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ABSTRACT

China, as the world’s largest coal producer and consumer, faces increasingly severe challenges from coal mine
goaf areas formed through decades of intensive mining. These underground voids, resulting from exhausted resources
or technical limitations, not only cause environmental issues like land subsidence and groundwater contamination but
also pose critical safety risks for ongoing mining operations, including water inrushes, gas outbursts, and roof collapses.
Conventional geophysical methods such as seismic surveys and electromagnetic detection demonstrate limited effectiveness
in complex geological conditions due to susceptibility to electrical heterogeneity, electromagnetic interference, and
interpretation ambiguities. This study presents an innovative integrated approach combining the Audio-Frequency Electrical
Transillumination (AFET) method with multi-parameter borehole logging to establish a three-dimensional detection system.
The AFET technique employs 0.1-10 kHz electromagnetic waves to identify electrical anomalies associated with goafs,
enabling extensive horizontal scanning. This is complemented by vertical high-resolution profiling through borehole
measurements of resistivity, spontaneous potential, and acoustic velocity. Field applications in Shanxi Province’s typical
coal mines achieved breakthrough results: Using a grid-drilling pattern (15 m spacing, 300 m depth), the method successfully
detected three concealed goafs missed by conventional approaches, with spatial positioning errors under 0.5 m. Notably,
it accurately identified two un-collapsed water-filled cavities. This surface-borehole synergistic approach overcomes
single-method limitations, enhancing goaf detection accuracy to over 92%. The technique provides reliable technical

support for safe mining practices and represents significant progress in precise detection of hidden geological hazards in
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Chinese coal mines, offering valuable insights for global mining geophysics.

Keywords: Underground Coal Mine; Goaf; Audio-Frequency Electrical Transillumination (AFET); Gamma Logging;

Borehole Imaging

1. Introduction

The long-term mining of coal in China has led to a large
number of coal mine goafs. The unclear and uncertain loca-
tion of goaf areas is a challenge for the coal mining in China. 4
Once the goaf collapses during the mining process, it not
only affects the geological environment but also endangers
people’s property and even life safety. To ensure the safety
of mining, it is necessary to carry out goaf area detection
before mining['-3.

The geophysical exploration methods are used for the
detection and analysis of goaf areas. The main methods for

detecting goaf areas are as follows:

1. Seismic exploration[*, where seismic waves are gen- -

erated on the surface or underground and reflected or
refracted back to the receivers. The travel time and ampli-
tude of the seismic waves are analyzed to infer subsurface
structures. This method provides high-resolution images
of subsurface structures, suitable for large-scale explo-
ration. However, this method is high cost, sensitive to
environmental noise, and requires specialized knowledge
for data interpretation. When the goaf area is composed
of goaf tunnels, which are relatively small in size, they
cannot be detected using seismic exploration.

2. Electromagnetic exploration), where electromagnetic 6
waves are emitted and their propagation characteristics
are measured underground. The attenuation and phase
changes of the waves are used to infer formation struc-
tures. This method is sensitive to water content in goaf
areas, real-time monitoring is possible, and the equip-
ment is lightweight. However it is heavily influenced by
surface conditions and has limited detection capability
for dry goaf areas. The detection accuracy of this method
is limited, and the detection depth is also limited, making
it impossible to achieve accurate detection.

3. Magnetic exploration(®), which measures changes in the
Earth’s magnetic field on the surface to infer changes
in the magnetic properties of underground rocks. It is
sensitive to the distribution of magnetic minerals and

can be used to identify the boundaries of goaf areas. It
is heavily influenced by surface magnetic interference,
with limited detection capability for non-magnetic rock

goaf areas.

. High-density resistivity methods[” 8], where current is

applied on the surface, and potential differences are mea-
sured. Changes in resistivity are used to infer subsurface
structures.It is sensitive to changes in moisture and geo-
logical structure of goaf areas. It is heavily influenced
by surface conditions and groundwater flow, and data
interpretation is complex. The detection accuracy of this
method is limited, and the detection depth is also limited,
making it impossible to achieve accurate detection.

Ground-penetrating radar[®l, where high-frequency elec-
tromagnetic waves are emitted and received by anten-
nas. Reflected waves’ delay and intensity are analyzed
to detect subsurface structures. It provides continuous
subsurface profiling with high resolution, suitable for
shallow exploration. However, it has limited detection
depth, is sensitive to electromagnetic interference, and
is less effective for wet goaf areas. When it is used in
underground coal mines, it is inconvenient for detecting
the goaf in the upper part and in front of the roadway

during construction.

. Borehole logging!'". Logging instruments are lowered

into boreholes to measure the physical properties of rocks,
such as density, porosity, resistivity, etc. It provides di-
rect data on the physical properties of underground rocks,
suitable for detailed exploration. This method has a short
detection radius and cannot be directly used for goaf

detection.

. Gravity exploration!"!]. It measures changes in gravity

on the surface to infer changes in underground mass dis-
tribution. It is not limited by surface conditions, making
it suitable for large-scale exploration. However, it has
low sensitivity to small-scale or local changes and re-
quires high-precision instruments. This method is not

suitable for high-precision detection of goaf areas.
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To summarize, there are inaccuracies in the bound-
aries of goaf areas detected by seismic exploration, transient
electromagnetic detection methods, and magnetic prospect-
ing methods; the detection depth of high-density electrical
methods and ground-penetrating radar detection methods is
limited. The borehole logging and gravity exploration are
not suitable for goaf area detection directly. Moreover, as
the scale and depth of coal mining continue to increase, goaf
detection faces unfavorable factors such as complex geologi-
cal and filling conditions, and numerous interference factors
in the detection area. There is an urgent need to study new
detection methods to detect the goaf accurately.

Audio-frequency electrical transillumination(AFET)
technology is a geophysical method that combines the prin-
ciples of electrical resistivity tomography and seismic to-
mography to image subsurface structures. It works on the
basis of the differences in electrical conductivity and electro-
magnetic wave velocity within the subsurface. It has been
widely applied in the detection of water-containing areas
within the working faces in coal mine tunnels, while cross-
hole AFET has seen extensive use in the detection of karst in

12-19

engineering surveys !>~ It has also achieved good results

in the detection of boundaries of goaf areas in coal mines
for the management of railway diseases on the ground ],
However, cross-hole AFET is not used in the detection of
goaf areas underground in coal mines, mainly because the
underground boreholes in coal mines are nearly horizontal,
and the geological conditions around the boreholes are asym-
metric. Logging detection has a high degree of precision,
yet due to the limited detection radius, it has not been uti-
lized for goaf detection. This paper conducts a study on the
propagation law of electromagnetic waves in the perspective
detection of goaf using AFET under an asymmetric geologi-
cal model, then proposes the use of boreholes in coal mines
to comprehensively employ AFET and multi-parameter log-
ging technology for the detection of goaf boundaries. Finally,
it provides a practical method for comprehensive application

to illustrate how this method is used.
2. Characteristics of AFET in Asym-
metric Strata

The method of using AFET to detect goaf in boreholes

refers to emitting electromagnetic waves in one hole and

receiving electromagnetic waves in another hole to detect
the goaf between two boreholes, as shown in Figure 1. The
detection between the two boreholes is achieved by using the
difference in absorption and attenuation of electromagnetic
waves in different media. The received data is processed by
tomography to obtain the electromagnetic wave absorption
and attenuation distribution map, which is used to determine
the distribution of electrical properties between the two bore-
holes and indirectly achieve the purpose of exploring the

goafl?!l,
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Figure 1. Schematic diagram of borehole AFET of goaf.

For AFET data, the objective function form of the three-

dimensional inversion problem is as follows 2% 23!
1 2 B 2
2 (m) = 31d (m) = dgss|[* + 5 IW(m — mee) [P (1)

Where d,ps are measured data; d (m) is the data ob-
tained by forward modeling a given conductivity model; the
second term in the above equation is the Tikhonov regular-
ization term, which contains existing prior information; 3
is a regularization parameter used to balance the impact of
data errors and model regularization during the minimiza-
tion process; W is the model regularization matrix; m is a
model used for inversion iteration, with model parameters
taken as the natural logarithm of conductivity In (0); myer
is a reference model. The first term of the objective func-
tion ensures that the inversion model matches the observed
data, while the second term strengthens the prior information
about the model shape, structure, etc. based on the model
The pseudo Gaussian Newton method is used to invert and fit
the objective function, obtaining the best model that matches
the observed data. This model approximately reflects the
electrical distribution of geological structures underground
in coal mines. The specific data processing methods are as
follows:

Firstly, define the initial model m;, which generally

uses a uniform model composed of the measured background
conductivity of the area as the initial model Linearize Equa-
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tion (1) based on this model, we can get the:

2
I(d— 5%-6m)d —d ||+

@ (m) = %
(2)
BIIW(m — myep) |

To obtain the minimum value of & (m), take the deriva-
tive of the model parameters using the above formula and
make them zero, to obtain the updated formula for the Gauss
Newton method:

(JTT 4+ BWTW) - on = —(JT(QA 1 q — dops)
3)
+BWITW (m — myey))

Among them, J = 9d/0m is the Jacobian matrix or
sensitivity matrix; g = (JT(QA ™ q—dops) +BWTW (m—
Mref)) is the gradient of the objective function; H =
(J TJ+ 5WTW) is an approximate Hessian matrix. The
model update is obtained by solving the following linear
system:

dm=—-H'yg “4)

H and J are both large dense matrices, and whether
solved using direct or iterative methods, it will result in a
huge computational load In order to obtain effective model
updates, both J and ! do not require high-precision so-
lutions, and low precision approximations are made to each
linear system during the solution process.After obtaining the

model update, a new model can be established:

(6))

miy1 = m; + adm

In the equation, a is a linear search parameter used to
control the magnitude of model updates Here, a is selected

based on the Armijo criterion:

F(m, ) = d(m; + adm) > &(m,)

6
+c1aV ST (m;)dm ©

Among them, ¢; is a constant with a very small value
(approximately equal to 10~%). The above formula ensures
that model updates can effectively reduce the objective func-
tion when calculating the new model of Equation (5), the
initial value of a is taken as 1; after obtaining the new model,
calculate Equation (6); if the inequality holds, accept the new
model; if it does not hold, halve the value of a and recalculate
Equation (5); repeat the above process until the new model
meets the discrimination criteria of Equation (6).

Since Equation (5) is obtained by linearizing m;, the

new model m;, 1 may not necessarily be the global optimal

solution, and it is necessary to re-linearize m;, and perform
another update iteration; repeat the above iterative process
until the objective function or data error is reduced to an
acceptable level In addition, when the gradient g of the ob-
jective function decreases to a given threshold, the inversion
can be stopped, which means that the objective function has
already been smoothed and no further improvements can be
made to the model.

Due to the asymmetry of the surrounding strata in the
coal mine underground near horizontal boreholes, there is a
significant difference from the vertical hole on the ground. In
order to analyze the distribution characteristics of electromag-
netic fields in the detection of goaf in coal mine boreholes
using AFET, we established a 3D model with the size of 10
m % 10 m X 9 m. From top to bottom, the first layer is shale
with a thickness of 2 m, the middle layer is coal seam with a
thickness of 5 m, and the lower layer is sand with a thickness
of 2 m. The electrical conductivity of shale, coal, and sand is
0.005Sm™,0.001 Sm™, and 0.01 S m™!, respectively. The
relative dielectric constants of shale, coal, and sand are 8, 4,
and 6, respectively. The porosity of shale, coal, and sand is
0.005, 0.001, and 0.01, respectively.The relative magnetic
permeability of shale, coal, and sands are 1. The goaf is
filled with water and has a size of 2 m x 2 m x 2 m.

Firstly the transmission borehole is a horizontal hole
along the coal seam, at a distance of 1 m from the coal seam
bottom interface. We set 9 signal transmission points in the

transmission borehole, as shown in Figure 2.

Figure 2. The 3D model for horizontal hole.

Note: T-hole is an electromagnetic wave signal transmission borehole. R-hole is
an electromagnetic wave signal receiving borehole. Numbers 1-9 are 9 points of
electromagnetic wave emission, with an interval of 1 m between each point.
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The distribution of electromagnetic induction lines in

the model) is shown in Figure 3 when emitting electromag-

the formation (Slice on the xz plane at the center position of netic signals at 9 different emission points.

I L. | i o
(a) At point 1 (b) At point 2 (c) At point 3
(d) At point 4 (e) At point 5 (f) At point 6
— , .
(g) At point 7 (h) At point 8 (i) At point 9

Figure 3. The distribution of electromagnetic lines at 9 different emission positions in horizontal hole.

Figure 3, which consists of (a) through (i) a total of 9
sub-figures, illustrates the variation characteristics of elec-
tromagnetic waves as they pass through a goaf area within a
coal seam when emitted from different points. Based on the
comparison of Figure 3a—i, which total nine images, aside
from the signal emitted from the center point of the borehole,
the two electromagnetic signal distribution diagrams that are
symmetrically positioned on either side of the center point
exhibit symmetrical characteristics. Therefore, it can be sim-
plified to compare only Figure 3a—e. In the figures, the
distribution characteristics of the equipotential lines are indi-
cated, with arrows on the lines representing the direction of
the electric potential, and colors indicating the magnitude of
the potential, where red signifies a higher potential and blue

signifies a lower potential. By comparing Figure 3a with
Figure 3e, it is observed that when the electromagnetic sig-
nal emission point is closer to the goaf area, the distribution
of the entire electromagnetic field’s potential is weakened,
tending towards blue.

It can be seen that when the goaf is located in the coal
seam, the electromagnetic waves passing through the goaf
will vary for different electromagnetic wave signal emission
points. Therefore, the detection of the goaf can be carried
out through electromagnetic wave cross hole detection.

Secondly we designed an inclined borehole with the
starting point aligned with the horizontal hole above, and
the endpoint located in the sandstone layer. We set 9 signal

transmission points in the transmission borehole, as shown
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in Figure 4.
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Figure 4. The 3D model for inclined hole.
Note: T-hole is is an electromagnetic wave signal transmission borehole. R-hole is
an electromagnetic wave signal receiving borehole. Numbers 1-9 are 9 points of
electromagnetic wave emission, with an interval of 1 m in the x-axis direction between
each point.

v.a1s

In Figure 5a—i, the distribution characteristics of the
equipotential lines are indicated, with arrows on the lines
representing the direction of the electric potential, and colors
indicating the magnitude of the potential, where red signifies
a higher potential and blue signifies a lower potential as in
Figure 3a—i. Comparing the electromagnetic wave distribu-
tions in Figures 5 and 3, it can be seen that for asymmetric
formations around the borehole, when the signal transmis-
sion point is located in the coal seam but adjacent to the
interface between the coal seam and sandstone at positions
5 and 6 in Figure 4, or has already passed through the coal
seam and entered the sandstone layer at positions 7, 8, and 9
in Figure 4, the propagation of electromagnetic waves un-
dergoes significant changes, and the electromagnetic signals
that can pass through the goaf are very weak. In this case,

using AFET in the borehole is not a good choice.

— o
van vas

(a) At point 1 (b) At point 2 (¢) At point 3

L. . b . :
(d) At point 4 (e) At point 5 (f) At point 6
(g) At point 7 (h) At point 8 (i) At point 9

Figure 5. The distribution of electromagnetic lines at 9 different emission positions in inclined hole.
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Therefore, when using AFET to detect goaf in coal
seams during underground borehole in coal mines, it is ad-
visable to choose boreholes located in the coal seam as much
as possible.

3. The Multi-Parameter Logging
Method

In order to ensure the selection of suitable boreholes
for goaf detection, it is necessary to investigate the borehole
conditions. Parameter logging is a multi-parameter logging
tool that integrates borehole trajectory measurement, natural
gamma logging, and borehole imaging technology. It can
measure the trajectory of the borehole, lithology changes
along the borehole, and images around the borehole wall.

Borehole imaging technology involves installing a cam-
era and a wide-angle lens with an automatically adjustable
aperture into a waterproof pressure chamber, and then placing
it into the hole to be detected. The example hole image are
shown in the Figure 6. The panoramic images of the surround-
ing and lower parts of the hole wall captured are transmitted
through cables to the hole monitor for display. The detection
personnel can then view the images of the surrounding hole
wall in real time, and the entire detection process is recorded
by a video recorder. The camera can also record some images
as needed, and the signals around the hole wall are captured
by the camera and transmitted to the host through cables and
electronic transmission equipment. This technology is mainly
used for the division of geological structures, discrimination

of wellbore fractures and karst development!>4].

Figure 6. Hole image.

The principle of natural gamma logging in coal mines
is that gamma rays in the formation reach the detector, which
amplifies them into electrical pulses to form electrical signals,
and then converts them into the number of electrical pulses
per minute (intensity) for recording. Due to the different
lithologies of the strata and the varying levels of radioactive
substances contained, the intensity of the gamma rays emitted
will differ. Therefore, based on the intensity changes of nat-
ural gamma rays in the strata, it is speculated that there will
be changes in the lithologies and structures of the strata (23],

The principle of borehole trajectory measurement is
to use inertial devices such as gyroscopes and accelerome-
ters to measure the inclination and azimuth of the borehole
trajectory, and to achieve synchronous recording of the mea-
surement depth through a hole synchronizer, calculating the
spatial position of the measured borehole >4,

The method of analyzing the lithology of geological

strata through gamma curve judgment is as follows 26271
Firstly, it is necessary to smooth the gamma curve to
eliminate interference noise. The five-point cubic smoothing
method can be used the five-point three-order smoothing
method can achieve smoothing of data on equidistant nodes
to eliminate the influence of noise signals and improve the
quality of logging data. The measurement acquisition se-
quence Yi is The formula for five point three smoothing is:

Yiig = 25 (69Y; 2 +4Y;_1 — 6Y; + 4Yi11 — Yiyo)

o

i—

1= 55 (2Yio +27Y; 1 4 12Y; — 8Yi11 + Yiqo)
Yi = 2= (=3Yi_p + 12Y;_1 + 17Y; + 12Yiy1 — 3Yiq2)

(7

2= (2Yi—o — 8Yi_1 + 12Y; + 27Yi11 + 2Viy2)

Yit2 = =5(—Yi_o +4Y;_1 — 6Y; +4Y; 41 + 69Yi 1)

N

Where Y] is the improvement value of ¥;.
Secondly, the natural gamma curve is analyzed, and
the variance extremum method is used for automatic strat-



Journal of Environmental & Earth Sciences | Volume 07 | Issue 05 | May 2025

ification. The stratification position, i.e., the interface, is
determined by calculating the maximum and minimum val-
ues of the gamma curve variance.

The essence of stratified analysis of variance is to iden-
tify the point with the highest inter layer variance and the
lowest intra-layer variance as the stratification point. For
two layers of media, assuming there are a total of N sampling
points, and X, X»; are the logging values of the second
point in these two layers, if the layer interface is between the
sampling points # and n+/, then S the sum of the intra-layer

differences between the two layers is
S =30 (X1 X1)*+

S (X2 X)? =3 X+ )]
Sl X3 XE (Nn) X5 = 3010, X7Q (n)
Where:
Xy =5 x X0 Xy
Xo = 55 % Z;‘V:n+1X2j (€))
Qn) =2 x (T0, X1))° + 5= x (D4 Xey)?

When N is constant, the first term in the above equation

is a constant, Q(n) is a function of (n, n+1) the sequence

numbers of the two layered data on both sides of the layer
interface, and Q(n) can reflect the variation law of S, the sum
of squared differences between the two layers, that is, the
larger is O(n), the smaller is S; the smaller is O(n), the larger
is S. At the same time, there is a certain variation pattern
on both sides of the layer interface: when X;> X5, X ;>
Xpg1;0r X1<Xo, X, <X, 41, there is a maximum value of
QO(n) at the layer interface; when X1> X9, X,,< X, 41, Or
X1< X9, X;,> X, 41 there is a minimum value of Q(n) at
the layer interface. Therefore, by determining the location
of the maximum and minimum values of Q(n) obtained, the
hierarchical position can be determined.

Thirdly: After stratification using the variance ex-
tremum method, solve for the logging values of each interval.
For gamma logging curve, use the average of all data points
in that interval as the logging value for that formation. Due to
the different distribution of gamma values for different rock
types, the corresponding rock type can be determined based
on the magnitude of gamma values for each layer. The re-
sults obtained by analyzing the lithology along the borehole

through gamma value distribution are shown in Figure 7.

Lithology
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Figure 7. Lithology along the borehole from Gamma logging curve.

4. Comprehensive Detection Method

The method of comprehensively utilizing AFET and
multi-parameter logging to detect goaf in borehole is based
on the previous geological exploration.The comprehensive

detection method work flow is shown in Figure 8.

1. Based on the data from previous geological exploration
and coal mining in the region, holes are designed ac-
cording to the detection requirements of the goaf, and
then drilling is carried out according to the designed hole
trajectory.

2. Using multi-parameter logging to detect each borehole,
analyzing the actual borehole trajectory, changes in for-

mation lithology along the borehole, etc.

3. Based on the actual drilling trajectory and rock type
changes detected by each borehole, select the boreholes
suitable for AFET detection. It is required that each group
of electromagnetic wave signal emitting boreholes and
electromagnetic wave signal receiving boreholes are on
the same plane, and the rock type of the boreholes should
be consistent.

4. Use the AFET detection method to detect the selected
groups of boreholes, process and analyze the data de-
tected by AFET, and analyze whether there are goaf areas
between the detected boreholes.

5. Drill and verify the areas with goaf detected by AFET,
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and use the camera of a multi parameter logging tool for
observation and verification to ensure the accuracy of the
detection.

6. Report the distribution of goaf detection results to the
mining party, and the mining owner will determine the

next steps of the work plan based on the detection results.

Comprehensive detection method work flow

1. Collect the data from 1. Using multi

1, Select the boreholes
suitable for AFET
detection

1, Drill and verify the
areas with goaf
detected by AFET

previous geological
exploration and coal
mining in the region,

2. Use the AFET
detection method to

parameter logging to
detect each borehole

2, Use the multi
parameter logging tool

2. Design the holes

3, Drilling is carried
out according to the
designed hole trajectory

properties along the
borehole.

2. Calculate the drilling detect for observation and
trajectory 3. Analyze the AFET verification to ensure
3. Analyze the rock data the accuracy of the

detection.

3, Report the
distribution of goaf to
the mining owner

4. Analyze whether
there are goaf areas
between the detected
boreholes

Figure 8. The comprehensive detection method work flow.

5. Application

The actual exploration area in a mining area in Shaanxi
Province is 292 m in the east-west direction and 130 m in
the north-south direction, with an average coal thickness of
9.0 m. Due to the long mining time and problems with coal
mining methods and processes, the thickness and occurrence
status of the remaining coal seams in the goaf area are un-
clear, and there is no detailed geological and hydrogeological
data. This has an impact on the mining of the working face,
and in the actual process of determining the boundary of the
goaf, there is difficulty in determining the boundary of the

goaf area. Therefore, before mining the working face, bore-
holes are drilled in the roadway, and multi-parameter logging
instruments and AFET are used for detection of goaf area.

AFET is an instrument that emits electromagnetic
waves with a frequency of 30 MHz and receives 30 MHz
borehole audio electroporation at the receiver,the instrument
is shown in Figure 9. The instrument parameters are as listed
in Table 1. The YZD12 multi parameter logging tool is used
for multi parameter logging, which can measure the bore-
hole trajectory, video images along the borehole, and natural
gamma,shown in the Figure 10. The instrument parameters
are as listed in Table 2.

Figure 9. The AFET instrument.

Table 1. The parameters of AFET instrument.

Number Parameters Name Values
1 Length 14m
3 Diameter 42 mm
4 Transmission frequency 30 MHz
5 Weight 2Kg
5 Working time 8h
6 Applicable aperture >75 mm
7 Applicable hole depth <200 m
8 Applicable hole spacing <20 m
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Table 2. The parameters of YZD12 multi parameter logging tool.

Number Parameters Name Range Absolute Error
1 Gamma ray counting rate 0-2500 CPS <5%
2 Dip —90°-90° +0.3°
3 Azimuth 0°-360° +1.5°
4 Applicable hole depth <200 m <lm
5 Image Color: Colorful; Resolution: >700 Lines;
LED light source illumination: >1000 Lux
6 Length 68 cm
7 Diameter 42 mm
8 Weight 4Kg

)

Figure 10. YZD12 multi parameter logging tool.

Based on the results of previous explorations using
other methods, there may be a goaf area within a 150 m*50
m region of this coal mine. Ten boreholes were designed in
the roadway to explore the boundaries of the goaf. All ten
boreholes were designed to face east and were designed as
horizontal boreholes. The plane distribution of boreholes is
shown in Figure 11. Taking the position of borehole 1 as
the reference point, the distances between boreholes 2 # to
10 # and borehole 1 # on the plane are 31 m, 44 m, 53 m,

66 m, 85 m, 110 m, 120 m, 137 m, and 152 m, respectively.
Firstly, use a multi parameter logging tool to measure the
trajectory and lithology of each borehole, and then select the
borehole for AFET detection. The gamma logging results
of 10 boreholes are shown in Table 3 below. The image of
gamma logging detection lithology distribution is shown in
Figure 12, and typical borehole images are shown in Figures
13-16.

Roadway

Design hole

Acturd hole

Roadway 108 0% 8 7 T 4 34 2% 1

Figure 11. The holes planar distribution.

Figure 12. Gamma logging results of the 10 boreholes.

10
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Figure 16. Coal slag image at 25.5 m in hole 10 #.

Table 3. Statistics of measurement data from multi parameter logging tool.

Depth of Horizontal Vertical Offset . . i
Number Hole (m) Offset Distance Distance The Lithology along the Borehole Video Image Situation
0—40 m coal .
1# 42 Southward 1 m Up7m 40-42 m carbonaceous mudstone The borehole is smooth
24 78 Southward 13 m Upsm 0-42.5 m coal There '1s a lot. of coal slurry, and the
42.5 m—78 m shale video image is not clear
There is a lot of coal powder in the
3# 52 Southward 8 m Upl25m 0-52 m coal hole, and there is a phenomenon of
hole collapse
4# 46 Southward 8 m Up 1.25m 0—46 m coal Collapse hole at 44.5 m
0-55 m coal
S# 70 Northward 4 m Down 3 m 55 m—60 m carbonaceous mudstone There is a lot of coal slag in the hole
60 m—70 m coal
6# 68 Southward 12 m Up2m 0-68 m coal There is a lot of coal slag in the hole
T# 70 Southward 16 m Down 2 m 0-70 m coal The borehole is smooth
0-58 m coal
8# 90 Southward 12 m Up 0.6 m 58 m—62 m carbonaceous mudstone There is partial fragmentation
62 m~90 m coal
0~42 m coal
42 m~45 m carbonaceous mudstone  There is a phenomenon of hole
o# 70 Southward 1 m Down I m 45 m—54 m coal collapse
54 m—68 m carbonaceous mudstone
0-32 1 There i 11 t of coal sl
L0# 70 Southward 10 m Down 2 m 32 m coa ere is a small amount of coal slag

32 m—70 m shale

inside the hole

11
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Based on the results of multi parameter measurements
of boreholes in Table 3, select the AFET borehole in the
coal seam section to ensure that the electromagnetic wave
transmission section is not affected by changes in the forma-
tion lithology. The boreholes for transmitting and receiving
radio wave signals do not intersect on the plane. Accord-
ing to Figure 11 and Table 3, we can get the following
knowledge:

1. Borehole No. 1# and Borehole No. 2# are both situated
above the drilling start plane, with a vertical distance dif-
ference of 2 meters between their final positions. Bore-
hole No. 2# is 13 meters away from Borehole No. 3#
at the drilling start point. Both boreholes have a coal
section from 0 to 40 meters in depth. At the 40-meter
depth, the two boreholes are 7 meters apart. Therefore,
these two boreholes can be selected as a pair for AFET
detection. One can be chosen as the signal transmitting
borehole, and the other as the signal receiving borehole.
The detection will focus on the coal layer section between
0 to 40 meters in depth for both boreholes.

2. Borehole No. 4# and Borehole No. 3# intersect horizon-
tally and cannot be selected for AFET detection within
these two boreholes. Borehole No. 4# and Borehole No.
2# are both located above the borehole starting plane,
with a vertical distance difference of 3.75 meters at the
final hole, and the drilling depth from 0—42.5 meters is
all coal. The two boreholes are approximately parallel in
the plane and are 22 meters apart. Therefore, Borehole
No. 4# and No. 2# can be selected as a pair for AFET
detection. Choose either one as the signal transmission
borehole and the other as the signal receiving borehole.
Select the coal seam section from 0—42.5 meters depth
in the two boreholes for detection between the two holes
to detect the goaf area.

3. Borehole No. 5# is 3 meters downward in the profile,
while Boreholes No. 3# and No. 4# are both 1.25 meters
upward. On the plane, Borehole No. 5# is approximately
parallel to both No. 3# and No. 4#. The depth of 55
meters within Borehole No. 5# is entirely within the
coal seam. Therefore, based on the on-site drilling condi-
tions, Borehole No. 5# can be chosen to pair with either
No. 3# or No. 4# for AFET detection. Since AFET de-
tection between Borehole No. 2# and No. 4# has revealed
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characteristics of a goaf area, to further confirm the dis-
tribution range of the goaf area between No. 2# and No.
4#, it is decided to conduct AFET detection for the goaf
area between Borehole No. 5# and No. 3#.

. Borehole No. 6#’s final position is 2 meters upward in

the cross-section, and it does not intersect with Borehole
No. 5# on the plane. The starting positions are 19 meters
apart, and the final positions are 3 meters apart. The
entire section of Borehole No. 6# is within the coal seam.
Since Borehole No. 3# and No. 5# previously detected a
goaf area, theoretically, Borehole No. 6# should be cho-
sen with No. 4# for AFET detection. However, due to a
collapse at Borehole No. 4#, which prevents detection,
Borehole No. 6# is selected to pair with No. 5# for AFET
detection to investigate the distribution of the goaf area

between these two boreholes.

. Borehole No. 7#’s final position is 2 meters downward in

the cross-section, and it does not intersect with Borehole
No. 6# on the plane. The starting positions are 25 meters
apart, and the final positions are 21 meters apart. The
entire section of Borehole No. 7# is within the coal seam.
To ensure the accuracy of AFET detection, the distance
between the two boreholes chosen for AFET detection
should not be too large. Therefore, Borehole No. 7# is
selected to pair with No. 6# for AFET detection to inves-
tigate the distribution of the goaf area between these two

boreholes.

. Borehole No. 8#’s final position is 0.6 meters upward in

the cross-section, and it does not intersect with Borehole
No. 7# on the plane. The starting positions are 10 meters
apart, and the final positions are 6 meters apart. The
entire section of Borehole No. 8# is within the coal seam.
Boreholes No. 7# and No. 8# are too close to each other
for AFET detection purposes. Borehole No. 9#’s final
position is 1 meter downward in the cross-section, and it
is approximately parallel to Borehole No. 8# on the plane.
Borehole No. 9#’s starting position is 27 meters away
from Borehole No. 8#, and the final positions are 37
meters apart. Additionally, no goaf area characteristics
were detected between Boreholes No. 6# and No. 7#. To
save detection time and ensure the accuracy of AFET de-
tection, the distance between the two boreholes selected

for AFET detection should not be too large. Therefore,
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Borehole No. 8# is selected to pair with No. 9# for AFET
detection to investigate the distribution of the goaf area
between these two boreholes.

7. Borehole No. 10#’s final position is 2 meters downward
in the cross-section, and it does not intersect with Bore-
hole No. 9# on the plane. The starting positions are 15
meters apart, and the final positions are 9 meters apart.
The depth of Borehole No. 10# from 0-32 meters is
within the coal seam. However, the coal seam depth is
too small for effective detection, and since no goaf area
characteristics were detected during the exploration be-
tween Boreholes No. 8# and No. 9#, in order to save
detection time, it is decided not to conduct detection near
Borehole No. 10#.

Select 6 sets of inter hole AFET detection, including 1
# hole for transmitting and 2 # hole for receiving, 2 # hole
for transmitting and 4 # hole for receiving, 3 # hole for trans-
mitting and 5 # hole for receiving, 6 # hole for transmitting
and 5 # hole for receiving, 6 # hole for transmitting and 7 #
hole for receiving, and 9 # hole for transmitting and 8 # hole
for receiving. The absorption attenuation results of borehole
audio transmission are shown in Figures 17-22.

2#

| 43.9
14

Figure 17. AFET Results between hole 1 # and 2 #.

54.14m

Figure 19. AFET Results between hole 3 # and 5 #.

6#

Figure 20. AFET Results between hole 5 # and 6 #.

Figure 21. AFET Results between hole 6 # and 7 #.

2#

9#

Figure 18. AFET Results between hole 2 # and 4 #.
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Figure 22. AFET Results between hole 8 # and 9 #.




Journal of Environmental & Earth Sciences | Volume 07 | Issue 05 | May 2025

In AFET detection results in borehole in Figures
17-22, the red and yellow colors represent high-value ar-
eas of electromagnetic wave absorption attenuation (coal
seams, mud, sandstone), and the blue-green color represents
low value areas of electromagnetic wave absorption attenu-
ation. By comparing with the amplitude of other borehole
data in this exploration, the analysis results show that the
possibility of goaf in the inter-borehole area controlled by
boreholes 1 # and 2 # is relatively small; the blue area be-
tween holes 2 # and 4 # is the inferred goaf, and the transition
area from blue to green is the inferred edge collapse (semi
collapse area) of the goaf; after boreholes 3 and 5 at a depth
of 36 m, the goaf developed; the trajectories of boreholes 5
# and 6 # gradually approach from the opening, and when
the depth of borehole 6 # reaches 45 m, the signal changes
sharply, indicating a reaction from the goaf; there is a low
possibility of goaf in the deep part between holes 6 and 7;
there are weak goaf anomalies at depths of 12 m to 24 m
in boreholes 8 and 9, while no anomalies are observed in
other depth areas. Therefore, there exists a goaf area between
Borehole No. 4# and Borehole No. 5#, with the goaf area
measuring approximately 40 meters in length and 4 meters
in width. It is likely to be a tunnel left over from previous
mining operations, and this tunnel contains water. Before
coal extraction, to ensure safety, it is necessary to deal with

the water within this goaf area to prevent safety accidents.

To verify the existence of goaf between boreholes 2
# and 5 # for borehole AFET detection, between Borehole
No. 2# and Borehole No. 5#, a new borehole is drilled. A
multi-parameter logging instrument is then inserted into the
borehole. Through the camera on the instrument, a goaf area
is discovered (shown as in the Figure 23).The morphology
of this goaf area is similar to that of a tunnel, which confirms
the presence of a goaf area between Borehole No. 2# and
Borehole No. 5#, as described earlier, likely caused by a
tunnel left from previous mining activities.

Based on the aforementioned analysis, through the de-
sign of 10 boreholes, actual drilling, and the use of a multi-
parameter logging instrument for trajectory and lithological
distribution detection in the boreholes, an AFET detection
pair of boreholes was selected. Utilizing AFET detection, one
goaf area was discovered, which was then verified through
drilling. The potential area of the goaf, which was initially
estimated to be 150 m % 50 m, was narrowed down to a range
of 40 m x 4 m. Therefore, the combined use of AFET and
logging can accurately detect the distribution and location
of goaf areas. For a goaf area that is only 4 meters wide,
such a small dimension is beyond the capabilities of conven-
tional detection methods to locate with such high precision
as described in the introduction.

Figure 23. Image of goaf observed in verification borehole.

6. Conclusions

e By establishing a model for detecting goaf using AFET in
near-horizontal holes in coal mines, it can be concluded
that when AFET is used for goaf detection in parallel
horizontal holes, it is not conducive to the detection of

goaf when the borehole penetrates the formation where
the goaf is located.

e The comprehensive use of multi-parameter logging and
AFET can detect goaf area. Firstly, the borehole trajectory
measured by multi-parameter logging is used to determine
the spatial position of the borehole. Gamma logging is

14
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used to determine the lithological changes along the bore-
hole. Based on the video imaging of the multi-parameter
logging instrument, the borehole conditions are observed,
and boreholes with spatial positions on the same plane,
no intersections on the plane, and consistent lithological
ranges are selected for AFET.

e According to actual detection verification, the data from
inter-hole audio AFET detection can clearly reflect the

distribution of goaf area.
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