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Abstract—Disaster water sources in underground coal seam
always danger mining safety. The current electromagnetic
methods are not effective to detect the disaster water sources in
the underground due to noise interference generated by large
metal equipment. To address this problem, the direct current
resistivity method is proposed to detect the disaster water
sources in the underground coal seams. The relationship
between the resistivity distribution and water faults was
investigated, and we found that a low resistivity distribution
indicates a disaster water source. To verify the proposed
method, both numerical simulations and field test have been
carried out and the analysis results show that the low resistivity
distribution can be used to correctly detect the disaster water
sources. Most importantly, the proposed method has detected
three threats of mine water disaster in the field test in a real coal
seam in Lan County coal mine, China. As a result, the present
work provides an important and solid support to coal mining
safety.

Index Terms—Coal mining safety; Mine direct current
resistivity method; Mine water disaster; Coal mine floor.

I. INTRODUCTION
During the underground coal mining process, the earth
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stress will be acted on the coal wall [1]. At this moment, it is
very possible that the coal roof water and floor confined
water will break into the coal mining tunnel, resulting in
severe disasters [2]. Hence, it is crucial to detect the disaster
water sources to prevent unexpected mining accidents. As a
result, geophysical mine prospecting technologies for
predicting geological anomalous bodies with bearing water
have attracted increasing attention. Among these geophysical
methods, mine resistivity methods and mine transient
electromagnetic method have been widely used because of
their convenient construction [3] and strong adaptability to
limited underground space [4]. The most popular method for
detecting disaster water sources is the transient
electromagnetic method [5]. However, due to the large metal
equipment in the coal tunnel, the noise generated by the metal
equipment will contaminate the electromagnetic information
[6]. As a result, the transient electromagnetic method [7] is
not always applicable to coal mining.

Compared with the transient electromagnetic method, the
direct current resistivity method theory of field distribution is
rather simple and it can overcome the electromagnetic noise
problem generated from metal equipment by employing
electrodes to transmit and record the signal [8]. Although
multielectrode systems and multicore cable are not easy to be
carried in the tunnel, the application effect should come first.
Although there are 20 years since the direct current resistivity
method has been used in the coal mine tunnel for predicting
geological hazards, many application cases are very simple
and use only the apparent resistivity curve to express the
distribution of resistivity, such as direct current vertical
resistivity sounding. However, unlike the ground surface
circumstances for direct current resistivity methods on the
surface, it is applied in the tunnel and the influence of the
roadway on the distribution of the physical field is a special
and inherent problem for mine-based geophysical methods,
creating a difficult challenge for measurement, data
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processing, and geological interpretation [9]. Hence, to our
best knowledge, the 3D resistivity inversion method
professionally used for data processing and interpretation for
direct current resistivity data collected in the coal mine tunnel
has not been found in the detection of disaster water sources
in the literature yet.

As well known that the key issues of data processing are
the algorithms of forward and inversion. The comprehensive
theory of DC resistivity is given in geophysical textbooks,
such as Reynolds [10] and Parasnis [11]. The purpose of the
forward modelling is to study the distribution of electrical
field in the earth by numerical simulation. Finite difference
method [12] and finite element [13] method are employed to
subdivision mesh. Recently, unstructured tetrahedral meshes
are very popular due to their function of efficient local mesh
refinement and the most flexible description of arbitrary
model geometry. Hence, the most popular is the mesh
technique [14]. In addition, high efficient solver is necessary
for computing large matrix [15]. Compared with
preconditioned conjugate gradient method for solving large
matrix, multifrontal direct solvers can automatically search
the most effective iteration direction [16]. Hence, both mesh
technique and computation solvers are crucial factors for the
data processing algorithms.

The motivation of this work is to evaluate the direct current
resistivity method in detecting the disaster water sources in
the coal tunnel. Based on the electrical resistivity differences
between the target and surrounding rock, the influence of the
electrical field due to the geological anomalous bodies was
investigated. The electrical potential from the artificially
established stable current field was observed and the
recorded signals were analysed to recognize the distribution
of underground anomalous bodies (such as the water-bearing
structure, collapse column, and fault fissure). The analysis
result demonstrates that the large resistivity difference

between the geological anomalous bodies and the
surrounding coal rock can be detected by the direct current
resistivity method. Hence, the direct current resistivity
method can effectively explore these geological anomalous
bodies in the coal mining process.

The coal mine of interest is located in Lan County, Luliang
City, Shanxi Province, China, as shown in Fig. 1. Shanxi is
one of the provinces with large coal reserves in China.
Besides, it has a wide distribution of coal and the quality of
the coal is excellent. Hence, it plays a pivotal role in China
economic construction. The research area is located in the
northwest of China. Although the ground climate is relatively
dry, the underground water is quite abundant [17], especially
below 200 meters, which brings a great threat to the coal
mining. Therefore, coal mining companies attach great
importance to mine water hazard prevention and they are also
very willing to invest research funds in mine water hazard
prevention.

Hence, the purpose of this research is to determine the
distribution of rich water areas, as well as the relationship
between the rich water areas and the fault fissures. As shown
in Fig. 1, the area enclosed by the blue lines is the working
face. It has been verified that there are many fault fissures in
the working face; especially, there are two big fault fissures
through the half working face. It is very dangerous that the
water bearing area is very possible to be conducted into the
tunnel. Hence, we have to detect the water yield property and
fault condition before mining. As mentioned above, the direct
current resistivity method will be employed to calculate the
resistivity distribution of the earth, while the water bearing
area can be determined by the lower resistivity relative to the
surrounding rock.

FIELD WORK INFORMATION

Fig. 1. Location of field work and coal mine geology.

To explore the geological information of the working face
in detail, we separate the whole working face into two parts,
as shown in Fig. 1. We designed the electrode arrangement of
“U” shape by using one hundred and sixty electrodes for Part
1 and hundred and sixty-five electrodes for Part 2 to close the
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research area. The purpose of the design is to make the
current cover of the entire research area to enhance detecting
ability and resolution. The layout style of the electrodes of
the first part and the second part is shown in Fig. 2. and Fig.
3, respectively.
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Fig. 2. Distribution of electrodes to collect data for exploring floor for Part
1. The white lines indicate that No. 1 electrode is a transmitter and the rest
electrodes are receivers, while the grey lines show that No. 160 electrode is a

transmitter and the rest electrodes are receivers. In fact, besides No. 1 and No.

160, the other electrodes also can be transmitters and receivers.

In the field work, the data are collected by mine resistivity
equipment, which can achieve the task that one pair of
electrodes to be the transmitter and the remaining electrodes
to be receivers for each time measuring. The other advantage
of mine resistivity equipment is that the whole electrical field
can be completely recorded and greatly enhance the
efficiency of collecting data in the coal mine tunnel. Besides,
the mine resistivity equipment is shown in Fig. 4.
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Fig. 3. Distribution of electrodes to collect data for exploring floor for Part
2. The grey lines indicate that No. 1 electrode is a transmitter and the rest
electrodes are the receivers, while the white lines show that No. 165
electrode is a transmitter and the rest electrodes are the receivers. In fact,
besides No. 1 and No. 165, the other electrodes also can be transmitters.
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Fig. 4. Mine direct resistivity equipment: (a) host, (b) power station, (c)
electrodes, and (d) transmission line.Problems of Forward and Inversion.

The relationship between the electrical potential and the
geoelectrical parameters can be described by the Poisson’s
equation, as shown in (1) [18]

Vx(-oVe) = 1(6(r—r,)-o(r-r.)), @
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where ¢ is the conductivity structure of a medium, ¢ is the
electrical potential field induced by a dipole, and | is the
electrical current from a dipole. The dipole is represented by
two delta functions centred on the positive and negative
source locations (rs+ and rs.).

To compute the solution of (1), the system is discretized
using the finite volume method (FVM) [19]. The boundary
conditions are embedded in the discrete differential
operators. As a result, (1) can be described using (2)

AgD =-q, (2)
where A=Div(diag(A" o)) A’ is related with the

mesh size and o is related with the conductivity of the

meshing element. Finally, the solution of ¢ can be computed
by solving this linear equation [20].

Direct current resistivity inverse problem may be
considered as a mirror from the space of potential data to the
space of resistivity model [21].

The constructed objective function can be described by the
following (3) [21]

#m) =Y O @O (m) -4 )] +Zfewm-m,)[;. @)

where W(i) is a diagonal weighting matrix that is multiplied
by the it residual vector

1
x SD(d

M _ gi —12...
w _dlag(dm 0 =12-,n, (4
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where SD(d{)) is the element-wise standard deviation of

each data, ¢ is a small positive constant that ensures a
cut-off value, so an extremely large weight is not given to
very low amplitude data, and d{ is the observed data.

obs
By solving (3) using the minimization method, it yields a
model update parameter, dp, which will be incorporated into

the current model by

Pria = B +ﬂk6p1 5)

where S, is the current line search parameter, py is the

current model, and pk + 1 is the new model. The line search
parameter is used to control the magnitude of the update.

To verify the correctness of the algorithm, we compared
with the analytical solution and the numerical solution. There
is an analytical solution for uniform earth medium and the
analytical solution can be computed by (6) [22]

NUMERICAL SIMULATION

Lo 1 N 1 :
47 [D-2,)+ () J(D+z,)+(r,)

(6)

where p is the resistivity of the earth, D is the depth of the
earth, z  isthe depth of the measurement point, and r, is the
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radial distance from the measurement point to source.

It is assumed that the resistivity of the earth is 100 ohm-m
and the coordinates of the source are located on (0, 0, 80 m).
Besides, the measurement line is parallel to the X-axis and
the distance between X-axis and the measurement line is
1 km, as shown in Fig. 5. The comparison between the
numerical solution and analytical solution is shown in Fig. 6.
Numerical solution and analytical solution match very well
which shows that the algorithm is correct.

Y,
Measurement line
1000V

o

Fig. 5. Schematic diagram of line layout.
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Fig. 6. Comparison between numerical solution and analytical solution.
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In the actual detection process in the coal mining tunnel,
the geology of the floor is critical for the detection
performance. Therefore, the current flow into the floor
sandstone by the electrodes was considered. The numerical
simulation model is shown in Fig. 7.

oalseam

Current distribution  Faults Current distribution

Fig. 7. Schematic diagram of coal seam floor detection by direct current
resistivity.

To perform the numerical simulation, a mining geological
model was established in Fig. 8. One hundred and sixty-five
electrodes were used to measure the electrical potential in the
tunnel. An anomalous geological body was inserted with rich
water to simulate the water fault (see Fig. 8).

To exactly compute the solution, the tetrahedral element
[23] is employed to mesh the geological model as shown in
Fig. 9, which is shown by Paraview software [24] to show
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mesh model and modelling results. Besides, the natural
boundary conditional is adopted to solve the boundary
problems, as well as enough large distance from the research
area to the boundary is made (see Fig. 9). In fact, only the
small black area is the target area.
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Fig. 9. Meshing results of the numerical geological model.

Figure 10 shows the inversion results, which are compared
with the forward model as shown in Fig. 8. As can be seen,
they match very well with each other. Besides, the modelling
results are really 3D data volume and any slice can be cut to
show geological information in detail. Actually, in Fig. 10,
the slice of inversion results in the direction of y = 50 m is
shown. In Fig. 11, the detailed information of the earth is
exhibited, and we can clearly see the distribution of low
resistivity.

IV. FIELD WORK

According to the actual mining geological information, as
described in Fig. 1, a field test has been conducted to verify
the proposed method. The geological model of Part 1 was
established in Fig. 12 and one hundred and sixty electrodes
were used in the real coal mine tunnel to collect the electrical
potential. As mentioned above, one pair of electrodes to be
the transmitter and the remaining electrodes to be receivers
for each time measuring.
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Fig. 10. Inversion results of the numerical geological model of Fig. 8.

Resistiity{log10)

780m

100m

Fig. 11. The slice of the inversion results as described in Fig. 10.

Hence, massive data can be obtained by combination
between different electrodes among one hundred and sixty
electrodes. However, we only extract 4500 data by
measurement style of ANM [25]. Measurement current is
shown in Fig. 12, which is the electrical current, and we can
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clearly see the shape of the transmit waveform of the bipolar
square wave. In Fig. 13, the difference of the voltages

between the electrodes of M and N in the measurement style
of AMN is shown.
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Fig. 12. The data of measurement current.
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Fig. 13. The distribution of measurement electrical voltage.

Based on the electrical current information and electrical
voltage, the inversion jobs have been done. Firstly, according
to the geological information, the geological model has been
built and the initial model is regarded to be homogeneous, as
shown in Fig. 14. In Fig. 15, the inversion results from the
collected electrical information (Fig. 12) by inversion
method are shown. As shown in Fig. 15, three areas with low
resistivity were observed. As mentioned above, these areas
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2500 3000 3500 4000 4500
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with low resistivity are potential disaster sources and it is
very possible to cause large threat for coal mining. To
examine the detailed geological information of these areas,
the slice in the middle of Y-axis has been cut and it is shown
in Fig. 16. As can be clearly seen, the occurrence of these
three low resistivity areas in the geological anomalous bodies
was observed. Moreover, the low resistivity geological
anomalous bodies in No. 2 in the figure were very possible to
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conduct deep limestone water into the coal tunnel due to its
shape of resistivity distribution.

To explore Part 2, one hundred and sixty-five electrodes
have been employed to collected data and totally 4040 data
have been collected. Thereinto, in Fig. 17, the electrical
current values are presented, while in Fig. 18, the voltage
between M and N is shown.

To obtain the resistivity distribution of the Part 2 area by
inversion, according to the known geological information,
the homogeneous geological model has been built to be as an
initial model, as shown in Fig. 19.

Based on the measurement data and inversion algorithm,
the inversion results can be obtained, as shown in Fig. 20.
With the purpose of knowing the detailed information of Part
2, the slice is cut from the 3D data volume, as shown in Fig.
21. In Fig. 20 and Fig. 21, no low resistivity information is
exhibited, which means that there is no mining water disaster
threat in the Part 2 area. However, three high resistivity
anomalous bodies are possible to be collapse columns and
they are also important geological information for coal
mining.

Fig. 14. The geological model of Part 1.

Fig. 16. The slice of the inversion results as described in Fig. 8.
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Fig. 17. The data of measurement current.
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Fig. 19. The geological model of Part 2.

Fig. 20. Inversion results from the collected electrical potential of Part 2.

Fig. 21. The slice of the inversion results as described in Fig. 20.

After the field work, all geological anomalous information
has been verified by geology drilling. Finally, these
observations are consistent with the actual condition of the
real coal seam in Lan County. As a result, the proposed
method can correctly detect the disaster water sources, so it
can be applied to practice.

V. DIsSCUSSION

For all coal mine geophysical methods, DC resistivity is
the best choice for detecting mine disaster water sources. Not
only it can locate the distribution of low resistivity, but also it
is free from metal interference in the coal mine tunnel.
Besides, according to the character of coal mine geology, in

2000 2500 3000 3500 4000

Measurment point
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fact, we simplify the whole space to be half space in this
research, hence it is necessary to do the inversion calculation
in the whole space in the future research.

VI.

This study aims to explore water-bearing coal seam floor
and exploit the relationship between the distribution of low
resistivity and water faults by the direct current resistivity
method. Firstly, the forward and inversion theory methods
have been studied and its effectiveness have been verified by
numerical simulation. Secondly, to obtain field data, we have
carried out the field work of collecting data in the coal mine
tunnel and obtained two sets of data. Thirdly, the 3D data

CONCLUSIONS



ELEKTRONIKA IR ELEKTROTECHNIKA, ISSN 1392-1215, VOL. 27, NO. 4, 2021

volumes of resistivity distribution have been computed by
inversion method, and with the purpose of knowing the
detailed information, two slices have been cut from Part 1 3D
data volume and Part 2 3D data volume. Finally, based on the
above research results, we totally point out three threats of
mine water disaster sources. The results provide important
information on coal mining safety.
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