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Ensuring the safety of coal mine production requires accurate forecasting of coal
road heading faces in advance. Because of its high resistance to electromagnetic
interference, the mine direct current (DC) method has been widely utilized in the
advanced detection and prediction of coal mines. The layout of the field source
significantly influences the detection outcomes obtained through this method. In
this study, a variety of full-space three-dimensional geoelectric models were
established based on the fundamental principle of DC resistivity, and the response
features of geological anomalies located in various positions in front of a roadway
were studied under different field source conditions using finite element
numerical simulation. The electrical response characteristics were analyzed
with the electrodes positioned in different directions and two-point to seven-
point current sources located on the floor and side of the roadway, respectively.
The electrical response of the geological anomalies was characterized with
varying positions of the multi-point current source in the roadway and the
pole distance of the power supply electrode. Furthermore, the electrical
response characteristics of the mine DC method in advanced detection were
compared for geological anomalies placed differently across the entire space. The
results indicate that the response effect of the geological anomaly in front of the
roadway is greater when the field source is placed on the shorter side of the
roadway cross-section, with the number of field sources showing a positive
correlation with the product of the pole distance and low-resistance
amplitude. In advanced detection by DC method, the existence of geological
anomalies on the side will affect the recognition of anomalies in front of the
roadway.
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1 Introduction

Worldwide energy consumption has been rising steadily each
year, driven by rapid advancements in industrial technology.
Consequently, coal continues to serve as the primary energy
source in most developing countries. Currently, the coal
resources in some of these countries have been extensively
mined, leading to more complicated geological and
hydrogeological conditions. In the coal mine production process,
a critical concern is determining the location of hidden water-
bearing geological anomalies ahead of the roadway (Li, 2021).
Moreover, with the advancement of coal mine production
techniques, comprehensive mechanized mining has replaced the
original blast mining technique, greatly improving the working face
development and recovery rate. Thus, the application of mine
geophysical techniques to predict geological anomalies has risen
in prominence (Xue et al., 2019).

Since the 1990s, mine electrical prospecting has undergone
various stages of evolution, including coal seam roof and floor
detection, small structure detection, advanced prediction of
tunneling working face, and dynamic monitoring of stopes.
Eventually, it has developed into a detection system primarily
relying on mine resistivity, DC (Cao et al., 2017; Taha et al,
2021), transient electromagnetic method (Chang et al, 2019
Chen et al, 2020), frequency domain electromagnetic method
(Xue et al., 2018), induced polarization method (Liu et al., 2022)
and electromagnetic wave tomography (Yue et al., 2023). However,
during the during the detection process, the limited underground
space makes it challenging to avoid interference sources that affect
the detection distance and accuracy (Liu, 2014), such as energized
cables, anchor rods, anchor nets, rails, and road headers. In this
regard, the DC method—widely employed in mines (Luo, 2017)
owing to its excellent resistance to alternating current (AC)
interference—has emerged as a major technique for advanced
detection of mine roadways (Qiu, 2022; Mohamed et al., 2023).

Notably, the DC method is one of the earliest geophysical
approaches for water-rich exploration (Xie et al., 2022; Mohamed
et al,, 2023). This technique is advantageous in terms of offering a
wide range of choices on the construction and layout devices (Yu
et al.,, 2023), making it suitable for anomaly detection under various
geological conditions (Epov et al., 2016; Jerbeson and Walter, 2016).
However, a notable drawback of the commonly used DC method is
its low signal-to-noise ratio for deep detection, which impacts
detection accuracy (Qiang et al, 2004; Xie et al, 2021).
Researchers have found potential solutions to enhance the
performance of this technique. Switching from a single-electrode
to a multi-electrode power supply, or even to a limited long-line
current source (Lu and Lv, 2014), has proven effective in improving
signal intensity and compensating for the drawbacks of the typical
electrical technique (Jamal et al., 2020). Moreover, Han et al. (2010)
proposed a DC method for the advanced detection of water-
conducting structures in coal mine excavation roadways by using
the geometric intersection method; their approach improved the
interpretation accuracy of the mine DC method for advanced
detection.

Furthermore, numerical simulations using the DC method have
also been instrumental in exploring the spatial distribution
characteristics of the potential (Yang et al, 2013; Liu and Wu,
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FIGURE 1
Sketch of the free tetrahedral element.

2016), thereby providing valuable guidance for practical fieldwork
(Barker, 1989). In this regard, Li et al. (2019) compared the
distribution characteristics of potential changes between the long-
electrode and the point power supplies through numerical
simulation, concluding that the long-electrode power supply is
more conducive to detecting the location of low-resistance
anomalies. Moreover, Liu (2014) simulated the impact of
anomaly position changes on its response characteristics when
the mine DC method is used for three-dimensional advanced
detection. The side effect can be reduced by employing multiple
point sources in the processing. However, the position of the
electrodes in the roadway remains unexplored. Additionally,
Ruan et al. (2010) simulated the advanced detection model by
adding a shielding electrode adjacent to the original point power
supply, thereby allowing the electric field to be focused and
distributed in front of the roadway. Based on this concept, they
proposed an advanced focusing detection device with the mine DC
method and analyzed the anomalies in front of the roadway under
different focusing strategies. Their results suggest that the anomalies
can be better identified, regardless of whether a shielding electrode is
used or not.

In the tunneling process involved in coal mines, sudden water-
bearing geological anomalies will endanger the lives of miners.
However, advanced geophysical prospecting technologies offer
Deng (2013)
systematically analyzed the characteristics of geological anomalies

preventive measures against such accidents.
and inversion interpretation methods by investigating the DC
advanced detection technology of the focused electrode system.
(2000) thoroughly described the
acquisition and processing methods of the three-pole device in
studied the
characteristics in the presence of a low-resistance anomaly in
front of the roadway. Additionally, Li et al. (2020) simulated the

electric field with the anomaly and the measuring electrode located

Moreover, Cheng et al

advanced detection and resistivity ~ response

at the opposite sides of the roadway in the point source field of the
full space model; they discussed the resolution of the DC advanced
detection. In particular, this detection technology has been extended
beyond coal mining to tunnel engineering. Li et al. (2015) utilized
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FIGURE 2
Schematic diagram of the full-space roadway model.
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the advanced detection technology of the homogeneous source
array-focused resistivity method in tunnel engineering to predict
the geological anomaly in front of the tunnel. Additionally, they
analyzed the applicability of the advanced detection technology of
the mine DC method in tunnel engineering.

Presently, the power supply used in the mine DC method for
advanced detection typically comprises three power supply current
sources. If the current source is improperly located in the roadway, the
overall signal will be weak, and the collected signal at far advanced
prediction distance will be severely distorted and cannot be interpreted
accurately (Grigorev et al., 2021). In this study, we applied numerical
simulations to evaluate the response characteristics of the geological
anomaly in front when applying the multi-point power supply of the
mine DC method for advanced detection at different points in the
roadway. The influence of the number of power supply electrodes and
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the spacing of power supply electrodes on the detection accuracy was
studied, and the resolution ability of mine DC method to the abnormal
body was analyzed when the number of field sources was different.
2 Basic principle of steady current field
Based on the field theory, the differential form of Ohm’s law, and
the current continuity equation, the relationship between the
potential and the charge distribution density in the space steady
current field can be defined as follows (Gao, 2021; Huang, 2021):

V- (cVU) =% (1)

where o is the conductivity and q is the charge density.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1273698

Xie et al.

TABLE 1 Placement of power supply electrode in Model 1.

10.3389/feart.2023.1273698

Model no. Field source center to head distance ~ Power supply electrode direction =~ Power supply electrode coordinates
1-1 X-axis floor (-3,0,-1.5); (-4,0,-1.5); (-5,0,-1.5)
1-2 X-axis side (-3,3,0); (-4,3,0); (-5,3,0)
1-3 X=-4 Angle between side and floor (-3,3,-1.5); (-4,3,-1.5); (-5,3,-1.5)
1-4 Y-axis floor (-4,-1,-1.5); (-4,0,-1.5); (-4,1,-1.5)
1-5 Z-axis side (-4,3,-1); (-4,3,0); (-4,3,1)

TABLE 2 Placement of power supply electrode in Model 2.

Model no. Field source Power supply electrode point Power supply electrode Power supply electrode pole
position source coordinates distance (m)
2-1 Single (-4,3,0) —
2-2 Two (-4,3,-0.5); (-4,3,0.5) 1
2-3 Two (-4,3,-1); (-4,3,1) 2
2-4 Two (-4,3,-1.5); (-4,3,1.5) 3
2-5 Z-axis side Three (-4,3,-0.5); (-4,3,0); (-4,3,0.5) 0.5
2-6 Three (-4,3,-1); (-4,3,0); (-4,3,1) 1
2-7 Three- (-4,3,-1.5); (-4,3,0); (-4,3,1.5) L5
2-8 Five (Z=-1,-0.5,0,0.5,1; X=-4; Y=3) 05
2-9 Seven (Z=-15,-1,-0.5,0,0.5,1,1.5; X=-4; Y=3) 05
2-10 Single (-4,0,-1.5) —
2-11 Two (-4,-0.5,-1.5); (-4,0.5,-1.5) 1
2-12 Two (-4,-1,-1.5); (-4,1,-1.5) 2
2-13 Two (-4,-2,-1.5); (-4,2,-1.5) 4
2-14 Two (-4,-3,-1.5); (-4,3,-1.5) 6
2-15 Three (-4,-1,-1.5); (-4,0,-1.5); (-4,1,-1.5) 1
2-16 Yoaxis floor Three (-4,-2,-1.5); (-4,0,-1.5); (-4,2,-1.5) 2
2-17 Three (-4,-3,-1.5); (-4,0,-1.5); (-4,3,-1.5) 3
2-18 Five (Y=-1,-0.5,0,0.5,1; X=-4; Z=-1.5) 05
2-19 Five (Y=-2,-1,0,1,2; X=-4; Z=-1.5) 1
2-20 Five (Y=-3,-1.5,0,1.5,3; X=-4; Z=-1.5) 15
2-21 Seven (Y=-1.5,-1,-0.5,0,0.5,1,1.5; X=-4; 0.5
Z=-15)

As the charge density is difficult to measure, the Dirac function
and the current intensity are introduced to obtain the differential
relationship between the potential and the current, thereby
transforming Eq. 1 into

V. (6VU) = 18(r — 1) (2)

Where U is the electric voltage, I is the current intensity, 1 is the
position of the power supply point, and r is the position of any point
in space.

Frontiers in Earth Science

The aforementioned formula represents the relationship
between potential and current in DC prospecting, serving as
the foundation for numerical simulation. Given that the studied
space is a homogeneous medium, ¢ is a constant and Eq. 2 can be
simplified to Poisson’s equation. If the space is a passive field, Eq.
2 can be simplified to Laplace’s equation (Li, 1986).

Based on the field theory, the potential of a point
power supply at any point in a homogenous space (U) is
determined as

04 frontiersin.org
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FIGURE 3

Comparison of the response characteristics of three-point sources in advanced detection.

1
= 3
0 - 41X + y? + 22 ®)

where x, y, and z are the coordinates of the observation point.

For an electric field with multiple point current sources, the
potential at any point (Uy,) is the scalar sum of the potentials of
multiple point sources at this point based on the field source
superposition principle, as follows:

=Y i

where # is the number of point power sources and 74 is the
distance from the power source to the observation point.

(4)

o-4m- |rAM|

3 Finite element forward modeling
theory of multi-point source mine DC
method

According to the potential field superposition theory, the
potential variation under the multi-point source electric field can
be equivalent to the accumulation of multi-point power source
potential variations. The variation of multi-point source
anomalous potential is defined as (Dai et al,, 2012; Biswas and
Sharma, 2020)

Frontiers in Earth Science

F(u) = JQ Ba(vmz V. (J’Vuo)u]dQ

o T g [ 0 gy
T2 r lo T

OF*(u) =0

where F (1) is the anomalous potential y, () is the overall area, y, is
the normal potential, o is the conductivity of the homogeneous
medium, and §F (u) is the variation of F(p).

To solve the equations through the finite element method, we
start by discretizing the three-dimensional research area into small
units (Wang et al,, 2022). As the tetrahedral subdivision yields a
better performance compared to the hexahedral subdivision within
the boundary range, we implemented a free tetrahedral element to
subdivide the research area by meshing, as shown in Figure 1.

After meshing, the potential at any point in the free tetrahedral
element was calculated by an interpolation function. The linear
interpolation function used in this work is

U=LU,y+ LU+ L,Uc + L,Up

L = V Tetrahedron PBCD L = VTetrahedron PACD
1= 2 =
VTetrahedron ABCD VTetrahedron ABCD (6)
L. = VTetrahedron PABD L, = VTetrahedron PABC
3 = 4 =
VTetrahedron ABCD VTetrahedron ABCD
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FIGURE 4

Comparison of the response characteristics of multi-point source advanced detection in Y- and Z-directions.

The interpolation function was introduced to integrate and solve
the functional terms in each free tetrahedral element. Followed by a
complete synthesis, the function was extended to a matrix composed
of all nodes in the entire space, as follows:

1 . ,
Fe (u) = Euz (kle + kZe)ue + uz(kle+ kZE)qu
7)

1 _ J—
= Equeue +ul K o,

where e is every tetrahedral element, (1 and ji; are the column vectors
composed of 4 and ¢, on each node, respectively, and k, and k, are
the expansion matrices of ki, + ky, and et Ko respectively. The
sum of all units yields the following expression:

F(u) = XF, (u) = %uTZEu + UK uy
)

1
= EuTKu =u"K'u,

Upon defining the variation of Eq. 8 as 0, the linear equation is
obtained as follows:

Ku = —K,l/lo (9)

The anomalous potential y of all nodes in the space can be
obtained by solving Eq. 9. The total potential on each node is the
sum of the anomalous potential and the normal potential ()
calculated using the analytical formula.

Frontiers in Earth Science 06

4 Response characteristics of multi-
point source DC method in advanced
detection

The background field of Model 1 is a sphere measuring 100 m in
radius (0 = 0.01 (s/m)). The roadway cavity (o), = 1.0 x 107° (s/m))
is located on the negative X-axis, with a cross-sectional area of 6 m
(width) x 3 m (height). The anomaly is a cube of 10 m in diameter
(0 =0.1(s/m)), with a center-to-center distance of 20 m from the
sphere. The receiving electrodes are distributed on the negative X-axis,
starting at the symmetrical center of the power supply electrode
group. The power supply electrode group consists of three-point
sources separated by a distance of 1 m. The schematic diagram of
the model is shown in Figure 2 and Table 1 depicts the placements of
the power supply electrodes.

Figure 3 presents the apparent resistivity curves generated based
on the forward modeling results. When the power supply electrode
group is placed on the side of the roadway, the amplitude of the
apparent resistivity curve near the low-resistance anomaly is
relatively large, and the position of the apparent resistivity
extremum matches with the position of the low-resistance
anomaly. However, when the power supply electrode group is at
the angle between the roadway side and floor, the amplitude of the
apparent resistivity is weakened. The lowest amplitude of the
apparent resistivity line graph is observed near the low-resistance
anomaly when the power supply electrode group is located on the
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FIGURE 5
Schematic diagram of the anomaly locations in Model 3.

TABLE 3 Placement of power supply electrode in Model 3.

Model no. Power supply electrode point source  Power supply electrode direction = Power supply electrode coordinates

3-1 X-axis side (-4,1.5,0)

3-2 Single Angle between side and floor (-4,1.5,-1.5)

3-3 X-axis floor (-4,0,-1.5)

3-4 Angle between side and floor (-2.5,1.5,-1.5); (-5.5,1.5,-1.5)
Two

3-5 Y-axis floor (-4,-1.5,-1.5); (-4,1.5,-1.5)

3-6 Angle between side and floor (-2.5,1.5,-1.5); (-4,1.5,-1.5); (-5.5,1.5,-1.5)
Three

3-7 Y-axis floor (-4,-1.5,-1.5); (-4,0,-1.5); -4,1.5,-1.5)

roadway floor. This investigation reveals that the power supply
electrode group on the shorter side of the roadway can better identify
and discriminate low-resistance anomaly compared to that on the
longer side of the roadway cross-section.

Model 2 is established based on the different response laws of the
field source position to the anomaly shown in Figure 3, in which the
power supply electrode group is positioned along the Z-axis
direction of the roadway side and along the Y-axis direction of
the floor, with an altered number and distance of the electrodes. The
Table 2 depicts the placements of the power supply electrodes.

Figure 4 illustrates the apparent resistivity curves plotted using
the forward modeling results of Model 2. The dashed lines indicate

Frontiers in Earth Science

the field source along the Z-axis side, whereas the solid lines indicate
the field source along the Y-axis floor. Different colors indicate a
difference in the number of point sources and the pole distance of
the power supply electrodes. Notably, the power supply electrode
group along the Z direction of the roadway side performs better at
identifying anomalies compared to the group along the Y direction
of the roadway floor. This feature is evidenced by the apparent
resistivity minimum value closely matching the position of the
anomaly, and the amplitude of the curve near the low-resistance
anomaly is consistent with the resistivity value of the model.
Presumably, the difference in response to the low-resistance
anomaly is attributed to the variable length and width of the
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(A—E) Apparent resistivity of Model 3.

roadway cross-section. When the power supply electrode group is
on the shorter side of the roadway, the electric field distribution is
less impacted by the roadway. We developed Model 3 to investigate
the response characteristics of the mine DC method in the advanced
detection of geological anomalies at various points in front of the
roadway, as shown in Figure 5.

The roadway cavity (o), = 1.0 x 107 (s/m)) is located on the
negative X-axis, with a cross-sectional area of 3 x 3m. The
anomalies are cubes measuring 10 m in diameter (o = 0.1(s/m)),
with their center coordinates at the front (20,0,0), left (0,20,0), top
(0,0,20), and bottom (0,0,-20). The receiving electrodes are located
on the negative X-axis of the roadway floor, starting from the
symmetrical center of the power supply electrode group, and
their positions listed in Table 3.

Figure 6 depicts the apparent resistivity curve plotted based on
the forward modeling results of Model 3, with the abscissa
representing the advanced detection distance and the ordinate
representing the apparent resistivity. Figures 6A-C depict the
apparent resistivity curves of the single-point current source
located in the center of the roadway floor, the angle between the
floor and the side, and the center of the roadway side, respectively.
When the point source is at the center of the roadway floor, the
response to the bottom anomaly is the strongest, followed by the
response to the left anomaly, with the responses to the upper and
front anomalies being the weakest. Moreover, when the point source
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is located at the angle between the roadway floor and side, the
responses to the left and bottom anomalies are the strongest,
followed by the top and the front anomalies. The left anomaly
responds most strongly when the point source is at the center of the
roadway side, followed by the bottom and top anomalies, with the
front one eliciting the weakest response.

Figures 6D, E exhibit the apparent resistivity curves of the two-
point and three-point current sources, respectively. The response
amplitude to the anomaly is greater when the power supply
electrode group is along the Y-axis of the floor (perpendicular to
the roadway side roadway) than when it is along the angle between
the roadway side and floor. Furthermore, when the power supply
electrode group is positioned along the roadway angle, the response
amplitude to the bottom and left anomaly is stronger, whereas the
front anomaly generates a weaker response. Similarly, when the
power supply electrode group is positioned along the Y-axis of the
roadway floor, the bottom anomaly elicits the strongest response
amplitude, with the left and the front responses being the weakest.
This is similar to the response under the single-point current source.

The discrepancy in response to anomalies, generated by the
varied placements of the field source, is speculated to be caused by
the high-resistance shielding of the tunnel cavity. When the field
source on the floor is influenced by the high-resistance shielding of
the roadway, the current density along the bottom and both sides of
the roadway is greater than that in other directions, leading to a
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stronger response to the bottom and left anomalies. Similarly, when
the field source is at the angle between the roadway side and floor,
the responses to the left and bottom anomalies are the strongest.
Ultimately, the field source at the roadway side exhibits the strongest
response to the left anomaly.

Through the above research, it can be found that the closer the
field source is to the anomalous body, the more drastic the field
intensity change and the better the detection effect. The response of
the power supply electrode to the abnormal body is more obvious
when the electrode is arranged in the vertical position of the side
than in the horizontal position of the floor. If the distance between
the power supply electrodes is fixed, the number of field sources
determines the detection frequency of the target position. The more
times of detection, the more obvious the physical properties of the
target abnormal body are in the field intensity distribution, and the
higher the accuracy of the delineated abnormal position. When the
number of field sources is constant, the larger the electrode distance
is within a reasonable range, the better the detection effect. When the
mode of field source is fixed, the response of geological anomaly
body under the floor of tunnel head is the most obvious.

5 Conclusion

In this study, we employed the finite element method to perform
three-dimensional forward modeling of the multi-point source mine
DC method, investigating the influences of different geoelectric
models and roadways on the response characteristics of the DC
method in advanced detection. The key findings of our research are
as follows:

(1) The geometry of the roadway cross-section significantly
influences the electric field distribution when using the mine
DC method for advanced detection. The power supply
electrodes located on the shorter side of the roadway cross-
section can better distinguish the front anomalies.

(2) In the presence of the roadway, increasing the number and
distance of power supply electrodes enhances the amplitude of
the apparent resistivity near the low-resistance anomalies. This
observation indicates a positive correlation between the low-
resistance amplitude and the product of the number and the
pole distance of power supply electrodes. Moreover, enhancing
both the number and pole distance of power supply electrodes
improves the positioning accuracy of anomalies.

—~
(SS)
~

Optimization of field source parameters, including the number,
position, and pole distance of the power supply electrodes,
facilitates enhanced identification of low-resistance anomalies
in front. However, the presence of low-resistance anomalies on
the side will interfere with this identification process.

The insights obtained from this study hold potential practical
implications for the field of geophysical exploration in mines.
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