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Abstract: With the rapid exploitation of deep mines by digging new tunnels, the advance forecast of
water inrush has become increasingly important. The land-based controlled source electromagnetic
method (CSEM) is commonly used to detect water-bearing structures. To increase its sensitivity,
we propose a new measuring configuration for CSEM by placing EM sensors in an underground
steel-cased well. The numerical modeling is conducted by COMSOL to overcome the difficulties of
investigating the feasibility of the measuring configuration. The current distribution and electromag-
netic field along an in-seam horizontal casing are investigated based on a synthesis three-layered
model. The results illustrate that the casing can be treated as antennas that enhance the electric
fields at large depths. The water-bearing structures can be observed by a magnetic field (with a
perpendicularly horizontal electric dipole (HED) source) rather than an electric field (with a parallelly
HED source). Numerical simulations demonstrate that the proposed method is a feasible and effective
technique for the detection of water-bearing structures during deep mineral exploration.

Keywords: CSEM; water-bearing structure; horizontal casing well; numerical simulation

1. Introduction

Water inrush is a hazard of shaft mines, especially with the continuous increase
of mining depth. The water inrush can lead to mine collapse, resulting in substantial
economic losses and casualties [1-3]. The water-bearing structures, often filled with water
form age-old goafs, self gobs, small kiln and wasted lane, are major reasons for water
inrush accidents [4]. Therefore, it is important to forecast the water-bearing structures to
prevent water inrush accidents before tunnel excavation. Because of the low resistivity
of the mineralized water, electromagnetic methods have been widely used to the forecast
water-bearing structures.

The transient electromagnetic method (TEM) is an efficient tool to detect subsurface
objects [5]. Because of its high sensitivity to conductive targets, TEM techniques are
commonly used for mapping water-bearing structures above coal seams [6]. However,
with the transient loop, the penetration depth of TEM is limited to tens to hundreds of
meters [3]. The land-based controlled-source electromagnetic method (CSEM) with a
grounded wire source has been applied for targets buried from a few hundred meters to
several kilometers. The long-offset TEM (LOTEM) with offsets between 4 and 20 kilometers
is suitable for larger detection depths [7,8]. The short-offset TEM (SOTEM) enhances
sensitivity by locating the receivers in the near-field region and records the pure secondary
field with the EM field excited by a bipolar current [9]. As a classical method, the controlled
source audio-frequency magnetotellurics (CSAMT) method, which has been widely applied
for the exploration of groundwater, has a high signal-to-noise ratio due to the powerful
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transmitter with transmissions up to tens of kilowatts [10]. However, these methods
place receivers far away from the low resistivity targets, which results in a low resolution
[11]. Typically, the land-based CSEMs are extremely sensitive to shallow surface, which
results in difficulties in the extraction of the responses from water-bearing structures [12].
The borehole-to-surface configurations are used for monitoring purposes to enhance the
response by hydraulic fracturing in view of the static effect [13].

Currently, the tunnel TEM plays a major role in forecasting water-bearing structures
during excavation by moving the devices to the underground roadways of coal mines where
they can received stronger responsess from conductive targets [14,15]. Meanwhile, with
the development of horizontal well technology, the well-logging-based EM methods have
also shown the potential to forecast water-bearing structures [16]. Heagy and Oldenburg
examined the response received in iron pipe and compared the influence caused by the
static shielding and enhancement effects of iron pipe [17]. Swidinsky and Weiss simulated
the response of a coincidence loop in transient induction wireline logging [18]. Tietze et al.
investigated the repeatability of land-based CSEM measurements in an active oil field for a
vertical well [19]. To obtain strong EM fields with high resolution for water-bear structures,
we investigate a CSEM method that uses the grounded wire source of CSAMT and place
the receivers inside the horizontal steel casing by numerical modeling.

The steel-cased well can act as a pathway for electric currents at great depths and
may enhance resolution for deep targets [20]. However, its extreme geometry (tens of
centimeters across, while its length can be kilometers) results a huge mesh of the finite
difference method (FDM) and finite element method (FEM) [21]. Furthermore, the system
is ill-conditioned for the huge contrast of conductivity between the steel-cased well and
the surrounding rocks (the carbon steel has a conductivity of 5.6 x 10° S/m compared
to 0.001-1 S/m for the surrounding rocks) [22,23]. Swidinsky et al. used the method of
moments (MoM) to calculate the EM signal influenced by steel casings [24]. Kohnke et al.
expanded this algorithm to calculate the electromagnetic response of multiple steel-cased
wells of arbitrary geometry in a layered model [23]. Although it is a proven effective way
to calculate the current distribution along a casing, MoM ignores the interaction between
casings and water-bearing structures [25,26]. Fortunately, it has been proven that the
COMSOL Multiphysics is a versatile solver for a partial differential equation (PDE) based
on a finite elements method [27,28]. The AC/DC module of COMSOL has been widely
used for the modeling of electromagnetic problems with steel-cased wells [21,29].

The purpose of this paper is to investigate the feasibility of the CSEM configuration for
geological forecast and to study the physics of the electric current affected by a horizontal
steel-cased well. Such an arrangement does not appear to have been described before in
the geophysical or logging literature. Throughout this very basic study, we investigate the
electromagnetic field along the horizontal steel-cased well with the parallelly and perpen-
dicularly grounded horizontal electric dipole (HED) source, respectively. The application
program interface(API) of the AC/DC module in COMSOL is applied with Matlab to carry
out the numerical simulation of synthetic models with steel casings. The results illustrate
that this measuring configuration is effective and accurate.

2. Materials and Methods

The Magnetic Fields interface in the AC/DC module of COMSOL-linked Matlab
(version 5.6, Comsol AB, Stockholm, Sweden) is employed for numerical simulations in the
frequency domain. The Maxwell equation is solved using certain boundary condition as:

(jwo — wzeoer)A +VxH=], (1)

where H is the magnetic field. Note that H and B, the magnetic flux density, are related by
uoprH = B, where pi is the magnetic permeability of free space and i, (=1) is the relative
permeability. Here, j = y/—1 is the pure imaginary number which is a dimensionless
number, and w is the angular frequency (in rad/s). ¢ is the conductivity (in S/m) which
is treated as a real number by neglecting polarization. €y and €, (=1) are the electric
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permittivity of free space (in C2/(N - M?)) and the relative permittivity of the medium,
respectively. A is the magnetic vector potential (in T-m). Once A is solved, the magnetic
flux density can be obtained by B = V x A. ], is the external current density (in A/m?).

To solve Equation (1), boundary conditions should be included. In the functionality of
the Magnetic Fields interface, the magnetic insulation boundary condition, which is also
known as the Dirichlet boundary condition, is used. On the outer boundary of the model
domain, it is defined as: AxApr—0, o)
where T is the outer boundary of the model domain, and 7 is the normal vector of the
outer boundary.

Meanwhile, it is necessary to determine the size of the simulation domain. Typically,
once the Dirichlet boundary condition is used, the outer boundary should be with a distance
larger than several times the detection depth away from the region of interest to keep the
accuracy [30]. Here, the detection depth is estimated by the skin depth (assumed as ¢ in
this paper), which is defined by § = \/2/wypgc. The infinity element domain is applied to
stretch the finite elements in the radial direction so that the outer boundary conditions can
be sufficiently satisfied [27,31].

The Impedance Transition Boundary Condition (ITBC) is used to model a highly
conductive steel-cased well [32,33]. It can effectively simulate the high conductivity charac-
teristics of the casing (indicated in Figure 1).

Coal seam
)

Mud Fluid >y
E, Hy,J, E; Hy Jy

Casing
Figure 1. Cross section of the thin conductive casing.

By introducing transfer and surface impedances, the current density and the tangential
electric field on both sides of the casing surface can be related as:

_  ZsEn—ZiEp
Ja = i 3)
—  ZsEn—ZiEn 4
IsZ Zsz—th ’ ( )

where J;; and J,, are the the current flowing on both sides of the casing surface, while
E41 and Eyp are the the tangential electric field. Z; and Zs are the transfer and surface
impedances, which can be evaluated by:

_ —jwpopr 1

Zr= k : tan(kd)”’ ®)
- —jwpowr 1

Zs = k ‘ sin(kd)’ (6)

where 4 is the thicknss of the steel-cased well (in m), and k is the wave number, which is
defined by k = w+/€ge, + popr(0/ (jw)). ITBC significantly reduces the numbers of grid
cells and satisfies the discontinuity of the electric field at the casing interface [34,35]. The
relationship between current density and the magnetic field on both surfaces of the casing
can be described by:
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i xHy = Jg, ()
ﬁz X H2 = IsZr (8)

where 7 is the normal vector, and H; and H» are the magnetic field on the two side surfaces
of the casing. By eliminating J, (3), (4), (7) and (8) can usually be rewritten in a matrix as:

i1 X Hq _ Yll le i1 X iy X Eq (9)
iy X Hp Y21 Y22 fip X fip X Ep !
where

Zy
Y1 =Y =—5——, 10
=2 = (10)

Zs
Yo=Y = ———2, 11
12 =Yn -7 (11)

Once we have handled all the parameters of the mesh, a solver should be selected to
solve the system. As the matrix of electromagnetic problem is ill-conditioned, the direct
solver is preferred rather than the iterative solver. Although a direct solver will be memory
demanding, it is generally accepted to be much more robust than iterative ones [31,36]. A
MUMPS (Multifrontal Massively Parallel Sparse) direct solver is used for all the numerical
simulations in this paper [37].

3. Results

In this section, we first consider a model with two vertical steel-cased wells to validate
the finite element results in COMSOL Multiphysics with the analytical solution from
Patzer et al. [21]. Then, in Sections 3.2 and 3.3, the performance of the CSEM configurations
with a grounded HED source (which is either parallel or perpendicular to the horizontal
part of an 'L’ shape casing) are examined, respectively. More specifically, a typical three-
layer model with a horizontal steel-cased well is designed to examine the potential of our
proposed configurations by numerical modeling using COMSOL. A quite fine mesh is
employed inside the wells to ensure the accuracy of the electromagnetic field. The direct
solver MUMPS is used to solve the linear equations with a larger condition number. These
programs were run on a personal computer with 32G RAM, 3.6GHz and 8 cores.

3.1. Numerical Verification

To verify the validity of our work, two vertical steel-cased wells were placed 50 m
and 500 m away from a 1000 m length grounded HED source, as shown in Figure 2a. The
steel-cased wells were approximated with high conductivity solid cylinders with a radius
of 1 m and a length of 1000 m. The conductivity of both steel-cased wells were 5 x 10*S/m,
and the conductivity of the homogeneous half-space was 0.3333 S/m. The relative current
strength along the two steel-cased wells was measured with a source frequency of 1 Hz.
As shown in Figure 2b, the solution of COMSOL (the solid lines) agrees well with the
analytical solution (the dashed lines) of Patzer et al. [21]. The results indicated that the
partial differential equation solver in COMSOL’s API can provide accurate results for the
problem with high conductivity and complex geometry wells .
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Figure 2. (a) A model with two vertical steel-cased wells. The wells w1 (red solid line) and w2 (blue
solid line) are placed 50 and 500 m away from the 1000 m length grounded HED source (green solid
line), respectively. The wells are assumed as solid cylinders with a 1 m radius and a 1000 m length
which have a conductivity of 5x10* S/m. (b) The relative current strength along two wells, which
are normalized by the transmitter. The results of this work and the analytical solution in Patzer et al.
are indicated by solid lines and dashed lines, respectively [21].

3.2. The x-Component of the Electric Field with a Parallelly Grounded HED

With a parallelly grounded HED source, we designed a typical three-layer model,
indicated in Figure 3, to simulate the EM field measured along the horizontal casing. A
thin layer of 0.005 S/m with a 20 m thickness (represents the coal seam) is embedded
in a 0.01 S/m homogenous half space at a depth of 300 m. An 'L’ shape casing with a
uniform outer diameter (0.2 m) and thickness (0.005 m) and a conductivity of 5.6 10°S/m
is embedded in the model at a depth of 310 m, whose vertical and horizontal parts with
lengths of 310 m and 1000 m, respectively. The horizontal casing along the coal seam was
filled with a mud fluid of conductivity of 10 S/m. Within the Cartesian coordinate system,
the center of the x-directed horizontal casing located at (0, 0, —310) m. An x-directed
grounded HED source with its center located at (0, —2000, 0) m was 2000 m away from the
horizontal casing along the y-axis to alleviate the near field effects. The HED source was a
1000 m long wire carrying a 10 A alternating current. The frequency of 32 Hz was believed
appropriate for our test purposes based on the skin-depth calculation [38]. To illustrate
the electromagnetic field along the horizontal casing by the water-bearing structure at
different positions, four water-bearing structures were considered, respectively. Each of
these water-bearing structures was approximated by a conductive cube with a conductivity
of 1S/m and had a dimension of 20 x 20 x 20 m3. As shown in Figure 3, these cubes were
represented by A, B, C and D.

&
S

BB (0.0,290)

8 '\ D (0,-40,-310)
) C(0.-20,310)
receivers

asing

Figure 3. Measurement configuration for a grounded HED parallel to a horizontal casing. The ‘L’
shape casing consists of a 310 m long vertical part and a 1000 m long horizontal part. The HED
source is 1000 m long carrying a 10 A current at a frequency of 32 Hz. Four different water-bearing
structures, represented by A (at (0, 0, —270) m), B (at (0, 0, —290) m), C (at (0, —20, —310) m) and D
(at (0, —40, —310) m), are considered separately.
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Figure 4a shows the amplitude difference of the x-component electric field inside the
horizontal casing caused by each cube normalized by the background field (the model
consists of three-layered earth and casing). Figure 4b shows the relative difference of
the corresponding phase difference. The cube B and C closer to the casing than cubes
A and D lead to a larger difference. However, there is no significant disturbance caused
by the cubes. Note that with the parallelly source, the Hy along the horizontal casing
tends to zero and is not presented. With a maximum relative difference smaller than 0.1%,
the surrounding water-bearing structures of coal seams are unobservable for a parallelly
grounded HED configuration.
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Figure 4. (a) Amplitude relative difference of the electric field along the horizontal casing for each
cube, normalized by the background field; (b) Phase relative difference of the electric field along the
horizontal casing for each cube, normalized by the background field.

Figure 5 aims to show how the steel-cased well and the anisotropy of the coal seam
influence the electric field along the casing. In such cases, no cube is considered, and the
conductivity of the coal seam in a vertical direction (=0.0005 S/m) is assumed as one-tenth of
that in a horizontal direction (=0.005 S/m). The green curve and the red curve in Figure 5a,
which almost overlap, show that anisotropy of the coal seam has little effect on the field.
The consistency of these curves along the horizontal casing implies vertical incidence of the
EM wave. Both green and red curves show much higher amplitude than that of curves with
the casing. The amplitude of the electric field inside the horizontal casing is weakened due
to the shielding effect of the steel-cased well. The asymmetric form of the blue and orange
curves in both Figure 5a,b indicates that the vertical steel-cased well redistributes the
current which is agreed with the research from [20]. Meanwhile, Figure 5a,b demonstrate
that the anisotropy of the coal seam is negligible with a parallelly HED source, while the
casing significantly affects the electric field along the horizontal casing.
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Figure 5. (a) Amplitude of the electric field along the horizontal casing to show the effect of the
anisotropy and casing; (b) Phase of the electric field along the horizontal casing to show the effect of
the anisotropy and casing.

To better illustrate the effect of the steel-cased well on the current distribution, we
visualized the underground current distribution of the layer model in Figure 6. Figure 6a
shows the current distribution (represented as log base 10) at the section view at y = 0 m of
the layer model in Figure 3 with the casing, while Figure 6b shows the current distribution
without the casing. The contrast between Figure 6a,b demonstrates that both the vertical
casing and the horizontal casing result in increasing the current underground, which agrees
with the results by Commer et al. [20].

Sh SShh b
o0 N DO oo Do

X
o

-500 0 500 logl0[jj(A/m?)

o
(Vv

z(m)

NOS SHGh Uiy
SN N O o [\S R}

500 loglOfjl(A/m?)

v % x(n)

Figure 6. The current distribution (represented as log base 10) at a section view at y=0 m of the layer
model in Figure 3: (a) current distribution with casing; (b) current distribution without casing.

Figure 7 shows the x-component and z-component of the current distribution at a
section view at y = 0 m. Figure 7a,b demonstrate that the steel-cased well mainly strengthens
the normal current. The 'L’ shape steel-cased well is acting as a dipole source. As shown



Minerals 2022, 12, 638

8of 12

in Figures 6 and 7, the current transports from the left with an x-coordinate less than
—100 m to the right part of the casing in the half space. Note that the steel-cased well
is just a hypothetical electric dipole, which does not provide any extra current to the
underground space.

jx at y=0m
-5.0
-5.2
_ -5.6
£ 2300 -5.8
N -6.0
-6.2
-6.6
- —_— — — R e — = — —— —6.8
pe 7.0
-500 0 500 loglOfjx/(A/m?)
(@) x(m)
jz at y=0Om
-5.0
-5.5
@ -300 -6.0
N -
-6.5
-7.0
S S oo 75
-500 0 500 logl0[j(A/m?)

(b) x(m)

Figure 7. (a) The x-component current distribution (represented as log base 10) at a section view at 'y
= 0 m of the layer model in Figure 3; (b) The z-component current distribution (represented as log
base 10) at a section view at y = 0 m of the layer model in Figure 3.

3.3. The x-Component of the Magnetic Field with a Perpendicularly HED

Figure 8 shows the model to investigate the magnetic field along the horizontal casing
with a perpendicularly HED source. The geometry and electric parameters of a three-
layered model, an 'L” shape casing model and four cubes are consistent with Section 3.2.
The center and orientation of the grounded HED source is different from the previous work
in Section 3.2. The grounded HED source is carrying alternative 10 A current at 128 Hz,
with its center located at (2000, 0, 0) m is perpendicular to the horizontal casing.

coal—

Figure 8. Measurement configuration for a grounded HED perpendicular to a horizontal casing.
The ‘L’ shape casing consists of a 310 m long vertical part and a 1000 m long horizontal part. The HED
source is 1000 m long carrying 10 A current at a frequency of 128 Hz. Four different water-bearing
structures, represented by A (at (0, 0, —270) m), B (at (0, 0, —290) m), C (at (0, —20, —310) m) and D
(at (0, —40, —310) m), are considered, respectively.

Figure 9a shows the amplitude difference of the x-component magnetic field inside the
horizontal casing caused by each conductive cube normalized by the background field (the
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model consists of three-layered earth and casing), and Figure 9b shows the corresponding
phase difference. The magnetic field relative difference along the horizontal casing caused
by the conductive body above the casing (cube A and B) approaches 2%. Although the
presence of casing underground distorts the electromagnetic field, it is concluded that a
relative variation of electromagnetic field above 1% can be considered as a signal from the
anomalous body underground [38,39].

Amplitude(Hx)
0.0f ‘—————T&Z—@M«»ﬁ»—w
-0.51

v

cube A
cube B
cube C
cube D

Amplitude(Hx) relative difference(%)

2.0 : : : :
-400 -200 0 200 400
(a) X(m)

_ Phase(Hx)

\O

< 041 cube A

§ cube B
cube C

g 021 cube D

=

< 00r v

o

2

E -0.21

- v

£

= -04f

jan)

N’

% -0.61
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(b) X(m)

Figure 9. (a) Amplitude relative difference of the magnetic field along the horizontal casing for each
cube, normalized by the background field; (b) Phase relative difference of the magnetic field along
the horizontal casing for each cube, normalized by the background field.

Figure 10 shows the influence of the anisotropy of the coal seam and the casing on
the H, component signal. Different from the significant influence on the E; component
response for a parallelly HED source shown in Figure 5, the existence of casing has little
effect on the Hy component for a perpendicularly HED source. Note that with the per-
pendicularly source, the electric field along the horizontal casing tends to zero and is not
presented. Figure 10 demonstrates that the casing is negligible with a perpendicularly HED
source, while the anisotropy of the coal seam significantly affects the magnetic field along
the horizontal casing.

These two numerical experiments on the synthetic model for the transmitter parallel
and perpendicular to the horizontal casing are applied to assess the effect of casing and
the feasibility of our proposed configuration. Due to the shielding effect, the steel-cased
well can result in a significant difference to the electric field along the horizontal casing
for the case with a parallelly grounded HED source. The electric field in the casing has a
relative difference below 0.1% to the background field. The above features demonstrate
that a measuring configuration with the parallel HED source is ineffective for detecting
water-bearing structures in a geological forecast.

On the contrary, the shielding effect of the casing has little effect on the magnetic
field along the horizontal casing with a perpendicularly grounded HED source, and the
relative difference caused by the conductive cube approaches 2%. A magnetic field measure-
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ment configuration with perpendicular HED has the potential of detecting water-bearing
structures in geological forecasting.

— homogeneous layer with casing
anisotropic layer with casing

’é\ — homogeneous layer without casing
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—
~
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Figure 10. (a) Amplitude of the magnetic field along the horizontal casing to show the effect of the
anisotropy and casing; (b) Phase of the electric field along the horizontal casing to show the effect of
the anisotropy and casing.

4. Conclusions

We proposed a measuring framework of a CSEM method by placing EM sensors along
a horizontal casing well. The commonly grounded HED source by CSAMT was employed
as the transmitter which was either parallel or perpendicular to the horizontal casing. A
typical three-layered model with a conductive prism around the horizontal casing well was
designed to represent a water-bearing structure in coal mines. The numerical modeling
by employing the COMSOL was carried out to get the EM response of water-bearing
structures near the horizontal casing. The numerical solution was verified by the analytical
solution on a model with two steel casings. The distribution of electric current showed that
the steel-cased well embedded in the coal seams acted as a dipole in the earth, which is
consistent with previous research. The electric field along the horizontal casing well (with a
parallelly grounded HED) had amplitudes larger than 1x10~7 V/m, and the water-bearing
structure will result in a relative difference of 0.06%. With a perpendicularly grounded
HED source, the shielding effect of the steel casing can be ignored. The magnetic field
along the horizontal casing well (with a perpendicularly grounded HED) had amplitudes
larger than 1x107> A/m, and the water-bearing structure will result in a relative difference
up to 2%. Although a relative difference of 5% is widely accepted by land-based CSEM,
we take an optimistic view on our proposed method since the EM field in the horizontal
casing suffers less from surface noise.
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