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Abstract

:

To prevent the occurrence of water inrush from the working face floor, explorations of water-rich floors are necessary. For a working face with a regular shape, a water-rich floor can be detected by laying electrodes and cables around the working face. However, the rectangular working face develops an irregular shape, and the exploration of water in irregular working faces is a difficulty in the study of 3D electric resistivity tomography (ERT). In this paper, an unconventional dipole–dipole array is used for data acquisition and the potential of a non-grid point electrode is replaced by the potential of the surrounding electrode, which identifies a water-rich floor using 3D ERT with arbitrary electrode positions. Taking the 8826 irregular working face of the Baizhuang coal mine as an example, the working face is explored by 3D ERT, the anomalous area is delineated, and targeted grouting is carried out in the anomalous area. After grouting, the grouting effect is detected by 3D ERT, and the safe mining of the working face is ensured. The results show that grouting effect detection within the floor of a coal seam using 3D electric resistivity tomography (ERT) with arbitrary electrode positions could be applied to solving the problem of water-rich exploration of floors in irregular working faces.
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1. Introduction


In recent years, with the increasing mining depth of coal seams in eastern China, more coal mines have the problems of increasing water pressure in confined aquifers and decreasing thickness of aquicludes, which leads to the occurrence of water inrush from the coal seam floor [1,2]. The aquifer in the working face is grouted to prevent water inrush and protect water resources [3,4]. The traditional uniform hole layout method [5] is adopted, but the grouting efficiency is low, and human and material resources are wasted [6]. The exploration of water-rich floors is essential before grouting, which can ensure the effective grouting of floor aquifers [7].



There are two main methods to identify a water-rich floor: the ERT method [8,9,10,11] and the (TEM) method [12,13,14,15]. At present, TEM is widely used in various projects [16], and this method is sensitive to low-resistance bodies [17]. However, it is easily affected by the surrounding environment, resulting in poor data acquisition quality, which affects the accuracy of detecting water. The ERT method is one of the most mature methods in theory and technology [18]. It is sensitive to low resistance and has strong anti-interference [19]. Therefore, it is widely used in the fields of tunnels [20,21], the environment [22], the control of water in coal mines, and [23] so on. The resistivity profiles of the roof and floor [24] can be displayed by 2D electric resistivity tomography (ERT), and a water-rich floor cannot be detected in the working face. Only when 3D ERT is adopted can the water-rich area of the floor be displayed in the working face. For a working face with a regular shape, electrodes and cables are buried around the working face, and the water-rich area of the working face is detected. A working face with an irregular shape is different. For an irregularly shaped working face, some of the electrodes are not on the model grid points, and the electrode data cannot be used. For the deep coal seam in North China Coalfield, the coal seam is affected by tectonic movement and fault development, which seriously affects the direction of the working face, resulting in the working face becoming a non-rectangular working face. The traditional 3D ERT can only detect the water-rich of the floor rock layer of the irregular working face, so there is a risk of water inrush from the floor rock layer for the non-rectangular working face.



In this paper, 3D ERT is realized with arbitrary electrode positions, then water-rich floors can be detected in irregular working faces. This 3D ERT approach is used to detect the water-rich area and design the location of the grouting [25] holes. After grouting, the method is used to detect the grouting effect again [26].




2. Materials and Methods


2.1. Overview of the Study Area


The Baizhuang coal mine is located in the western Feicheng minefield. The field is approximately 4.0 km in the east–west direction and 3.9–4.8 km in the north–south direction and covers an area of 15.6708 km2. The coal type of the working face consists of gas and fat coal. The thickness of the coal seam is 1.9–2.4 m, with an average thickness of 2.1 m, which is a stable medium-thick coal seam.



The BF54-1 and BF54-2 faults are exposed in the transportation roadway (Figure 1C). To reduce the influence of faults on mining, coal pillars are reserved along the fault. Therefore, the transportation roadway of the 8826 working face is changed. The strike of the 8826 working face is 280 m, and the cutting span is 140 m. With the change in the transportation roadway, the span of the working face decreases gradually. Figure 1C shows that the shape of the 8826 working face is irregular. Therefore, the 3D ERT method cannot detect a water-rich floor.



As shown in Figure 2, the main aquifers of the 8826 working face are the NO. 4 LS, NO. 5 LS, and OLS aquifers. The NO.4 LS has developed fissures, but the water of NO. 4 LS has been drained in the process of mining other working faces. The NO.5 LS aquifer is contained within thin limestone, with an average thickness of 6.4 m, and the maximum head of NO. 5 LS is −153 m. The minimum thickness is 30.7 m from the floor to NO. 5 LS. The thickness of OLS is more than 800 m, and the water content in OLS is uneven. The water head height of OLS reaches 6.2 m. The minimum thickness is 35.7 m from the floor to OLS.




2.2. Water-Rich Evaluation and Data Acquisition


The water inrush coefficient method [27,28] is used to predict whether the floor of the working face is prone to water inrush events [29]. A water inrush coefficient less than 0.06 indicates that the working face is safe; relatively, water inrush may occur when the water inrush coefficient exceeds 0.06 [30,31]. The water inrush coefficients T1max and T2max of the NO. 5 LS and OLS aquifers, respectively, are 0.1 Mpa/m and 0.132 Mpa/m.


  T =  P M   



(1)







The water inrush coefficients of the NO.5 LS and OLS aquifers are greater than 0.06, so the 8826 working face cannot be mined. To prevent water inrush from the floor, the NO. 5 LS and OLS aquifers were grouted. To improve the accuracy and efficiency of grouting, water-rich floors were explored. The anomalous area was delineated and drilled to verify its water richness. After grouting, 3D ERT should be carried out again to detect the grouting effect.



In this paper, 3D ERT was used to explore water-rich floors. An unconventional dipole–dipole array was applied for data acquisition. As shown in Figure 3, current electrode A and potential electrodes MN were placed in the air return tunnel with an electrode spacing of 5.5 m according to the size of the air return tunnel, and current electrode B was arranged in another roadway.



The coordinates of current electrode B were (156, 0, 0). When electrode 1 and electrode B were used as current electrodes, other potential electrodes were simultaneously measured in the air return tunnel, the potential was measured at each point, and the potential difference between the potential electrodes was calculated. The measurement was completed with electrode 1 and electrode B as current electrodes and with electrode 2 and electrode B as current electrodes and the other electrodes as potential electrodes. Then, electrode 3 and electrode B were used as current poles, and the other electrodes were used as potential poles for measurement. The above sequence was followed until the last electrode was measured as the current electrode.



Then, the electrodes and cables were laid out along the transportation roadway, and the current electrode B was laid in the air return tunnel (156, 107.8, 0). The abovementioned step could be repeated to realize the overall measurement. The data acquisition was accomplished with an FLSH-64 DC method instrument. The instrument had high acquisition efficiency with one point current electrode and the other 61 electrodes for measurement. After the data collection was completed, the collected data of the two roadways were combined and processed.




2.3. Data Processing of Arbitrary Electrode Positions


Due to the influence of faults, the orientation of the transportation roadway changed; as a result, the positions of numerous electrodes in the transportation roadway were inconsistent with the mesh of the model [32] (Figure 4). To resolve this issue, as shown in Figure 5A, this paper replaced the electrode potential method with the four nearest interpolation potentials around the electrode. Nevertheless, subject to the constant refinement of the mesh, this process not only is time-consuming but also requires much memory for the calculation. To develop an approach to resolving the problem, the potential of the non-grid point electrode was replaced by the potential of the nearest node using a distorted finite element mesh (Figure 5B); this approach detected the water-rich floor using 3D ERT with arbitrary electrode positions.




2.4. Synthetic Model


A 3D geoelectric model with dimensions of 29 m × 14 m × 6.5 m was established according to the proportionality of 10:1, and the forward and inverse calculation of the model was carried out to verify the feasibility of this method [33]. Electrodes were arranged in the two roadways of the working face, and their electrode spacing was 0.55 m. Furthermore, the resistivity of the surrounding rock was 100 Ω·m. An anomalous body with a resistivity of 10 Ω·m and a volume of 1.62 m × 2.16 m × 1.6 m was placed at coordinates of (11.6, 5.78, −1.6). Then, the horizontal results of forward and inverse calculations with the model are illustrated in Figure 6B [34].





3. Result and Discussion


This method can show the location of the low-resistivity body in the model, but the location of the low-resistivity area changes with the depth of the low-resistivity body. The low-resistivity anomaly area is the same as that in the model at a depth of 1.6 m. Moreover, the closer to the surface, the farther the position of the anomalous body extends in the negative Y direction. With the change in depth, the position of the low-resistance anomalous body hardly changes. Therefore, this method can accurately identify low-resistance bodies and can be used in field exploration.



Before grouting, data are acquired by laying electrodes and cables on both sides of the roadway. After data acquisition, first, the mutation points of resistivity are eliminated, and the resistivity curve is smoothed. Then, the preprocessed data are converted to the 3D inversion structure, and the data are inverted using RES3D commercial software. The Gaussian Newton method (The Newton–Gauss method consists of linearizing the model equation using a Taylor series expansion around a set of initial parameter values b0, also called preliminary estimates, whereby only the first-order partial derivatives are considered the linear theory is applicable to this linearized model) is used to invert the data. The data with large root mean square (RMS) errors are eliminated by observing inversion results after several inversions, and the data are then inverted once more to decrease the RMS error and promote the precision of continuous inversion.



After inversions, the 3D resistivity data volume of the floor of the 8826 working face is obtained. According to the hydrogeological conditions of the working face, −36.1 m in the floor is the position of the NO.5 LS aquifer. The horizontal resistivity profile of the NO. 5 LS aquifer is drawn by 3D Slicer Dicer visualization software. The anomalous resistivity areas of the NO. 5 LS aquifers are mainly situated in the ranges of 100 m–150 m and 200 m–240 m in the air return tunnel and 100 m–140 m in the transportation roadway (Figure 7A). Similarly, the horizontal resistivity map of the OLS aquifer is drawn by using Slicer Dicer software (Figure 7B). The areas with anomalous OLS resistivity are within the ranges of 100–130 m and 200–220 m in the air return tunnel and 100–130 m in the transportation roadway. Taking the exposure of drilling 1 as an example, the coal seam floor is 31.75m away from the NO. 5 LS, and the thickness of the NO. 5 LS is 4.89 m. The distance from the NO. 5 LS to the OLS is 3.61 m, and drilling 1 enters the OLS at 32.8 m.



A comparative analysis of charts A and B in Figure 7 reveals that the anomalous low-resistance areas between the NO. 5 LS aquifer and the OLS aquifer are similar. This indicates that the low-resistance anomalous areas may be caused by a single aquifer or multiple aquifers. To prevent water inrush from the floor, the anomalous area of the floor is verified by drilling.



As shown in Figure 7, Drillings 1–4 are designed in the return air roadway and drilling 5 is designed in the transportation roadway. According to the experience of the personnel involved with water prevention and control, when the water inflow of the NO. 5 LS aquifer is greater than 5 m3/h, the aquifer should be grouted. Otherwise, grouting is not necessary.



Table 1 shows that the water inflow from the NO.5 LS aquifer is less than 5 m3/h in drillings 1 and 5, and the NO. 5 LS aquifer is not grouted. The water inflow from the NO.5 LS aquifer is greater than 5 m3/h in drillings 2–4. Therefore, the NO.5 LS aquifer needs to be grouted. The water inflow from the OLS aquifer is greater than 5 m3/h; thus, all OLS drillings are grouted. The above situation implies that the NO. 5 LS aquifer is not rich in water, the OLS aquifer is rich in water, and the water abundance in the OLS is obviously different.



After grouting, 3D ERT is carried out on the floor of the working face again, and the results are shown in Figure 7D. Comparing the results before and after grouting, the resistivity of the OLS anomalous area increases obviously after grouting. It can be inferred that after grouting, the water-rich character of the OLS aquifer becomes weakened, indicating that the grouting effect is good. There is no obvious anomalous area in the floor of the working face, and the working face can be mined.




4. Conclusions


In this paper, the boreholes reveal that the NO. 5 LS aquifer has the characteristics of thin thickness, poor water-rich but partial water-rich in the working face. The OLS aquifer with thick thickness is strong and water-rich but with great differences in water-rich. Therefore, the grouting of the OLS aquifer is an important aquifer in the grouting process.



In the process of detecting the water-rich of the floor for the working face, current electrode A and potential electrodes MN were placed in the air return tunnel and current electrode B was arranged in another roadway, an unconventional dipole–dipole array is used for data collection. The partial mesh subdivision method was adopted to realize arbitrary electrodes’ measures to successfully delineate the water-rich area of the floor and provide target areas for subsequent grouting work. After grouting, this method is used to detect the water-rich of the floor again, so as to detect the grouting effect and ensure the safe mining of the working face.
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Figure 1. Location of the study area in China, including (A) the Feicheng coal field within China and (B) the location of the Baizhuang CM within the Feicheng coal field. (C) Schematic of the 8826 extraction panel. 
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Figure 2. Stratigraphic section for the 8826 working face (CS = Coal Seam, LS = Limestone). 
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Figure 3. Layout plan of the electrodes; The black circle is the current electrode B; The circle of the return air roadway is the current electrodes A1; The circle in the transport roadway is the current electrodes A2. 
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Figure 4. 3D mesh generation and electrode distribution. 
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Figure 5. Non-grid electrode treatment methods: (A) Interpolation alternative method; (B) peripheral potential alternative method. 
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Figure 6. The model and the inversion results: (A) The synthetic model (B); The inversion results of the model, rectangle is the location of abnormal body. 
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Figure 7. Resistivity profile of the working face floor aquifer before and after grouting: (A) Resistivity profile of the NO.5 LS aquifer before grouting; (B) Resistivity profile of the OLS aquifer before grouting; (C) Resistivity profile of the NO.5 LS aquifer after grouting; (D) Resistivity profile of the OLS aquifer. 






Figure 7. Resistivity profile of the working face floor aquifer before and after grouting: (A) Resistivity profile of the NO.5 LS aquifer before grouting; (B) Resistivity profile of the OLS aquifer before grouting; (C) Resistivity profile of the NO.5 LS aquifer after grouting; (D) Resistivity profile of the OLS aquifer.



[image: Applsci 12 05625 g007]







[image: Table] 





Table 1. Statistical data of drilling water inflow.
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	Name of Drilling
	The Water Inflow from NO. 5 LS (m3/h)
	The Water Inflow from OLS (m3/h)





	Drilling 1
	2.0
	60



	Drilling 2
	5.0
	20



	Drilling 3
	7.0
	25



	Drilling 4
	5.0
	12



	Drilling 5
	0
	10
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  applsci-12-05625


  
    		
      applsci-12-05625
    


  




  





media/file8.jpg
w ®

0 mai [0 miet hwaee oo






media/file11.png
'umn Depth: 0.00-0.23 m.

14.0
12.0
10.0
8.00
6.00
4.00
2.00
0.0+ rrere

110 550 990 143 187 231 275
LaanDepli‘lﬂ-‘lssm

140
120
10.0
8.00
6.00
4.00
200
0.0 o

110 550 990 143 187 231 275
Y Layer 9, Depth: 3.21-3.93 m.

140
120
100
8.00
6.00

87.9

X

19.3

(A)

Model with surface and subsurface point electrodes

Y Layer 2, Depth: 0.23-0.50 m.

14.0

12.0

10.0

8.00

6.00

4.00

2.00 x
0.0

110 550 990 143 187 231 275
Y Layer 6, Depth: 1.58-2.05 m.

14.0 ,

12.0

10.0

8.00

6.00

4.00

2.00 x
0.0

110 550 990 143 187 231 275
Y Layer 10, Depth: 3.93-4.75 m.

14.0
120
100
8.00
6.00
4.00
200

110 550 990 143 187 231 275

94 9 102 109

ReslslMly in Ohm.m

X Unit Electrode Spacing 0.550m. Y Unit Electrode Spacing 1.000m.

Iteration 5 - RMS Error 0.21%

y .
14.0 Layer 3, Depth: 0.50-0.81 m.

12.0
10.0
8.00
6.00
4.00

2.00 I x

0
110 550 990 143 187 231 275
\ ”"Layor 7, Depth: 2.05-2.59 m.

A=

0
110 550 990 143 187 231 275
14 o' Layer 11, Depth: 4.75-5.70 m.

12.0
10.0
8.00
6.00
4.00
2.00

0.0
1.10 550 990 143 187 231 275

x

(B)

0.0
2.2
4.4 7

29.50>

Y Layer 4, Depth: 0.81-1.17 m.

X

0
110 550 990 143 187 231 275
“o"Layors Depth: 2.59-3.21m.

120
10.0
8.00
6.00
4.00
2.00

140

120
10.0
8.00
6.00
4.00
2.00

0
110 550 990 143 187 231 275
14 o' Layer 12, Depth: 5.70-6.79 m.

120
10.0
8.00
6.00

4.00
2.00

x
0.0
110 550 990 143 187 231 275





media/file6.jpg





media/file1.png
Legend

F eicheng .
coal fidd River

Study Area City
R ail Way 8;262 wotking

Coal Mine
Fault

MM

~—

a1hu raﬂWaY

T
b ang River

1.Longzhuang Coa Mine (CM)

2. Yuncheng CM 8. Taoyang CM
3.Chazhuang CM 9 Dafeng CM

4 Guozhuang CM  10. Caozhuang CM

5Pingyin CM 11. Yangzhuang CM
6 Bazhuang CM 12, WuligouCM

7 Xinglongzhuang CM

8826 extraction panel

Air retum tunnel

0\311)






media/file13.png
Before grouting

Drilling 2

100 150 200 250
Z[m]
Resis. [Log]

0 0.5 1 1.5 2 2.5 3

0

Y(m)
ing 2

Drill
50 100 .IED 200 250

(A)

After grouting

Before grouting

Z{m)

Resis. [Log)

0 0.5 1 1.5 2 2.5 3

-20
-50
-80

X[m]

e
100 150 200 250
Z[m]

Resis. [Log]
] 0.5 1 1.5 2 2.5 3

(©)

(B)

After grouting

e S
100 150 200 250

Z[m]
Hesis. [Log)
0 0.5 1 1.5 2 2.5 3
(D)






media/file10.jpg





media/file7.png
’Yranspo
LT!“““““““““
“ “‘ ““““ Sk
Seee \\\,\\\“\\\\\‘3‘\ N
\\\\\\m‘\\\\\\\\\\\\
\\\\\\\cm,,‘\\\\‘
\\\\\ \\\\\n’w
‘\\\\\\(“k\

‘LﬁﬂO’l“)&&

“““‘

“““““
“““‘

D ““““‘\“‘

A o N






media/file12.jpg
o e MR L e M

© ()





media/file9.png
(B)
(A)

® Electrode |:| Mode cell | | Mesh lines * Interpolation Note





media/file5.png
139

Open
-off

Y cutting

46—

O

W)

8826 extraction panel

The locations of cg:rent electrodeB2

(/ oM™
OUU\J\/UU

N

OO AN AN OO TN W W W
& & o< ) <

T W W W WA
NN N AL N Y ] 7 N

9% X Air return tunnel'





media/file3.png
Geologic

Age| Formation Column Thicknes{m) | Lithology
e — 1.5 NO.7CS
" e
e 4.7 NO.41.S
Taiyuan A 2.1 NO.8CS
% Formation 28 o8 Se 88
> ceee coes sese sese
£ e 125 [ NO.CS
S | | e e « |36.1m
'e L2 32 3 2 2 ¢ ] «H00E SEEQ
8 aaaaaaaaaaaa 166 NOlOCS
- = 47 3m
":l ““_l"“ | "
Benxi
Formation : : | : | : | 6.4 NO.SLS
T T T 1
g Ordovician[] | | | | | | | |
§ Limestone T LT 200 Undifferent-
i< T T 1 -iated O.LLS
o | | | | | | | | |






media/file4.jpg
8826 extraction panel

The locations of current electrodeB2

X Airreturn tunnel =






media/file0.jpg
Legend

00k
= Feichag
coal s Lk Riva
Study A | © | Ciy

Railwa | [ |55 voking

Cosl Mine
No,

JNT

1 Longhumng Cod Mine €M)
ndgCM 8 TooymgCM

Ihuang CM 9 Daking CM
4 Guhuang CM 10 Cavhuang M
SPingyinCM 11 Yangshuang CM

T
sTehw e GBaAuwng CM 12 WuligouCM

Kangwang River
onghumg CM

+

20m

A stum

e
N






media/file2.jpg
| Geologic
Age| Formation|  :o1umn Thicknes<m) | Lithology
L5 [ NO.7CS |
47 NOALS
Taiyuan 21 NO.8CS
2 Formation
£
1 | 125 NO.9CS
£
S 1.66 NO.10CS
Benxi
Formation - 64 NOLS,
Ordovician
2 [ Undifferent-
3 Limestone 800 Iy






