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Abstract  Thin coal seams in mines lack gas data; thus, gas outbursts of thin coal seams are difficult to 

prevent and control. In this study, a coal structure index, which is used to express the damage degree of coal, 

was estimated by logging curve. In accordance with the contour line of the floor of the coal seam, structural 

curvature was calculated to quantitatively express the complexity of the coal seam structure. Then, the 

relationships among the burial depth, thickness, coal structure index, structural curvature, with gas pressure 

of coal seam were analyzed. The gas pressure of coal seam of Nos. 22, 24, and 27 in the study area was 

predicted by multiple linear regression (MLR) and then was verified and analyzed. The deviation rate of the 

MLR method was 6.5%–19.7%, with an average of 13.0%. The average deviation rate between the predicted 

value and the measured value was 11.6%, except for measuring point of No. 2, which had a large deviation. 

Results show that the prediction accuracy of the above method is acceptable, and it has practical value in the 

prediction of gas pressure in thin coal seams without measured data. Results of the gas pressure prediction 

provide a basis for evaluating the risk of gas outbursts in thin coal seams. 
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1. Introduction 

In mining areas, the occurrence of gas is generally 

affected by the metamorphism of coal; the permeability 

of surrounding rocks; the geological structure, and the 

burial depth and thickness of coal seams (Zhang et al., 

2009). 

The spatial distribution of gas content is firstly 

controlled by geological structure. Regional and mine 

structures form different sealing conditions, which have 

a considerable control effect on the distribution of gas 

content in coal seams (Jang et al. 2009; Zhao et al. 

2014). Given large compressive stress in 

compressional fault, fault gouge and mylonite with 

compacted structure are relatively developed, and the 

permeability of gas is poor. Gas migration along the 

fault or vertical fault plane is relatively difficult and thus 

conducive to gas accumulation; the opposite holds for 

extensional fault. The higher the argillaceous content 

of the roof rock of the coal seam is, the better the 

sealing property is, which is beneficial to gas 

preservation. The greater the burial depth of the coal 

seam, the larger the in-situ stress and the greater the 

distance of gas escape, which is also conducive to gas 

sealing. The greater the thickness of the coal seam, 

the more conducive it is to gas preservation (Qin et al. 

2009; Wang and Ren, 2010; Shu et al. 2011; Zhang 

and Long, 2013; Ma et al. 2016; Li et al. 2018). 

However, some studies have shown that the depth 

effect is no longer obvious when the depth of coal 

seam exceeds the critical point of 800-900 m (Wang, 

2015; Zhang, 2018). 

The geological structure conditions of mining areas 

considerably influence the present in-situ stress, and 

the depressions formed by fault structures are 

high-lying stress areas, which are conducive to gas 

preservation (Zhang et al. 2005). Given the differences 

of the associated structures and stress fields above 

and below the neutral layer, the large fold structures 

have different control effects on gas occurrence (Han 

et al. 2008). 

Coal structure is an important factor affecting gas 

occurrence. Different types of structural coal have 
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different physical properties, such as porosity and 

permeability, which affect gas occurrence (Guo et al. 

2014; Hu et al. 2012; Chen et al. 2010; Zhang et al. 

2007). 

In practice, the gas occurrence law in mining areas 

must be predicted. Through the pre-analysis of the 

main influencing factors of gas content or pressure, the 

analytic algorithm, multiple linear regression (MLR), 

artificial neural networks, and other methods, can 

achieve satisfactory results (Wang et al. 1999; Wu et al. 

2008; Yan, 2010; Liu et al. 2012; Sun et al. 2015; Li et 

al. 2019). Some scholars use geostatistics method to 

estimate the gas content of coal seam under GIS 

environment, which also has a certain effect (Vaziri et 

al. 2015). 

Previous studies on the influencing factors of gas 

occurrence have been in depth, and various methods 

have been used to predict the occurrence law of gas in 

mining areas. However, for the realization of these 

methods and the discussion of their reliability, further 

studies remain necessary to continuously improve the 

accuracy of gas prediction. 

The Guizhou province is located in the copulae of 

the circum-Pacific tectonic tract and the western 

Tethyan tectonic domain. Its tectonic evolution controls 

coal-forming environments and gas occurrence. During 

the Yanshan movement, a series of folds, overthrust 

fault, and nappe tectonics were formed, resulting in the 

development of tectonic coal. These factors led to 

serious coal and gas outburst in the Guizhou Province 

(Jia et al. 2014). The Qinglong Coal Mine in western 

Guizhou Province has developed many thin coal 

seams with an average thickness of more than 0.3 m. 

However, this coal mine has no measured gas data; 

thus, its gas characteristics are barely understood. In 

this study, gas pressure prediction of thin coal seams 

was conducted by using relevant methods, thus 

providing a basis for evaluating the risk of gas outburst 

in thin coal seams. 

2. Geological conditions of coal seam gas 

The Qinglong Coal Mine is approximately located 

110 km northwest of Guiyang city, Guizhou province. 

The length of the mine field from NE to SW is 

approximately 8.25 km, the width from NW to SE is 

approximately 5.40 km, the area is 20.6503 km2, and 

the mining elevation is between +1300 and +700 m 

(Fig. 1). 

Figure 1 is here 

The strata exposed in the study area from old to 

new are the Maokou Formation (P2m) of the Middle 

Permian, the Emeishan basalt formation (P3β), the 

Longtan (P3l) and Changxing Formations (P3c) of the 

Upper Permian, and the Yelang (T1y) and Maocaopu 

Formations (T1m) of the Lower Triassic and 

Quaternary (Q). The coal bearing strata in the study 

area include the Longtan Formation (P3l) of the Upper 

Permian, which can be divided into P3l1 and P3l2 in 

accordance with lithologic association. The thickness 

of the P3l is 158.50-188.30 m, and the average is 

172.05 m. 

The structural features of the study area are mainly 

a series of wide and gentle folds, with NE or NNE 

trends. The study area is located in the northwest wing 

of the Gelaozhai anticline in the NE direction, and its 

structural characteristics are consistent with the 

regional tectonic framework. The mine field is 

dominated by NE trending structures, with normal and 

reverse faults, large-scale and long extensions, and 

large dip angles; the secondary faults are mainly near 

EW and NW-SE, with small-scale and short extensions 

and reverse faults (Fig. 1). Mining and excavation data 

show that small faults and folds are well developed in 

the mine field; most of them are faults with a fall of 

0.5-10 m, and the dip angle of the small fold strata 

varies from 3° to 90°. 

The entire coal bearing strata has 15-26 coal seams, 

including nine minable and partially minable coal 

seams (Nos. 2, 3, 16, 17, 18, 22, 24, 27, and 30). Coal 

seam of Nos. 16 and 18 are the main minable coal 

seams. The average thickness of all coal seams is 

16.26 m, and the coal bearing coefficient is 9.5%. 

Although the distribution of these thin coal seams is 

unstable, partially minable or not, the gas content is 

high and has the risk of gas outburst. For example, the 

average thickness of coal seam of No. 22 is 1.23 m, 

and gas outburst occurs many times when the coal 

seam has been exposed. 

3. Main influencing factors and indexes of gas 

pressure 

Gas pressure is an important index for the risk 

assessment of gas outbursts in coal seam. However, 

there is a lack of measured data of gas pressure in thin 

coal seam at the initial stage of mining due to the 

unstable distribution and partial minability. Therefore, 

the gas pressure of thin coal seams must be predicted 

to ensure production safety. 

Coal seam of Nos. 16 and 18 in the study area have 

substantial gas data. Data on burial depth, coal 

thickness, coal structure index, and structural 

curvature of coal seam were analyzed by single-factor 

analysis, and gas pressure was found to have a certain 

correlation with burial depth, coal thickness, coal 

structure index, and structural curvature of coal seam 

(Fig. 2). Among these four indexes, data on burial 
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depth and thickness of coal seam could be directly 

obtained, whereas that on coal structure index and 

tectonic curvature must be indirectly obtained through 

calculation.  

Figure 2 is here 

3.1. Calculation method of coal structure index 

Among the commonly used logging curves in coal 

field geological exploration, the apparent resistivity 

curve (DLW) and artificial gamma curve (HGG) are the 

obvious indexes reflecting the difference of the degree 

of coal damage. Given that pore and fracture are well 

developed in damaged coal, the water content of coal 

increases under the immersion of drilling fluid, which 

leads to the decrease in the amplitude of DLW and the 

increase in the amplitude of HGG in coal seams with a 

high degree of damage. The changes of these two 

curves are the main basis for judging the degree of 

damage in coal (Fu et al. 2003). The variation of well 

diameter can also be used as a reference. The coal 

with a higher damage degree usually causes the 

enlargement of the well diameter (Fig. 3). 

Figure 3 is here 

At this point, the degree of coal damage can be 

categorized into three levels: the value of 0-1 represent 

no damage to small damage, the value of 1-2 

represent moderate damage, and the value of 2-≥3 

represent relatively large damage to large damage. 

In accordance with the above principles, the values 

of DLW, HGG, and borehole diameter change were 

calculated to comprehensively determine the degree of 

coal failure. 

Apparent resistivity (Unit: Ω·M): 

min

max min

1 3
i

X X

X X
 

 

,

    (1) 

Artificial gamma (Unit: CPS): 

min

max min

3
i

X X

X X
 ,

     (2) 

Change of borehole diameter (Unit: mm): 

min

max min

3
i

X X

X X
, 

     (3) 

Where, Xi is the reading value of the logging curve of 

the borehole, Xmin is the minimum reading value of the 

logging curve, and Xmax is the maximum reading value 

of the logging curve reading. 

3.2. Calculation method of construction curvature 

Structural curvature is a dimensionless value 

calculated in accordance with the shape, density, and 

bending degree of the coal seam floor’s contour line, 

which can well reflect the deformation degree of the 

coal seam floor. The curvature of the contour line of the 

coal seam floor can reflect the local change of the 

morphology of the coal seam floor; this curvature is 

equivalent to the reflection of the structural form of the 

coal seam. The calculation formula is as follows (Shen 

et al. 2010): 

3/2

''

(1 ')

z
K

z
,     (4) 

Where, K is the curvature value of a point in the coal 

seam floor; z is the coal seam floor elevation, 

( , )z f x y , ' f
z

x

. 

The contour lines of the coal seam floor were 

divided into several 500 m × 500 m cells with 500 m 

spacing. The curvature of the floor contour lines in the 

north, east, south, and west directions were calculated 

at the center point of the cells, and the maximum value 

was taken as the structural curvature of the calculation 

point. Through this method, the structural curvature of 

the floor of coal seam with No. 22 in the study area 

was calculated (Fig. 4). 

Figure 4 is here 

4. Prediction and comparison of gas pressure 

4.1. Prediction by MLR 

With Y taken as variable, and burial depth, coal 

thickness, coal structure index and structural curvature 

taken as explanatory variables X, X = { X1, X2, X3, X4. 

Xi ∈ (0, +∞)}, on the basis of 62 groups of data 

(hereinafter referred to as “early measured data”) 
measured in the early stage of coal seam Nos. 16 and 

18, MLR analysis was conducted in accordance with 

the following formula: 

Y=b0+b1X1i+b2X2i+b3X3i+b4X4i，i=1，2，3，…，n,    (5) 

Where, Y is the gas pressure, MPa; X is the 

explanatory variable; X1 is the burial depth, m; X2 is the 

coal thickness, m; X3 is the coal structure index 

(dimensionless); X4 is the structural curvature 

(dimensionless); b is the regression coefficient, b = (b0, 

b1, b2, b3, b4); and n is the sample number of MLR, n = 

62. 

Through programming calculation, MLR analysis 

was conducted. Regression results, such as 

regression coefficient estimation value, regression 

coefficient confidence interval, and similarity coefficient, 

were obtained (Table 1). 

Table 1 is here 

In this MLR, confidence level α = 0.05, degree of 
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freedom k1 = 4, k2 = n－k1－1 = 62－k1－1 = 57. 

According to the table, F0.05(k1, k2) = F0.05(4, 57) = 

2.53; therefore, F = 12.12 > F0.05(4, 57) = 2.53, and the 

regression model was established. Therefore, Formula 

(6) could be used to describe the fitting relationship 

between gas pressure (Y) and burial depth (X1), coal 

thickness (X2), coal structure index (X3), and structural 

curvature (X4) as follows. 

Y = 1.3185+0.0020X1+0.0055X2+0.0633X3－0.0036X4,   (6) 

Where, Y is the gas pressure, MPa. 

In accordance with the MLR relationship between 

gas pressure and the various indexes (Formula [6]), 

the predicted gas pressure values of coal seam Nos. 

22, 24, and 27 could be obtained (Table 2). 

Table 2 is here 

4.2. Discussion on prediction results 

The predicted gas pressure values of coal seam of 

Nos. 22, 24, and 27 were accordingly plotted. The plots 

show that the gas pressure of each coal seam from 

shallow to deep is approximately 1.2-3.0 MPa, 

gradually increasing from NE to SW overall (Fig. 5). 

Figure 5 is here 

Six months after the completion of this study, three 

gas test holes were constructed in a mining area, and 

some test data were obtained (Table 3). These newly 

measured data are called “current measured data”. 
The “early measured data” mentioned above are only 

the data of coal seam of Nos. 16 and 18 with large 

thickness; other thin coal seams lack data. The 

purpose of this test is to obtain the gas pressure of the 

thin coal seam. Therefore, the “current measured data” 
include not only the gas pressure data of the thin coal 

seam but also the gas pressure data of coal seam Nos. 

16 and 18. In accordance with these test data, the 

prediction results can be verified and compared. 

Table 3 is here 

In accordance with the “early measured data” of gas 
pressure in coal seam Nos. 16 and 18, a contour map 

of gas pressure was drawn; test holes Z1–Z3 are 

superimposed in Figure 6. The early measured gas 

pressure values of holes Z1-Z3 could be obtained from 

the figure. However, a certain deviation exists between 

the values obtained in the figure and the corresponding 

values of “current measured data” (Table 4). 
Figure 6 is here 

Table 4 is here 

As shown in Table 4, the values between the 

previous and later measurements are inconsistent, and 

the deviation rate is discrete. Determining which of the 

measured values is more reliable is impossible; thus, 

the maximum and minimum values of the deviation 

rate are eliminated, and then the average value of the 

middle values of the deviation rate is regarded as the 

system error. In this manner, the system error of the 

last measured value is considered 0.22 MPa. 

Therefore, the last measured value needs to be 

corrected. In other words, 0.22 MPa should be 

subtracted from the last measured value to match the 

early measured value. 

In accordance with the above adjustment principles, 

the predicted gas pressure values of coal seam of Nos. 

22, 24, and 27 were verified and compared (Table 5). 

As shown in Table 5, the deviation rate of the 

prediction results of MLR ranges from 6.5% to 19.7%, 

with an average of 13.0%, with the correction values of 

the measured values taken as the verification 

standard. 

Table 5 is here 

In addition, among the six measuring points, the 

prediction effect of measuring point No. 2 (coal seam 

No.22 of borehole Z2) is poor, and the reasons need to 

be further discussed. The predicted values of other 

measuring points are close to the measured values. 

The average deviation rate between the predicted and 

measured values is 11.6%, except for measuring point 

No. 2; this result is acceptable in actual production. 

In summary, the MLR method has practical 

application value in the prediction of gas pressure in 

thin coal seams of coal mines. Given that the 

appropriate and quantitative influencing factors are 

selected, and a satisfactory prediction effect can be 

achieved. 

5. Conclusions 

(1) Gas occurrence in coal seam is influenced by 

many factors, such as burial depth, coal thickness, 

coal structure, and geological structure, and the 

quantitative indexes of which can be used to predict 

gas pressure. 

(2) The structural condition of coal can be 

expressed by the structural index of coal, which can 

reflect the degree of coal damage. The structural index 

of coal can be evaluated synthetically by using DLW, 

HGG and drilling diameter change. 

(3) Geological structure can be expressed by the 

development degree of faults and folds. For the 

structural deformation of multiple coal seams, 

structural curvature can be calculated in accordance 

with the contour line of the coal seam floor, which can 

objectively and quantitatively describe the structural 

development degree of different coal seams. 

(4) In the study of gas pressure prediction of 

several thin coal seams in the Qinglong Coal Mine in 

Guizhou Province, the deviation rate of the prediction 

results of MLR ranges from 6.5% to 19.7%, with an 

average of 13.0%. Except for that of measuring point 

No. 2, the average deviation rate between the 

predicted and measured values of the other five 
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measuring points is 11.6%, which is acceptable in 

actual production. This result shows that the MLR 

method has practical value in gas pressure prediction 

in thin coal seams without measured data. 
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Figures

Figure 1

Structural outline and geographical location of Qinglong Coal Mine. Note: The designations employed
and the presentation of the material on this map do not imply the expression of any opinion whatsoever
on the part of Research Square concerning the legal status of any country, territory, city or area or of its



authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.

Figure 2

Correlation between gas pressure and in�uencing factors.



Figure 3

Logging curve characteristics related to coal structure index.

Figure 4

Structural curvature of coal seam No. 22.



Figure 5

Prediction results of gas pressure in coal seams Nos.22, 24 and 27.

Figure 6

Contour map of gas pressure in coal seam Nos.16 and 18.


