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Abstract—Although many geophysical techniques have been
used to detect the disaster geological anomalous body in the
Huaibei coal mine company, there are still many mining
disasters happening. The main reason is that the coal seam is
rich of water in Huaibei coal areas. If the ground water connects
with tunnels, it will cause the flood to collapse the coal seam.
However, these dangerous geological bodies usually are very
hided from the viewpoint of traditional electromagnetic and
seismic methods. Due to the great difference of permittivity
between the water-bearing rock and the surrounding rock, the
high frequency electromagnetic wave can be received by a
Ground Penetrating Radar (GPR) to detect the water-bearing
rocks. Hence, we try to employ the high frequency
electromagnetic wave to detect the water-bearing rock, which
frequently results in a coal mining disaster. Firstly, the
numerical simulations based on the theory research and its’
effectivity analysis are done. Then, the method is used for the
coal mine of Huaibei Company. Finally, the comparison between
the detected results and the geological drilling information
indicates the detection effectiveness of the GPR (Ground
Penetrating Radar) in the coal mine tunnel.

Numerical

Index Terms—Ground penetrating radar;

simulation; Coal mine; Mine safety.

I. INTRODUCTION

The Huaibei coal mine field is located in Huaibei city,
Anhui province as shown in Fig. 1. In the past 10 years, there
have been many incidents of water inrush and flooding.
During some serious accidents, the mining area in the Huaibei
coal mine field flooded totally. Many locations of these
accidents caused by conducted water collapse column are the
coal mine work face and the head of roadway tunneling. The
main reason is that collapse column can conduct Ordovician
limestone water to tunnel and this may result in a great
disaster for a coal mine. Hence, the research on collapse
column has been a hot point in the mine hydrogeology.
Although researchers [1]-[3] have done a lot of geophysical
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work, still there is more work needs to be done, e.g., most of
the collapse columns develop under the coal seam floor and,
in this case, most seismic energy is reflected into by the roof
of the Earth . Hence, the ground surface seismic method has a
great challenge to detect a collapse column. Besides, basing
on the electrical characteristics of collapse column, some
geophysicists try to detect it by using radio wave perspective
technology and mine transient electromagnetic detection
technology. However, the radio wave perspective technology
employs low frequency electromagnetic wave, which means
that these two methods have low resolution, so that they
cannot detect the small volume collapse column. Although
Transient Electromagnetic Method (TEM) is the most
popular geophysical method [4]-[7] for exploring geological
structure in the coal tunnel, it has a blind zone of 20 meters
near the transmitter area [8]. However, the Ground
Penetrating Radar (GPR) can overcome the two mentioned
disadvantages of the geophysical method. Application of the
Ground Penetrating Radar has a long history [9] which can be
widely used in different areas of engineering [10], [11].
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Fig. 1. Staggered mesh of finite difference.

GPR is a geophysical method which employs high
frequency wave (10 MHz-10 GHz) to detect the buried
geological bodies. The transmitter antenna generates high
frequency electromagnetic pulses, which will be propagated
in the earth. If geological anomalous bodies do exist in the
earth, the electromagnetic wave will reflect them and the
reflected wave will be received by the receiving antenna. The
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structure and physical property of geological bodies can be
estimated basing on the characteristics of amplitude, wave
shape, and frequency [12]. Besides, compared with other
geophysical methods, GPR is easier to be implemented and
provides higher resolution. Hence, it is very popular in the
area of engineering exploration.

There are only few papers or public reports published on
the application of GPR in the coal mining. However, many
papers and public reports are published for to interpret that
GPR can successfully detect the ground cavity [13], [14],
ground water paleochannels [15] and mapping subsurface
structure [16]-[19]. Hence, in principle, GPR owns the
capacity to detect the collapse column and evaluate the
water-bearing. But in order to easily recognize the geological
anomalous bodies, it is very necessary to process the raw data
by different processing methods [20]-[23].

It is well known that the mine water is one of the main
hazards in the coal mining. Besides, the relative permittivity
of the coal seam is 3.4 and the relative permittivity of water is
81. Moreover, the velocity of the electromagnetic wave in the
coal mine is three times of that in the collapse column
containing water. Hence, there is a great wave impedance
difference at the boundaries between the coal seam and the
collapse column. The principle shows that the greater
difference in the wave impedance is the better detecting
effects are.

Il. METHODOLOGY
Maxwell’s equations used to describe the propagation of

electromagnetic wave can be expressed in Cartesian
coordinate system [24]:
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In the two domain, the electromagnetic problem can be
oS
solved by supposing éz =0.

For TE wave, the above-mentioned equations can be
simplified as follows:
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For TM wave, the above-expressed equations can be
simplified as follows:
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Egs. (1)—(12) are the basis of FDTD (finite-different
time-domain). Hence, the rectangular grid is employed to
mesh the whole space and grid nodes conform to the
corresponding integer label as shown in Eq. (13)

@, J, k) =(Ax, jAy, kAz). (13)

Therefore, function F(X, y,z,t) in nVt time can be
written as

F (i, j, k) = F(iAx, jAy, kAz, nAt). (14)
Here, Ax, Ay, and Az indicate the spatial step in x, y, and

z direction and At represent the time step. In FDTD
algorithm, the expression of (14) can be written using the
following

R w10
AF" (i, j,k): F (H_E’ JK)-F (I_E’ 1K)

OX

= +0O(x). (15)

In Yee’s meshing method technique, the relation between
the electric and magnetic fields as shown in Fig. 1 is
described. The E and H components of the electromagnetic
field alternate and surround each other. It is the distribution
characteristics of this law that makes it possible to simulate
the propagation of electromagnetic waves using a computer.

According to Yee finite difference method, the distribution
of space joint and time step can be decided as shown in
Table |. The table describes the relationship between the
integer and half-integer steps.

TABLE I. DISTRIBUTION OF SPACE JOINT AND TIME STEP.

Space sample Time
EM field Coordinate in Coordinate in sample
Y-direction Y-direction
Hz i+1/2 j+1/2 n+1/2
TE Ex i+1/2 j n
Ey i j+1/2 n
Ez i j n
™ Hx i j+1/2 n+1/2
Hy i+1/2 j n+1/2

A. Stability Condition
The spatial step size (Ax, Ay, Az) does not exist

independently and it is related to the time step At. In order to
ensure the convergence and stability of the solutions of the
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discrete equations, we must find the relationship between the
spatial step and the time step.
Assuming the space being lossless and the magnetic field

vector being normalized, 1V%H — H, the corresponding

Maxwell’s equations are expressed as follows:

vxH-1%E (16)
c ot

vxE=_1H (17)
c ot

where ¢ = L.
Jue

The stability of the equations should meet the requirements
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For example, when Ax = Ay = Az, the time step has to meet
AX
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equal to each other, At should meet the requirements

the requirements At < When the three steps are not
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(19)

B. Boundary Conditions

Electromagnetic waves propagate in all directions in the
underground space. Although the underground space is
endless, we have to consider the boundary conditions in the
numerical simulation due to limited computer storage.
Compared with other boundary conditions, the perfect
matching layer (PML) boundary condition is employed to
absorb the electromagnetic wave in the boundary area [25].

Here, we only consider the situation of TE wave and do the
numerical situation by the finite difference method [24]. In
order to obtain the high resolution data, we usually chose the
Ricker wavelet as the source to generate signal as shown in
Fig. 2.
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Fig. 2. The shape of wavelet in numerical simulation.

I1l.  NUMERICAL SIMULATION OF CONCEALED GEOLOGICAL

STRUCTURES

Hided collapse column is a great risk to conduct water into
mine tunne. In order to study the collapse column responses of
GPR, we build the geological model as shown in Fig. 3. The
thickness of the coal seam is 100 meters and the area of the
hazard geological body is 30 meters by 40 meters. In order to
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describe the geological model clearly, the horizontal slice is
cut from Fig. 3 shown in Fig. 4. According to the test data
from coal, the permittivity of coal seam is 3.4 and the
resistivity is 2000 ohm-m. Moreover, the permittivity of the
hided collapse column containing water is 75, and the
resistivity of the geological body is 10 ohm-m. Suppose that
we put the shield antenna on the tunnel wall as shown in Fig. 3
and the white points (see Fig. 3 also) indicate the measured
points. We extract the modelling data from 3D volume as it is
shown in Fig. 5.
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Fig. 3. Geological model of mining geology.
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Fig. 4. The result of numerical simulation.
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Fig. 5. The result of numerical simulation.

Although we can see the hyperbolic curve appear in Fig. 5,
the resolution is not good enough to recognize that it exists. In
order to recognize the position of hazard geological body
easily, we should improve its resolution by the Kirchhoff
integral migration.

In the uniform medium, the electric field E satisfies the
wave equation

oe OB FE | 0E_

+ 0,
x> oy* ozt ot

(20)
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where k is the propagation constant related with wave velocity
and electric field E, which is located on the point p(Xp, Yp, Zp)
closed by infinitely large hemisphere, can be expressed by
equation (21), which is the Kirchhoff integral solution

E(X,,Y,.2,,1) =
G- 2T 0

s1°on 'r° ovr on ot

——)ds,.
v) )

xE(x,Y,0,t (21)
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When actually performing migration processing, the
measurement data is defined on the z = 0 plane and the electric
field to be determined should be ahead of the record point on

the z = 0 plane. Hence, E(x, v, O,t—i) in the (21) should be
v

modified to E(x, y, 0,t +).
Vv

Accordingly, the equation (21) should be rewritten to
equation (22) as follows
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The purpose of the GPR data processing is transforming
raw data to be zero offset. Hence, we should rewrite the
equation (22) to equation (23) in order to get the electric field
at the depth of z
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form as shown in equation (25)
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Hence, equation (23) can be modified into equation (26)
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where Ax, Ay,and Az are the spatial steps in x, y, and z

directions, respectively. Then, x, =max , y, =nAy, and

z, =1Az , the distance between r, can be expressed by
formula r =[((m—a)Ax)* + ((n— B)Ay)* + (IAz)z]yZ.

Discrete form of Formula (26) can be written by Formula
(27) which can be employed to do Kirchhoff integral
migration to process the measured data

E(m,n,1,0) =
[E(a, B,0,1,
—E(e, 5,0, t, -

EE( B.0,1)]

0

+ At) —

At) +
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For the modelling data, as shown in Fig. 5, we process it by
the Kirchhoff integral migration method. The result after the
processing is shown in Fig. 6. When comparing with Fig. 5,
we can see that the resolution improves a lot and, particularly,
the position of geological body can be located in the coal
seam.

X-Axis (m)

200 300 40.0 50.0 60.0

0.0 10.0
0.0

Fig. 6. Processed data by Kirchhoff Integral Migration technology.

IV. FIELD WORK

The field work was implemented in the coal field of
Wuliguo, which belongs to Huaibei Mining Group Co., Ltd.,
which is located in the Anhui province as shown in Fig. 7.

According to the characteristics of coal distribution in
China, we classify it into two parts: the west part and the east
part. In the east, the coal seam is especially rich in ground
water. The water hazard resulted in a serious accident in
Huaibei Mining company. Hence, the coal mine company
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cares a lot about the water hazard. The purpose of the field
work is to locate the position of the collapse column, which
usually conducts water to the tunnel. This kind of detection by
using the GPR is the first time in Huaibei Mining Company
and, in order to verify its effectiveness, we chose several
known geological targets to do the test.

Anhui province

Fig. 7. The location of the coal mine for the field work.

According to the requirements of coal field, the detection
was performed twice. Firstly, in order to test the effectiveness,
the known geological body was detected as a target to do the
test. We chose an abandoned tunnel as the target of detecting
the underground coal mine. Now, the abandoned tunnel is
used to store water and profile of the tunnel as shown in Fig. 8.
The black points in Fig. 8 indicate the survey line and the grey
area of the trapezoid indicates the water storage. Figure 9 is
our final processed result. In order to show the detecting
results obviously, we usually adopt the colorized picture as
shown in Fig. 9.

waterstorage

—tunnel ..... survey lime
Fig. 8. Thedistribution of the underground tunnel in the Wuligou coal mine

and the location of the abandoned tunnel as a water storage.

= =—=ua—iu= =
Fig. 9. The GPR detection result in the Wuligou coal mine.

We compared the detection result and the distribution
position of the abandoned tunnel and we can easily conclude
that the anomalous area in Fig. 9 corresponds to the water
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storage as shown in Fig. 8.

Besides, for detecting, we chose the other coal mine in
Wauligou cole mine and the tunnel distribution is shown in Fig.
10. The purpose of detecting is to examine small geological
structure, e.g., small faults in the work face. The dotted line in
Fig. 10 is a survey line. The detecting results are shown in Fig.
11. From the modelling results shown in Fig. 11, we can find
out that the area closed by the dotted line shows the
discontinuous characteristics of the lineups, which means that
there is an anomalous geological body in the work face. Based
on the detection results, we acquire the geological information
by the drilling technique. By comparison with the GPR
detection result and the drilling result, it is indicated that GPR
can really detect the anomalous structure geological body in
the coal seam.

coal seam

survey line

— tunnel survey line
Fig. 10. The distribution of the underground tunnel in the coal mine.

oo : . :
Anomalous GPR resp

onse
PR

et i et e "' £
Fig. 11. The GPR detection result in the Wuligou coal mine.

V. CONCLUSIONS

In this study, to detect the hided disaster-causing geological
body, GPR method is used for the first time. Both of the
theory numerical modelling result and the field work indicate
that GPR method is very effective to detect the hided
geological body. However, the resolution of raw data cannot
show the position clear enough. In order to enhance the
resolution, we introduce the Kirchhoff Integral Migration
technology to process data, so that we could interpret the
procedure of the Kirchhoff Integral Migration method.

In the procedure of the research, the field work was carried
out twice and the detecting results were verified by the known
geological information or drilling geological information.
However, this research is just one brand new attempt and, if
the method is widely applied in the coal mine in China, we
should do even more field work for to, finally, conclude its
rules.
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