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ABSTRACT The surface transient electromagnetic method (TEM) is a geophysical technology normally
used in detecting water-enriched zones. However, with an increase of mining depth, the accuracy and
reliability of surface detection is gradually reduced, and surface TEM cannot meet the requirements of high-
precision detection for coal mine production safety. In this study, surface-to-coal mine roadway TEM is
proposed to detect water-enriched zones in coal mines. The resolution of this method in detecting targets,
however, is still unknown. Based on a 1-D layered model, the surface-to-coal mine roadway TEM response
is numerically simulated using the finite-difference time-domain method (FDTD). The results show that
the surface-to-coal mine roadway TEM has higher resolution of the target above the underground receiving
point and weaker resolution of the target below the receiving point. 3-D geo-electric models for typical water-
enriched zones such as a water-filled mining goaf, a water-filled fault and a water-filled collapse column are
established. The surface-to-coal mine roadway TEM responses are numerically simulated and compared
with the surface TEM responses. The results show that for the goaf model, the surface-to-coal mine roadway
TEM response is more sensitive than the surface TEM response. For fault and collapse column models,
the surface-to-coal mine roadway response is more sensitive than surface response in the early delay stage
but less sensitive in the late delay stage. The present study provides theoretical support for device selection
and for data processing interpretation in actual work.

INDEX TERMS Transient electromagnetic method, borehole, surface-to-coal mine roadway, water-enriched

zones, numerical modeling.

I. INTRODUCTION

The geological structures of coal mines have long spawned
a series of environmental and security issues for the min-
ing industry. Once filled with water, the goaf, collapse col-
umn and fault may also lead to water inrush in mines,
thus affecting production safety [1]-[3]. Currently, effec-
tive prospecting of such water-enriched zones remains a
difficult and unsettled issue. The geophysical technologies
for coalfield exploration are applied either at the earth sur-
face or in the underground mining roadways. Primary ground
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geophysical methods include the direct current electrical
method, the transient electromagnetic method (TEM) and the
controlled source audio-frequency magnetotelluric method.

TEM is a time-domain electromagnetic detection method
based on the electromagnetic induction principle. It utilizes
a nongrounded loop or grounded wire to transmit a stepped
pulsed magnetic field into the earth. During the pause of
the primary field, the time-varying changes of the induced
secondary field in the underground media are measured
to detect various geological targets in the ground [4]-[6].
TEM easily excites an induced current in a conductive
layer, which makes it favorable for detecting water-filled
structures [7]-[10].
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A normal survey of TEM for detecting water-enriched
zones is conducted at the ground surface [11]-[13]. The
resolution of TEM is related to the size of the transmitting
loop, the transmitting loop current and the noise level, and it
decreases with increasing depth. With an increase of mining
depth, the geological conditions become more complex, and
the depth of the target body gradually increases.

In recent years, underground TEM has been developed
[14]-[17]. The transmitting and receiving loops for under-
ground TEM are located within underground roadways that
are closer to water-filled structures, resulting in higher detec-
tion accuracy. Moreover, it is easy to implement and can
detect targets in different directions around the roadway.
Nevertheless, due to the narrow space within roadways, only
transmitting loops with side length of less than 3 m can be
used. This greatly limits the detection depth of the method.

In view of the problems above, a surface-to-tunnel transient
electromagnetic method is proposed to detect water-enriched
zones in coal mines [18]. This method places a transmitting
loop on the ground surface to excite an electromagnetic field
in the earth, and the receiving loop is located in an under-
ground roadway to observe the secondary field signal. This
method takes account of both surface and underground TEM.

The response of surface to underground borehole TEM was
tested three decades ago [19]. Eaton and Hohmann (1984)
studied the borehole TEM responses of a thin horizontal
conductor using a 2-D model [20]. West and Ward (1988)
calculated the borehole TEM response of a three-dimensional
fracture zone in a conductive half-space [21]. Meng and
Pan (2012) studied the surface-hole TEM responses of
a conductive plate and analyzed the effect of conductive
overburden [22]. Wu et al. (2017) studied the approximate
processing method of electric source borehole TEM and
defined the full-field apparent resistivity [23]. Chen et al.
(2019) analyzed the full-component response of electric
source surface-to-borehole TEM [24].

In contrast to surface-to-borehole TEM, in surface-to-
tunnel TEM the receiver can be moved along a coal mine
tunnel. Since the hydrogeology of coal mines is complex, and
water-enriched zones are diverse in both species and shapes,
the resolution of surface-to-coal mine roadway TEM remains
unclear. In response to these problems, in this study geo-
electric models of such representative water-enriched zones
as water-filled mining goafs, faults and collapse columns
are established. The surface-to-coal mine roadway TEM
responses are studied using the 3-D FDTD method and com-
pared with the surface responses. The present study provides
a basis for device selection and data processing interpretation
in actual work.

Il. SURFACE-TO-COAL MINE ROADWAY TEM

The surface-to-coal mine roadway TEM uses a large loop
on the ground surface as a transmitting source and a small
loop in an underground roadway as a receiver loop (as shown
in Fig. 1). The transmitting current waveform of surface-
to-coal mine roadway TEM is the same as that of surface
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FIGURE 1. Schematic diagram of surface-to-coal mine roadway TEM.

TEM—a stepped current. During the pause of the primary
field, the time-varying changes in the induced secondary field
in underground media are measured by the receiver loop in
the underground roadway. Through processing, analysis and
interpretation of the induced secondary field information,
various geological targets can be detected.

Ill. 3-D FDTD FOR TRANSIENT ELECTROMAGNETIC
FIELDS

For a homogeneous half-space, the surface magnetic field
generated by the circular loop source in the frequency domain
is given as [5]

00 )\'2
H,(w) =1Ia Ji1 (Aa) d A, 1
) =ta [ L Ga) M
where [ is the intensity of the current in the transmitting
loop, a is the radius of the transmitting loop, J; is the Bessel
function of order one, and u = +/A2 + k2, where k is the
wavenumber for the half-space. The receiving point is in the
center of transmitting loop.

The underground magnetic field in the frequency domain
is given as [5]

o0 )\2
Hi; (@) = Ia/ J1 (ha) e "2d A, 2)
0 A + u
where z is the receiving depth.
For a transient electromagnetic field, the current waveform
is a step wave:

Iy t<0
I(t) = 3
@ {0 t > 0. )
Using an inverse Fourier transform, the time derivative of
the magnetic field can be calculated from [25]

aH© _ 2 / " InH )] sinordo. )
dt T Jo

where Im [H (w)] is the imaginary component of H ().

The above is the solution for a homogeneous half-
space. When the underground medium is inhomogeneous,
the numerical method should be used to solve it. The FDTD
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FIGURE 2. Field components in Yee grid [26].

method is the main method used in 3-D numerical simulation
of transient electromagnetic fields. The grid used in FDTD
is shown in Fig. 2 [26], which can naturally meet the con-
tinuity conditions of field components on a 3-D surface. In
source-free regions, Maxwell’s equations under quasi-static
conditions are [27]

V xE 9B 5)
XE=——,
ot
oE
VxH:aE—i—yE, 6)
V.-B =0, @)
V.-J =0, ®)

where E is the electric field intensity, B is the magnetic
induction intensity, H is the magnetic field intensity, o is
the conductivity of the medium, J is the conduction current
density, and y is the displacement permittivity. The intro-
duction of displacement permittivity allows for less strict
time-step requirements in the computation of the late-time
electromagnetic field [27].

The equations above apply to the source-free regions.
When applied in the source region, equation (6) should be
modified [28], [29]:

oE
VxH:yE—i—aE—}—]s. ®

The iterative equations of electric and magnetic fields
can be obtained by using discrete differencing for
equations (5)—(9) [27].

The transient electromagnetic field can be simulated using
the aforementioned methods in combination with an imposed
convolutional perfectly matched layer [30] on underground
boundaries.

IV. RESPONSE CHARACTERISTICS OF SURFACE-TO-COAL
MINE ROADWAY TEM

A. COMPARISON OF SURFACE-TO-COAL MINE ROADWAY
TEM AND SURFACE TEM RESPONSES

The receiving device of surface-to-coal mine roadway TEM
is placed within the underground roadway, whereas that of
conventional surface TEM is placed on the ground surface.
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FIGURE 3. Comparison model of surface TEM and surface-to-coal mine
roadway TEM responses.
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FIGURE 4. Response comparison of surface TEM and surface-to-coal
mine roadway TEM.

To compare responses of the two methods to an abnor-
mal underground body, a comparison model is established,
as shown in Fig. 3. The background resistivity of the half-
space is 100 ©-m, and there is a 50 m-thick low-resistivity
layer at 200 m depth that has a resistivity of 10 2-m. The
size of the transmitting loop is 300 m x 300 m and the
transmitting current wave is a trapezoidal wave. The mesh
used in modeling is a non-uniform mesh. The grid near the
transmitting loop is 10 m, and the grid becomes larger further
from the transmitting loop. The surface receiving point is
located at the center of the transmitting loop, and the roadway
receiving point is located within the 300 m-deep roadway
below the surface.

The comparative results are shown in Fig. 4. Fig. 4a
is surface TEM response, and Fig 4b is surface-to-coal
mine roadway response. As shown in Fig. 4a, the surface

VOLUME 7, 2019



J. Chang et al.: Comparison of Surface-to-Coal Mine Roadway TEM and Surface TEM

IEEE Access

——o— Depth =100 m
so, —— Depth=200m
g Depth =400 m

dB /dt (uV/m?)
=

\ \\HHA 1 \HHH‘ 1 \HHH‘
10° 10* 10° 107
Time (s)
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varying depths.
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response curve for the low-resistivity layer overlaps the back-
ground curve in the early delay stage. With time, the sur-
face response curve for the low-resistivity layer diverges
from the background curve. In the late delay stage, the low-
resistivity layer response curve is higher than the background
curve, reflecting the existence of underground low-resistivity
layer. In Fig. 4b, the surface-to-coal mine roadway response
strengthens over time in the early delay stage then weakens
over time in the late delay stage. Here, the response curve
under the influence of the low-resistivity layer is separated
from the background curve in all time periods. The response
curve under the influence of low-resistivity layer is lower than
the background curve in the early delay stage but higher than
the background curve in the late delay stage. Compared with
the surface TEM response, the surface-to-coal mine roadway
TEM response can reflect the low-resistivity layer over all
time periods, while the surface response can achieve this only
in the late delay stage, which shows that the surface-to-coal
mine roadway response is more sensitive in distinguishing the
underground abnormal body.

B. COMPARISON OF UNDERGROUND RESPONSES AT
VARYING DEPTHS

To study the effect of receiving depth on underground
response, a homogeneous half-space model is established.
In the model, the resistivity is 100 €2-m, and the transmitting
loop is 300 m x 300 m in size. The receiving points are
located right below the central point of transmitting loop
at the depths of 100 m, 200 m and 400 m. The transient
electromagnetic response is shown in Fig. 5, from which it
can be seen that the responses observed at varying depths are
composed of two stages: an ascending stage and a descending
stage. The response strengthens with time in the early delay
stage and weakens with time in the late delay stage. The
response curve tends to be higher and attains the peak earlier
at shallower receiving points. In the late delay stage, as time
elapses, the response curves resulting from observation at
different depths gradually overlap each other.

C. EFFECT OF RESISTIVITY OF ROOF AND FLOOR ROCKS
ON SURFACE-TO-COAL MINE ROADWAY TEM RESPONSE
The receiving device of the surface-to-coal mine roadway
TEM is placed within the underground roadway, so the
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FIGURE 6. Surface-to-coal mine roadway TEM response for different
resistivities of roof layer.
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FIGURE 7. Surface-to-coal mine roadway TEM response for different
resistivities of floor layer.

electrical properties of roof and floor rocks will affect the
response. Fig. 6 shows the surface-to-coal mine roadway
TEM response for different resistivities of roof layer. The
transmitting loop is 300 m x 300 m in size, and the observa-
tion point is located 300 m below the ground. The resistivity
of the roof layer p; is 100 Q2-m, 200 Q-m and 400 2-m,
and the resistivity of floor layer py is 100 €2-m. As shown
in Fig. 6, the resistivity of roof layer can produce mate-
rial effects on surface-to-coal mine roadway TEM response.
A higher roof layer resistivity produces a higher response
curve in the early delay stage, a lower response curve in
the late delay stage, and a higher peak of the response
curve.

By contrast, Fig. 7 shows the surface-to-coal mine roadway
TEM response for different resistivities of the floor layer. The
resistivity of the roof layer p; is 100 2-m, while three resis-
tivities are given for the floor layer pp: 100 €2-m, 200 €2-m and
400 2-m. As shown in Fig. 7, the response in the early delay
stage is less affected by the floor layer resistivity than it had
been by the roof layer resistivity. Instead, the response curve
is affected by the floor layer only in the late stage. Comparing
the responses of roof and floor, the roof layer has a greater
effect on the response curve.
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FIGURE 9. Surface-to-coal mine roadway TEM response of water-filled
mining goaf.

V. SURFACE-TO-COAL MINE ROADWAY TEM RESPONSES
OF WATER-ENRICHED ZONES IN COAL MINES

A. SURFACE-TO-COAL MINE ROADWAY TEM RESPONSE
OF WATER-FILLED MINING GOAF

Fig. 8 shows a half-space geoelectric model established based
on coalfield geological data. The water-filled mining goaf is
240 m below the ground, with a size of 200 m x 300 m
x 10 m. The coal face is located 50 m below the floor of
the goaf, and the coal seam is 10 m thick. The resistivity
parameters in the model are as follows: p; = 200 Q-m, py =
800 Q2'm, p3 = 200 Q-m, p4 = 800 2-m, p5s = 400 Q2-m
and pg = 5 Q-m. The ground transmitting loop is 400 m x
400 m in size, and the receiving points are located within the
roadway below the goaf. The equivalent area of the receiving
loop is 200 m?.

Fig. 9 shows the surface-to-coal mine roadway TEM
response, in which the horizontal coordinates correspond to
the survey points within the roadway, while the vertical coor-
dinates represent the induced potential. The induced potential
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FIGURE 10. Relative induced potential of surface-to-coal mine roadway
TEM response of water-filled mining goaf.

rises over time in the early delay stage (before 0.09 ms)
and reaches a peak at 0.09 ms before declining. A com-
parison of response curves at different moments reveals the
induced potential response increases gradually in the early
delay stage, and the response curves are M-shaped, with the
middle and two sides relatively lower due to the influence of
the water-filled mining goaf and the offsets of survey points.
In the late delay stage (after 0.15 ms), the induced potential
decreases gradually, and the response curves are higher in
the middle and lower on both sides. This is because a low-
resistance body may hinder the change of the electromagnetic
field and alleviate the attenuation of induced potential, so the
induced potential around a water-filled goaf is higher in the
late delay stage.

The observed induced potential is affected by the back-
ground field and the offset of survey points. The relative
value of the induced potential can be obtained by normalizing
the observed induced potential and the background value,
as shown in Fig. 10. The horizontal coordinates correspond
to the survey points within the roadway, while the vertical
coordinates represent the relative induced potential U, / U.o,
where U, is the total induced potential response (induced
potential in Fig. 9), and U, is the response of the normal coal
seam without a water-filled goaf. The relative induced poten-
tial reflects the anomalous fields caused by the water-filled
goaf. In Fig. 10, in the early delay stage (before 0.09 ms),
the relative induced potential curve around the water-filled
goaf (range: x = —100 m to x = 100 m) remains low, and the
maximum difference between it and the background value is
as high as 90%. In the late delay stage (after 0.15 ms), the
relative induced potential curve around the water-filled goaf
(range: x = —100 m to x = 100 m) is higher, and its maximum
difference from the background value is 49%.

When the underground receiving point is transferred to the
ground with the horizontal location unchanged, the surface
TEM response can be observed. The response result is shown
in Fig. 11, in which the horizontal coordinates correspond to
the survey points on the ground surface, while the vertical
coordinates represent the relative induced potential. Accord-
ing to Fig. 11, in the early delay stage (before 0.15 ms),
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FIGURE 11. Relative induced potential of surface TEM response of
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FIGURE 12. Geophysical model of water-filled fault.

the induced potential remains almost the same as the back-
ground value, suggesting the difference between the total
response and the background field is insignificant during this
period. When it comes to the late delay stage (after 0.26 ms),
relative induced potential is much higher, and its maximum
difference from the background value is 5.7%. When under-
ground and ground responses are compared, the difference
between the underground response and the background field
is more significant, which proves the underground response
is more sensitive in reflecting the water-filled goaf.

B. SURFACE-TO-COAL MINE ROADWAY TEM RESPONSE
OF WATER-FILLED FAULT

Fig. 12 is a model of a water-filled fault, in which the coal
seam where the underground roadway is located is 300 m
below the ground with a thickness of 10 m. The water-filled
fault exists 50 m away from the roadway. The throw of the
fault is 20 m. The water-bearing zone in the fault is 200 m x
10 m x 300 m in size, and its central point is 200 m deep.
The resistivity parameters of the model are as follows: p; =
200 Q‘m, po = 800 Q-m, p3 = 400 Q-m and p4 = 5 Q-m.
The ground transmitting loop is 400 m x 400 m in size,
receiving points are located within the underground roadway,
and the equivalent area of the receiving loop is 200 m?.
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FIGURE 14. Relative induced potential of surface-to-coal mine roadway
TEM response of water-filled fault.

Fig. 13 shows the surface-to-coal mine roadway TEM
response, in which the horizontal coordinates correspond
to the survey points within the roadway, while the vertical
coordinates represent the induced potential. In the early delay
stage (before 0.09 ms), the induced potential increases grad-
ually. In the late delay stage (after 0.16 ms), the induced
potential decreases gradually over time.

The induced potential in Fig. 13 is the total response
under the effect of both normal strata and abnormal body,
and it is affected by the offset of the survey points. The
relative induced potential can be obtained by normalizing
the observed induced potential and the background value,
which can reflect the response of an abnormal body, as shown
in Fig. 14. In the figure, U, is total induced potential response
(induced potential in Fig. 13), and U, is the response with-
out water in the fault. In Fig. 14, in the early delay stage
(before 0.09 ms), the relative induced potential curve around
the water-filled fault (range: x = —100 m to x = 100 m)
is lower, and its greatest difference from the background
value reaches 33%. In the late delay stage (after 0.16 ms),
the relative induced potential around the water-filled fault
is higher, while this period witnesses an attenuation of the
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FIGURE 16. Geophysical model of water-filled collapse column.

induced potential. This attests that the water-filled zone may
alleviate the attenuation of the induced potential.

When the underground receiving point is transferred to the
ground with the horizontal location unchanged, the surface
TEM response can be observed. The response result is shown
in Fig. 15, in which the horizontal coordinates correspond to
the survey points on ground surface, while the vertical coor-
dinates represent the relative induced potential. According to
Fig. 15, the surface response follows rules similar to those for
the underground response, for both response curves remain
lower in the early delay stage but move higher in the late delay
stage. However, the surface response tends to show a greater
difference from the background field in the late delay stage,
as the most significant difference reaches 9%. A comparison
of the underground response with ground response reveals the
former is more sensitive in reflecting the water-filled fault in
the early stage, while the ground response excels in the late
delay stage.

C. SURFACE-TO-COAL MINE ROADWAY TEM RESPONSE
OF WATER-FILLED COLLAPSE COLUMN

Fig. 16 is a model of water-filled collapse column. The coal
seam where the underground roadway is located is 300 m
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FIGURE 18. Relative induced potential of surface-to-coal mine roadway
TEM response of water-filled collapse column.

below the ground surface and has a thickness of 10 m. The
water-filled collapse column is on the lateral wall of the road-
way. Its axis is 100 m away from the roadway, and the radius
is 50 m. The top of the collapse column is 50 m underground,
and its height is 300 m. The resistivity parameters of the
model are as follows: p;y = 200 Q-m, pp = 800 Q-m,
p3 = 400 Q'm and p4 = 5 Q2-m. The ground transmitting
loop is 400 m x 400 m in size, the receiving points are located
within the underground roadway, and the equivalent area of
the receiving loop is 200 m?.

Fig. 17 shows the surface-to-coal mine roadway TEM
response, in which the horizontal coordinates correspond
to the survey points within the roadway, while the vertical
coordinates represent the induced potential. In the early delay
stage (before 0.09 ms), the induced potential increases grad-
ually. In the late delay stage (after 0.17 ms), the induced
potential decreases gradually over time.

The observed induced potential is affected by the back-
ground field and the offset of survey points. The relative
value of the induced potential can be obtained by normalizing
the observed induced potential and the background value,
as shown in Fig. 18. The horizontal coordinates correspond
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to the survey points within the roadway, while the vertical
coordinates represent the relative induced potential U, / Uy,
where U, is the total induced potential response (induced
potential in Fig. 17), and U, is the response of the nor-
mal coal seam without the water-filled collapse column.
In Fig. 18, in the early delay stage (before 0.09 ms), the rela-
tive induced potential around the collapse column is lower,
while in the late delay stage (after 0.17 ms), the induced
potential is almost the same as the background value, indicat-
ing there are insignificant differences between the response
and the background field under the influence of the collapse
column during this period of time.

When the underground receiving point is transferred to the
ground with the horizontal location unchanged, the surface
TEM response can be observed. The response result is shown
in Fig. 19, in which the horizontal coordinates correspond to
the survey points on the ground surface, while the vertical
coordinates represent the relative induced potential. Accord-
ing to Fig. 19, the surface response follows rules similar to
those for the underground response, for the induced potential
around the collapse column remains low in the early delay
stage. In the late delay stage, it is much higher and signif-
icantly different from the background field. In accordance
with a comparison of underground and surface responses,
in the early delay stage, the underground response is more
sensitive in reflecting the collapse column, while surface
response outperforms the underground in the late delay stage.

VI. CONCLUSION
Surface-to-coal mine roadway TEM is a novel working form
developed from surface TEM for detecting water-enriched
zones. Geoelectric models of some typical water-enriched
zones such as water-filled goafs, faults and collapse columns
are established. The surface-to-coal mine roadway TEM
response is studied using the 3-D FDTD method, and a com-
parative analysis is made with surface TEM response. The
conclusions are as follows:

(1) For a 1-D layered medium, resistivity of the rock
layer above the receiving point can significantly affect the
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surface-to-coal mine roadway TEM response, while the rock
layer below the receiving point affects the response curve in
a less significant way. This indicates higher resolution of the
surface-to-coal mine roadway TEM in distinguishing targets
above the receiving point.

(2) Compared with surface TEM response, the surface-to-
coal mine roadway response reflects the goaf more clearly,
which indicates that the surface-to-coal mine roadway TEM
is more sensitive to the resolution of the goaf.

(3) For fault and collapse column models, the surface-to-
coal mine roadway TEM response is more sensitive in the
early delay stage but less sensitive than surface response in
the late delay stage. This shows that the surface TEM and
the surface-to-coal mine roadway TEM may be combined in
detecting faults and collapse columns, so as to embrace the
strengths of the two methods at the same time.
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