% applied sciences

Article

Electromagnetic Response Characteristics and Applications of
Numerical Simulation of Geoelectricity in Water-Rich Areas

of Mines

Yunlan He 1, Kexin Li 2*(, Suping Peng !, Xikai Wang 2, Zibo Tian ? and Lulu Fang 3

check for
updates

Academic Editor: Dibyendu Sarkar

Received: 13 October 2025
Revised: 21 November 2025
Accepted: 24 November 2025
Published: 27 November 2025

Citation: He, Y.;Li,K.;Peng,S.;
Wang, X.; Tian, Z.; Fang, L.
Electromagnetic Response
Characteristics and Applications of
Numerical Simulation of
Geoelectricity in Water-Rich Areas of
Mines. Appl. Sci. 2025, 15, 12566.
https://doi.org/10.3390/
app152312566

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

State Key Laboratory for Fine Exploration and Intelligent Development of Coal Resources, China University
of Mining and Technology (Beijing), Beijing 100083, China; 201806@cumtb.edu.cn (Y.H.)

College of Geoscience and Surveying Engineering, China University of Mining and Technology (Beijing),
Beijing 100083, China

Beijing Urban Construction Exploration & Surveying Design Research Institute Co., Ltd.,

Beijing 100101, China

*  Correspondence: bqt2400202027@student.cumtb.edu.cn

Abstract

Mine water inrush remains one of the major hazards threatening the safety of coal mining
operations. To assess the feasibility of integrating transient electromagnetic (TEM) and
direct-current (DC) methods for advanced detection in underground settings, a three-
dimensional geoelectric forward model for both techniques was developed in COMSOL
Multiphysics based on the fundamental principles of electromagnetic prospecting. The
model was used to examine the electromagnetic responses of water-rich anomalies sur-
rounding mine roadways under different source configurations and spatial positions. Com-
parative analyses show that both DC and TEM methods effectively detect water-bearing
targets within 40 m of the roadway, whereas TEM exhibits superior sensitivity at greater
distances. TEM achieves its highest sensitivity when the anomaly is located within an az-
imuthal range of 30-45°. The characteristic response patterns derived from the simulations
were applied to interpret field data acquired at the Tashan Coal Mine. The interpretation
successfully delineated the presence and orientation of the water-bearing body ahead of
the excavation face, and subsequent underground drilling verified the accuracy of the
predictions. These findings demonstrate that COMSOL-based electromagnetic forward
modeling provides a reliable framework for interpreting advanced geophysical detection
data and is feasible for practical applications in mine water-inrush hazard assessment.

Keywords: water-rich area; COMSOL; direct-current method; transient electromagnetic
method; forward modeling

1. Introduction

As the depth of intelligent coal mining in China continues to increase, mine water
inrush accidents have become one of the primary hazards threatening miners’ lives and
safe production [1-3]. Consequently, determining the location of water-rich zones ahead
of the mining face has become a crucial task in ensuring coal mine safety [4]. Due to the
high salinity and low resistivity of mine water, the spatial distribution of water-bearing
anomalies can be detected non-invasively using geophysical techniques. Methods such as
seismic exploration, transient electromagnetic (TEM) surveys, direct-current (DC) resistivity,
ground-penetrating radar (GPR), induced polarization, and infrared thermography utilize
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these contrasts in physical properties to image subsurface structures [5-9]. Among these,
the DC and TEM methods are particularly suitable for underground conditions because
they can evaluate subsurface resistivity distributions and identify conductive anomalies
while being adaptable to the constrained geometry of mine tunnels [10-12]. As a result, both
have become effective tools for detecting water-bearing zones ahead of working faces [13],
and are widely applied in aquifer evaluation [14-17], goaf exploration [18,19], saltwater
intrusion [20], and mineral exploration [21]. The joint forward modeling of these two meth-
ods can leverage their complementary strengths, enhance the reliability of interpretation
results, and assist in obtaining more accurate resistivity inversion outcomes [22].

The transient electromagnetic method and the direct-current method are complemen-
tary in interpreting the detection results of water-containing anomalies around the tunnel.
The DC method, while less sensitive to the geological information in front of the face,
responds equally to conductive and resistive structures and can effectively distinguish
anomalies located before and behind the survey line. Conversely, the TEM method is more
sensitive to forward anomalies, but its magnetic diffusion field is significantly affected
by the presence of conductive water-bearing bodies [23]. The combination of these two
approaches improves the interpretive accuracy of anomaly detection. However, unlike
surface half-space conditions, underground geoelectrical detection is influenced by the
full-space geometry of tunnels and surrounding strata. Therefore, investigating the electro-
magnetic response of low-resistivity anomalies within a mine full-space configuration is of
great importance for understanding current diffusion mechanisms and for improving the
interpretation of underground geoelectric data.

Based on geological and detection data from the 30,517 working face of the Tashan
Mine, this study employs COMSOL Multiphysics 6.1 to establish a three-dimensional
full-space geoelectric forward-modeling framework that couples DC and TEM simulations.
The model is used to analyze the electromagnetic response characteristics of water-bearing
anomalies under various geometric conditions, and the numerical results are validated
using actual tunnel detection data and borehole verification. The findings confirm that
numerical forward modeling can be a powerful method for accurately delineating water-
rich zones ahead of the working face.

The innovation of this study lies in the establishment of direct-current (DC) and
transient electromagnetic (TEM) geoelectric forward models in mine tunnels for advanced
detection of water-rich areas in the tunnels. Unlike previous studies that usually focus on
DC or TEM separately, the core of this work is to exploit the complementary sensitivities of
these two techniques to improve the accuracy of interpretation of subsurface anomalies.
Using COMSOL Multiphysics, we simulated the electromagnetic response of water-rich
anomalies in a real mine environment. This approach not only addresses the challenge of
low resistivity anomalies in confined environments, but also provides a reliable method to
accurately delineate the water-bearing zone in front of the mining face. In addition, the
numerical simulation results were verified using actual field data from the Tashan Mine to
ensure that the research results are both realistic and applicable to actual mining scenarios.

Compared with earlier research, the present study makes several key advancements.
Xie et al. mainly dedicated to optimizing DC power supply configuration and solving lateral
interference in tunnel environment, but there is a lack of actual data verification [24]. Li et al.
utilize borehole-ground DC methods for aquifer delineation [25]. Guo et al. studied the
effects of electrical properties, distance, and size on transient electromagnetic response, but
did not consider the effect of angle [26]. Sun et al. combined drilling with TEM to overcome
the size limitation of transient electromagnetic detection of drilling, but did not discuss the
relationship between the detection effect and the angle of the anomaly [4]. Above study
integrates the DC and TEM methods for a comprehensive analysis of water-rich zones. Our
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approach also differs by offering a more complete understanding of how the full-space
geometry of a mine tunnel influences the propagation of both electric and magnetic fields,
which has significant implications for pre-mining water detection. Furthermore, unlike
earlier studies that rely on either surface or borehole-based methods, our work validates
the combined modeling results with field measurements, providing a more holistic and
accurate method for geophysical exploration in mining environments.

2. Materials and Methods
2.1. Principles and Error Verification of Direct-Current Forward Modeling
2.1.1. Direct-Current Method Detection Principle

Currently, the direct-current (DC) three-pole method is widely utilized for subsur-
face detection [24]. Typically, this configuration comprises three current electrodes (A1,
Aj, A3z) and a pair of potential electrodes (M, N) arranged within the tunnel, while the
return electrode (B) is positioned at effective infinity to simulate semi-infinite boundary
conditions. When a current is applied to the A pole, an equipotential surface with the A
pole in the center and equal potential values will be formed to reflect the electrical structure
of the underground space. At the same time, the measuring electrode will gradually move
equidistantly backward along the direction of the tunnel (as shown in Figure 1). By collect-
ing data recorded at different locations, the apparent resistivity p; at each measurement
location can be calculated according to Equation (1) [27]:

AU
ps = Kamn IMN 1
_ 47|AM]-|AN| . N . .
where Kapyn = MmN Ps (©):m) is the apparent resistivity; AUy (V) is the potential

difference between different equipotential surfaces; I (A) is the injected current.
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Figure 1. Schematic diagram of mine direct-current method.

2.1.2. Error Assessment in Direct-Current Forward Modeling

In this study, COMSOL is used to construct a three-dimensional point-source error-
testing model. The computational domain is defined as a sphere with a radius of 100 m
and a uniform conductivity of 0.01 S/m. An infinite-element layer with a thickness of 10 m
is applied to approximate the infinite boundary condition, and a current of 1 A is injected.
To balance computational accuracy and efficiency, the mesh size is set within the range of
0.45-10.5 m. By comparing the numerical results with the analytical solution, the maximum
relative error is 0.5957%, and the maximum absolute error is 0.0474 V, as shown in Figure 2.

In Figure 2b, the absolute error and relative error are calculated as follows:

U=u,—U )
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where U (V) is absolute error, Uy (%) is relative error, U; (V) is analytical solution, U, (V) is
numerical solution.
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Figure 2. (a) Comparison of numerical solution and analytical solution; (b) absolute error and relative error.

2.2. Transient Electromagnetic Forward Modeling and Error Analysis
2.2.1. Principle of Transient Electromagnetic Detection

Mine transient electromagnetic (TEM) apparent resistivity is widely used to charac-
terize and detect the electrical structure of anomalous bodies and serves as a primary tool
for analyzing transient responses [26,28]. Currently, two main calculation approaches are
employed: late-time apparent resistivity and full-time apparent resistivity. In this study, the
late-time apparent resistivity method is adopted. For a full-space medium, the expressions
for the vertical component Bz of the magnetic induction and the corresponding induced
electromotive force ¢ are given by [29]:

2 2

B.(t) = Z—j erf(x) — ﬁxe* 4)

4ISP 5 7}(2
E(t) :Wx e (5)
where ¢ is the observation time (s); u# is the magnetic permeability, typically taken as
the vacuum permeability (H/m); I is the transmitted current (A); r is the radius of the
transmitting loop (m); p is the uniform full-space resistivity ((2-m); and S is the effective

area of the receiving coil (m?), the dimensionless parameter x is defined as: x =%/ %, the
error function is expressed as: erf(x) = ﬁ Io e Pdt.
p(x)= erf(x)—%xe’x2 and ¢'(x) = x3¢~*" are the kernel functions of B. and e, re-
spectively. In the late stage, x approaches 0, and a Taylor series expansion yields:
3
X) R ——x 6
42
9r(x) B e %)

From this, the late-time full-space apparent resistivity derived from Bz and from & can

be obtained: . ,
o B (meSE e ®)
PL = 4y t Io
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2.2.2. Error Analysis of Transient Electromagnetic Forward Modeling

COMSOL is used to establish a three-dimensional uniform full-space stratigraphic
model. The model is defined as a cylinder with a radius of 100 m and a length of 150 m,
containing a 30 m-long tunnel and a 40 m x 40 m x 30 m water-bearing anomalous body.
The conductivity of the air is set to 0.01 S/m, while the conductivity of the water-bearing
anomaly is set to 0.07 S/m. A coil of dimensions 1.5 m x 1.5 m is positioned in front of
the tunnel, with 10 turns and a current of 3 A applied. The simulation uses a transient
calculation method, with the finite difference time domain (FDTD) method employed for
the solution. As the number of iterations increases to 25, the error is gradually reduced
to 1073 (shown in Figure 3). The calculated results meet the accuracy requirements for
the simulation.

10'f

10(7 |

Error

T

107

0 5 10 15 20 25
Number of iterations

Figure 3. Error accuracy change curve as the number of iterations increases.

3. Results
3.1. Direct-Current Method Detection Forward Simulation

Because the direct-current method generates a series of equipotential surfaces that
expand outward with distance, changes in the orientation of a water-bearing anomaly
located at the same radial distance do not affect the measured response. Therefore, this
study focuses solely on the response characteristics of low-resistivity anomalies at different
distances from the water-bearing body under both uniform and layered conditions. The
specific model is shown in Figure 4. The parameters of the uniform full-space model are
set as follows: the uniform full-space stratum is set to a cube with a side length of 500 m,
the conductivity is set to 0.01 S/m. the tunnel is set to a cuboid with a length of 250 m and
a cross-sectional size of 6 m x 6 m, and the measurement line length is set to 200 m. The
size of the water accumulation model in the goaf is set to a 30 m x 40 m x 40 m cuboid,
the conductivity is set to 1 S/m, and the current size is set to 1A. The measuring electrode
layout spacing is 4 m. A COMSOL parametric sweep is used to simulate the variation in
distance between the point current source and the anomalous body, ranging from 10 m to
90 m at 10 m intervals. The resulting apparent resistivity curves and amplitude variations
corresponding to these distance changes are shown in Figure 5.

It As shown in Figure 5, variations in the distance between the water-bearing anomaly
and the source in a uniform full-space model produce clear responses in both the apparent
resistivity and amplitude curves. Overall, the apparent resistivity curve changes relatively
smoothly with increasing AO. However, when the source-anomaly distance is small (10 m),
a pronounced low-resistivity anomaly is observed. At this distance, the minimum apparent
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resistivity reaches 83.96 ()-m, which is significantly lower than the background resistivity of
approximately 100 (3-m, with a corresponding amplitude variation of 0.16. This amplitude
change reflects the strong disturbance in the electric field distribution induced by the
conductive water-bearing anomaly. As the distance between the current source and the
anomaly increases, both the anomalous response and amplitude effects gradually diminish.
When the distance exceeds 40 m, the apparent resistivity and amplitude curves stabilize
and approach the background values. These observations indicate that the source-anomaly
distance is a key factor controlling the strength of the anomalous response.

(@) (b)

Figure 4. Schematic diagram of the direct current method model: (a) uniform full-space model;
(b) layered formation model.
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Figure 5. DC method uniform full-space apparent resistivity and amplitude change curve:
(a) apparent resistivity change curve; (b) amplitude change curve.

By combining the apparent-resistivity variation (Figure 5a) together with the corre-
sponding amplitude responses (Figure 5b), we observe that both parameters display highly
consistent spatial patterns. This similarity arises because each is controlled by the same
geometric attenuation associated with current diffusion in a uniform full-space. When the
water-bearing anomaly is located near the current electrode, it generates a pronounced
low-resistivity response accompanied by distinct extrema in the amplitude curve. These
coincident features reflect the localized enhancement of the electric field produced by the
conductive anomaly, thereby improving the detectability of small-scale conductive bodies
at short source-receiver offsets.

As the anomaly is displaced progressively farther from the source, the amplitudes
of both response curves decrease systematically. This behavior reflects the inherent spa-
tial decay of the electric field, which decreases as a power-law function with increasing
distance. Under large-offset conditions, the anomaly related perturbations become increas-
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ingly masked by the background field, thereby reducing the sensitivity to deeper or more
distant targets. The similar variation trends observed in Figure 5a,b are therefore a direct
consequence of their shared dependence on geometric spreading and field attenuation in a
homogeneous medium.

Under layered geological conditions, the original model parameters are retained, but
an additional coal seam measuring 400 x 640 x 40 m is introduced adjacent to the roadway
and the water-bearing anomaly. The coal seam resistivity is assigned a value of 600 ()-m,
and the updated model configuration is illustrated in Figure 4b. The measurement setup is
identical to that used in the homogeneous case. Following forward modeling, the apparent-
resistivity variation curve and the corresponding amplitude-change curve are obtained, as
presented in Figure 6:
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Figure 6. Apparent resistivity and amplitude change curves of layered formations: (a) apparent
resistivity change curve; (b) amplitude change curve.

As shown in Figure 6a, the apparent resistivity curves fall within the range of
450-700 (3-m. A pronounced low-resistivity response is observed near the current elec-
trode, and the curves gradually converge toward the coal-seam resistivity of approximately
600 (3'm as the AO distance increases. At short offsets, the apparent resistivity curves
corresponding to different anomaly distances exhibit substantial dispersion, whereas at
larger offsets they progressively converge toward the background resistivity. The most
prominent low-resistivity anomalies occur when the anomaly lies 10-30 m from the source.
In this interval, the apparent resistivity varies between 471 ()-m and 568 (3-m, with an ab-
solute change of 0.05-0.21 and a maximum relative variation of 16.7%. At greater distances
(40-90 m), the low-resistivity response weakens markedly, and the extrema of the curves
decrease and shift slightly outward. This attenuation indicates the progressive reduction in
coupling strength between the water-bearing anomaly and the surrounding current field.

Figure 6b indicates that the absolute amplitude change reaches its maximum when
the water-bearing anomaly is located closer to the current-injection electrode. As the AO
distance increases, the amplitude-change curve decays monotonically toward zero, reflect-
ing the progressive weakening of the low-resistivity response with increasing separation
from the anomaly. At larger offsets, both the apparent-resistivity and amplitude-change
curves become increasingly stable, suggesting that although a long-range low-resistivity
signal may still provide early warning, it becomes difficult to accurately determine the
anomaly’s specific location. These results further indicate that an apparent-resistivity
change exceeding an absolute value of 0.05 can be regarded as diagnostically meaningful.
Based on this threshold, the effective detection range of the direct-current method for
advanced prospecting is approximately 10-30 m, whereas offsets of 40-90 m can still offer
early-warning capability but require supplementary confirmation.



Appl. Sci. 2025, 15, 12566 8 of 15

Apparent resistivity(Q-m)

3.2. Forward Simulation of Transient Electromagnetic Detection

To facilitate comparison with the results obtained from the direct-current simulations,
we also examined the identification characteristics of low-resistivity anomalies at varying
distances in both a homogeneous half-space and within layered strata. Building on this
analysis, we further incorporated the effects of anomaly orientation so that the two methods
can better determine the location of the water-bearing anomaly body underground. The
water-accumulation model in the goaf and its associated conductivity parameters are kept
unchanged. To reduce computational cost, the cubic domain used in the direct-current
forward model is simplified to a cylindrical formation with a radius of 100 m and a height of
150 m. The transmitter coil is assigned a radius of 1.5 m and consists of 10 turns. The water-
bearing anomalies are oriented vertically relative to the horizontal plane. Measurement
points are spaced at 10 m intervals along the roadway advance direction, covering offsets
from 10 to 90 m ahead of the tunnel face. A parameterized scanning function in COMSOL
is used to achieve dynamic monitoring of the anomaly response. The resulting apparent-
resistivity change curve for the homogeneous formation is presented in Figure 7a. For
the layered-strata model, the conductivity parameters of the added coal seam remain
unchanged. The corresponding apparent-resistivity change curve is shown in Figure 7b.

Apparent resistivity(Q-m)
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(a) (b)

Figure 7. Apparent resistivity change curve caused by distance change: (a) uniform whole space,
(b) layered formation.

Figure 7a shows that in a homogeneous medium, the apparent resistivity exhibits
a characteristic pattern: it first decreases and then increases with measurement distance.
This behavior reflects the combined effects of current convergence and enhanced magnetic-
dipole coupling associated with the near-field induction response of the low-resistivity
water-bearing anomaly. When the receiving coil is either too close or too far from the
anomaly, the contribution of the secondary field diminishes, causing the apparent-resistivity
curve to rise again. However, the apparent-resistivity variation for the layered model
(Figure 7b) is slightly higher at equivalent offsets than that observed in the homogeneous
case. Moreover, the entire response curve shifts toward greater distances. This rightward
shift indicates that the coal seam functions as a shielding or shunting layer: its higher resis-
tivity restricts the penetration of primary current into the water-bearing anomaly, thereby
reducing the strength of the secondary induced current. As a result, the electromagnetic
coupling between the receiving coil and the anomaly weakens noticeably.

To more accurately determine the location of the water-bearing anomaly, we further
investigated the variation in apparent resistivity produced by changes in anomaly azimuth
while keeping all other parameters constant. In this analysis, the receiving coil distance
was fixed, and the azimuthal orientation of the anomaly was varied through parameterized
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scanning at angles of 30°, 45°, 60°, 75°, and 90°. Simulations were conducted for both
homogeneous and layered formations. The resulting apparent-resistivity responses for
these azimuthal configurations are presented in Figure 8:

500
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Figure 8. Apparent resistivity change curve caused by angle: (a) no stratum, (b) layered stratum.

Figure 8 shows that the apparent resistivity varies systematically over time, exhibiting
an initial decrease followed by a gradual increase. This behavior reflects the rapid early-
time induction of the strongly conductive water-bearing anomaly and the subsequent
dominance of the background field at later times. In the homogeneous model (Figure 8a),
increasing the azimuth angle from 30° to approximately 60-75° causes the entire curve
to shift toward lower apparent-resistivity values, and the minimum resistivity moves
slightly later in time. When the angle increases further to 90°, this trend weakens and
begins to rebound. During the late-time window, the curves corresponding to azimuths
of 45° and 75° converge along the outermost envelope, indicating the strongest anomaly
identification at these orientations. In the layered model (Figure 8b), the early-time curves
exhibit noticeable clustering, whereas the azimuthal differences become more pronounced
near the extrema. The strongest anomaly identification near the minimum resistivity occurs
at an azimuth of 30°, followed by 45° and 90°. The responses at 60° and 75° show weaker
contrast. At later times, the curves begin to converge, indicating reduced sensitivity to
azimuthal variations and diminished effectiveness in distinguishing the low-resistivity
anomaly. Overall, assessment based on the extrema indicates that the most effective
anomaly recognition occurs at azimuths of 30° and 45°, with moderate effectiveness at 60°,
and comparatively weaker responses at 75° and 90°.

4. Practical Application

To validate the conclusions derived from geoelectric forward modeling for practical
detection applications, underground field experiments were conducted at the Tashan Coal
Mine. During the excavation of the 30,517 working face, water seepage was observed. To
ensure the safe excavation of the tunnel, both the transient electromagnetic method and the
direct current method were employed for advanced detection on site. In the field test, six
measurement points were arranged for the transient electromagnetic method, and three
measurement points were established for the direct current method. The layout of these
measurement points is shown in Figure 9: (a) for the transient electromagnetic method and
(b) for the direct current method.

The field detection results obtained from the three DC-measurement lines—positioned
along the left side, right side, and floor—are presented in Figure 10. On the left side,
two distinct low-resistivity anomalies are identified between 40—48 m and 60-75 m. Ad-
ditional low-resistivity zones are observed on both the right side and the floor, occurring
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between 0-13 m and 15-30 m. These anomalous regions are broadly consistent with the
simulation results derived from the DC method. Subsequent verification through on-site
drilling confirmed the presence of water at a depth of 22 m on the right side, with an inflow
rate of approximately 5.5 m?/h, in agreement with the corresponding detection results. No
cavity was encountered in the left-side borehole at 54 m; instead, wind and minor water
seepage along fractures were observed. The discrepancy between the left-side drilling obser-
vations and the predicted anomaly location suggests that, at this distance, the DC method’s
ability to resolve the position of the water-bearing anomaly diminishes—consistent with

the forward-modeling findings.
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Figure 9. On-site experimental measurement line layout: (a) Transient electromagnetic side line

layout, (b) DC method side line layout.
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Figure 10. Direct-current method on-site detection results chart: (a) roadway floor, (b) left side of the
roadway, (c) right side of the roadway.

The results of advance detection using the transient electromagnetic method at the
same location are presented in Figure 11. The figure shows that the detection coil exhibits a
pronounced low-resistivity anomaly response at varying inclination angles. The anomaly
is observed within a distance range of 60-120 m and azimuth angles between 20° and 75°.
This distance and angle range aligns with the low-resistivity response characteristics of
the water-bearing anomaly as predicted by the forward simulation using the transient
electromagnetic method. Furthermore, the low-resistivity anomaly is most prominent
within the azimuthal range of 30° to 60°, which is consistent with the simulation results.
Subsequent verification by drilling at the anomaly location revealed water inflow ranging
from 4 to 18 m® per hour. Analysis of on-site conditions and geological data indicates that
this anomaly is associated with the development of stratigraphic fractures and the presence
of water-bearing zones.
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Figure 11. Transient electromagnetic field detection results diagram.

5. Discussion

This study systematically analyzed the response characteristics of water-bearing
anomalies under different geological conditions through forward modeling of direct-current
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methods and transient electromagnetic methods. The results revealed a variety of influenc-
ing factors and their detection significance.

The simulation results of the direct-current method indicate that when the water-
bearing anomaly is located near the power supply, significant low-resistivity anomalies
appear in both the apparent resistivity and amplitude curves, with changes reaching 15%
and 20% of the background resistivity. This demonstrates the method’s high sensitivity to
near-field water anomalies. As the distance increases, the anomaly effect rapidly attenuates,
and beyond 40 m, it begins to overlap with the background resistivity. This behavior is
consistent with the attenuation law of the current field as observed in previous studies [30].
These results suggest that, in practical applications, the direct-current method is effective
for identifying shallow water-bearing anomalies, but its ability to image deeper anomalies
is limited. The transient electromagnetic method simulations further corroborate this con-
clusion. In a homogeneous medium, the apparent resistivity curve exhibits a typical pattern
of first decreasing and then increasing with increasing measurement distance. The low-
resistivity effect is prominent at short distances but attenuates quickly at longer distances.
This behavior is attributed to the attenuation of the secondary induction field. While the
transient electromagnetic method has high resolution for near-field water anomalies, its
long-distance detection capabilities are constrained. Nevertheless, it remains effective at
identifying extreme values of apparent resistivity, even at greater distances.

Under layered formation conditions, the high-resistance characteristics of the forma-
tion have an obvious shielding effect on the response of low-resistance anomalies [31,32].
The geoelectric forward modeling results of the direct-current method show that water-
containing anomalies can still show identifiable low-resistance anomalies (absolute value
of amplitude > 0.05) in the range of 10-40 m. However, at distances of 40-90 m, the
anomaly signature is reduced to an early-warning indication, making precise localization
difficult. Results from the transient electromagnetic method lead to a similar conclusion.
The encapsulation of the water-bearing anomaly by the coal seam restricts the penetration
of the primary field, thereby weakening the secondary induced current and shifting the
apparent-resistivity extrema toward later times. This behavior indicates that the coal seam
acts as a conductive barrier, diminishing electromagnetic coupling with the anomaly and
consequently reducing detection resolution.

The azimuthal simulation results of the transient electromagnetic forward model show
that when the anomaly deviates directly in front of the excitation source, the curve as a
whole shifts to the low-resistance side, and the extrema migrate to later time windows. This
behavior reflects a gradual reduction in detection sensitivity with increasing azimuth. In the
absence of stratification, variations in azimuth still produce distinct anomalous responses.
However, when strata are present, the late-time curves increasingly converge, leading to
a diminished ability to discriminate azimuthal differences. These findings indicate that
the transient electromagnetic method remains capable of locating water-bearing anomalies
in practical applications. Although the sensitivity to azimuthal changes decreases at later
times, anomaly orientation can still be inferred based on the migration of and variation in
extrema in the apparent-resistivity response.

In summary, the direct-current (DC) method provides a strong low-resistivity anomaly
response at short distances and is well-suited for identifying and issuing early warnings
for small-scale water bodies in front of tunnels. The DC method, when used in conjunction
with transient electromagnetic (TEM) measurements, is effective for anomaly detection in
the 10-40 m range. Beyond this distance, greater reliance is placed on the TEM method to
determine the distance to the anomaly. The TEM method not only compensates for the
DC method’s limitations in terms of detection range, but also assists in determining the
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anomaly’s orientation. The combined use of both methods offers a robust approach to
accurately pinpointing the location of water-bearing anomalies.

6. Conclusions

(1) In the geoelectric model error verification, the transient electromagnetic geoelectric
forward modeling process shows that the error is reduced to 1073 as the number of
iterations increases. For the direct-current method, the error remains below 6% within
1 m, and subsequent errors decrease to less than 1%. These results demonstrate that
the COMSOL software meets the accuracy requirements for electromagnetic geoelectric
forward modeling and is suitable for tunnel geoelectric numerical simulations.

(2) Using COMSOL software, forward simulations were conducted for mine advance
detection employing both the DC method and the TEM method. By establishing various
geoelectric models for complementary verification, it was found that the optimal detection
range for the DC method is 40 m, while the optimal azimuthal angle for the TEM method
is between 30° and 45°. These findings provide a solid basis for effectively determining the
location and distance of water-bearing anomalies during the data interpretation phase.

(3) Field tests of both the DC and TEM methods for advanced detection in coal
mines were conducted, and the results were compared with simulation outcomes. The
measured low-resistance anomaly areas closely matched the simulation results. Subsequent
verification through drilling confirmed the presence of water-bearing anomalies, further
validating the practicality and applicability of these methods.

In conclusion, the joint application of the DC and TEM methods significantly enhances
the accuracy of water-bearing anomaly detection in tunnel environments. By combining
the high sensitivity of the DC method for shallow anomalies with the extended range
and orientation identification capability of the TEM method, this integrated approach
offers a more comprehensive solution for locating and characterizing water-bearing zones.
This joint method not only improves the precision of anomaly detection but also provides
valuable early-warning capabilities, which are crucial for ensuring safe tunnel excavation
and optimizing mine planning.
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