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Abstract


To address the challenge of accurately detecting hidden water inrush hazards ahead of working faces, a cross-hole transient electromagnetic (TEM) method utilizing a grounded-wire source is proposed. The technique positions a step-current-driven grounded-wire source within a working-face borehole, while electrode arrays in adjacent boreholes measure secondary electric field responses. This configuration minimizes interference from metal supports or machines, thereby enhancing the signal-to-noise ratio of the TEM signals. A theoretical analysis based on the unstructured finite-element (FE) method is used to investigate the configuration. The collected data are processed using differential techniques, and the results confirm the method’s effectiveness in detecting anomalies. This paper investigates the response of our cross-hole method to anomalies in terms of size, resistivity contrasts, and spatial location, with anomaly boundaries quantitatively delineated via first-order differential analysis. This significantly enhances the capability of TEM detection in identifying anomalies. A comparison between our cross-hole method and the traditional roadway–borehole TEM method, using the trapped column model, demonstrates that the proposed cross-hole device more effectively locates anomalies and improves accuracy. Furthermore, this technique enables the formation of a 3D observation framework by utilizing existing boreholes, presenting promising prospects for future applications.
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1. Introduction


Various infrastructure projects, such as railway, subway, and coal mining operations, require extensive underground roadway construction. During excavation, unforeseen geological hazards, like water inrush and mudflows, frequently arise. To ensure the uninterrupted progress of these projects, it is critical to anticipate such hazards in advance. The transient electromagnetic (TEM) method is widely employed for the prediction and exploration of underground disasters, owing to its high resolution in detecting low-resistance anomalies, ease of operation, and cost-effectiveness [1]. The TEM method is a time-domain method that utilizes a grounded wire or loop to inject pulsed currents into the subsurface, subsequently measuring the spatiotemporal decay patterns of secondary electromagnetic fields induced by eddy currents. The TEM method is widely employed to investigate a variety of geological issues, providing valuable insights into subsurface structures [2].



Common TEM configurations include surface TEM (STEM), mining TEM (MTEM), and surface-to-roadway TEM (SRTEM) methods [3]. However, when the TEM transmitter and receiver are positioned far from the underground roadway, detection accuracy for deeper targets is often inadequate [4]. Additionally, low-resistance overburden may shield underground conductors, hindering the precise localization of anomalies [5]. In response to the needs of underground engineering exploration, the MTEM method has been proposed [6]. The MTEM method typically uses a multi-turn, overlapping rectangular loop as the transmitter to suit the limited space within roadways, with side lengths ranging from 2 to 5 m. During the exploration process, EM field parameters in various directions are acquired by rotating the coil [7]. The MTEM method offers a longer exploration range and improved directivity. However, it is influenced by detection blind zones and significant interference from metallic structures, which degrade data quality [8]. The SRTEM method is a novel approach proposed in recent years. It involves a transmitter on the ground while receivers are within the roadway, effectively minimizing interference from the complex underground environment [9]. This configuration necessitates real-time communication between the surface and the roadway, yet it faces the challenge of inadequate shallow-depth resolution. When integrated with the STEM method, it allows for the detection of targets at greater depths [10]. It is clear that conventional EM exploration techniques have limitations when applied in underground environments. In contrast, drilling directly provides geological information during excavation. Consequently, the advanced exploration of underground hazards currently mainly relies on boreholes, supplemented by geophysical methods [11]. Due to cost constraints, existing boreholes may not offer comprehensive coverage of the target area. Therefore, neither EM exploration nor borehole coring alone can achieve optimal outcomes. Given that boreholes are spatially closer to the target and are less affected by electromagnetic interference, while EM methods provide multi-directional depth detection, deploying EM configurations within boreholes represents a promising approach. This has led to the development of in-borehole EM methods [12]. Borehole EM methods typically employ either frequency-domain or time-domain methods [13,14]. The frequency-domain borehole controlled-source electromagnetic (CSEM) method is commonly used to detect large-scale geological targets, such as geothermal resources, metal deposits, and hydrocarbons, by utilizing surface-based borehole stations [15,16,17,18,19,20]. In contrast, EM exploration in underground engineering focuses on small-scale and low-resistivity targets, such as water-bearing zones, making the borehole TEM method more widely used [21]. Currently, the TEM configurations used in boreholes include surface-to-borehole TEM (SBTEM), roadway-to-borehole TEM (RBTEM), and borehole TEM (BTEM) methods.



The SBTEM method has early applications in geophysics, where the source consists of grounded wires or large loops deployed on the surface, with receivers positioned along boreholes to detect nearby electrical conductors [22,23]. This method is widely utilized not only for detecting oil and gas reservoirs [24,25] but also for various engineering applications, such as monitoring coal seam roof grouting [26], CO2 injection [27], etc. Over time, the SBTEM method has evolved from theoretical development to practical implementation. Key issues, such as casing effects, anisotropic media, and zero-band distribution, have been addressed through forward modeling [28,29]. In terms of inversion, the focus has shifted from one-dimensional (1D) to three-dimensional (3D) models, with advancements moving from single SBTEM inversions to joint inversions that combine STEM and SBTEM data [30,31]. The SBTEM method allows for the deployment of large loops or long wires at the surface, thus providing a stronger source signal. However, considering the cost implications associated with much deeper boreholes in underground engineering, the SBTEM method is more suitable for exploring shallow geological targets [32]. The RBTEM and BTEM methods are widely used in coal mines and underground engineering. In the RBTEM method, transmitters are placed within roadways, while the BTEM method positions transmitters inside boreholes; both methods deploy receivers exclusively in boreholes [33,34]. They operate under a full-space framework, which is a key distinction from surface-based methods. These techniques leverage underground conditions to enhance proximity to target structures and bypass complex surface topography, thereby improving detection accuracy and simplifying deployment [35,36,37]. However, technical limitations persist; both methods employ small coils that generate weak induced signals. Increasing coil turns amplifies self- and mutual-inductance effects, further degrading signal quality [38]. Additionally, grounded-wire sources which offer stronger signals are incompatible with roadway environments due to explosion risks from gas leakage. Consequently, resolving this source constraint remains a critical unsolved challenge in underground exploration [39].



This paper proposes a cross-hole grounded-wire-source TEM exploration technique for the purpose of isolating it from the roadway space. The method involves placing a grounded-wire source in existing boreholes along the direction of the roadway, with data acquisition conducted in other boreholes. This method enhances electromagnetic detection resolution while mitigating interference in the roadway, thereby optimizing the signal-to-noise ratio. It also provides a practical solution for pinpointing water inrush hazards. To investigate the feasibility of this new TEM detection technique, numerical forward modeling is employed, utilizing the vector finite-element (FE) method [32] to construct 3D models and calculate the electromagnetic field. After validating the accuracy and efficiency of the algorithm, we analyze the response characteristics of the three components of the electric field, summarizing the diffusion behavior in full space. Subsequently, the response patterns and detection capabilities for anomalous bodies with different properties and locations are explored. The paper adopts first-order finite-difference calculations to process multi-channel data, thereby enhancing the ability to identify anomaly boundaries. Finally, the effectiveness of the proposed method is further validated by integrating a complex trap column model with a multi-borehole receiver configuration, demonstrating its potential for the reliable detection of subsurface anomalies. Together, the numerical examples demonstrate that the cross-hole grounded-wire TEM method proposed in this paper is more effective for detecting targets far away from the surface. This approach not only yields a stronger response signal but also effectively mitigates various types of metal interference within the roadway. It meets the requirements for the deep, accurate detection of hidden water-bearing targets and provides a viable solution for precise and overdetermined exploration in field applications.




2. Cross-Hole Grounded-Wire-Source Transient Electromagnetic System


This paper introduces a novel transient electromagnetic (TEM) method utilizing a cross-hole grounded-wire source, as depicted in Figure 1. In this method, a grounded current supply conductor is placed in a borehole ahead of the working face. A step current is supplied through a connected transmitter, while a receiving probe is positioned in a borehole on the opposite side to perform point-by-point measurements. This configuration is designed to capture the distribution of the secondary electromagnetic field generated by induced eddy currents, enabling both the time and spatial signal observation of the geological target surrounding the borehole. The secondary field, which propagates through the rock mass with lower attenuation compared to air, produces higher signal amplitudes, leading to improved signal-to-noise ratios and lateral resolution. This results in the more effective detection of geological features. Furthermore, the grounded-wire-source configuration facilitates long-range, high-precision exploration. Depending on the number of boreholes in front of the working face, multiple survey lines and sources can be deployed [40]. This setup can generate a 3D observation pattern, which provides a theoretical foundation for subsequent 3D inversion. In practical engineering applications, following the completion of preliminary geophysical exploration, drilling verification is necessary. Hence, utilizing existing boreholes for our cross-hole method requires minimal additional investment. Moreover, this approach mitigates the limitation of relying on a single borehole, thereby providing more comprehensive data for advanced exploration.




3. Three-Dimensional Finite Element Method Forward Modeling Theory


3.1. Three-Dimensional Finite Element Method Algorithm


Boreholes in roadways are typically not arranged vertically but inclined at a certain angle relative to the working face. This configuration places higher demands on the forward modeling algorithms. The finite difference (FD) and integral equation (IE), which rely on structured grids, have limitations in accurately representing this inclined borehole model. As a result, the finite-element (FE) method using unstructured tetrahedral grids [41] is employed for modeling. In this approach, the computational domain Ω is initially divided into a finite number of tetrahedral meshes, as illustrated in Figure 2. The forward modeling of the cross-hole grounded-wire-source TEM is based on full-space theory, which simplifies the background model as it does not need to consider the influence of air.



Starting from Maxwell’s equations and using the Galerkin weighted residual method [42], the residual  R  of the electric field diffusion equation can be expressed as


       R e  =         ∭    Ω s    w ⋅     1 μ   ∇ × ∇ × E  t  + σ    ∂ E  t    ∂ t    +    ∂  j   t    ∂ t      d ν     ,  



(1)




where  μ  and  σ  are the magnetic and electric permeability, respectively,    E   t      and    j   t      are the electric field and current density at the time t,    Ω e    is the volume of the e-th element, and   w   is the weight function. Furthermore, the interpolated basis function   N   is the same as the weight function; Equation (1) can then be rewritten as


       R i e  =   1 μ     ∑   j = 1  6   E j e   t    ∬    Ω e    ∇ ×   N  i  ⋅ ∇ ×   N  j  d ν       +   ∑   j = 1  6     ∂  E j e   t    ∂ t      ∭    Ω e      N  i  σ   N  j  d ν +   ∭    Ω e     N i  ⋅    ∂  j   t    ∂ t    d ν     ,  



(2)







The global system is constructed by assembling the elements in the computational domain with the weighted residuals   R = 0  , so that Equation (2) can be expressed as a linear equation:


   M     d  E   t    d t    +  S E   t  +  J  = 0 ,  



(3)




where   M   is the mass matrix,   S   is the stiffness matrix, and   J   is the source term matrix. The time derivative in Equation (3) is discretized by second-order backward Euler equation to obtain the following form:


    3  M  + 2 Δ t  S      E   i + 2   =  M    4   E   i + 1   −   E  i    − 2 Δ t   J   i + 2   ,  



(4)




where     E   i + 2    ,     E   i + 1    , and     E  i    denote the electric field at the (i + 2)-th, (i + 1)-th, and i-th moments, and     J   i + 2     is the source term at the (i + 2)-th moment.   Δ t   denotes the time step, which is taken as a step growth in the calculations in this paper [43]. In this way, only Equation (4) needs to be solved to obtain the values of the electric field at all edges of the computational region and, thus, we can obtain the electromagnetic field parameters at the locations of the receivers. This leads to the following large linear equation:


   K E  =  b  ,  



(5)







The matrix form can be expressed as


        3 M + 2 Δ  t 1  S                      − 4 M     3 M + 2 Δ  t 2  S                  M    − 4 M     3 M + 2 Δ  t 3  S                  M    − 4 M     3 M + 2 Δ  t 4  S                  ⋱   ⋱   ⋱                 M    − 4 M     3 M + 2 Δ  t n  S              E 1         E 2         E 3         E 4       ⋮       E n        = −       2 Δ  t 1   J 1  − 3 M  E 0        2 Δ  t 2   J 2  + M  E 0        2 Δ  t 3   J 3        2 Δ  t 4   J 4       ⋮      2 Δ  t n   J n        ,  



(6)







Here,  n  is the number of all discrete time steps. Subsequently, the Dirichlet boundary conditions are applied. The resulting electric field parameters for each moment are obtained by solving the linear Equation (6) with a direct solver [43]. The forward modeling programming in this paper was written in Fortran, which was executed with a personal workstation with a 3.20 GHz main frequency and 128 GB of RAM. In the numerical examples presented in this paper, a uniform grid refinement ratio of 1.4 was employed, with localized mesh refinement conducted at the receivers, sources, and boundary surfaces of the anomalous bodies.




3.2. Validation Against Semi-Analytic Solution


In this paper, the semi-analytical solution of a 100 Ω·m full-space model was employed to verify the accuracy of our FE presented here. The transmitter consisted of a 100 m-long wire oriented along the x-direction, with the receivers positioned 100 m away from the source along its central axis. The forward modeling encompassed a total of 270,270 tetrahedral elements, comprising 316,559 edges, thereby defining a model with 316,559 degrees of freedom (DOFs). The extended boundary domain spanned 200 km × 200 km × 200 km in all three directions. The forward calculation involved 1100 time channels, increasing in a stepwise manner. For interpolation, 46 time channels between 10−5 s and 10−2 s were selected to present the computed results of the electric field and induced electromotive force (EMF), which were then compared with 1D semi-analytical solutions for accuracy. The results are displayed in Figure 3. Both the electric field and EMF exhibited good agreement with the semi-analytical solutions. The relative errors for the EMF parameters were all below 2%. However, the electric field parameters exhibited a sign change between 0.1166 × 10−4 s and 0.1359 × 10−4 s, resulting in larger errors near the sign transition. Beyond 2.512 × 10−5 s, the relative errors also remained within 2%. It is evident that the FE presented in this paper demonstrated high numerical accuracy. To better illustrate the computational efficiency, Table 1 lists the computational parameters for the EMF parameters, with all computation times and memory usage falling within reasonable limits. Thus, the results of the forward modeling study for the borehole TEM method using grounded-wire sources, conducted with the algorithms and codes presented in this paper, are reliable.



Taking the half-space model as an example, we considered a scenario where the resistivity of the air was 10−8 Ω·m and the background was 10−2 Ω·m. We compared our results with those obtained using the established SLDMEM code using the finite-difference (FD) method, which was based on the work by Druskin and Knizhnerman [44] and was executed on servers. The results and parameters computed by the two algorithms are presented in Figure 4 and Table 2, respectively. It can be observed that the relative errors between the FE method presented in this paper and the semi-analytical solution for the half-space model were all below 3%, which were superior to those from the FD method. By further comparing the computational parameters of the two codes, we conclude that our FE code could achieve solutions with higher accuracy under similar numbers of DOFs while maintaining comparable computation times.





4. Results and Analysis of Three-Dimensional Forward Modeling


4.1. Full-Space Model


The cross-hole grounded-wire-source TEM model, employed for advanced exploration, is typically located at depths of up to 500 m below the surface, which can be approximated as a full-space environment. Consequently, this study modeled a 100 Ω·m full-space background, with the emitting source wires deployed along the x-direction, extending 100 m in length. Figure 5 illustrates the electric field diffusion, where the electric field components are represented by a color bar, with arrows indicating their directions. At early times, the electric field was stronger near the wire, originating from the positive terminal and returning to the negative terminal in a vortex-like pattern. As time progressed, the center of the electric field remained at the source, but its strength gradually diminished. Furthermore, the direction of the electric field evolved over time. At a later time, the x-component of the electric field near the source became the dominant component, while the y- and z-components approached zero. This indicates that the electric field diffusion was more prominently aligned with the wire direction. In the TEM geoelectric model of the cross-hole grounded-wire source, the borehole was not aligned with the model coordinate axes but was tilted at an angle. Therefore, the final forward modeling calculations required transforming the electric field components into the receiver’s directional coordinates.




4.2. Single-Anomaly Model


To evaluate the detection capability of the configuration shown in Figure 1, a 3D model was designed to analyze the response of anomalous bodies under various scenarios. After obtaining the receivers along the survey line, the boundaries of the anomalous bodies could be identified through differentiation, as expressed below:


   E ′  =            ∂  E 1    ∂ r           ∂  E 2    ∂ r       ⋯       ∂  E t    ∂ r           ′  ,  



(7)







Since it is difficult to observe a spatially continuous electric field in practice and only spatially discrete electric fields can be measured, the difference in Equation (7) is expressed in following matrix:


   E  t ×   n − 1    ′  =   1   Δ r            E  11        E  12      ⋯     E  1 n          E  21        E  22      ⋯     E  2 n        ⋮   ⋮   ⋱   ⋮       E  t 1        E  t 2      ⋯     E  t n                 − 1               1    − 1               1   ⋱              ⋱    − 1               1        n ×   n − 1     ,  



(8)




where r represents the direction vector of the survey line and    Δ r    is the distance between receivers, with  t  and  n  denoting the number of time moments and measuring electrodes. In this paper, we focus our attention on the EM response of the cross-hole grounded-wire-source TEM model. Taking multiple forward models as examples, we verified the effectiveness of this exploration method and assessed its sensitivity to parameters such as the size, resistivity contrast, and spatial location of the anomalous bodies.



4.2.1. Individual Anomalies with Different Edge Lengths


To assess the feasibility of detecting anomalies using our cross-hole grounded-wire-source TEM method, four 10 Ω·m cubic anomaly models with a common central point, located between the transmitters and receivers, were designed. The side lengths of the cubes were 5 m, 7.5 m, 10 m, and 12.5 m, with a background resistivity of 100 Ω·m, as shown in Figure 6. In the z = 0 plane, two boreholes, zk1 and zk2, were positioned at angles of 30° and −30° along the y-axis. The grounded-wire source was placed in borehole zk1, with a length of 50 m, while the survey line was positioned in borehole zk2, with a 1 m spacing between measuring electrodes, resulting in a total of 101 points. The arrangement parameters were consistent with those used in the following models.



For the model described above, the EM forward modeling of our configuration was performed using the 3D FE algorithm, and the simulation results are presented in Figure 7. Figure 7a–d show the multi-channel electric field curves along the zk2 direction, where solid and dashed lines represent the full-space background model and the low-resistance anomaly model. The cubic anomalies are highlighted as purple blocks, corresponding to their projected locations along the survey line. When the cube’s volume was small (r = 5), the electric field curve closely matched the background. As the cube size increased (r = 7.5, 10 m, 12.5 m), the anomalies became more discernible, with the electric field exhibiting an “S”-shaped oscillation compared to the background. In Figure 7e–h, the solid and dashed lines represent the first-order differential results of the electric field for the full-space and low-resistance anomaly models. These differential results reveal a negative region at the anomaly positions and positive regions on either side when compared to the full-space model. The boundaries of the anomalous body are clearly defined by the positive and negative interfaces. As the cube volume increased, both the electric field response and the differential parameter showed larger value ranges, making the anomalies easier to detect. These results demonstrate that the cross-hole grounded-wire-source EM method was effective in detecting anomalies. Moreover, applying first-order differential processing to the electric field data enhanced anomaly detection sensitivity, allowing for the more precise identification of anomaly boundaries.




4.2.2. Individual Anomalies with Different Distances and Resistivities


The resistivity of the target anomaly body, such as water-bearing structures or air-filled goafs, typically varies. Therefore, target anomalies can be designed to be low-resistance or high-resistance. In this example, the resistivity of low-resistance anomalies was 10 Ω·m, and that of high-resistance anomalies was 1000 Ω·m, with the background resistivity set to 100 Ω·m. The anomalies were positioned at different locations along the centerline between the transmitters and receivers (Figure 8), and the relationship between the anomaly response and distance was investigated.



As shown in Figure 9a,b,e,f, the electric field responses were opposite for the locations of high- and low-resistance anomalies. The differential curves show a negative region for the high-resistance cube with positive regions on both sides and a narrower value range compared to for the low-resistance cube. Furthermore, it is evident from Figure 9 that both the electric field value range and the differential value range gradually decreased as the distance increased. At a distance of 50 m, the electric field closely matched the half-space model, but the difference curve still shows a noticeable disparity. At 75 m, the difference between the two models became minimal, indicating that the differential parameter was more sensitive to anomalies. Moreover, the regions of variation in the model’s electric field parameters and the differential boundaries corresponded well with the anomaly locations.




4.2.3. Individual Anomalies at Different Locations


This study also investigated models where the anomalous body was positioned at different locations. Specifically, the anomaly was placed near the grounded wire (Figure 10a), close to the survey line (Figure 10b), and outside the survey line (Figure 10c), with all other parameters consistent with those in Figure 6c. Figure 11 presents the forward modeling results for these scenarios. The anomaly near the transmitter showed a minimal response, making it more challenging to detect. In contrast, anomalies near the inner or outer areas of the survey line yielded larger and distinctly opposite responses. According to electromagnetic field diffusion theory, if the anomaly is near the source, the primary field arriving at the anomaly is stronger, inducing a stronger secondary field. However, since the anomaly was farther from the receivers, the received response was weaker due to attenuation. Conversely, when the anomaly was closer to the receivers, the primary field was weaker, but the secondary field underwent less attenuation, resulting in a stronger response. Additionally, when the anomalies were located on the outer side of the survey line, the electric field and first-order differential were opposite to those on the inner side, due to variations in the spatial distribution of the electric field.




4.2.4. Two Anomalies’ Response and Localization


The previous calculations demonstrate the significant impact of the spatial positioning of anomalies on the electric field responses. In this section, we explore two scenarios involving two anomalies: (1) anomalies of 10 Ω·m positioned along the centerline between the grounded-wire source and the survey line (Figure 12a) and (2) anomalies located near the survey line (Figure 12b). For the latter configuration, two cases were considered: (a) both cubes had a resistivity of 10 Ω·m and (b) the left cube had a resistivity of 10 Ω·m while the right cube had a resistivity of 1000 Ω·m.



In Figure 13a, the anomaly on the left side is closer to both the transmitter and receiver, leading to a wider range and larger amplitude in the electric field. The proximity of the two anomalies causes the response from the right anomaly to be overshadowed by the left anomaly, making it nearly indistinguishable. In contrast, as shown in Figure 12b, both anomalies are positioned near the survey line but are farther apart. In the case where both anomalies are of low resistance (Figure 13b,e), or one anomaly is low-resistance and the other high-resistance (Figure 13c,f), the proposed configuration successfully distinguishes and identifies the anomalies. These results reinforce the importance of anomaly proximity to the survey line: the closer anomalies are to the survey line, the stronger their electric field responses. Therefore, maximizing the number of survey lines in our cross-hole exploration is essential to improve the detection and localization of surrounding anomalies.





4.3. Detection of Water-Bearing Trap Columns by Cross-Hole EM with Multiple Grounded-Wire Source


In practical exploration, multiple boreholes are typically present within roadways. These boreholes can be used to deploy receivers for the 2D observation of anomalies, as illustrated in Figure 14. The survey consisted of five lines, arranged in a fan-shape within the x-z plane, with a 15° angular separation between adjacent lines. Each line had 41 electrodes, spaced 2 m apart. The grounded-wire source, 85 m in length, was positioned at a 60° angle to the survey plane. Between the grounded-wire source and the survey lines lay a dome-shaped trap column, with a resistivity of 1 Ω·m, a height of 20 m, and a top and bottom radius of 6 m and 12 m.



We present contour maps of the electric field responses for the five survey lines at different time steps, based on two models: the full-space model (Figure 15a–f) and the trap column model (Figure 15g–l). Both models share the same color bar for each time channel, with the locations of the trap columns indicated by white dashed lines. As the survey lines diverge from the grounded-wire source, the distance between them increases along the receiver coordinates. In the full-space model, the electric field decrease as the distance increases. However, in the trap column model, the presence of the water-bearing trap alters the electric field distribution, creating a low-value band in the trap column and generating high-value anomalies beyond the boundary. This effect becomes more pronounced over time, leading to a broader range of electric field response values.



Similarly, we performed differential calculations of the electric field in Figure 16. For the full-space model, the color bar has a broad range of values, resulting in differential results with minimal variation. In contrast, the electric field parameters from the trap column model more clearly delineate the location of the low-resistance anomaly, which appears as a negative center, with positive regions on either side. This differential analysis demonstrates that the anomaly boundary could be more precisely localized through first-order differential calculations.



In this study, comparisons with other configurations were also considered. However, due to the need to control for a single variable, direct comparisons between MTEM and STEM methods were not straightforward. To address this, we adopted the RBTEM method, which is based on boreholes. In this setup, the transmitting coil (orange line) was placed in the roadway, with a side length of 5 m, as shown in Figure 14. The measuring electrodes remained positioned in the borehole, and the location of the water-bearing trap column was consistent with that in the previous example. As a result, we obtained the contour maps of the EMF. Figure 17a–f display the responses for different time channels for the full-space model without anomalies, while Figure 17g–l show the responses of the water-bearing trap column. Notably, at middle times, the response values near the low-resistivity anomalous body decreased, indicating the presence of the water-bearing trap column. However, compared to the configuration proposed in this paper, it was more challenging to identify the boundaries of the anomalous body in this case. This was due to the inherently smaller EMF values observed and the weaker late-time signals. In contrast, the cross-hole grounded-wire-source configuration used in this paper produced stronger signals, allowing the anomalous body to be identified across almost all time channels.




4.4. Discussion


The case studies presented in this paper, based on 1D and 2D measurements, demonstrate that the proposed configuration effectively identified the characteristics of anomalous bodies. However, for more complex 3D observations, additional boreholes oriented in various directions were required to provide adequate support, which is a crucial consideration for future practical applications. With sufficient exploration data, more accurate 3D inversion becomes feasible. It is noteworthy that boreholes in roadways are often distributed in different directions and at varying depths, which can complicate the processing and interpretation of inversion. Nevertheless, since this exploration method improves detection accuracy, the ability to achieve 3D detection and inversion is expected to offer new opportunities for the precise exploration of underground spaces.





5. Conclusions


This paper addresses the challenges of severe interference and limited detection accuracy in advanced underground exploration by proposing an innovative cross-hole grounded-wire-source TEM. A detailed equipment arrangement scheme is presented, and the technique is validated using flexible unstructured FE methods for forward modeling. The following conclusions are drawn:




	(1)

	
Larger volumes, lower resistivity values, and closer proximity of anomalous bodies result in larger response amplitudes, thereby improving detection effectiveness.




	(2)

	
High-resistivity and low-resistivity anomalous bodies produce opposite anomalies (positive and negative, respectively) in the electric field. The system is more sensitive to low-resistivity anomalous bodies, making it particularly useful for detecting water-bearing targets in coal mines.




	(3)

	
The position of the receivers has a greater impact on the final response strength than the source location. This suggests that the borehole-based arrangement proposed in this paper improves detectability.




	(4)

	
The proposed setup can effectively determine key parameters, such as the anomalous body’s size, resistivity contrasts, and spatial position by analyzing changes in the electric field and first-order differential derivatives. This allows for the approximate localization of the anomaly’s boundary. Moreover, the cross-hole arrangement takes advantage of borehole spatial positioning, offering multi-directional information about the detected target.




	(5)

	
In the collapse column model with multiple survey lines, both the electric field response and first-order differential results clearly delineate the boundary of the collapse column, demonstrating significantly improved detection accuracy over the traditional BRTEM method. Additionally, this configuration enables 2D/3D observations in roadway environments.









Overall, the cross-hole grounded-wire-source TEM proposed herein demonstrates excellent detection performance, particularly in water-bearing target exploration in underground spaces. This study introduces the technical concept of the method and establishes a theoretical foundation for future work, which will involve field data acquisition and validation.
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Figure 1. Schematic diagram of cross-hole grounded-wire-source transient electromagnetic method. 
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Figure 2. Grid subdivision for full-space EM model. 
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Figure 3. The forward modeling responses of the full-space model along with the relative errors compared to the 1D semi-analytical solution, where (a,b) are the results for the induced electromotive force (EMF), while (c,d) are those of the electric field. 
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Figure 4. A comparison between the results obtained using our FE and FD methods for a half-space model. Specifically, (a) shows the EMF parameters, while (b) displays the relative errors compared to the 1D semi-analytical solution. 
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Figure 5. Diffusion of electric field response of grounded-wire-source EM method for full space model for time channel of (a) 0.020108 ms; (b) 0.069614 ms; (c) 0.241 ms; (d) 0.83435 ms; (e) 2.8885 ms; and (f) 10 ms. 
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Figure 6. The forward modeling grid for a single cube with side lengths of (a) 5 m; (b) 7.5 m; (c) 10 m; and (d) 12.5 m. 
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Figure 7. Multi-channel electric field and differential curves for cubes with (a,e) 5 m side length; (b,f) 7.5 m side length; (c,g) 10 m side length; and (d,h) 12.5 m side length. 
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Figure 8. Cubic anomalies located at (a) 25 m (resistivity of 10 Ω·m or 1000 Ω·m), (b) 50 m, and (c) 75 m in the midline of the transmitters and receivers. 
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Figure 9. Multi-channel electric field curves and differential curves for cube located at (a,e) 25 m (resistivity of 10 Ω·m), (b,f) 25 m (resistivity of 1000 Ω·m), (c,g) 50 m, and (d,h) 75 m in the midline of the transmitters and receivers. 
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Figure 10. The cubes (a) close to the transmitters; (b) on the inner side and close to the survey line; and (c) on the outer side and close to the survey line. 
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Figure 11. Multi-channel and difference curves for cubic anomalies (a,d) close to the transmitters; (b,e) on the inner side and close to the survey line; and (c,f) on outer side and close to the survey line. 
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Figure 12. The positioning of the two anomalies (a) along the centerline between the grounded-wire source and the survey line and (b) near the survey line. 
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Figure 13. Multi-channel electric field and differential curves for two cubic anomalies: (a,d) aligned along the centerline between the grounded-wire source and survey line; (b,e) located near the survey line with both anomalies of low resistance; (c,f) located near the survey line with one anomaly of low resistance and the other of high resistance. 
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Figure 14. Model of water-bearing trap column and three-view drawing. 
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Figure 15. Contour plots of electric field obtained by (a–f) full-space model and (g–l) water-bearing trap column model. 
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Figure 16. Contour plots of first-order difference in electric field obtained by (a–f) full-space model and (g–l) water-bearing trap column model. 
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Figure 17. Contour plots of EMF obtained by (a–f) full-space model and (g–l) water-bearing trap column model. 
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Table 1. Parameters for the full-space model using the FE method.
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	Elements
	DOFs
	Time Channel
	Relative Error (%)
	Time (s)
	Max Memory (GB)





	270,270
	316,559
	1100
	0.70
	550
	41










 





Table 2. Parameters for the half-space model using the FE and FD methods.
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	Method
	Elements
	DOFs
	Relative Error (%)
	Time (s)





	FE
	363,546
	424,425
	1.31
	770



	SLDMEM
	71 × 71 × 71
	357,911
	2.44
	694
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