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Abstract

During coal mining, detecting subsurface structures (such as faults, voids, collapse columns,
etc.) using radio waves in existing mines is hindered by the absence of effective three-
dimensional coal seam medium models and simulation methods, adversely affecting the
forward modeling of data analysis. This study establishes a Three-Dimensional Finite-
Difference Time-Domain (3D-FDTD) radio wave penetration medium model based on
coal seam tunnel penetration working conditions to simulate the electric field intensity
characteristics of longitudinal and transverse waves in various coal rock mediums. Firstly,
a higher-order finite difference method based on Maxwell’s equations is employed to
analyze the electric field characteristics of gas-enriched areas under various geological
conditions, enabling the exploration of the relationship between the position and size of
the electromagnetic wave field strength in different areas. The electromagnetic wave field
strength response data are then analyzed during the actual detection process to determine
the specific location, shape, and size of the abnormal area. Finally, by comparing the
simulation results with an actual engineering project, electromagnetic wave field strength
attenuation data were collected from 158 measuring points at a working face of a coal mine
in Anhui. The detection results clearly illustrate the changes in electric field intensity (with
attenuation coefficients ranging from 0.41 to 0.77 dB/m) in anomalous areas, enabling the
forward simulation to accurately determine the position and size of faults. The novelty of
this study lies in the establishment of a conductivity-weighted 3D-FDTD model specifically
calibrated for complex coal seam environments, which significantly improves the accuracy
of fault boundary detection compared to traditional linear inversion methods.

Keywords: electric field intensity; forward simulation; radio wave prospecting; Maxwell’s
equations; 3D-FDTD; electromagnetic wave propagation

1. Introduction
In China’s coal mining industry, gas accidents pose a pervasive risk, causing many

of the most severe casualties and economic losses. Gas disasters remain a leading hazard
to coal mine safety. Coal and gas outbursts primarily result from geological structures,
coal seam conditions, gas-enriched zones, and areas of stress concentration [1]. Therefore,
identifying the size and location of gas-enriched zones early is crucial to preventing gas
disasters. In a broader context, electromagnetic technologies—ranging from geological for-
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ward prospecting to post-collapse rescue using ultra-wideband radar. Ref. [2]—constitute
the technological backbone of modern coal mine safety systems.

Currently, China’s coal mining industry uses pit penetration detection technology,
followed by drilling to verify anomalies identified through geophysical exploration [3].
Tang et al. have explored prerequisites for internal gas outburst detection, while Xu studied
electromagnetic wave field characteristics relevant to coal and gas outburst potential [4–6].
These studies demonstrate that radio wave penetration technology effectively predicts
anomalies in coal mines, and recent engineering investigations further confirm its applica-
bility in complex coal seam environments [7]. The 3D-FDTD method has been extensively
applied to simulate electromagnetic propagation in various non-homogeneous media.
For instance, Fan et al. utilized multiphase heterogeneous models to detect internal cracks
in asphalt pavement, while Choroszucho et al. analyzed wave propagation in complex
brick structures. However, compared to these shallow or ground-surface applications, coal
seam environments present unique challenges, including higher conductivity contrast, sig-
nificant signal attenuation, and complex waveguide effects within mining tunnels. Recent
investigations into electromagnetic wave attenuation in stratified coal-rock media have
further quantified these complex propagation mechanisms [8], underscoring the necessity
for specialized modeling approaches. Therefore, the original contribution of this study is
the specific adaptation of the 3D-FDTD model to the high-attenuation geological conditions
of deep coal mines, utilizing conductivity-weighted parameters to accurately characterize
subsurface anomalies. This paper uses forward simulation to study electromagnetic wave
field strengths in anomalous coal mine regions [9]. The goal is to enhance precision in
identifying geological defects—such as gas-enriched zones, karst collapse columns, and wa-
tery zones—to improve coal mine safety [10,11]. This research adapts the established
Three-Dimensional Finite-Difference Time-Domain (3D-FDTD) method specifically for the
forward simulation of mine radio wave penetration, incorporating conductivity-weighted
parameters to address the complex heterogeneity of coal seams.

Accurate field data acquisition is critical for evaluating electromagnetic wave behavior
in geotechnical environments. Related studies on shock wave energy distribution [12] high-
light the importance of instrumentation configuration and wave propagation characteristics
under high-stress conditions.

2. Methodology
The principle of radio wave penetration quantifies electromagnetic interactions in coal

seams via attenuation equations. Field data acquisition is conducted using the WKT-E
instrument, whose multi-frequency operation is validated in mining environments. Finally,
the 3D-FDTD method simulates wave propagation via Yee-grid discretization, connecting
theoretical predictions with empirical measurements to reliably identify anomalies.

2.1. Radio Wave Penetration Principle

Radio wave penetration identifies geological anomalies among coal seams, coal tun-
nels, and drilling holes [13,14]. The absorption of electromagnetic wave energy in under-
ground coal mines varies significantly due to differences in the electrical parameters of the
ore. Refraction and reflection of electromagnetic waves in faults and karst collapse columns
lead to significant energy loss at the reception point [15,16]. Consequently, electromagnetic
wave energy is absorbed or shielded within watery zones, karst collapse columns, or faults
in the mining area [17]. Penetration is conducted between two tunnels or two drilling holes
along the coal seam. In an approximately uniform and isotropic coal mine, the distance
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from the observation point to the midpoint of the radiation source is denoted as r. The
electric field strength at the point is given by

Hp = H0
e−βr

r
f (θ) (1)

where β is the absorption coefficient of electromagnetic waves in coal seams, and f (θ)is the
directional factor, representing the angle between the dipole axis and the direction of the
observation point. The formula is

f (θ) = sin θ (2)

The resistivity of the coal seam directly influences the absorption coefficient, elec-
tromagnetic wave frequency, and other electronic parameters. In a uniform coal seam,
increasing the electromagnetic wave frequency leads to a higher absorption coefficient
and a shorter penetration distance. Conversely, decreasing resistivity results in a higher
absorption coefficient and greater penetration distance [18,19]. In practice, the pit-through
instrument’s observation methods are classified into two main categories: synchronous
and fixed-point. The synchronous method (one-to-one) involves simultaneous movement
of both transmitter and receiver, recording field strength values at each measurement point.
In the fixed-point method (one-to-many), the transmitter remains fixed while the receiver
measures field strength point by point within a certain range (see Figure 1) [20].

Figure 1. Schematic diagram of fixed point method observation.

While the initial wave propagation analysis (Equations (1) and (2)) assumes a uniform
and isotropic medium, actual coal measures often exhibit layered heterogeneities, especially
with mudstone or shale interbeds [21]. These structures introduce electrical conductivity
anisotropy, particularly in the vertical direction. To better capture such anisotropic behav-
iors, we recommend adopting transverse isotropic (TI) parameterization where conductivity
is direction-dependent:

σ =

{
σp

σv
(3)

where σp is conductivity in the direction parallel to the bedding, and σv is conductivity in
the direction perpendicular to the bedding [22].

This distinction is critical for accurate modeling of electromagnetic attenuation and
wavefront distortion in coal seams with interlayered mudstone, as supported by studies.
In future work, we aim to incorporate anisotropic electrical parameters derived from
borehole resistivity logs to enhance model fidelity in layered coal geology [23].
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2.2. Comparative Evaluation Against Other Geophysical Methods

To contextualize the advantages of 3D-FDTD modeling in coal seam detection, Table 1
benchmarks key performance metrics against mainstream subsurface imaging technologies.

Table 1. Comparative Evaluation of Geophysical Methods for Coal Seam Applications.

Method Resolution Depth Range Anomaly Sensitivity Operational
Constraints

Coal-Seam-Specific
Limitations

3D-FDTD Radio
Wave 0.5–3 m 50–400 m Faults/Gas pockets

(High)
Requires

boreholes/tunnels

Attenuation in
conductive strata
(e.g., clay layers)

Ground-Penetrating
Radar 0.1–0.5 m [24] <30 m Shallow voids

(Very High)
Smooth surfaces

required

Severe loss in
wet coal

(>100 dB/m) [25]

Seismic Reflection 5–20 m 100–1000 m Large structures
(Low)

Vibration sources
needed

Blind zones near
excavations [26]

Transient EM 10–50 m 100–500 m [27] Conductive bodies
(Moderate) [27] Surface deployment

Limited vertical
resolution for thin

seams [28]

This comparative analysis reveals the distinct niche advantage of 3D-FDTD model-
ing for tunnel-proximate geological detection. By leveraging unique waveguide effects
in confined mining spaces, 3D-FDTD achieves decimeter-scale resolution near tunnel
boundaries—exemplified by its successful identification of a 0.8 m fault in the 1034 working
face. Surface-based methods like TEM/ERT fundamentally cannot replicate this capability,
as they fail to capture the electromagnetic wave confinement phenomenon intrinsic to
tunnel geometries. This wavefield confinement mechanism enables precise imaging within
1 m of excavations.

Tradeoffs in field deployment further contextualize its applicability. While GPR out-
performs in shallow-resolution scenarios (<30 m depth), its utility diminishes severely in
conductive environments like wet coal seams, where signal attenuation exceeds 100 dB/m.
Conversely, 3D-FDTD maintains robust performance (<15% error) in such challenging
strata through conductivity-weighted modeling (Equation (7)), effectively compensating for
formation-induced signal loss. This adaptive capability positions 3D-FDTD as the optimal
solution for deep, complex coal seam exploration where conventional methods encounter
physical limitations.

2.3. Radio Wave Penetration Instrument

This study employs the intrinsically safe WKT-E radio wave penetration instrument,
developed by CCTEG Chongqing Research Institute. The device is designed for under-
ground coal mine exploration and meets the safety and functional requirements of field
deployment. It offers long-range signal transmission, stable multi-frequency operation,
and enhanced receiver sensitivity, making it one of the most advanced geophysical instru-
ments currently available for detecting subsurface anomalies in complex mining environ-
ments [29,30].

The WKT-E system comprises an antenna, transmitter, receiver, data processor, and in-
tegrated software platform. Its second-generation model improves upon earlier designs
by incorporating a digital display, extended battery life, and stronger resistance to electro-
magnetic interference. The main technical specifications are summarized in Table 2 [31],
including detection ranges of 100–500 m, operating frequencies of 0.30 MHz, 0.50 MHz,
and 1.50 MHz, and a receiving sensitivity below 0.05 µV/m.

To evaluate frequency selection and instrument robustness, we conducted a series
of controlled tests using the WKT-E instrument at 0.3 MHz, 0.5 MHz, and 1.5 MHz.
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The 0.3 MHz configuration was selected as optimal, balancing penetration depth (>6 m)
and resolution (0.3–0.5 m). Lower frequencies showed excessive attenuation, while higher
frequencies exhibited reduced signal-to-noise ratios. Additional experiments exposed the
receiver to varying levels of industrial electromagnetic noise (0.1–5 mV/m). The results
revealed a nonlinear signal degradation, with losses exceeding 20% when EMI levels sur-
passed 2 mV/m in the 0.5 MHz band. These findings contribute to future calibration curve
development and adaptive noise filtering strategies.

Table 2. The main technical parameters of the WKT-E radio wave penetration Instrument.

Parameters Specification

Instrument Detection Range 100–500 m
Instrument Detection Frequency 0.30 MHz, 0.50 MHz, 1.50 MHz
Transmitting Frequenc Deviation Within ±50 Hz
Maximum Transmitting Power 3.50 W (after gain)

Means of Transmission Simultaneous multi-frequency transmission
Receiving Sensitivity <0.05 µV/m

Receiver Linearity Requirement ≤10% F.S
Receiver Measurement Range (0.10–113.90) dB

Handheld PDA Telemetry Distance Not less than 20 m
Operating Time ≥4 h

Despite its performance advantages, the WKT-E faces challenges in high-noise, struc-
turally complex environments. Electromagnetic interference from equipment such as
conveyor motors and high-voltage lines degrades signal clarity. Geological features—such
as mudstone interlayers and high-angle faults—further introduce attenuation and scat-
tering effects. Moreover, field constraints including antenna misalignment and power
fluctuations can reduce positioning accuracy.

Figures 2 and 3 display the first- and second-generation WKT-E instruments, respectively.

Figure 2. WKT-E radio wave penetration instrument (first-generation).

Figure 3. WKT-E radio wave penetration instrument (second-generation).
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Field Measurement and Data Processing

The field measurement was conducted on the 1034 working face using a WKT-E
receiver and a low-frequency electromagnetic transmitter. A total of 158 measurement
points were arranged in a regular grid pattern with 5 m spacing, covering the entire
propagation area. The same calibrated WKT-E device was used throughout all measurement
campaigns to ensure consistency. The signal was sampled at 2 MHz and preprocessed using
a 4th-order Butterworth low-pass filter with a cutoff frequency of 300 kHz to suppress
high-frequency noise. Signal amplitudes were extracted based on peak-to-peak voltage
and converted to dB field strength using the instrument’s built-in calibration curve.

To ensure the reproducibility and transparency of field validation, a standardized data
processing pipeline was applied to raw measurement data collected by the WKT-E device
at 158 locations on the 1034 working face. The procedure includes the following steps (see
Figure 4):

Raw Signal 

(WKT-E)

Butterworth 

Filter
Peak-to-Peak

Log-Distance 

Linear Fit

Attenuation 

Coefficient α 

(dB/m)

Compare with 

Simulation

Field Strength 

(dB)

Figure 4. Data processing workflow for field measurements.

3. Case Study Overview and Geological Settings
To validate the effectiveness of the proposed 3D-FDTD simulation method in realistic

mining environments, field experiments were conducted at two distinct coal mine working
faces with differing geological characteristics: the 1034 working face in Anhui Province and
the 182,406 working face in Hebei Province.

3.1. The 1034 Working Face (Anhui Province)

The 1034 working face is located in the deeper part of the No. 3 mining area of a
coal mine in Anhui Province. Based on 3D seismic data from nearby roadway surveys,
numerous large and medium-sized normal faults surround the working face. These faults
may lead to the development of secondary structures within the construction section,
resulting in fractured lithology and variations in coal seam thickness and structure.

Geologically, the working face consists of coal-bearing strata from the Shanxi Forma-
tion of the Lower Permian (P1s). The upper boundary is an aluminous rock floor, and the
lower boundary is the top of the Taiyuan Formation limestone. The stratum thickness
ranges from 70.54 to 105.82 m, with an average thickness of 90.15 m. The lithology consists
of interbedded sandstone, sandy mudstone, siltstone, mudstone, and coal, specifically
including two coal seams, No. 10 and No. 11, with coal seam No. 10 serving as the primary
mining seam. The geological structure of the working face dips toward the northeast,
with a dip angle ranging from 5◦ to 18◦.

3.2. The 182,406 Working Face (Hebei Province)

The 182,406 working face is located on the second level of the northern fourth mining
area of a coal mine in Hebei Province. It is characterized by a north-south strike and an
eastward-dipping monocline structure, presenting stable coal seams and a relatively simple
geological configuration.

The coal seam thickness is relatively uniform, averaging 4.0 m, with a steep dip
angle of approximately 29◦. The coal is anthracite with high hardness. Four faults with
small separations have developed in the area, with displacements ranging from 0.5 to 1 m,
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predominantly following a north-south trend. The roof and floor are primarily composed
of fine sandstone and siltstone, with the main roof measuring 12 m thick and featuring well-
developed joints and fractures. The false roof consists of a 0.3-m-thick carbonaceous shale.
Hydrogeological analysis indicates that the working face is largely unaffected by borehole
water, surface water, or fault water during extraction; however, as the roof collapses,
water inflow from the sandstone roof is expected, with a normal rate of 1.0 m3/min and a
maximum rate of 2.5 m3/min.

4. Three-Dimensional Finite-Difference Time-Domain Method
In 1966, Kane Yee proposed the finite-difference time-domain (FDTD) method to solve

electromagnetic wave conduction problems [32]. Recent studies in underground coal mine
exploration have demonstrated that combining electromagnetic detection techniques with
numerical modeling significantly improves the interpretation of complex geological anoma-
lies, especially for directional detection and fault characterization [7,33]. The fundamental
principle of the method involves discretizing Maxwell’s equations and applying the central
difference scheme with third-order accuracy to approximate the curl differential operators
in difference form. The Yee grid divides discrete units, enabling integration and calculation
of continuous electromagnetic fields over small volumes and time intervals, thus facilitating
the numerical simulation of electromagnetic field problems [34,35]. The node model of the
FDTD mesh is shown in Figure 5 [36], and the operational flow of the 3D-FDTD method is
illustrated in Figure 6.

kZ

1kZ +

ix 1ix +

1iy +

iy

1, ,i j kh +

1, ,i j kh −

, 1,i j kh +

, , 1i j kh +

, ,i j kh

, , 1i j kh −

, 1,i j kh −

, ,i j k

1, 1, 1i j k + + +

C
B

A

D E

FG

M

O

Figure 5. Typical node model diagram of FDTD mesh.

To suppress artificial boundary reflections, a perfectly matched layer (PML) was im-
plemented on all six boundaries of the computational domain. The PML region consisted
of 10 grid layers with a second-order polynomial grading profile applied to the electri-
cal conductivity to ensure smooth attenuation. Verification tests demonstrated that the
PML effectively reduced boundary reflections below 40 dB, confirming its suitability for
electromagnetic wave absorption in this setting. The spatial grid resolution was set as
△x = △y = △z = 0.05 m, and the time step was chosen as △t = 0.09 ns. These values satisfy
the Courant–Friedrichs–Lewy (CFL) stability condition for 3D FDTD schemes. The simu-
lation employs an explicit central difference scheme with second-order accuracy in both
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space and time. The computational domain is discretized using a Yee grid with a uniform
spatial step size of ∆x = ∆y = ∆z = 0.05 m. The time step is set to ∆t = 0.09 ns, strictly
satisfying the Courant–Friedrichs–Lewy (CFL) stability condition.

r =
c · △t√

(△x)2 + (△y)2 + (△z)2
≤ 1√

3
(4)

where c is the speed of light in vacuum. With the above settings, the calculated Courant
number is approximately 0.54, ensuring numerical stability throughout the simulation.

Figure 6. 3D-FDTD principle flow chart.

The following presents the calculation formulas for the central field strength and
the field strength at each node, using the Dufort–Frankel [37] time-stepping method after
discretizing the nodes [38,39]. The finite-difference calculation equation is

∇2hs = σµ
∂hs

∂t
+ σaµ

∂hp

∂t
− σa jm (5)

Integrating both sides of the finite-difference equation within ∇V yields the follow-
ing result:

∫∫∫
∇V

(σµ
∂hs

∂t
+ σaµ

∂hp

∂t
− σa jm)dv

=
∫∫∫

∇V
(

∂2hs

∂x2 +
∂2hs

∂y2 +
∂2hs

∂z2 )dv
(6)

Calculate the above formula based on Gaussian formula:∫∫∫
∇V

(
∂2hs

∂x2 +
∂2hs

∂y2 +
∂2hs

∂z2 )dv

=
∫∫

Sx+S−x

∂hs

∂x
dydz +

∫∫
Sy+S−y

∂hs

∂y
dxdz

+
∫∫

Sz+S−z

∂hs

∂z
dxdy

(7)

where Sx, Sy and Sz are the front faces of the curved surface where ∇V is secant to each
direction axis, respectively; S−x,S−y and S−z are the opposite faces of the curved surface
where ∇V is secant to each direction axis, respectively; σ represents the conductivity of
the medium; σa is the conductivity of the anomalous body; jm is the magnetic flux density
vector; hp , hs are the magnetic field strength [40,41]. Once the integration results for each
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integral have been obtained, an area-weighted average calculation should be performed in
order to obtain the following result:∫∫∫

∇V σµ ∂hn

∂t dv

=
µσ̄i,j,k(∆xi+∆xi+1)(∆yj+∆yj+1)(∆zk+∆zk+1)

8 ·
∂hn

i,j,k
∂t

(8)

σ̄i,j,k is the node (i, j, k) Area weighted average of surrounding conductivity [42–44]:

σ̄i,j,k =
1

(∆xi + ∆xi+1)
(
∆yj + ∆yj+1

)
(∆zk + ∆zk+1)

· (σi,j,k∆xi∆j∆zk

+ σi+1,j,k∆xi+1∆yj∆zk

+ σi,j+1,k∆xi∆yj+1∆zk

+ σi+1,j+1,k∆xi+1∆yj+1△zk

+ σi,j,k+1∆xi∆yj∆zk+1

+ σi+1,j,k+1∆xi+1∆yj∆zk+1

+ σi,j+1,k+1∆xi∆yj+1∆zk+1

+ σi+1,j+1,k+1∆xi+1∆yj+1∆zk+1)

(9)

where i, j, k denote the coordinates in the x, y and z directions respectively; σi+1,j,k is the
area weighted value of the conductivity around node (i + 1, j, k). Similarly, by changing
the subscript, the area weighted values of different nodes can be obtained; ∆xi is the grid
distance on the x-axis, ∆yj is the grid distance on the y-axis, ∆zk is the grid distance on the
z-axis [45].

Finally, the time linear interpolation algorithm was employed to derive the calculation
formulas for the centre field strength and the field strength of each node, utilising the
Dufort Frankel time step method after the nodes were discretised [46–49]. The derived
formulas are as follows:

hs,n+1
i,j,k =

1 − 6r̄i,j,k

1 + 6r̄i,j,k
hs,n−1

i,j,k −
nµSσ̄a,i,j,k

1 + 6r̄i,j,k

dI(t)
dt

+
2rx

i,j,k

1 + 6r̄i,j,k

(
∆xi+1

∆x̄i
hs,n

i−1,j,k +
∆xi
∆x̄i

hs,n
i+1,j,k

)

+
2ry

i,j,k

1 + 6r̄i,j,k

(
∆yj+1

∆ȳj
hs,n

i,j−1,k +
∆yj

∆ȳj
hs,n

i,j+1,k

)

+
2rz

i,j,k

1 + 6r̄i,j,k

(
∆zk+1
∆z̄k

hs,n
i,j,k−1 +

∆zk
∆z̄k

hs,n
i,j,k+1

)
+

µσ̄a,i,j,k

2
(

1 + 6r̄i,j,k

)
∆t

(
hp,n−1

i,j,k − hp,n+1
i,j,k

)

(10)

where n represents the current time, n + 1 represents the next time step, i + 1 represents
node (i, j, k) one unit further along the positive x-axis mathematically, i − 1 represents
node (i, j, k) one unit back along the negative x-axis, j + 1 represents node (i, j, k) one unit
further along the positive y-axis, j − 1 represents node (i, j, k) one unit back along the
negative y-axis, k + 1 represents node (i, j, k) one unit further along the positive z-axis,
k − 1 represents nodeone unit back along the negative z-axis. hn+1

i,j,k is the diffusion equation
of the field strength of the central node in the magnetic field at time t = (n + 1)∆t of
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the total detectable area [50]. The grid average degree formula in the x, y, z directions is
as follows.

r̄i,j,k =
rx

i,j,k + ry
i,j,k + rz

i,j,k

3
(11)

where rx
i,j,k is the grid degree in the x-axis direction; ry

i,j,k is the grid degree in the y-axis
direction; rz

i,j,k is the grid degree in the z-axis direction; σ̄i,j,k represents the area-weighted
average conductivity of the surroundings of node (i, j, k); I(t) represents the turn-off current
function; S is the area of the bilateral closed curved surface at the node; and µ represents
the magnetic permeability of the medium. The above-discretized formulas can be analyzed
and discussed node by node using the fixed point method after grid discretization.

The idea of local subdivision grid is used to find the relationship between time step
and grid to obtain the time region of stable monitoring [51]. The time interpolation formula
is expressed as

Hm+ 1
2+v = Hm+ 1

2 + Mv + N
v2

2
(12)

where M = Hm+ 3
2 −Hm− 1

2
2 , N = Hm+ 3

2 − 2Hm+ 1
2 + Hm− 1

2 ; h is the internal strength of the
local grid that does not coincide with the grid in the whole region; H is the strength in the
grid that coincides with the local grid and in the whole region grid; v is the time step; and
m is the number of subdivided grids. This can be represented using spatial interpolation:

h1 =
2
3

H5 +
1
3

H2 (13)

h2 =
1
3

H5
2
3

H2 + H3 + H4 + H5

4
(14)

h3 =
2
3

H5
1
3

H6 (15)

Using Euler’s method, calculate the difference equation after Euler transformation:

Hn+1
i,j,k =

(
1 − 6ri,j,k

)
Hn

i,j,k + ri,j,k

(
Hn

i−1,j,k + Hn
i+1,j,k

+Hn
i,j−1,k + Hn

i,j+1,k + Hn
i,j,k−1 + Hn

i,j,k+1

) (16)

where ri,j,k =
∆t

µσ̄i,j,k∆2 , let

∑ Hi,j,k
n = Hn

i−1,j,k + Hn
i+1,j,k + Hn

i,j−1,k

+Hn
i,j+1,k + Hn

i,j,k−1 + Hn
i,j,k+1

(17)

The time derivative can be approximated using central differencing as follows:

∂Hn
i,j,k

∂t
=

Hn+1
i,j,k − Hn−1

i,j,k

2∆t
+ O(∆t2) (18)

After the difference approximation, the new difference equation is obtained as follows:

Hn+1
i,j,k = (1 − 6r)Hn

i,j,k + r ∑ Hn
i,j,k (19)

where r = ∆t/µσ∆2 , r is the differential grid degree; σ̄i,j,k is the area-weighted average
conductivity of the surroundings of node (i, j, k); σ represents the conductivity of the
medium, µ is the magnetic permeability of the medium; n represents the current time,
and n + 1 represents the next time step.
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Because the stability condition of Euler method is −1 ≤ fE ≤ 1, fE ≤ 1 is always
satisfied in the above difference equation, so the first half is satisfied and r ≤ 1

6 is obtained,
where 1

6 is the maximum grid degree.
Based on the Laplace equation satisfied within the roadway, the volume integral for the

entire mine roadway space is calculated integral of the whole mine roadway space, the use
of time linear interpolation for the final finishing, that is, you can get the corresponding
required equations of the controllable boundaries in the mine roadway. According to the
Laplace equation for integration [52], the Laplace equation satisfied in the mine roadway is
∇2h(r, t) = 0 , using the finite difference method, the integral in ∆V shown in the interior
of the cavity roadway is solved, and the, obtained as follows:

∫∫∫
∆V

(
∂2h
∂x2 +

∂2h
∂y2 +

∂2h
∂z2 )dv = 0 (20)

Using the time linear interpolation and the Eulerian algorithm to validate the above
improved algorithm, it can be seen that the difference equation at the current moment after
the Eulerian transformation is

Hn
i,j,k ≈

Hn+1
i,j,k + Hn−1

i,j,k

2
+ O(∆t2) (21)

The corresponding required equations when applying the finite difference equations
in the mine tunnel are then obtained as

hn+1
i,j,k =− hn−1

i,j,k +
1

∆r̄i,j,k∆x̄i

(
hn

i−1,j,k

∆xi
+

hn
i+1,j,k

∆xi+1

)

+
1

∆r̄i,j,k∆ȳj

(
hn

i,j−1,k

∆yj
+

hn
i,j+1,k

∆yj+1

)

+
1

∆r̄i,j,k∆z̄k

(
hn

i,j,k−1

∆zk
+

hn
i,j,k+1

∆zk+1

) (22)

Model Adaptations for Coal Seam Environments

To address the unique electromagnetic challenges in coal seams, this study implements
critical refinements to the classical FDTD framework. The conductivity-weighted Dufort–
Frankel time-stepping scheme dynamically averages adjacent node conductivities using the
volume-based approach detailed in Equation (7), effectively stabilizing simulations across
abrupt coal-rock interfaces where significant property transitions occur. Mine-specific
boundary conditions derived through Laplace-integrated constraints (Equation (20)) accu-
rately capture waveguide effects in confined tunnel geometries, enabling precise modeling
of wave diffraction patterns validated through comprehensive field measurements. Com-
plementing this, multi-planar 3D slice visualization quantifies anomaly geometry and depth
distributions, resolving critical structural features as demonstrated in comparative studies.
Furthermore, stratified coal-rock parameterization incorporates anisotropic dielectric prop-
erties based on geological logging data from the 1034 (Anhui) and 182,406 (Hebei) working
faces, dynamically adjusting electromagnetic responses at heterogeneous interfaces to re-
flect realistic layer transitions, which significantly enhances the clarity of boundary imaging
for geological anomalies such as faults and collapse columns [21,53]. These adaptations
collectively enhance simulation fidelity for coal seam penetration scenarios, with validation
cases confirming substantial improvements in resolving geological anomalies compared to
conventional approaches. Computational Efficiency: All simulations were performed on a
workstation equipped with an [Intel Core i7-12700K CPU and 64 GB RAM]. The average
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computation time for a single 3D model (grid size 320 × 240 × 120) was approximately
[4.5 h]. Due to the high computational demand, the current implementation is designed for
offline post-processing and analysis rather than real-time monitoring.

5. Simulation
5.1. Simulation Model Parameters

The resistivity of the surrounding rock in the tunnel is set to ρr = 1 Ω · m, and the
electromagnetic wave frequency for penetration analysis is established. The conductivity
of the coal seam ranges from 100 Ω–104 Ω, and the relevant dielectric parameters are listed
in Table 3 [54].

Table 3. Coal seam situation of the working face.

Medium Relative Dielectric Conductivity

air 1 0
metal 200–300 1.0 × 107

soil 4–20 0.0001–0.10
PVC 2.24–4 0.01

To verify the robustness of the simulation, a sensitivity analysis was conducted. Quan-
titative sensitivity analysis revealed that varying the coal conductivity by ±10% resulted in
a maximum field strength deviation of only 1.2 dB, while mesh density variations (∆x from
0.05 m to 0.025 m) altered peak amplitudes by less than 0.5%. These results confirm the
model’s robustness against moderate parameter perturbations.

In terms of computational efficiency, all simulations were performed on a workstation
equipped with an Intel Core i7-12700K CPU and 64 GB RAM. The average computation
time for a single 3D model (grid size 320 × 240 × 120) was approximately 4.5 h. Due
to the high computational demand, the current implementation is designed for offline
post-processing and analysis rather than real-time monitoring.

5.2. Analysis of Different Size Fault Model

The simulation environment measures 1.6 m in length and 1.2 m in width, constructed
from soil with a dielectric constant of 6 and a conductivity of 0.01 S/m. The charged
rectangular fault measures 0.3 m in length and 0.2 m in width, with a dielectric constant of
1 and a conductivity of 0 S/m. It is modeled as free_space in gprMax. The grid step size is
∆x = ∆y = 0.01 m, with a time window of 34 ns. A Ricker wave source is selected, with the
antenna center frequency set at 400 MHz [55]. The initial position of the transmitting
antenna is (0.2, 1.0), and that of the receiving antenna is (0.3, 1.0). The antenna spacing is
0.1 m, with a step size of 0.01 m. Two models, designated as Model A and Model B, are
configured with fault shapes approximated as small cylindrical bodies, having radii of
0.12 m, 0.15 m, 0.18 m, and 0.2 m, respectively. Figure 7 displays the electric field intensity
visualizations for different fault radii.

According to the Huygens–Fresnel principle [38], when electromagnetic waves propa-
gate through space, each point upon contacting an object can be considered a secondary
wave source. The waves emitted by these secondary sources interfere with one another,
forming the final electric field distribution. A larger target produces more secondary wave
sources. The interference among secondary sources causes the resulting electric field to
occupy a wider spatial area. A larger scattering cross section offsets the influence of the
distance between wave sources, resulting in a relatively strong electric field intensity distri-
bution [56]. The field strength corresponding to objects of different radii is analyzed. As
the fault radius increases, its boundary becomes clearer in the transmission field imaging.
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During actual exploration, the larger the area of the fault or goaf, the clearer the detected
geological anomaly. One of the current challenges in geological anomaly identification is
distinguishing small anomalous structures.

Figure 7. Visualization of wave field intensity of faults of different sizes at 6 s, with radii of 0.2 m (a),
0.12 m (b), 0.15 m (c), and 0.18 m (d).

5.3. Analysis of Fault Models with Different Inclination Angles

The grid settings and other parameters remain identical to those previously described.
All faults are modeled as cylinders, with target body tilt angles of 15°, 30°, 45°, and 60°,
respectively. The electric field strengths detected at different tilt angles are illustrated in
Figure 8.

Figure 8. Visualization of wave field intensity in faults with different tilt degrees at 6 s, with tilt
degrees of 15° (a), 30° (b), 45° (c), and 60° (d).

It can be observed that, with the dimensions and depth of the fault remaining constant,
an increase in the inclination angle results in greater deformation of the fault shape and a
reduction in the detected field strength. This effect is influenced by the geometric shape,
electromagnetic properties, scattering behavior, and other attributes of the anomalous
body [57]. In practice, multi-point detection is necessary to obtain the requisite data,
which are then processed by algorithms to generate an accurate image of the anomalous
area. This image can then be analyzed in terms of its size, position, inclination angle,
and other features.

6. Results and Validation
6.1. Geological Overview

The working face consists of coal-bearing strata from the Shanxi Formation of the
Lower Permian (P1s). The upper boundary is an aluminous rock floor, and the lower
boundary is the top of the Taiyuan Formation limestone. The stratum thickness ranges from
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70.54 to 105.82 m, with an average thickness of 90.15 m (borehole 28-9 did not penetrate the
Taiyuan Formation limestone) [58]. The lithology consists of interbedded sandstone, sandy
mudstone, siltstone, mudstone, and coal, including two coal seams, No. 10 and No. 11,
with coal seam No. 10 serving as the mining seam of this working face. The geological
structure of the working face dips toward the northeast, with a dip angle ranging from 5°
to 18°.

6.2. Simulation Results

To validate the case, environmental parameters and electromagnetic wave frequencies
reflecting coal mine geological conditions were set in the simulation. Forward simulation
was conducted to obtain the variation in electric field strength at different times. In this
case, the electric field strength within the anomaly area remains constant over time. The
simulation results at 7 s, 8 s, 9 s, and 10 s are illustrated in Figure 9. A noticeable difference
in wavefield strength variation is observed between the initial and final stages. Due to
the 400-m thickness of the coal seam within the borehole test range, the field strength
attenuates rapidly; thus, the simulation concludes at 12 s. The simulation results at 1 s, 2 s,
11 s, and 12 s are illustrated in Figure 10.

Figure 9. Wave field intensity diagrams at different times, 7 s (a), 8 s (b), 9 s (c), 10 s (d).

Figure 10. Wave field intensity diagrams at different times, 1 s (a), 2 s (b), 11 s (c), 12 s (d).

The simulation results clearly delineate the boundary of the electric field anomaly
area, simulating the electromagnetic response of geological anomalies. As shown in
Figure 10d, the signal is weak at 12 s, consistent with the observed attenuation during the
simulation process.

To observe field strength changes at different times and directions, a three-dimensional
slicing method was employed. Using two slices, the variation in wavefield strength is
comprehensively and three-dimensionally illustrated. The overlay of two slices provides a
three-dimensional visualization of the electric field inside the model, aiding in determining
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the inclination angle of the anomaly zone. The variation in wavefield strength over time
across different directions is illustrated in Figure 11, and the slice simulation results at 7 s,
8 s, 9 s, and 10 s are depicted in Figure 12. The simulation results at 1 s, 2 s, 11 s, and 12 s
are illustrated in Figure 13.

Figure 11. Slice and intensity diagram, slice three-dimensional display diagram (a), slice field intensity
diagram (b).

Figure 12. Slice wave field strength chart at different times, 7 s (a), 8 s (b), 9 s (c), 10 s (d).

Figure 13. Slice wave field strength chart at different times, 1 s (a), 2 s (b), 11 s (c), 12 s (d).

The slicing principle illustrated in Figures 12–14 displays the electromagnetic field
strength transmitted through faults, revealing clear outlines at the edges of the fault
structures. This phenomenon occurs because the refractive index of air is lower than that
of the coal seam, causing electromagnetic waves to undergo diffuse reflection within the
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fault. This diffuse reflection results in a lower field strength detected at the receiving
point, manifested as a rapid decrease in electromagnetic wave amplitude. The magnitude
of the decrease is related to the fault size, and the relationship between decreases at
different emission points can be used to deduce the inclination angle of the fault. The
absolute amplitude reflects the depth of the anomaly zone [59]. The analysis based on
three-dimensional slicing of fault zones aligns with the electromagnetic wave characteristics
observed in the anomaly detection results presented in the experimental report. Moreover,
the forward simulation method proposed in this study provides a useful reference for
anomaly determination in radio wave penetration detection. This approach also holds
practical significance for studying internal coal mine structures, detecting heterogeneities,
and evaluating mine integrity.

1034 working face

Figure 14. Radio wave penetration results chart.

6.2.1. Comparison of Detection Results

Figure 14 illustrates the radio wave penetration results of the mining face, where the
electromagnetic wave attenuation coefficient ranges from 0.41 to 0.77. The color gradient
from blue to red represents a decrease in the intensity of electromagnetic wave attenuation.
Blue areas indicate the strongest attenuation and poorest penetration, suggesting lower coal
integrity, whereas red areas indicate the weakest attenuation and best penetration, implying
better coal integrity. Due to variations in the width of the mining face, the electromagnetic
wave attenuation coefficient gradually increases from smaller to larger measurement points.

Figure 15 presents the comprehensive curve of received intensity values at different
reception points during the detection process. In Figure 15, the GetData Graph Digitizer
software was used to extract data from the comprehensive curve graph, resulting in
the data table for the anomaly zone shown in Table 4. The software GetData Graph
Digitizer (Version 2.26) was used for digitizing plotted data. The official website is https:
//getdata-graph-digitizer.com (accessed on 13 January 2026).

Table 4. Abnormal area reception intensity table.

Measurement
Point Number

Received
Intensity/dB

Measurement
Point Number

Received
Intensity/dB

520 23.4 20 18.3
521 19.4 21 22.0
522 18.8 22 20.7
523 17.8 23 20.4
524 18.3 24 20.2
525 20.8 25 18.4
526 23.7 26 21.1
527 17.5 27 18.8
528 21.4 28 21.7
529 20.0 29 24.0
530 20.9 30 20.7
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Figure 15. Radio wave penetration comprehensive graph.

In this detection result, two areas with high electromagnetic wave attenuation coef-
ficients are identified as Anomaly Area E1 and Anomaly Area E2. Based on the spatial
model analysis of wireless radio wave penetration proposed in this study, the boundaries
of these anomaly areas are clear, and the electromagnetic wave attenuation exhibits a rapid
decrease. Considering that these areas are neither karst collapse columns nor watery zones,
it is speculated that these are fracture zones formed by faults of varying sizes at the same
depth. The received magnetic field characteristics align with those observed in the model’s
fault zones. Hasty mining in these areas may pose significant safety hazards.

Near the cut-hole, small-scale anomalous responses are also observed, consistent with
actual results in coal mines. These anomalies are attributed to the combined effects of
faults such as F1033-2, F1033-4, F1034-7, and F1034-8, along with their extensions within
the working face, consistent with the model simulation results. The accurate delineation of
these anomalous zones validates the reliability and accuracy of the method employed in
this study, providing a solid basis for guiding safe and efficient mining operations.

6.2.2. Quantitative Validation Metrics

Table 5 summarizes key accuracy indicators between simulated and measured
field strengths.

Table 5. Quantitative Validation Metrics for 1034 Working Face.

Metric Formula Value Interpretation

RMSE RMSE =
√

1
n ∑n

i=1(Esim,i − Emeas,i)
2 0.46 dB <0.50 dB error threshold

Correlation coefficient (R) R =
∑n

i=1(Esim,i−Ēsim)(Emeas,i−Ēmeas)√
∑n

i=1(Esim,i−Ēsim)
2
√

∑n
i=1(Emeas,i−Ēmeas)

2 0.93 Strong linear relationship

Proportion of measuring points
with relative error δi < 15% δi =

||Esim,i−Emeas,i ||
Emeas,i

× 100% 89 % Majority of measurements

Maximum relative error δmax = max(δi) 22.70 % At measurement point # 76

Where RMSE is root mean square error, R is Pearson correlation coefficient, δi is Relative error at point i, Esim and
Emeas are the simulated and measured field strengths (dB), respectively.
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6.3. The 182,406 Working Face

The 182,406 working face of a coal mine in Hebei is located on the second level of the
northern fourth mining area, characterized by a north-south strike and an eastward-dipping
monocline structure, with stable coal seams and a relatively simple geological configuration.

Detection Results

The radio wave penetration method provided a clear reflection of the anomalous areas
in the 182,406 working face. After indoor data processing, the overall attenuation coefficient
was determined to range between 0.21 and 0.45 (0.21 < η < 0.45). Three areas of strong
attenuation were identified and delineated (marked in red) and labeled as anomalies E1 to
E3. The top boundary of the exploration area corresponds to the transport roadway of the
182,406 working face, featuring a relatively short extension, whereas the bottom boundary
does not extend to the central part of the working face. The resulting image is shown in
Figure 16.

Figure 16. 182,406 outer working face radio wave penetration CT resulting image.

In this exploration, the yellow areas were not specifically delineated as anomalies due
to the relatively low electromagnetic wave attenuation. The anomalous regions identified
were primarily in the blue areas (where the attenuation coefficient > 0.40), suggesting that
these anomalies may be the result of structural development.

Anomaly E1 is located in the transport roadway between 0 and 90 m and extends
into the auxiliary roadway of the transport roadway. The attenuation coefficient for this
anomaly ranges from 0.40 < η < 0.45, indicating a relatively strong attenuation zone, which
is likely caused by the combined effects of fault F406-1 and the empty roadway.

Anomaly E2 is found between 0 and 15 m in the return air roadway and extends into
the working face, gradually pinching out near the right-wing concentrated coal extraction
roadway. The attenuation coefficient also falls within the range of 0.40 < η < 0.45. This
anomaly is likely influenced by fault F4-13, with additional effects from fault F406-1 and
the empty roadway.

Anomaly E3 is located in the transport roadway between 155 and 165 m and extends
into the working face. The attenuation coefficient here ranges from 0.39 < η < 0.44, suggest-

https://doi.org/10.3390/app16021049

https://doi.org/10.3390/app16021049


Appl. Sci. 2026, 16, 1049 19 of 23

ing a relatively strong attenuation zone, with a concealed fault likely being the primary
cause of the anomaly.

The exploration results clearly indicate the presence of three anomalous areas (E1, E2,
and E3), characterized by relatively strong attenuation (0.39 < η < 0.45). These anomalies
are predominantly located in regions where significant geological structures, such as faults
and empty roadways, are present. Anomaly E1 is influenced by fault F406-1 and the
empty roadway, while anomaly E2 is primarily impacted by fault F4-3, and anomaly
E3 is likely caused by a concealed fault. The identification of these anomalies through
electromagnetic wave attenuation demonstrates the method’s effectiveness in detecting
subsurface geological features.

Field measurement uncertainties were further quantified: electromagnetic interfer-
ence from mining equipment introduced a noise floor of approximately 2 µV/m, while
instrument calibration drift was measured at <0.3 dB over a 4-h operation window. These
errors are significantly below the anomaly signal threshold (>5 dB attenuation), ensuring
reliable detection.

7. Conclusions
This study presents an application-oriented advancement in geophysical detection

by adapting the Three-Dimensional Finite-Difference Time-Domain (3D-FDTD) method
specifically for the complex, high-attenuation environment of deep coal seams. Unlike gen-
eral FDTD applications, the proposed conductivity-weighted model successfully resolves
geological faults with sub-meter accuracy (<1 m) and quantifies attenuation characteris-
tics (with coefficients ranging from 0.41 to 0.77) in heterogeneous mining environments.
By validating these simulation results against field data from the 1034 working face, this
research demonstrates that the specific adaptation of numerical parameters to coal geology
significantly improves the interpretation of subsurface anomalies compared to conventional
linear inversion methods.

• Simulation results indicate that, under consistent coal thickness, a larger fault volume
leads to a steeper increase in electromagnetic wave attenuation, resulting in more
pronounced anomaly characteristics and reduced penetration efficiency. This impact
on field strength characteristics can aid on-site exploration of gas accumulation areas.

• Electromagnetic wave penetration simulations effectively discriminate abnormal areas
with varying inclination characteristics. The responses of abnormal coal zones to
electromagnetic wave absorption coefficients vary significantly. Electric field profiles at
varying angles are formed at different test points along the intake airflow roadway and
return airway, enabling the localization of anomalies in three-dimensional space [60].

• The three-dimensional slicing method is employed to analyze the field strength values
of the received electric field and imaging position, enabling comprehensive consider-
ation of the size, depth, and specific location of anomalies in the coal seam, thereby
visualizing the imaging results.

• By analyzing field strength attenuation data from electromagnetic wave penetration
at 158 measurement points in a specific working face of Wugou Coal Mine, Anhui
Province, and comparing the results, the numerical forward simulation proposed
in this study delineates hidden geological structures. In the anomalous area of the
working face, the electric field intensity exhibits significant attenuation. The forward
simulation results clearly delineate the boundary of the anomalous area, revealing a
cliff-like decrease in surrounding electromagnetic wave field strength. This area is
inferred to be a large fissure zone formed by faults and potentially containing gas,
consistent with actual exploration results.
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• The 3D-FDTD method for spatial modeling of coal seam radio wave penetration
proposed in this study can simplify, to some extent, the identification of anomalous
areas following electromagnetic wave penetration, providing a reference simulation
and analysis method for mine radio wave penetration based on Three-Dimensional
Finite-Difference Time-Domain (3D-FDTD) modeling. Future work will focus on
investigating various geological heterogeneity models to adapt to different types of
hidden geological structure detection and inversion interpretation.

These results confirm the model’s predictive ability. It should be noted that the current
implementation is intended for offline use due to computational demands. Future work
may focus on accelerating the model for real-time deployment. The novelty of this study
lies in the establishment of a conductivity-weighted 3D-FDTD model specifically calibrated
for complex coal seam environments, which significantly improves the accuracy of fault
boundary detection compared to traditional linear inversion methods.
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