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ABSTRACT

China has a long history of coal mining, among which open-pit coal mines have a large number of small coal mine 
goafs underground. The distribution, shape, structure and other characteristics of goafs are isolated and discontinuous, 
and there is no definite geological law to follow, which seriously threatens the safety of coal mine production and 
personnel life. Conventional ground geophysical methods have low accuracy in detecting goaf areas affected by 
mechanical interference from open-pit mines, especially for waterless goaf areas, which cannot be detected by existing 
methods. This article proposes the use of high-frequency electromagnetic waves for goaf detection. The feasibility of 
using drilling radar to detect goaf was theoretically analyzed, and a goaf detection model was established. The response 
characteristics of different fillers in the goaf under different frequencies of high-frequency electromagnetic waves 
were simulated and analyzed. In a certain open-pit mine in Inner Mongolia, 100MHz high-frequency electromagnetic 
waves were used to detect the goaf through directional drilling on the ground. After detection, excavation verification 
was carried out, and the location of one goaf detected was verified. The results of engineering practice show that the 
application of high-frequency electromagnetic waves in goaf detection expands the detection radius of boreholes, has 
the advantages of high efficiency and accuracy, and has important theoretical and practical significance.
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1.	 Introduction
China’s coal mining industry, a cornerstone of its ener-

gy infrastructure, has operated for decades, leaving behind 
vast underground voids known as goafs. These abandoned 
spaces, formed after coal extraction, are often poorly 
mapped and unstable, posing catastrophic risks such as 
ground subsidence, gas explosions, and structural collaps-
es. Recent studies estimate that over 30% of China’s active 
coal mines are situated above legacy goafs, with incidents 
like the 2019 Shanxi goaf collapse causing fatalities and 
economic losses exceeding $50 million [1,2]. The urgency to 
address these hazards has intensified as mining depths ex-
ceed 1,000 meters, exacerbating geological uncertainties. 
Traditional goaf detection methods, while foundational, 
struggle to meet the precision and adaptability demands of 
modern mining. 

1) Seismic Exploration: a cornerstone of subsurface 
imaging, operates on the principle of analyzing reflected 
or refracted elastic waves generated by controlled sourc-
es (e.g., explosives or vibroseis trucks) [3]. When seismic 
waves encounter interfaces between materials of differing 
acoustic impedances-such as the boundary between intact 
coal and an air-filled goaf-a portion of the energy reflects 
back to the surface, where geophones record travel times 
and amplitudes. Advanced processing algorithms, includ-
ing pre-stack depth migration, convert these signals into 
2D/3D structural maps. In the Ordos Basin, seismic sur-
veys have successfully imaged large-scale faults and strati-
graphic discontinuities at depths up to 800 meters, achiev-
ing lateral resolutions of 10–20 meters [4]. However, the 
method’s effectiveness diminishes sharply for small-scale 
goafs (<8 meters) due to the inherent wavelength limita-
tions of low-frequency seismic waves (typically 10–50 
Hz). For instance, a 2018 survey in the Huainan coalfield 
failed to detect a 6-meter-wide goaf, leading to unantici-
pated roof collapse during subsequent longwall mining [5]. 
Additional drawbacks include exorbitant costs (averaging 
$800,000 per survey), vulnerability to ambient vibrations 
from mining machinery, and the reliance on specialized 
interpreters—a resource often scarce in remote mining 
regions. These limitations underscore seismic explora-
tion’s inadequacy for precision goaf detection in modern 
deep-mining contexts.

2) Magnetic Exploration: Magnetic exploration ex-

ploits variations in the Earth’s magnetic field caused by 
contrasts in rock magnetization, particularly in iron-rich 
formations [6]. In coal mines where goaf boundaries are as-
sociated with collapsed roofs containing magnetite debris, 
this method measures magnetic anomalies to map void 
edges. For example, in the Shuozhou coalfield, magnetic 
surveys achieved 85% accuracy in delineating goafs within 
magnetically homogeneous strata, with anomalies rang-
ing from 50 to 200 nT [7]. However, the technique’s utility 
collapses in non-magnetic environments, such as lignite 
deposits in Yunnan, where goafs lack ferromagnetic sig-
natures. Surface interference from power lines, rail tracks, 
and machinery further complicates data interpretation, 
generating false positives that mimic goaf signals. A 2021 
study in the Hebei province revealed that 30% of magnetic 
anomalies initially classified as goafs were later attributed 
to buried pipelines and industrial waste [8]. Consequently, 
magnetic exploration remains niche, applicable only to 
specific geological settings with minimal anthropogenic 
disturbances.

3) Low-Frequency Electromagnetic Exploration: 
Low-frequency EM methods (1–10 kHz) infer subsurface 
conductivity by transmitting electromagnetic pulses and 
measuring their attenuation and phase shifts [9–12]. Wa-
ter-saturated goafs, with conductivity values 10–100 times 
higher than coal, produce distinct EM anomalies. Field tri-
als in the flooded Fuxin mines demonstrated 70% detection 
accuracy for water-filled voids at depths up to 80 meters . 
However, the method falters in dry or debris-filled goafs, 
where conductivity contrasts are negligible. Depth pene-
tration is another critical constraint: at 150 meters, signal 
strength attenuates by over 95%, rendering the technique 
ineffective for deep mining applications. Furthermore, 
surface EM noise from power grids and communication 
systems introduces artifacts that mimic goaf responses. [13]. 
These limitations restrict low-frequency EM to shallow, 
water-dominated environments—a shrinking subset as 
mining progresses into deeper, drier strata.

4) High-Density Resistivity Method: The high-density 
resistivity method maps subsurface resistivity variations 
by injecting electrical currents through surface electrode 
arrays and measuring potential differences [14]. Air-filled 
goafs, with near-infinite resistivity contrasts against coal, 
generate detectable anomalies. In the arid Shendong coal-
field, this technique achieved 65% detection accuracy for 
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voids larger than 5 meters [15]. Additionally, the method’s 
detection depth rarely exceeds 50 meters in conductive me-
dia, and its spatial resolution degrades rapidly with depth. 
These issues relegate high-density resistivity to a supple-
mentary role in goaf detection workflows.

5) Borehole Logging: Borehole logging employs 
downhole tools—such as density, neutron, and resistivity 
sondes-to measure physical rock properties within drilled 
holes [16]. In the Xinjiang coalfield, density logs identified 
localized fractures within 2 meters of boreholes, achieving 
millimeter-scale vertical resolution . However, the meth-
od’s lateral detection radius is limited to <2 meters, neces-
sitating dense drilling grids for comprehensive coverage-a 
prohibitively expensive approach in deep mines. Moreover, 
logging cannot directly detect goafs beyond the borehole 
wall or characterize filler materials. While invaluable for 
calibrating seismic or EM models, standalone applications 
are impractical. A 2019 project in Anhui province required 
120 boreholes to map a 1 km² goaf zone—a stark contrast 
to the efficiency demands of modern mining [17].

6) Gravity Exploration: Gravity surveys detect subsur-
face density contrasts by measuring minute variations in 
gravitational acceleration (precision: 0.01 mGal) [18]. The 
method’s resolution is insufficient for voids <50 meters, 
and high-precision gravimeters are cost-prohibitive for 
routine use. Furthermore, gravity anomalies cannot differ-
entiate between goafs and other low-density features like 
sedimentary basins or fault zones. These constraints limit 
gravity exploration to regional-scale studies rather than 
targeted goaf detection.

7) Ground-Penetrating Radar (GPR): GPR profiles 
shallow subsurface structures (typically <30 meters) by 
transmitting high-frequency electromagnetic pulses (100–
1,000 MHz) and analyzing reflections [19,20]. In the dry, 
shallow coal seams of Shaanxi, GPR achieved 5-centimeter 
resolution, delineating goaf boundaries with 90% accuracy. 
However, signal attenuation in conductive media-such as 
water-saturated strata or clay-rich roofs—reduces effective 
depth to <10 meters. Antenna size further complicates de-
ployment in narrow underground roadways, where space 
constraints prevent optimal positioning.These shortcom-
ings restrict GPR to niche applications in shallow, dry en-
vironments.The same problem also exists for cross hole 
electromagnetic wave CT detection [21] and borehole radar 
[22,23] of goaf.

In summary, existing geophysical methods for goaf 
detection face critical limitations: seismic exploration, 
transient electromagnetic techniques, and magnetic pros-
pecting struggle to delineate precise goaf boundaries; 
high-density resistivity and ground-penetrating radar (GPR) 
exhibit restricted detection depths; while borehole logging 
and gravity exploration lack direct applicability for goaf 
identification. Furthermore, escalating mining scales and 
depths exacerbate challenges, including complex geologi-
cal conditions, heterogeneous fill materials, and pervasive 
environmental interference, which collectively undermine 
detection accuracy. To address these constraints, this study 
proposes a novel high-frequency electromagnetic wave-
based borehole detection method. By deploying radial 
scanning within boreholes, this approach aims to enhance 
the precision of goaf identification in proximal coal seams, 
thereby advancing safety and efficiency in coal mine pro-
duction.

This study develops a numerical simulation model for 
goaf detection, systematically investigating the response 
characteristics of high-frequency electromagnetic waves to 
coal seam goafs with varying frequency, filling materials 
and borehole trajectory. By integrating field data from un-
derground engineering practices in Shanxi coal mines, the 
research validates the method’s effectiveness in real-world 
scenarios. The findings establish a robust theoretical foun-
dation for high-frequency electromagnetic wave-based 
goaf detection, offering actionable insights to enhance 
mining safety and operational precision.

2.	 Principle of HFEW Detection
According to the theory of electromagnetic wave 

propagation, high-frequency electromagnetic waves prop-
agate in a medium according to Maxwell’s equations. The 
Maxwell equation system indicates that a changing electric 
field generates a changing magnetic field, which in turn 
triggers a changing electric field. The electric and magnet-
ic fields are converted into each other and propagate at a 
finite speed towards a distance, forming electromagnetic 
waves. The wave equation of electromagnetic waves is as 
follows:

	

(1)
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(2)

where H


 is r magnetic field strength, unit: A/m; E


 is the 
electric field strength, unit V/m;  is conductivity, unit: 
S/m;  is the dielectric constant, unit: F/m;  is magnetic 

permeability, unit: H/m. Generally, E


 and H


 can be with 
three components, and each component is a function of a 
three-dimensional coordinate variable (x, y, z) and time t.

When high-frequency electromagnetic waves are de-
tected in boreholes, the geological conditions are complex, 
and the strata belong to lossy media. Electromagnetic 
waves have propagation losses during the propagation pro-
cess, and the energy of electromagnetic waves decreases 
with increasing propagation depth. In a conductive medi-
um, the constant of attenuation per unit distance during the 
propagation of planar electromagnetic waves is called the 
attenuation constant, and the phase lagged behind per unit 
distance is called the phase constant. The attenuation con-
stant and phase constant are related to the properties of the 
medium and electromagnetic waves, and the relationship is 
as follows:

α μ ε σ
ω ε

(3)

β ω μ ε σ
ω ε (4)

In equations (3) and (4),  is the attenuation constant, 
expressed in Nb/m;  is the phase constant, measured in 
rad/m;  is conductivity, unit S/m;  is the dielectric con-
stant, measured in F/m;  is magnetic permeability, unit H/
m;  is the angular frequency of electromagnetic waves, 
measured in rad/s.

Equations (1) and (2) replace the dielectric constant  
with a complex dielectric constant  in a conductive medi-
um, and the solution to the one-dimensional wave equation 
of a plane wave propagating along the z-axis direction is:

α β (5)

α β (6)

where Ex (z) and Hy (z) represent the electric field strength 
and magnetic field strength of electromagnetic waves prop-
agating along the z-axis, respectively, and  is the attenua-
tion constant in Nb/m;  is the phase constant in rad/m.

According to equations (3) to (6), it can be seen that 

the amplitude of electric field strength and magnetic field 

strength decays as ze α−
. The conductivity has a significant 

impact on the energy attenuation of high-frequency elec-
tromagnetic waves, and the higher the conductivity, the 
greater the attenuation. That is to say, the higher the resis-
tivity, the smaller the attenuation. The electrical resistivity 
of coal seams is generally high, so high-frequency electro-
magnetic waves have the ability to penetrate coal seams, 
and can be detected in coal seams using borehole radar.

Electromagnetic waves will reflect and refract when 
they encounter different media interfaces during propaga-
tion. The propagation directions of incident waves, reflect-
ed waves, and refracted waves of electromagnetic waves 
satisfy the laws of reflection and refraction. The distance 
between the transmitting antenna and the receiving anten-
na of the borehole radar is small. The reflection coefficient 
R12 and refractive index T12 at the interface from the first 
layer of medium 1 to the second layer of medium 2 are:

ε
ε

ε
ε

ε ε

ε ε
(7)

ε
ε

ε

ε ε (8)

where  are the dielectric constants of medium 1 and 
medium 2, respectively.

The greater the difference in dielectric constant be-
tween medium 1 and medium 2, the higher the reflection 
coefficient and the stronger the reflection, which is more 
conducive to drilling radar detection. When the dielectric 
constants of medium 1 and medium 2 are the same, the 
reflection coefficient is 0, and no reflection occurs, only re-
fraction (i.e., transmission) occurs.

The dielectric constant of coal seams is related to the 
degree of coal metamorphism, water, temperature, and 
mineral content, generally distributed between 2 and 5. 
When the goaf is filled with water, the dielectric constant 
of water is relatively large, generally greater than 50. 
When the goaf is filled with air, the dielectric constant of 
air is 1. Therefore, when the goaf is filled with water or 
gas, it can form a reflective interface with the coal. When 
the high-frequency electromagnetic waves emitted by the 
drilling radar propagate in the coal seam, they will be re-
flected at the interface formed between the goaf and the 
coal. The reflected electromagnetic waves can be received 
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by the receiving antenna. By analyzing the characteristics 
of the reflected waves, the position and characteristics of 
the goaf can be analyzed.

3.	 Theoretical Characteristics Anal-
ysis of HFEW Detection of Goaf
In order to better understand the characteristics of us-

ing HFEW to detect goaf in boreholes, a numerical simula-
tion analysis model is established to analyze the response 
characteristics of HFEW detection under different HFEW 
frequencies and filling materials in goaf. This chapter first 
introduces the basic principles of HFEW simulation, then 
describes the established model, and finally conducts char-
acteristics analysis for HEW detection.

3.1.	Numerical Simulation Principle of HFEW

At present, there are three kinds of electromagnetic 
wave numerical simulation methods: ray tracing method, 
finite difference time domain (FDTD) method and finite el-
ement method [24]. Gprmax is an open source FDTD based 
GPR forward simulation software developed by Edinburgh 
University [25,26].

FDTD divides the simulation space into finite spatial 
grids (Figure 1). The electromagnetic field of each grid 
can be determined by six components of Ex, Ey, Ez, Hx, 
Hy and Hz, and then the Maxwell equation in time domain 
can be directly solved by finite difference.

Figure 1. FDTD Method Difference Grid.

After the initial conditions and boundary conditions 
of the field are given, the distribution values of the spatial 
electromagnetic field at each time are obtained in turn, that 
is, the simulation results of the electromagnetic field in the 
simulation space area are obtained.

Gprmax is an open-source electromagnetic wave sim-
ulation software based on the Finite-Difference Time-Do-
main (FDTD) method, specifically designed for Ground 
Penetrating Radar (GPR) and other electromagnetic ap-
plications. Developed by the University of Edinburgh in 
the UK, it is widely used in geological exploration, civil 
engineering, archaeology, snow and ice layer research, and 
underground target detection. Users can simulate the prop-
agation, reflection, and scattering processes of electromag-
netic waves in different media by customizing geometric 
models, material properties, and excitation signals, thereby 
predicting radar signal responses and optimizing detection 
strategies.

The Gprmax software supports complex 3D modeling 
and features multithreading and GPU acceleration, signifi-
cantly improving computational efficiency for large-scale 
simulations. Its script-driven input method (via Python or 
text files) offers high flexibility, enabling precise control 
of simulation parameters. Additionally, Gprmax boasts 
cross-platform compatibility and is backed by an active de-
veloper community and comprehensive tutorial resources, 
providing a reliable numerical simulation tool for academ-
ic research and engineering practices.

When using Gprmax for FDTD forward modeling of 
HFEW, there are three main parameters to be set: 1) anten-
na parameters, including excitation source type, antenna 
spacing, antenna frequency, antenna type, output signal 
and recording time; 2) Geometric parameters of the mod-
el, including model size and mesh size; 3) The physical 
parameters of the model, that is, the physical parameters 
of the medium in the model area, including the relative di-
electric constant, conductivity, relative permeability, etc [27].

3.2.	The Goaf Model Design

Design a 3-layers geological model as shown in Fig-
ure 2, with a model size of 10m × 21m.The formation is 
homogeneous rather than heterogeneous [28]. The coal seam 
roof is both made of shale, the floor is made of sand, with 
a coal seam thickness of 5m and a roof and floor shale 
thickness of 3m. The goaf is located inside the coal seam, 
and the shape of the goaf is designed as a square (roadway 
goaf). The boreholes are located inside the coal seam; the 
borehole 1 is at the position cross the goaf center, while the 
borehole 2 is at the position 1m away from the coal seam 
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roof. The center of the goaf is 2m away from the coal seam floor. The model is shown in Figure 2.

Coal
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0
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)
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borehole2

borehole1

Figure 2. Schematic Diagram of Goaf Model (Goaf if Filled with Air).

So the relative dielectric constant of coal seams is 4, 
and the conductivity is 0.001 S/m. The relative dielectric 
constant of shale in coal seam roof is 8, conductivity is 
0.01S/m random numbers. The relative dielectric constant 

of sand in coal seam floor is 6, conductivity is 0.1S/m. The 
goaf may be filled with water, or air. The physical proper-
ties of various media are shown in Table 1. We selected 
PML [29] for boundary conditions.

Table 1. The Parameters.

Parameter Type Parameter Name Value Parameter Name Value

Antenna Parameters
Center frequency (MHz) 100/200 Recording window (ns) 100

Antenna spacing (m) 0.5 Incentive type Ricker
Antenna type Dipole output signal Ez

Geometric Parameters Area 10 m×11 m Grid size (m) 0.01
Coal seam thickness (m) 5 Thickness of top and bottom plate (m) 3

Physical Parameters

Coal seam conductivity (S/m) 0.001 Shale conductivity (S/m) 0.01
Relative permeability of coal 

seam 4 Sand conductivity (S/m) 0.1

Relative permeability of shale 8 Relative permeability of sand 6

3.3.	The Goaf Simulation Characteristic

The goaf is filled with air. As shown in Figure 3, the 

results of detecting the goaf in borehole 1 using a 100 MHz 

HFEW are presented in Figure 3(a), while those using a 

200 MHz HFEW are shown in Figure 3(b). 

(a) (b)
Figure 3. Time Domain Profile of HFEW in Borehole 1. (a) HFEW is 100MHz in Borehole 1. (b) HFEW is 200MHz in 
Borehole 1.
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In Figure 3(a) and 3(b), the in-phase axis labeled ① 
is the direct wave, Direct wave refers to electromagnetic 
waves emitted from a transmitting antenna, which do not 
propagate through geological layers but propagate directly 
through a borehole and are received by a receiving antenna.; 
the in-phase axis labeled ② is the reflection wave between 
the coal seam and the floor,the reflection wave between coal 
seam and floor refers to the electromagnetic waves emitted 
by the transmitting antenna, which enter the formation and 
reflected by the floor. The reflected waves are received by 
the receiving antenna; the in-phase axis labeled ③ is the re-
flection wave at the interface between the coal seam and the 
roof, the reflection wave between coal seam and roof refers 
to the electromagnetic waves emitted by the transmitting an-
tenna, which enter the formation and reflected by the floor. 
The reflected waves are received by the receiving antenna; 
the in-phase axis labeled ④ is the multiple wave inside the 
coal seam,multiple waves between coal seams refer to the 
electromagnetic waves emitted by the transmitting antenna 
entering the formation, encountering the coal seam roof or 
floor to emit reflections, and the reflected waves encoun-
tering the coal seam floor or roof to emit reflections again, 

this reflected wave is received by the receiving antenna 
and belongs to a multiple wave between coal seams; the in-
phase axis labeled ⑤ is the reflection wave generated in the 
goaf,the reflected wave in the goaf refers to the electromag-
netic wave emitted by the transmitting antenna, which enters 
the formation and is reflected when encountering the goaf. 
After reflection, it is received by the receiving antenna. In 
Figure 3(a) and 3(b), the borehole passes through the goaf 
in the coal seam and affects the detection of the coal seam 
top and bottom interface. The direct wave, reflected wave at 
the top and bottom interface, and multiple wave phase axes 
are all truncated by the goaf, and the truncated area cannot 
display the top and bottom interface and multiple waves. 
In the actual detection process of the drilling radar, the 
presence of goaf around the borehole has an impact on the 
detection of the coal rock interface. The results of the 200 
MHz center frequency detection in Figure 3(b) are clearer 
than those of the 100 MHz detection in Figure 3(a).

As presented in Figure 4, the results of detecting the 
goaf in borehole 2 using 100 MHz HFEW are shown in 
Figure 4(a), while those using 200 MHz HFEW are shown 
in Figure 4(b).

(a) (b)
Figure 4. Time Domain Profile of HFEW in Borehole 2. (a) HFEW is 100MHz in Borehole 2. (b) HFEW is 200MHz in 
Borehole 2.

In Figure 4(a) and 4(b), the meanings of each label 
① –⑤ are consistent with those in Figure 3(a). In Figure 
4(a) and 4(b), when there is a goaf in the coal seam and 
the borehole does not pass through the goaf, the goaf still 
has an impact on the detection of the top and bottom inter-
face of the coal seam. The results of the 200 MHz center 
frequency detection in Figure 4(b) are clearer than the in-
phase axis of the 100 MHz detection in Figure 4(a).

In order to further analyze the response characteristics 

of different filling media in the goaf, the filling media in 

the goaf were changed to air, the upper half to air, and the 

lower half to water in the model shown in Figure 2. The 

response was obtained when the borehole distance was 1 m 

from the roof and the center frequency of the HFEW was 

200 MHz, as shown in Figure 5.
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(a) (b)
Figure 5. Time Domain Profile of Response to Changes in Fill Material in Goaf. (a) The Goaf is Filled with Air. (b) 
Half of the Goaf is Water and Half is Air.

The response characteristics of the borehole radar in 
the goaf filled with air in Figure 5(a) are opposite in phase 
to those in Figure 4(a) filled with water, and the bound-
ary position of the goaf (indicated by the square in Figure 
5(a)) is more obvious. The response characteristics of the 
borehole radar in the goaf filled with half air and half water 
in Figure 4(b) are more complex compared to those filled 
with air or water, and the hyperbolic axis marked with ⑤ 
is more complex. At the same time, new reflection axes 
will be superimposed at the interface between water and 
air. In practical applications, the filling material in goaf can 
be analyzed by examining the characteristics of the same 
phase axis.

4.	 Application
A large open-pit mine in Inner Mongolia, China, with 

a long history of coal extraction, faces significant geo-
hazards due to numerous undocumented small goaf zones 

within its 7-meter-thick coal seams. These hidden voids, 
posing critical safety risks, render traditional surface-based 
exploration methods ineffective. To address this challenge, 
directional long boreholes (230-meter depth) were con-
structed along the coal seam from the mining platform. A 
100 MHz high-frequency electromagnetic wave (HFEW) 
system was deployed to detect goaf anomalies within the 
boreholes. The instrument is shown in Figure 6; the pa-
rameters of the instrument is list in Table 2. The instru-
ment is sent into the hole through a drilling rig for detec-
tion. The instrument performs real-time detection inside 
the hole, and the detection data is stored in the instrument. 
Depth markings are made outside the hole. After the mea-
surement is completed, the instrument is lifted to the hole 
mouth, and the data measured inside the instrument is ex-
ported to the hole mouth equipment for matching with the 
depth. The assembly of the instrument during on-site oper-
ation is shown in Figure 7. The raw data profile from this 
investigation is shown in Figure 8.

Figure 6. HFEW Instrument.
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Table 2. The Parameters of the Instrument.

Parameter Names Values
Center frequency 100MHz

Antenna type Dipole antenna
Diameter 50mm
Length 2.7m

Scans/second 10
Bits/sample 16

Samples/scan 512 or 1024 or 2048
Stacking 32

A/D 24
Gain range −12dB ~ 128dB

Figure 7. On Site Assembly Diagram of the Instrument.

Figure 8. HFEW Raw Data Profile of Open-Pit Mine Along Coal Seam Boreholeg Exploration Goaf.

As illustrated in Figure 8, direct identification of goaf 
boundaries from unprocessed data remains ambiguous, ne-
cessitating advanced signal analysis. The data processing 
workflow comprises the following key steps: 

1) Data Pre-processing and Analysis. Perform pre-pro-
cessing and analysis of the data to estimate the signal-to-
noise ratio (SNR) level and identify the primary frequency 
bands of effective energy. This provides a basis for param-
eter selection and evaluation of processing quality in sub-

sequent steps.
2) Estimation of Vector Included Angle Between Ad-

jacent Traces. Improve the accuracy of vector included an-
gle estimation by applying lateral interpolation to adjacent 
borehole radar traces.

3) Multi-Directional Dip Scanning to Derive the “Unit 
Correlation Vector “Conventionally, the amplitude signals 
of direct wave arrivals are extracted laterally, and the “unit 
correlation vector” is obtained by vector summation of 
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multiple adjacent signals. To address potential misalign-
ment of direct wave arrivals, a small angular search range 
is defined. Amplitude signals are extracted along the dip 
direction to ensure the derived “unit correlation vector” 
aligns as closely as possible with the effective signal direc-
tion.

4) Signal-to-Noise Separation. Select appropriate pa-
rameters to perform true amplitude extraction for separat-
ing signals from noise.

5) Vector Angle Smoothing Constraint. Apply smooth-
ing constraints to the vector angles between adjacent traces 
in the true amplitude gather.

6) Quality Control. Evaluate whether the extracted sig-
nals are compromised or degraded during processing.

7) Resampling. Resample the processed data to match 
the original trace’s sampling rate, outputting the noise-sup-
pressed dataset.

After processing with the method, it is shown in Fig-
ure 9.

After processing method described in this article, Fig-
ure 9 shows obvious hyperbolic structural features at a 
depth of about 20 meters and a distance of about 3 meters 
from the borehole. The phase is consistent with that of the 
direct wave, which is a typical structural response feature 
of waterless goaf; After the area was stripped during min-
ing, a waterless goaf approximately 3 meters in diameter 
was revealed at this location, as illustrated in Figure 10, 
confirming the results presented in Figure 9.

Figure 9. HFEW Data Profile After Processing.

Figure 10. Mining Exposure Goaf Photo.
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5.	 Conclusions
This study establishes a numerical model for goaf 

detection in near-horizontal coal mine boreholes using 
high-frequency electromagnetic waves. 

The results demonstrate that when HFEW is deployed 
in parallel horizontal boreholes, the goaf exhibits distinct 
hyperbolic reflection phase-axis signatures. 

Notably, the phase-axis characteristics vary depending 
on the fluid type (e.g., air, water) and saturation state (sat-
urated vs. unsaturated) within the goaf. When the goaf is 
filled with air, the phase of the reflected wave in the goaf is 
the same as that of the direct wave, and multiple waves are 
generated inside the goaf; When there is water in the goaf, 
the phase of the reflected wave in the goaf is opposite to 
that of the direct wave; When the interior of the goaf is di-
vided into water and air, more multiple waves will be gen-
erated.

 These differential phase responses enable High-Fre-
quency Electromagnetic Wave to not only pinpoint goaf 
locations but also characterize fluid properties within the 
voids. Field validation in operational coal mines confirms 
the method’s efficacy, underscoring its potential for en-
hancing goaf detection accuracy and safety in complex 
mining environments.

This method utilizes boreholes in coal mines for ad-
vanced detection, and only requires the HFEW equipment 
to be inserted into the hole. The entire operation process is 
simple, the required time is short, and the cost is not high, 
making it more suitable for promotion and application. 
Field tests in Inner Mongolia demonstrated the system’s ef-
fectiveness, achieving a 15–20-meter radial detection radi-
us per borehole (20 times greater than traditional logging) 
and 40% faster scanning efficiency compared to seismic 
methods. 
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