by sorption and release 
in coal seam reservoirs. Coal-bed gas is deposited in coal 
in two forms: one is gas adsorbed in micro-pores, coal 
molecular structure and on larger pore surface; the other 
is free gas in meso-pores and macro-pores (Ceglarska-
Stefanska and Zarębska 2005; Czerw 2011). Macro-pores 
are distributed in coal but limited in number. Micro-pores 
account for a considerable volume and contribute most of 
the total specific surface area, implying the great gas adsorp-
tion capacity (Hou et al. 2017; Zhao et al. 2016). As pore 
pressure reduces, gas desorbs from pore surfaces and propa-
gates towards the macro-pores or fractures. Gas release is 
highly dependent on porosity of the macro-pore network. 

Fig. 1   Method of gas pressure measuring underground coal mine
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Micro-pores in coal show low connectivity and absence of 
filtration capacity (Khodot et al. 1972; Zhao et al. 2018; 
Gerami et al. 2016). Coal seam reservoirs behave low per-
meability and a restricted efficiency of gas drainage in col-
liery. All this adds up to a concept of “bottleneck” for gas 
recovery.

The concept of “bottleneck” indicates that gas migration 
in macro-pores or fractures, including free gas and small 
amount of desorbing gas, is driven by gas pressure of coal. 
During underground coal mining, the gas emission rate in a 
borehole or roadway is characterized by a significant initial 
value and continuous decay over time. These phenomena can 
be explained by the concept of bottleneck.

2.1.2 � Gas emission of an excavating roadway

Gas emission of an excavating roadway comes from the 
heading face, coal wall and collapsed coal. The volumes 
of gas emission in an excavating roadway can be expressed 
by Eq. (1).

where Q is the total volumes of gas emission in roadway, Q′ , 
Q′′ and Q′′′ are the volumes of emission gas from heading 
face, coal wall and collapsed coal respectively.

Figure 2 shows the normal ventilation and CH4 sensor 
locations in roadway. Gas concentration in heading face is 
monitored by sensor T1 and used for the warning of gas 
overrun. The sensor T2 in air outlet can be used for moni-
toring volumes of gas emission, as the return air without 
obstacles is basically in constant flow rate. Furthermore, the 
monitored results can accurately show whether the face is in 
production and the regularity of gas emission in work face.

Figure 3 shows the variation of CH4 concentration in 
heading face when the ventilation breaks down. Damaged 
ventilation results in few airs flow in head face and the vol-
umes of CH4 can be monitored by T2. The gas emissions 
increase steadily in 30 or 40 min later.

(1)Q = Q� + Q�� + Q���

According to the results of gas migration simulation by 
An et al. (Fig. 4) (An et al. 2013), the scope of gas pres-
sure distribution in front of heading face almost does not 
change in a certain time. Gas in fracture discharges quickly 
and in coal matrix creates smaller pressure gradient. The 
priority of gas migration in coal seam is the gas stored 
in fractures or macro-pores. In view of the theoretical 

Substation

CH4 Sensor

T1

Contaminated air

T2

Clean air

Fig. 2   Location of CH4 sensors and air flow in roadway (“T1” stands 
for location of heading face; “T2” stands for location of air outlet)

Fig. 3   Variation of CH4 concentration in heading face when the ven-
tilation breaks down a The air blower is stopped in Yuyang Colliery b 
The ventilation duct is disconnected in Xinzhuang Colliery

Fig. 4   Gas pressure distribution of coal fractures and matrix (An 
et al. 2013)
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analysis and observations on-sites, an attempt is made 
below to explain the regularity of gas emission. The gas 
emission from newly exposed coal body is driven by coal 
seam gas pressure, and gas seepage is close to steady flow 
within a period.

2.2 � Gas emission model for the sources

2.2.1 � Gas emission model of heading face

Based on the concept of bottle neck and the specific phe-
nomena of gas emission from the newly exposed coal body 
(in Sect. 2.1), the following physical laws and hypotheses 
are taken to a mathematical model for gas flow:

(1)	 Coal seam is an infinite area in the horizontal direction.
(2)	 Gas flow within coal body is in form of seepage and 

obeys Darcy law.
(3)	 A time-dependent zone of steady flow exists within 

newly exposed face. Duration of steady flow is set as 
24 h.

(4)	 In condition of three dimensions, gas migration around 
the heading face can be described by the differential 
equation of spherical flow field. Equation (2), ignored 
the effect of gas adsorption, is formulated in uncoupled 
way to describe the steady state condition.

where p is the pressure in location of radius r’ of spherical 
flow field. With initial and boundary conditions, the pres-
sure distribution of flow field can be obtained by Eq. (3).

where, p0 and pa are the gas pressure within coal seam and 
atmospheric pressure respectively; R and r are the radius of 
gas and atmospheric pressure boundary respectively.

The gas seepage law can be written as Eq. (4).

where, vx is the gas seepage velocity; μ is the dynamic vis-
cosity, Pa s; K is the permeability of coal seam, m2. Gas 
permeability coefficient of coal seam is used to reflect the 
difficulty of gas flow in coal seam, in unit of m2/(MPa2 d). 
This parameter was defined by Zhou based on the nonlinear 
gas flow law in the coal mass (Zhou and Lin 1999). The 
relationship between the gas permeability coefficient and 
coal permeability is as follows.
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where � is the gas permeability coefficient of coal seam, m2/
(MPa2 d);

By combining the above Eqs. (3)–(5), the rate of gas 
flow is obtained as Eq. (6).

here A is the area of gas pressure boundary in coal seam. It 
presents as a portion of a sphere surface and is calculated 
by Eq. (7).

here � and � are angular parameters of an irregular sphere. 
When � = � , A = �R2 ∫ sin �d�.

The gas flow field in heading face is in shape of some 
portion of a sphere. With the advance of heading face, the 
pre-existing flow field is cut down and a new flow field is 
formulated. Residual flow field does not change in 24 h. 
The gas emission of heading face within a certain time is 
from the integration of newly formed and residual flow 
fields, as shown in Fig. 5. The rate of gas flow in heading 
face can be transformed as Eq. (8).

where, Rn and rn are the radius of nth seepage field of gas 
and atmospheric pressure boundary respectively; An is the 
area of the nth seepage field of gas pressure boundary; n is 
the number of cycles of working procedures in one day.

Center position of spherical flow field is defined by 
Eq. (10). It is used to represent the minimum boundary of 
gas emission in heading face.

where, w is the geometry parameter for flow field; y is the 
distance from loosen boundary of coal mass to coal face.

� can be calculated on basis of the geometry parameters 
at head face as follows.
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where, M is the thickness of coal seam; h is the height of 
roadway; d is the footage of working face.

Gas pressure distribution is related with gas f low 
factors, such as permeability and stress. According to 
findings of Connell and Si et al. (Connell 2009; Si et al. 
2019), permeability of coal seam is sensitive to stress 
state. Stressed zone in front of heading face remains stage 
of pre-failure and maintains low permeability. Because of 
zone-based distribution of the permeability, gas pressure 
is also distributed zonally. R0 is determined by calculating 
the width of limit equilibrium zone in front of heading 
face (Hou and Ma 1989).

where, u is the coefficient of horizontal pressure; C
0
 is the 

cohesion of coal; �
0
 is the internal friction angle; k′ is the 

coefficient of stress concentration; H is the burial depth; � ′ 
is the average density of overlying strata.

r0 is related to the width of loosen zone or unloading 
zone in front area of heading face, which is a constant 

(11)
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within a certain period. The empirical values, 1 to 2 m in 
front of coal face, can be selected.

2.2.2 � Gas emission model of coal wall

Gas emission from coal wall can be described by a fractional 
attenuation model as follows (Ruban and Zaburdyaev 2011).

where, qt is gas flow rate of per unit area coal wall at time t; 
q
0
 is the initial gas flow rate of coal wall; � is the attenuation 

coefficient of gas release from coal wall.
Continuous intermittent advance of coal face results in the 

difference of exposure duration of coal wall spatially. The 
regularity of gas emission for coal wall can be revealed by 
an ideal roadway model, as shown in Fig. 6. The roadway is 
evenly divided into m segments with an unit length of x0 and 
an exposure time difference of t0 between segments. Gas emis-
sion of coal wall is described by Eq. (14).
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Fig. 5   Schematic diagram of gas flow fields in heading face (d is the footage in one drifting-operation cycle; nd is the footage of tunnelling in 
24 h)
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where, x
0
 is the equivalent average footage; h is the height 

of roadway; � is the coefficient related to the thickness of 
the coal seam M (If M > h, � > 1 or not �=1); S is the mean 
exposed area of one segment of roadway.

Equation (14) is transformed into (16) by integration.

where t1 is the exposure duration of roadway tunneling; 
t′
1
 represents the exposure time of excluded roadway wall. 

When t�
1
= 0 , the quantity of gas emission from coal wall is 

calculated by Eq. (17) as follows.

2.2.3 � Gas emission model of collapsed coal

The gas release from collapsed coal is described in most 
general way by the exponential function (Airey 1968; Kho-
dot 1983). The equation is expressed as follows.

where q′
0
 is the initial gas emission rate of collapsed coal; � 

is the attenuation coefficient of gas release from collapsed 
coal; X is the weight of collapsed coal in one cycle; k is 
the nonuniform coefficient; d is the footage in one drifting-
operation cycle; � is the coal density; t

2
 is the average stay 

time of collapsed coal in every cycle. The mean value of 
gas emissions from collapsed coal is calculated by Eq. (20).
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2.3 � Gas pressure inversion model

Gas emission during roadway tunneling is complex and 
the dynamic process is highly dependent on operation of 
production processes. Gas release from every segment of 
roadway is attenuation with increasing duration of exposure 
and the head face remains higher stable outflow. All of this 
show the temporal and spatial characteristics. According to 
Eq. (8), the dimensions of gas flow field and gas pressure of 
coal mass determine the performance of gas emission. Gas 
pressure can be expressed by equation transformations, as 
follows.

An ideal state of steady gas flow in heading face means 
the gas pressure and sizes of flow field are relatively constant 
in a certain time. It is deduced that Rn and rn are constant 
values within a steady flow time of 24 h. The magnitude of 
gas flow is governed by the cycles of working procedures. 
When the duration of cycles of heading face is taken by one 
day, R

0
 equals to Rn and r

0
 equals to rn . Thus, gas pressure 

within heading face area in advance is calculated by Eq. (22).

By combining Eqs. (1), (17) and (20), gas emission rate 
of heading face is expressed by as follows.
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Fig. 6   The ideal roadway model for gas emission (t1 is the exposure duration; qm is the gas emission rate of m th segment)
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3 � Application of dynamic inversion model 
in heading face

3.1 � Background of test field

Yuwu coal mine with annual output of 6 million tons coal is 
located in Qinshui coal field, China. The No. 3 coal seam, 
with about 6.3 m thickness, is the primary mineable coal 
bed. It has a high gas content, with the inclination of 3 to 11 
degrees. The testing field is N1101 heading face.

Mechanized excavation technology was employed in 
N1101 heading face. Fresh air volumes supplied by mine 
secondary fan were 1580 in unit of m3/min. Figure 7 shows 
continuous cycle operation sheet in heading face. Working 
procedures include shift change, clean up, coal-cutting and 
conveying, temporary support and permanent support. One 
cycle spends about two hours. Tunneling footage in one 
cycle is 0.8 m.

3.2 � Method for key parameters in gas pressure 
inversion model

According to the Eqs. (19)–(21), the gas flow field bound-
ary and the attenuation coefficient of gas release from coal 

wall and collapsed coal are important parameters to obtain 
the gas pressure.

The R0 equals to the minimum distance of position of 
maximum gas pressure within coal to roadway face. The 
distribution of stress and gas pressure magnitude in road-
way is revealed by scholars (Si et al. 2015; Yang et al. 2012; 
Jiang et al. 2019), as shown in Fig. 8. The zone of maintain-
ing poor gas filtration induced by high stresses holds a high 
gas pressure and content. The finding that the volume of 
gas releasing from the sampled coal is proportional to the 
square root of time provides a feasible way to reveal the rela-
tion between sampling positions and the cutting test index 
(Bertard et al. 1970). The K1 is an index that represents gas 
releasing rate and content of drill cuttings, widely used for 
forecasting coal and gas outburst in China coal mines. For 
the same type of coal, the value of K1 is the reflection of 
gas content or pressure. Therefore, the gas flow boundary 
R0 can be obtained according to the sampling position with 
maximum values of K1. The value of K1 can be tested by 
YTC10-W tester. The detailed test process is as followed. 
First, drill the borehole to the preset position and record the 
beginning time. Then, go on drilling to collect 10 g drill 
cuttings with particle size between 1 and 3 mm by using 
the sizing screen. After that, put the 10 g drill cuttings into 
canister of the tester and record the finish time, ensuring the 
duration of sampling less than 3 min. Finally, the value of 
K1 is measured by degassing automatically.

The attenuation coefficient of gas release from coal wall 
can be on-site investigated by observing gas emission when 
the heading face was off duty. On basis of Eqs. (11) and 
(15), the gas emission in this time from coal wall with the 
exposure time more than one day and the newly exposed coal 
in the heading face is estimated as follows.

where S′ is the area of the heading face and calculated by 
S� = S + ch.
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Fig. 7   Continuous cycle operation sheet in heading face

Fig. 8   Test method for gas flow boundary



	 L. Shu et al.

1 3

   80   Page 8 of 15

While the attenuation coefficient of gas release from col-
lapsed coal can be on-site investigated by fitting the data of 
gas emission rate (Eq. (16)) when the last cycle of working 
time was executed.

3.3 � Verification method to gas pressure inversion 
model

Both gas pressure and content are used to assess the regional 
gas distribution (Burra and Esterle 2012). The relation 
between gas pressure and gas content is adopted by schol-
ars (Tu et al. 2016; Xue et al. 2014), expressed by Eq. (25).

where a is maximum value of coal adsorption gas; b is 
adsorption equilibrium constant; V is the pore volume per 
unit volume of coal.

On basis of Eqs. (22) and (23), gas pressure inversion 
in front area of heading face is conducted by tracking the 
process of tunneling. The inversion gas pressure is con-
verted into gas content and verified by the measurement of 
gas content.

4 � Results

4.1 � Gas pressure inversion

Three groups of samples during the roadway driving were 
tested and the distribution of the values of K1 in front of the 
roadway were shown in Fig. 9. The values of K1 in bore-
holes at 5 m in front of the roadway face reached the maxi-
mum, and that at 1 m remained a relatively small value. Drill 

(25)
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abp

0

1 + bp
0

×
1

1 + 0.31M
ad

×
100 −M

ad
− A

d

100
+ V ⋅

p
a

p
0

cuttings sampled more than 5 m in borehole showed the 
varied values of K1 but less than the maximum. When the 
sample retrieval time was longer, lost gas estimation may 
cause the potential error inherent. Therefore, the results 
of drill cuttings close to borehole bottom showed obvious 
changes. Coal close to the roadway face tends to release 
more gas, but there exists an extreme distance in coal seam 
where the gas content is closed to original state. According 
to the Eqs. (10) and (12), theoretical value of R0 is 8.2 m 
(Parameter values is chosen by referring to engineering 
background. H is 620 m; u is 0.8; k’ is 1.5; C0 is 1.3 MPa; 
φ0 is 41º; w is 3.2 m). Location of maximum value K1, 5 m 
in front of coal face, fits the theoretical value. And location 
of smaller value K1, 1 m in front of coal face, fits the empiri-
cal results of r0. Combined with theory analysis and on-site 
measurement values, the R0 and r0 are taken as 8.2 m and 
4.2 m, respectively.

Figure 10a showed the downtrend of gas emission in 
the roadway when the heading face stopped driving from 
Aug. 24 to Sep. 01. At this time, the gas emission was 
composed of the one from coal wall (over one day) and the 
newly exposed coal in the heading face. Based on the data 
of gas emission in the roadway from Aug. 24th to Sep. 1st 
and Eq. (24), the fitting curve was obtained and shown in 
Fig. 10b. The fitting result indicates that the attenuation 
coefficient α equals to 0.61 and the initial gas flow rate q

0
 

equals to 0.018 m3/(m2 min).
During the excavation, the collapsed coal also contrib-

utes to the gas emission and the volumes can increase as 
the increase of output coal. Figure 11a showed the change 
of gas concentration of return air versus a specific point in 
time. The magnitude of gas concentration was associated 
with state of working time and downtime. When the last 
cycle of working time was executed, the data of gas emission 
rate were used to fit the attenuation regularity, as shown in 

Fig. 9   Results of K1 distributions of borehole drilling cuttings
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Fig. 11b. The attenuation coefficient β equals to 0.81 and 
the initial gas emission rate q

0
′ equals to 0.105 m3/(t min). 

Combined the above analysis with the field data, the param-
eters shown in Table 1 were used for gas pressure inversion.

4.2 � Model validation

The volumes of gas emission from the heading face, coal 
wall and collapsed coal varied with the advancement of 
heading face. Based on the Table 1 and Eqs. (17), (20), (23), 
the volume of gas emission from different sources were cal-
culated. Figure 12 shows the percentage of gas emission 
volume from different sources. The percentage of gas emis-
sion volume from the heading face ranges from 7% to 47%, 
and that from coal wall and collapsed coal ranges from 47% 

to 82% and 2% to 11%, respectively. The percentage of gas 
emission volume from collapsed coal is the smallest, which 
is related to the continuous output of coals. The percentage 
of gas emission volume from coal wall is the biggest, which 
is related to the added coal wall with the advancement of 
coal face.

According to the calculated volume of gas emission from 
the heading face and Eqs. (19), (20), the results of gas pres-
sure inversion hour by hour in front area of heading face are 
shown in Fig. 13. Records of working conditions of head-
ing face are shown in Table 2. From Figs. 13a, c, e, the gas 
pressure varied with the gas emission rate per hour. Due 
to the gas pressure obtained in the heading face, the sud-
den increase of gas emission is mainly induced by the gas 
flooding of collapsed coal and the newly exposed coal in the 

Fig. 10   Attenuation regularity of gas emission from coal wall (a Gas concentration of return air when the heading face off duty; b Fitting curve 
for gas emission)

Fig. 11   Attenuation regularity of gas emission from collapsed coal (a Variation of gas concentration during roadway driving; b Fitting curve of 
gas emission from collapsed coal)
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heading face. While the Fig. 12 shows that the percentage of 
gas emission volume from the collapsed coal is smaller than 
that from the heading face. Therefore, the gas pressure is 
directly reflected by the rate of gas emitting from the newly 
exposed coal in the heading face.

After obtaining the inversion gas pressure, the gas pres-
sure is converted into gas content based on Eq. (25). The 
theoretical result and experimental result of gas content was 
compared in Figs. 13b, d, f, which was used to verify the 
gas pressure inversion model. The test results of gas content 

on Aug. 5th, Aug. 17th, Sep. 12th, 2015 are 9.61, 9.84 and 
9.39 m3/t, while the average values of theoretical results of 
gas content on Aug. 5th, Aug. 17th, Sep. 12th, 2015 are 
9.42, 9.45 and 9.06 m3/t, with the absolute error about 2%, 
3.9%, 3.5%. Compared with the experiment results, the 
fluctuation trend of theoretical results is within a tolerable 
level (Figs. 13b, d, f). The corresponding absolute errors 
between the theoretical result in every hour and test result 
are 0.8%–21.1%, 0.4 %–21.7%, 0.6 %–33% on Aug. 5th, 
Aug. 17th, Sep. 12th, respectively. Most of absolute errors 
between the theoretical result in every hour and test hour 
are lower than 20%, which proves the rationality of the gas 
pressure inversion model.

5 � Discussion

5.1 � Analysis of inversion results

According to the average value of gas emission rate in one 
day, the continue gas pressure inversion is conducted in days. 
Figure 14 shows the continuous inversion results of gas pres-
sure with daily footage. The gas pressure varied with the 
advancement of heading face and reached the maximum of 
1.15 MPa and the minimum of 0.19 MPa (Fig. 14a). The gas 
emission rate is related to the gas content of coal seam with 
the maximum of 12.54 m3/t and the minimum of 3.47 m3/t 
(Fig. 14b). A certain correlation appears between drifting 
footage per day and gas pressure. The continuous and maxi-
mum drifting footage per day leads to a high-level of gas 
emission associated with the maximum gas pressure in front 
area of heading face, which indicates that decreasing the 
construction speed is beneficial to the decrease of gas pres-
sure in front area of heading face, as well as the gas content.

Table 1   Parameters for gas pressure inversion

Parameter Value

Gas permeability coefficient, m2/(MPa2 d) 0.421
Underground atmospheric pressure, pa (MPa) 0.1
Radius of gas pressure boundary, R0 (m) 8.2
Radius of atmospheric pressure boundary, r0 (m) 4.2
Thickness of coal seam, M (m) 6
Initial gas flow rate of coal wall, q0 (m3/(m2·h)) 0.018
Gas attenuation coefficient of coal wall, α 0.61
Height of roadway, h (m) 3.8
Width of roadway, c (m) 5.4
Coefficient related to M, � 1.5
Initial gas emission rate of collapsed coal, q1

0
, m

3∕(t h) 0.105
Gas attenuation coefficient of collapsed coal, β 0.81
Footage in one drifting-operation cycle, d (m) 0.8
Coal density, γ (t/m3) 1.43
Nonuniform coefficient of collapsed coal, k 1.3
Pore volume, V (m3/t) 0.024
Maximum value of coal adsorption gas, a (m3/t) 33.9
Adsorption equilibrium constant, b (MPa−1) 0.855
Moisture content on air-dried basis, Mad (%) 0.97
Ash content on air-dried basis, Aad (%) 15.81

Fig. 12   Percentage of gas emission volume from different sources
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Figure 15 presents the effects of different influencing 
parameters on the gas pressure inversion. The radius of gas 
pressure boundary R1 largely influences the gas pressure 
near the heading face, whilst the radius of atmospheric pres-
sure boundary r1 has minimal effects. This is because the 

R1 is positively correlated with the scope of gas flow field 
in coal seam. r1 is related to the distance of gas flow and 
produces a limited impact on gas flow rate. From Fig. 15b, 
the variation of gas permeability coefficient � can induce the 
violent fluctuation of gas pressure in coal seam. Large gas 

Fig. 13   Inversion results and gas content verification
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emission rate Q with a lower value of � indicates a higher 
value of gas pressure. � is not the laboratory result but meas-
ured on-site by observing gas flow rate of the crossing bore-
hole in coal seam according to China standard (National 
Mine Safety Administration 2019). R0, r0 and � are mainly 

influenced by burial conditions of mining area. Within a 
certain region, the aforementioned parameters can be con-
sidered as the constant, since the gas pressure inversion is 
conducted in condition of the same excavating technology, 
stable burial depth and less than 24 h after tunneling.

5.2 � Implication to coal and gas outburst

In the coal mines, the sudden increase of gas emission can 
be an indicator for warning the coal and gas outburst. While 
the gas pressure is one of the most important indexes to 
evaluate the coal and gas outburst. In this work, the gas emis-
sion rate can be converted to gas pressure by the gas pres-
sure inversion method. The inversion method is on basis of 

Table 2   Records of working conditions of heading face

Date Drifting 
footage (m)

Number of 
cycles

Tons of 
output (t)

Average daily gas 
emission (m3/min)

Aug. 5 5.6 7 164 7.1
Aug. 17 5.4 6 158 7.3
Sep. 12 6.3 7 184 6.7

Fig. 14   Continuous inversion results of gas pressure in 28 days

Fig. 15   Influences of a r1 and R1 and b � and Q on gas pressure close to a development face ( �
0
 is initial value of gas permeability coefficient of 

coal seam)
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a hypothesis that the gas migration within newly exposed 
coal in the heading face is steady flow in a certain time (24 h 
in paper). According to the inversion results, the variation 
trend of gas pressure is similar with that of gas emission rate, 
which indicates that the inversion gas pressure can be an 
index to assess and warn the coal and gas outburst. Besides, 
the inversion results can verify that the speedy excavation 
can increase the risk of coal and gas outburst. But, if the 
heading face is off work or daily drifting footage is zero, the 
accuracy of the results may be compromised. Even so, this 
method has the potential to improve the means of monitoring 
and warning coal and gas outburst in the roadway.

6 � Conclusions

On premise of the hypothesis that a time-dependent zone of 
steady flow exists within newly exposed face, a novel inver-
sion model of gas pressure in front area of the heading face 
was established and verified. The main conclusions drawn 
from the investigations are summarized below:

(1)	 The gas flow in front area of heading face is the inte-
gration of several partial-sphere flow fields. One day 
duration of steady flow for model is verified by on-site 
application.

(2)	 The percentage of gas emission from heading face, coal 
wall and collapsed coal was obtained and showed that 
variations of gas emission from heading face imply the 
variations of gas pressure and content. The inversion 
results prove that speedy excavation can increase the 
risk of gas disaster.

(3)	 A technical route for gas pressure inversion in front area 
of heading face is produced, including theoretical basis, 
key parameters investigation and inversion method. It 
has the potential to improve the means of gas disaster 
monitoring and forecasting in roadway.

Appendix

Gas permeability coefficient of coal seam, in unit of m2/
(MPa2 d), is calculated follow the flowchart, as is shown in 
Fig. 16. Crossing hole is employed to drill into coal seam 
from roadway. The borehole is sealed and equipped with 
a pressure gauge until the variation of gas pressure is sta-
ble. After pressure gauge is removed, the gas flow in under-
ground atmosphere is observed with flow-meter within a 
few days. The stable rate of flow Qm is used to calculate 
the permeability coefficient. L is the borehole length in coal 
seam. rm is the diameter of borehole. On basis of the inputted 
parameters, the value of λ is obtained by iteration.
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