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To effectively solve the problem of regional verification of gas outbursts

adjacent to close coal seam groups, a method of regional verification and

index fusion of the working face was proposed to promote the general idea of

advanced detection, index fusion, and the determination of the critical values,

inspection, and verification. Based on the engineering background of Xiaotun

Coal Mine and advanced geological exploration, drilled holes were arranged in

key locations and consisted of small intervals between layers, thickened coal

seams, and geological structural belts. Moreover, fusion indexes were selected

according to the statistical analysis of laboratory tests and on-the-spot

measurements, which can be used to determine that the critical value of the

residual gas content of the fusion indexes of the six adjacent upper coal seams is

8 m3/t and K1 is 0.50 ml/g.min1/2. The results illustrate that the method for

measuring residual gas content and the fusion index of the K1 value during the

effect test of regional prevention measures is convenient and effective for

advanced regional verification of adjacent coal seams, which can also provide a

reference and guiding significance for the regional verification of adjacent coal

seams of gas outbursts under similar conditions.
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Introduction

Coal and gas outbursts are some of the most harmful natural disasters in coal mine

production (Wang et al., 2020a; Li et al., 2020; Kong et al., 2022). However, regional

verification is the last link in the regional four-in-one comprehensive preventionmeasures

for gas outbursts and is a significant checkpoint for controlling and preventing coal and

gas outburst accidents (State Administration of Coal Mine Safety, 2019). Before the

excavation is conducted in the adjacent coal seam with a normal distance of less than 5 m

from the outburst danger zone of the coal seam, regional prevention measures for gas

outbursts must be examined for the corresponding areas of the coal seam with gas

outbursts in Article 29 of the 2019 edition of the Detailed Rules for the Prevention and

Control of Coal and Gas Outbursts. However, determining whether to conduct regional
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verification is not clearly specified. Recently, scholars have

investigated and discussed the regionally verified method of

close coal seam groups of gas outbursts. Fan et al. (Fan,

2012), Li and Yanbin (2010), and others proposed that when

excavating activities are conducted in close coal seams of gas

outbursts, and after implementing regional prevention measures

for coal seams of gas outbursts with close proximity and verifying

their effectiveness, the regional verification may not be

performed for the lower adjacent layer with a layer spacing

greater than 2 m. However, the upper adjacent layer must be

verified with reference to the method of regional verification of

the working face of the coal seam of the gas outburst (Zhang et al.,

2020). Similarly, the method for joint regional verification of the

excavation working face of the close coal seam groups of gas

outbursts was proposed by Hao et al. (Gui et al., 1048), which

added the method of measuring the drilled holes cutting index K1

and S values for coal seams of gas outbursts and the joint

arrangement of drilled holes in the range of up and down

adjacent coal seams of gas outbursts at a distance of less than

5 m that filled the gap in the verification of the joint area (Wang,

2019a; Wang, 2019b). Xu (2016) and others proposed the

method of joint regional verification of coal seams of gas

outbursts with an interlayer spacing of less than 5 m, which

was conducted in the 0116115 working face of Pinggou CoalMine

during development of safe mining of the working face. In

addition, the continuous regional verified method was

proposed on the basis of deep hole fixed-point sampling

(Cheng, 2018), which improved the work efficiency of

regional verification. However, this method is only applicable

in mining the working face of the coal seam and the close

distance thick coal seam, and it is difficult to popularize the

verification of the adjacent coal seam of gas outbursts.

Recently, the regionally verified method of close coal seams

adjacent to coal seams of gas outbursts was based on the

regionally verified method of mining working faces (Jia, 2022).

The verification of the area adjacent to the coal seam of gas

outbursts in the excavation face is used as an example; gas control

has become a major factor restricting safe and efficient

production in coal roadway excavation in high-gas mines

(Yang and Liao, 2023). A total of 15 through-layer drilled

holes need to be arranged for each cycle to control the

8–10 m ahead of the excavation when the verification of the

adjacent coal seam of the gas outburst area is conducted.

Consequently, several problems exist consisting of the volume

of large drilled holes and construction difficulty, low verification

efficiency, high gangue content in the orifice contact powder,

large tested index error, and extended time (Fan et al., 2022).

These problems affect the efficient production of mining the

working face of close coal seam groups with gas outbursts.

However, in most areas of southwest China, problems also

exist in mining adjacent coal seam groups of gas outbursts,

which results in the verification of adjacent coal seams of gas

outbursts with an interlayer spacing less than 5 m and a series

of the afore-mentioned problems. In this paper, a regional

verification method for adjacent outburst coal seams is

proposed on the basis of the fusion of regional and

working face indicators, which can be used to effectively

prevent coal and gas outburst accidents and thereby

improve the production efficiency of the mining working face.

A proposed regionally verified
method for fusion indexes of adjacent
coal seams of gas outbursts

General idea

The general idea is to use advanced detection, index fusion,

the determination of critical value, inspection, and verification to

conduct regional verification of adjacent coal seams of gas

outbursts.

Advanced detection, that is, of coal and rock conditions, can

be done by using the coal road strip through horizontal control of

the roadway and investigation of the hydrogeological conditions

of the mines and pre-extraction drilled holes, which are

advantageous in seeking key factors, including small interlayer

spacing, coal seam thickening, and geological structure, and thus

provide a basis for the fusion indexes of tested drilled hole

arrangement.

Index fusion includes measuring the residual gas content of

adjacent coal seams of gas outbursts and the K1 value of the

drilled hole cutting gas desorption index during the test of

effectiveness of the prevention measures of regional gas

outbursts, which can determine whether the regional measures

are effective and the degree of the outburst danger of coal seams.

The critical values thus obtained are used to measure the

critical value of the fusion index through comprehensive analysis

by combining laboratory tests and on-the-spot measurements.

Proposed method

During tunneling of the gas drainage in the floor roadway,

the coal and rock conditions of the roadway horizontal control,

hydrogeological conditions, and holes drilled for gas drainage in

the corresponding strip area are comprehensively analyzed to

accurately determine the occurrence of coal seams. During the

inspection of regional outburst prevention measures, a measured

point is arranged at a certain distance along the roadway

extraction direction or mining direction of the working face

to determine the residual gas content of the fusion index and the

K1 value of the drill cutting gas desorption index. According to

the investigated critical value and regional verification standard,

the regional verification method of adjacent outburst coal seams

for regional advanced verification and working face index fusion

is established. Each inspected and tested point is prioritized in the
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key position area of abnormal structures including smaller

interval, thickened coal seam, fault, and fold, and the points

are appropriately increased (the tested point must control the two

walls of the fault and the axis of the fold).

The regionally verified method of
fusion indexes

Xiaotun Coal Mine in Guizhou Province works with close-

range coal seams with gas outbursts. The excavation working

faces of the 16 middle and 14 transport roadways was used as

testing sites, and the roadway was excavated along the direction

of middle coal seam 6. The upper overlying coal seam 6 is

characterized by a coal seam spacing of 1.7–9.1 m, an average

coal seam spacing of 2.7 m, a coal seam thickness of 0.52–1.14 m,

and an average coal seam thickness of 0.82 m. Additionally, the

lower underlying coal seam 6 is characterized by a coal seam

spacing of 0.9–8.4 m, an average coal seam spacing of 3.3 m, a

coal seam thickness of 0.12–3.46 m, and an average coal seam

thickness of 0.99 m. In addition, the upper, middle, and lower

layers of coal seam 6 are all identified as coal seams of the gas

outburst, and the comprehensive histogram of the measured coal

strata is shown in Figure 1.

The floor gas drainage roadway of the 16 middle and

14 transport roadways is arranged with through-layer grid drilled

holes with a width of 5 m × 5 m, which is beneficial for the pre-

extraction 6middle coal roadway strip of the coal seam, and regional

prevention measures are taken of the gas outburst in the upper and

lower layers of coal seam 6 of the corresponding area. After a period

of pre-extraction, the middle, upper, and lower layers of coal seam

6 adjacent to the upper and lower sides will be tested for the effect of

regional measures. Before excavation of the 16 middle and

14 transport roadways, regional verification of the upper, middle,

and lower layers of coal seam 6 will be conducted. Moreover, the

regionally verifiedmethod of the upper and lower layers of coal seam

6 is conductedwith reference to the regionally verifiedmethod of the

excavation working face of the coal seam of the gas outburst, which

includes 3 groups arranged in the excavation direction of the

16 middle and 14 transport roadways using the air coal drill for

a total of 15 through-bed drilled holes. These holes are drilled into

the upper and lower layers of coal seam 6 per cycle. Consequently,

strips of the upper layer of coal seam 6 corresponding to the area of

8–10 m in front of the excavation face and 2–4 m of the 16 middle

and 14 transport roadways are controlled by this method. However,

this is characterized by the difficult construction of regionally

verified drilled holes and a large amount of engineering of drilled

holes, drilled hole cuttings with a lot of gangue, and a low accuracy of

regionally verified indicators; these problems have seriously

restricted the safe and efficient excavation operation of the

excavation working face in the 16 middle and 14 transport

roadways (Hu et al., 2008; Jiang et al., 2018; Yang et al., 2019).

Advanced geological exploration

In the outer section of the 16 middle and 14 transport

roadways (200–410 m) (the mileage is based on the opening

point of the 16 middle and 14 transport roadways) of the tested

area, 293 pre-extraction drill holes were placed in the

construction area of the floor drainage roadway. Figure 2

shows the occurrence of coal seams in the tested area of the

16 middle and 14 transport roadways according to the coal and

rock in the regional pre-extraction drilled holes.

The representative upper coal seam is characterized by a

relatively close distance to the middle coal seam and an interlayer

spacing of less than 5m. At 270 m and 410m of the 16 middle and

14 transport roadways, upper coal seam 6 is relatively close tomiddle

coal seam 6. Furthermore, the area where the coal seam is thickened

on upper coal seam 6 occurs at 280m, 320m, and 365 m and there is

a small fault in the upper coal seam at a distance of 340 m.

Determination of regionally verified fusion
indicators

Selection of regionally verified fusion indicators
(1) Selection of regional fusion indicators

According to Article 69 of the Detailed Rules for the Prevention

and Control of Coal and Gas Outbursts, if the regional prevention

measures of gas outbursts for pre-extracted coal seam gas are

adopted, the effect of the regional outburst prevention measures

must be checked. In addition, the residual gas pressure or other

tested residual gas pressure can also be used (this selection should

comply with the procedures required by article 57 of these rules)

FIGURE 1
Comprehensive histogram of measured coal strata.
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according to the site conditions and considering that the residual gas

content index is preferred as the inspection index and indicates that

validated indicators and methods are tested.

Therefore, the residual gas content index is used as the

regional index of the fusion index for the verification of the

adjacent coal seam region of gas outbursts when the effect of the

regional prevention measures of gas outbursts is tested.

Selection of the working face fusion index

Presently, the prediction methods of the working face consist of

the cuttings index, compound index, and R value index methods.

Among them, the key tested indicators are the index of the gas

desorption of drilled hole cuttings, the volume of drilled hole

cuttings, and the initial velocity of gas emissions of the drilled holes.

The index of the cutting volume refers to the slag discharge

volume of 1 m drilled holes with a diameter of φ42 mm of the spiral

drilled pipe. However, in Xiaotun Coal Mine area, the tested drill

holes of the prevention measures of regional gas outbursts are

generally constructed with tools at a diameter of φ75 mm or

φ94 mm. Moreover, the critical value of the amount of cuttings

has not been investigated due to the different size of the drilling tool

and the amount of slag discharge. Therefore, this indicator is not

suitable for simultaneous measurement of residual gas content,

which should not be taken as the fusion index of the working

face in the verification of the adjacent layer area.

The initial velocity index of the gas emission from the hole

requires that the initial velocity q is measured within 2 min after the

drill is suspended. In addition, the drilled depth of the tested drill

holes is generally tens of meters and the drill pipe cannot be

withdrawn within 2 min. Therefore, this index is not suitable for

the simultaneous measurement of residual gas content, which also

should not be taken as the fusion index of the working face in the

verification of adjacent layer areas.

The measurement of the gas desorption index of drilled hole

cuttings and the residual gas content index are both selected for

the measurement of drilled hole cuttings, which can be

simultaneously measured. Consequently, the gas desorption

index of drilled hole cuttings is the fusion index of the

working face during the verification of the adjacent layer area.

In conclusion, the cutting gas desorption index is selected as

the regionally verified fusion index of the working face in the

adjacent coal seam of a gas outburst when the effect of the

regional prevention measures are tested.

Determination of the critical value of regionally
verified fusion indexes
Determination of the critical value of regional fusion

indexes

The coal in upper coal seam 6 in Xiaotun Coal Mine is high

metamorphic anthracite coal, and the effect of regional prevention

measures of gas outbursts is tested by the residual gas content index,

whose critical value is the 8 m3/t recommended in the Detailed Rules

for the Prevention and Control of Coal and Gas Outbursts. After

nearly 15 years of on-site practice, it was proven that the gas

dynamic phenomenon and abnormal gas outburst never occur

when the residual gas content of upper coal seam 6 dropped

below 8m3/t, which illustrates that the reference value of 8 m3/t

is safe and reliable for testing the effect of themeasures (Zhang, 2009;

Zhang, 2014; Zhang et al., 2016; Lv, 2018; Wang et al., 2020b).

Determination of the critical value of the fusion indexes

of the working face

1) Determination of the experimental threshold

The coal samples of upper coal seam6 and the relatively soft coal

samples of the non-obvious soft layer were collected by the grooving

method, and only 2 coal samples were collected due to the few

exposed locations of upper coal seam 6. These samples were tested in

the laboratory and the measured results of the adsorption constant

and industrial analysis indexes are shown in Table 1 (dry coal

samples were used for this coal sample collection and site

inspection).

FIGURE 2
Occurrence of coal seams in the tested area.
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The coal samples with a particle size of 1–3 mmwere selected

to investigate the relationship between the experimental gas

pressure and the K1 value of the drilled hole cutting

desorption index. The balanced pressures were set to 0.30, 0.5,

0.75, 1.00, 1.25, and 1.50 MPa. Then, two coal samples were

tested in the laboratory under different balanced pressures and

the K1 value of the drilled hole cutting desorption index was

obtained.

The results of the K1 value were fitted according to different

balanced pressure conditions. The relationships of the power

exponential relationship between the gas pressure P and the K1

value were fitted as shown in Eqs 1, 2.

K1 � 0.8724P0.8539, R2 � 0.9875 (1)
K1 � 0.7704P0.7706, R2 � 0.9902 (2)

where K1 is the gas desorption index of the drilled hole cuttings,

ml/g.min1/2; and P is the gas pressure of the coal seam, MPa.

According to the theory of Langmuir gas adsorption, the

relationship between the gas contentW and the gas pressure P is

shown in formula (3) (Bai et al., 2019).

W � ab P + 0.1( )
1 + b P + 0.1( ) ×

100 − Ad −Mad

100

×
1

1 + 0.31Mad
+ π P + 0.1( )

γPa

, (3)

where W is the gas content of the coal seam, m3/t; a and b are

the coal seam gas adsorption constants, respectively, m3·kg−1,
MPa−1; Mad is the coal seam moisture, %; and Ad is the coal

seam ash, %.

Simultaneously, for Eqs 1–3, the relationships between the

gas content W of the coal seam and the value of the desorption

index K1 of the drilled hole cuttings can be established in upper

coal seam 6 as shown in Eqs 4, 5.

W �
ab

K1

0.8724
( ) 1

0.8539 + 0.1( )
1 + b

K1

0.8724
( ) 1

0.8539 + 0.1( )
×
100 − Ad −Mad

100

×
1

1 + 0.31Mad
+
π

K1

0.8724
( ) 1

0.8539 + 0.1( )
γPa

(4)

W �
ab

K1

0.7704
( ) 1

0.7706 + 0.1( )
1 + b

K1

0.7704
( ) 1

0.7706 + 0.1( )
×
100 − Ad −Mad

100

×
1

1 + 0.31Mad
+
F

K1

0.7704
( ) 1

0.7706 + 0.1( )
γPa

(5)

According to the relationship model, the W-K1 value is established

by the experimental parameters of measurement, the gas desorption

indexK1 values of drilled hole cuttings are 0.56 and 0.51 ml/g.min1/2,

respectively, and the smaller value of 0.51 ml/g.min1/2 is selected as

the critical laboratory value when the residual gas content of the

regional fusion index is 8 m3/t.

2) Determination of the critical value in on-the-spot tests

During the effect test of the 16 middle and 11 transport

roadways (mileage K0+360–750 m), 26 groups of the seam

desorption index K1 values of drilled hole cuttings were

followed in upper coal seam 6.

The fitted curve has the highest fit with the power exponential

function using the reflection of the drawn discrete point graph, the

TABLE 1 Tested results of experimental parameters including the gas adsorption constant and industrial analysis indexes of upper coal seam 6.

Coal
seam

Sites of
collection

Industrial
analysis (%)

TRD
(g/cm3)

ARD
(g/cm3)

Porosity Gas adsorption
constant

Mad Ad Vdaf a
(m3·kg−1)

b
(MPa−1)

Upper 6 K0+350 m of 14 middle 16 1.55 29.30 9.77 1.77 1.70 3.95 33.918 1.677

16 middle 07 outside of 5 m upward from the
slope leveling point

1.42 29.85 7.86 1.68 1.61 4.30 33.898 1.693

FIGURE 3
Regression fitted curve of the K1 value and gas content in
upper coal seam 6.
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removed points with large dispersion, and the fitted relationship

between gas content and cutting desorption as shown in Figure 3.

The fitted relationship is shown in formula (6).

According to the fitted formula of the field investigation, the

value of K1 of the desorption index of the drilled hole cuttings is

0.50 ml/g.min1/2 when the calculated gas content is 8 m3/t.

Analysis of the desorption index K1 values of the drilled hole

cuttings calculated from laboratory tests and on-the-spot

investigation showed that the critical values of K1 are 0.51 ml/

g.min1/2 and 0.50 ml/g.min1/2, respectively. In addition, to ensure

safe production in the mine and reduce the outflow of gas from the

adjacent layers to the excavation space, the minimum value should

be selected as the critical value of the regionally verified index K1

value in the upper coal seam area. Finally, 0.50 ml/g.min1/2 was

selected as the critical value of the regionally verified indexes of

upper coal seam 6 of Xiaotun Coal Mine.

Inspection and verification

In areas with complex geological structures or pre-drained gas

areas of coal seamswhere non-directional drill holes are used, at least

two regional verifications should be conducted for every 30 m of

advance of the anti-burst measurement (State Administration of

Coal Mine Safety, 2019). Combined with the above-mentioned

outburst coal seam mining working face and the inspection effect

of regionalmeasures and verified requirements, the requirements for

the drilled hole arrangement to determine the fusion indexes during

the regional verification of the gas outburst area on upper coal seam

6 of Xiaotun Coal Mine are as follows:

1) When regional verification of the coal seam adjacent to upper

coal seam 6 is conducted in the coal road strip area of middle

coal seam 6, the arrangement of drilled holes requires at least

two inspection and tested points every 30 m along the coal

roadway strip. This is favorable to determine the residual gas

content index and gas desorption index of drilled hole

cuttings in upper coal seam 6. Furthermore, tested drill

holes should be arranged areas with a small interval,

thickened coal seam, and complex geological structure.

2) When the working face area of middle coal seam 6 is regionally

verified against the area adjacent to upper coal seam 6 of gas

outbursts and the mining area does not exceed 120 m, the

arrangement of the drilled holes requires that at least two

inspection and tested points are arranged at intervals of 30 m

along the advancing direction of the coal face. Otherwise, at least

three inspection and tested points should be arranged at intervals

of 30 m along the advancing direction of the coal face, which is

favorable for the measurement of the residual gas content index

and drilled hole cutting gas desorption index of upper coal seam

6. In addition, the location of the tested drilled holes should be

arranged in areas with small interlayer spacing, thickened coal

seams, and complex geological structures.

Field applications

Field applications were conducted in the 16 middle and

14 transport roadways (410–620 m); two inspection and tested

points were arranged at every interval of 30 m and there were a

total of 14 groups of inspection points. The results of the fusion

index are shown in Figure 4.

According to the regional verification of the 16 middle and

14 transport roadways of 410–620 m, the maximum residual gas

content measured by the fusion index is 6.71 m3/t and the

maximum K1 value of the drilled hole cutting gas desorption

index is 0.31 ml/g.min1/2; these values do not exceed the specified

critical values of 8 m3/t and 0.50 ml/g.min1/2. More importantly,

there are no dynamic phenomenon consisting of jet holes,

jacking drilled holes, and abnormal gas emissions from

adjacent layers during tunneling, which showed safe and

efficient tunneling of 16 middle and 14 transport roadway.

Therefore, in the tested area, the drilled length of the regional

verified drill holes was reduced by 8700 m with a reduced

construction cost of more than 500000 Yuan. Moreover, the

average excavation speed increased from approximately 90 m/

month to 150 m/month with the increase in the average

excavation speed by 1.6 times.

Conclusions

1) Through laboratory tests and on-the-spot statistical analysis,

the W-K1 relationship model was established and the critical

value of K1 was determined to be 0.50 ml/g.min1/2 when the

gas content in upper coal seam 6 was 8 m3/t.

2) The layout requirements for the regionally verified drill holes and

the judgment principle of regionally verified results for the fusion

indexes of upper coal seam 6 in Xiaotun Coal Mine were

established.

3) The method of regional verification and index fusion of the

working face was proposed to adhere to the general idea of

FIGURE 4
Measured results of regionally verified fusion indexes in upper
coal seam 6.
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advanced detection, index fusion, determination of the critical

values, inspection, and verification, which also showed that the

method was feasible and effective through inspection and

verification. Moreover, the method provides a new idea and

method for the regional verification of mining working faces in

similar mining areas in Guizhou Province, and also provides

practical experience and a scientific basis for the formulation of

relevant industrial normative clauses for the regional verification

of close coal seam groups adjacent to coal seams of gas outbursts.
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