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Abstract—Due to severe harms of goaf collapse, the goaf
exploration and governance has become an urgent issue for
protecting the normal life of local people. According to the coal
mine geology, different geo-electrical models have been
employed for the purpose of discovering the goafs. However,
most existing methods require a large amount of computation
consumption. In order to address this issue, a forward numerical
simulation using the borehole electromagnetic method has been
developed in this work to explore the coal mining goafs. The
innovation of this method is that the computation consuming can
be saved significantly. Numerical simulation demonstrates high
effectiveness of the borehole electromagnetic method in coal
mining goaf exploration. Therefore, this research provides a
new idea for exploring the coal mine goafs by geophysical
method.

Index Terms—Borehole electromagnetic; geophysical
measurement techniques; geophysics computing; environment
geophysics; coal mining goaf.

1. INTRODUCTION

In the past few years, a lot of geological disasters which
have been caused by collapse of mining goafs, as shown in
Fig. 1. These collapses of mining goafs led to a great
economic loss [1] and casualties as well as environmental
deterioration [2]. Furthermore, these collapses of mining
goafs brought a lot of panics to the local people [3]. Hence,
investigation of depth and range of mining goafs has a great
meaningful significance for treatment of mining goafs so as to
recover the normal life for local people.

At present, many geophysical methods have been adopted
to prospect coal mining goaf. However, each method has its
own disadvantage which limits the validity for prospecting
coal mining goafs, particularly for multilayer goafs. In this
paper, a borehole electromagnetic method is developed to
explore the coal mining goafs.

Since the 1970s, the forward modelling of geophysical
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electromagnetic method has been proposed and the results
have been published. Hohmann [4], Wannamaker [5] and Wei
et al. [6] calculated three dimensional models by integral
equation method. Pridmore et al. [7] simulated the responses
of abnormities by finite element method in the horizontal
layered medium. Because integral equation method only
needs to discretize the bodied of abnormities, it has better
preciseness, less unknown variables and it is convenient to be
used in practice. However, integral equation method needs to
solve the reverse of large complex matrix directly; therefore it
needs high computing speed and large internal memory of
computer.

<)
Fig. 1. Coal mining goafs: (a) the harm caused by the goaf, (b) the harm to
rural residence, (c) the harm on natural environment and (d) the harm to
urban buildings.

Finite difference method and finite element method are
based on partial differential equation. Hence, theoretically
these two methods can solve any complex model. However, it
has to discretize the entire model; as a result, it needs high
performance of computers [8], [9]. Alumbaugh et al. [10]
obtained a good result of electromagnetic responses using
staggered-grid finite difference method by parallel computing.
Because of limitation of computer resource, staggered-grid
finite difference method which was developed by Yee [11]
has not been employed in the geophysical field until 1980s.
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Recently, Alvarez-Aramberri et al. [12] proposed an hp-finite
element method for multi-goal magnetotelluric measurements
to save computational cost. Wang et al. [13] conducted
experimental measurements in different boreholes to
demonstrate the application of the electrokinetic logging for
the oil exploration. Yang ef al. [14] used the finite-difference
time-domain (FDTD) method to simulate the outstanding
problem in acoustic logging while drilling (LWD). Tietze
etal. [15] applied the controlled source electromagnetic
(CSEM) to monitor fluid movements. Streich [16] reviewed
previous and present approaches about the controlled-source
electromagnetics (CSEM) for hydrocarbon exploration and
monitoring. Zhao et al. [17] verified the coal-fire areas
using the electrical resistance tomography. However, to date,
quite limited work has addressed the issue that using the
borehole electromagnetic method to solve the problem of
exploring the goafs. In order to solve this problem, a practical
approach using staggered grid finite difference method is
presented in this paper. The contribution of this work is that a
borehole electromagnetic method has been developed to
prospect coal mining goafs. Numerical simulations have been
carried out to verify the effectiveness of the proposed method.

II. METHODOLOGY

In this paper, electromagnetic responses of medium are
obtained by solving Maxwell equation using staggered grid
finite difference method. In the process of discretization, three
dimensional medium is discretized into the unit cube, and
every unit cube is a uniform electrical body. In addition,
electric field components are set on the middle of the cubic
edge, while magnetic field components are set in the centre of
the side face, as shown in Fig. 2.
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Fig. 2. Staggered grid and the distribution of the field.

It is assumed that the change of electromagnetic field with
the terms of exp(iwt), here, i :\/j and @ 1is circular
frequency: @ =2zf . In the domain of frequency, the
Maxwell equation [13] can be expressed:

VXE =-iouH-M ,, (1)

e

VxH =iole-1—]E+J,, 2)
1)

where u is the magnetic permeability: z =47 x10"H /m ;

¢ is the dielectric constant: &= & &, , here & is the

relative dielectric constant, and ¢, is the air dielectric

constant; o is the electric conductivity; E is the electric
field and H is the magnetic field; J, is the density of
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electric current and M, is the density of magnetic current. In

the following discussion, taking magnetic dipole (J, 7 0.0

and M, =0.0) has been taken as an example to deduce
discretized Maxwell equation.

Based on (1) and (2), the Helmholtz equation can be
obtained

2
VXVXE-kiE=J,. 3)
In order to simplify computation and improve calculation

accuracy, the total electric field ( £ ) is divided into
background field ( £, ) and the second field (£, )

E=E,+E,. 4
Equation (5) is obtained by (3) and (4)
2 _ (12 12

VXVxE -k E; = (ki -kp)Ep,, (5)

where the background electric field E, is the analytical

solution which can be solved by the analytical (7) [14]; the
second electric field ( E,) is calculated by staggered-grid

finite difference method; &, is the complex wave number of

background medium and it can be expressed by (6):

ey
kf = o ule,-i L], (6)
[0}
o ikbR
Ey, = iopM ————(1+ikyR). (7)
4.07(R)

In the (7), r represents the inter-well distance; z represents

vertical offset; R can be calculated by R=+/r*+z ; M is the
magnetic dipole moment; o is the angle frequency and p is the
permittivity. For the calculation of the secondary field (E,),

(5) is divided into three components. Three electric fields in
direction of x, y and z are represented by:

O°E, VOB B, PE

X _sz —
R
= (ki —k})E,, 8)
2 2 2
62E2+6Ex_aEJ’_aEy_ 2 _
ovoz  oxdy g2 a2 U
= (ky —kp)E, )
2 2 2 2
O°E, 0B, O°E, 0 Ez—ka
VA
O0zox  Oy0z x> ayz
= (kp —kp)E,. (10)

where £

(A

k, and k,_ are the complex wave numbers in the

directions of x, y and z, respectively. According to the above
discussion, the matrix equation can be obtained by

AX =B, (11)
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where 4 is a sparse matrix with the following structure

A=A, A, A (12)

where Axx, Avy, Axyy Ayxy Ay, Ay- and A:x, Az, A-- are coefficient
matrixes by discrete (8)—(10), respectively; B is the equivalent
source matrix which is the product by complex wave number
and background field, as shown in the right parts of (8)—(10);
X is the electric field matrix

X :[Ex(l)ﬂEx(z)"”7E)C(Nx)’Ey(l)5Ey(2)’
7Ey(Ny)’Ez(1)sEz(2)’Ez(Nz)] (13)

Due to 4 being as a sparse matrix, the bandwidth of
non-zero matrix storage technique is adopted to store the
non-zero element of the matrix 4. In this storage technique, a
one-dimensional array ( AD(I/) ) and a bandwidth of

two-dimensional array ( AU(J,])) are employed to storage

diagonal elements and the elements in the right-upper triangle
respectively. In addition, we use anther two-dimensional
array ([U(J,1)) to record the address of non-zero elements

in right-upper triangle and the numbers of non-zero elements
in the /th row is recorded in the one-dimensional array
( NZU(I) ). The bandwidth of non-zero matrix storage

technique can be described in details below:
1. The number of non-zero elements in the /th row on the
right of diagonal is recorded in the array of NZU(]) ;

2. The column number of the Jth non-zero element on the
right of diagonal in the /th row is recorded in the array of
uJ,1);

3. The element corresponding to the column number
recorded in the array of /U(J,/) in the /th row is stored in

the array of AU(J,I);
4. The diagonal elements are stored in the array of AD([) .

In the sparse matrix, up to 95 % of storage space is
occupied by zero elements, hence the storage technique of
sparse matrix is critical for fast solving equations and dealing
with practical problem.

For solving equation A4 to calculate electric field E, we
adopt Incompletely Cholesky Conjugate Gradient method
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(Kershaw, 1978) to solve matrix equations. Finally, the
magnetic fields are calculated by (14)—(16):

; OE, OE
Hy =—(—2-Z5), (14)
o 0z Oy
; OE, OF
H,=——(S2-20%), (15)
oy ox 0Oz
i OE. OFE
A e ) (16)
wp oy  ox

III. NUMERICAL SIMULATION

Model 1 was designed to examine the feasibility and
effectiveness of the methodology, as shown in Fig. 3. With
purpose of simulating the borehole electromagnetic method,
the vertical magnetic dipoles were set in the arbitrary point in
the model. In Fig. 3(a), there were two goafs for numerical
simulation and the upper one indicated a low resistivity goaf
filled with water while the other one is a high resistivity goaf
filled with air. Generally, for the resistivity of the goaf filling
with water, its resistivity value is usually about 1 ohm-m.
However, for the goaf filling with air, its resistivity value is
about 1000 ohm-m. Hence, in Fig. 3(a) the resistivities of two
goafs were 1 ohm-m and 1000 ohm-m, respectively. The
background resistivity was 100 ohm-m. In the geo-electrical
model, the small star schema indicated the source point.
According to the model, we calculated the magnetic field for
every node. In order to highlight the abnormal response,
magnetic fields are transformed into the amplitude difference
between total magnetic field and background magnetic field.
And Fig. 3(b) is the slice which is cut from 3D data volume.
Comparing Fig. 3(a) with Fig. 3(b), the forward simulation
results correctly reflect the positions of the two goafs.

Model 2 was adopted to simulate the cross-hole
prospecting, as shown in Fig. 4. And the resistivities of the
two goafs were 5 ohm-m and 10 ohm-m, respectively. The
resistivity of background was 100 ohm-m. In order to make
the effectiveness to be obvious, the modeling results were
standardized using (17)

HZZZE, a7
Hb

where Hz denotes the total magnetic field, Hb is the
background field, and Hzz is the standardized result.
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Fig. 3. The model of numerical simulation (a) and the detection results (b). There are two goafs in the model and the upper one is supposed as the goaf filled

with water; however, the lower one is to be empty.
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Fig. 4. The cross-hole model (a) and the detecting result (b). There are two goafs in the model and the upper one is supposed the resistivity of 5 ohm-m and the
lower one is 10 ohm-m. In addition, the background resistivity is 100 ohm-m.

In this study, the modeling result was exhibited by
standardized amplitude, as shown in Fig. 4(b). In additional,
different sources with different frequencies were adopted to
investigate the resolution for different frequencies. In the
numerical simulation, sources with four different frequencies
were adopted and the modeling results are shown in Fig. 4 (b).
Compared with four different modeling results, the
resolutions will enhance with the frequency increase.

IV. CONCLUSIONS

Since it is difficult to explore multilayer goafs by common
geophysical method, a borehole electromagnetic method is
developed in this work to address this issue. The finite
different method has been employed by the borehole
electromagnetic method. With the purpose of examining the
performance of the present method for prospecting multilayer
goaf, two geo-electrical models are adopted to in the
numerical simulations. The numerical analysis results show
that the borehole electromagnetic method is wvalid for
prospecting multilayer goaf. In addition, the relationship
between resolution and source frequencies is studied using
four different frequencies source and the resolution will
become high with increasing of frequency.
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