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The Extra-Deep Azimuthal Resistivity Measurements (EDARM) tool, as an emerging technology, can effectively identify geological interfaces within a range of several tens of meters around the borehole, providing geological structures for directional drilling, and effectively improving reservoir encounter rates and enhancing oil and gas recovery rates. However, the signal is jointly affected by interfaces located both ahead of the drill bit and around the borehole, making it impossible to directly obtain the interface position from the signal. Considering the increased detection range of EDARM and the requirements for computational efficiency, this paper presents a 2.5-dimensional (2.5D) finite element method (FEM). By leveraging the symmetry of simulated signals in the spectral domain, the algorithm reduces computation time by 50%, significantly enhancing computational efficiency while preserving accuracy. During the geosteering process, fault and wedge models were simulated, and various feature parameters were extracted to assess their impact on the simulation outcomes of EDARM. The results show that both Look-around and Look-ahead modes exhibit sensitivity to changes in the angle of the geological interface. Crossplot analysis allows for effective identification of interface inclinations and the distances between the instrument and the geological interface. This recognition method is quick, intuitive, and yields reliable results.
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1 INTRODUCTION
Geosteering is a critical technology for minimizing development costs and optimizing the extraction of complex oil and gas resources. It directs the drilling trajectory of instruments in high-angle and horizontal wells (Li et al., 2005; Li et al., 2014; Wu et al., 2020; Omeragic et al., 2005; Bittar and Aki, 2015; Bell et al., 2006). Over the past several decades, geosteering technology has evolved from post-drilling track adjustments to active steering (Bittar et al., 2009; Li et al., 2014; Hu and Fan, 2018; Wang and Fan, 2019). The detection range has expanded from a few meters to several tens of meters, significantly reducing the risks associated with drilling operations and enhancing the overall success rate (Iverson et al., 2004; Dupuis and Denichou, 2015). Currently, oil service companies have developed proprietary extra-deep azimuthal resistivity measurement (EDARM) instruments that effectively detect geological anomalies over distances of several tens of meters and identify interfaces ahead of the drill bit, thereby providing geological guidance on a reservoir scale (Hartman et al., 2014; Li and Zhou, 2017).
The Geosphere, developed by Schlumberger, is the first commercially available EDARM instrument capable of detecting resistivity, anisotropy, interfaces, and dipping angles (Seydoux et al., 2014; Thiel et al., 2018). Recent research has focused on the physical aspects, detection performance, and sensitivity of EDARM (Larsen et al., 2015; Wu et al., 2018; Wang et al., 2019a; Zhang et al., 2021; Wang et al., 2015). Investigations primarily center on its ability to detect interfaces around the instrument within layered media, aiming to ascertain the positional relationship between the instrument and these interfaces (Xia et al., 2019; Wang et al., 2019b; Lu et al., 2019). In specific geological structures, such as fault and wedge models, interfaces may be located ahead of the drill bit. While some researchers have evaluated the Look-ahead capability of the instrument (Constable et al., 2016; Hagiwara, 2018; Lu et al., 2019; Liang et al. 2023), few have explored the relationship between Look-around and Look-ahead modes. Understanding this relationship is essential for accurately determining the distance and angle between the instrument and the interface. Further investigation is needed to elucidate the detection characteristics of EDARM, thereby providing precise and reliable information about adjacent boundaries and formation structures.
The current limitations in the application of EDARM primarily stem from two factors: First, the extended detection range leads to a more complex formation model, which in turn reduces the efficiency of forward modeling; second, the logging response is influenced by interfaces at varying orientations, complicating the inversion process. To address the issue of forward modeling efficiency, the prevalent approach is to apply equivalent dimensionality reduction methods tailored to the characteristics of the while-drilling measurement environment. This involves solving the 3D electromagnetic field using a 2D model, commonly referred to as the 2.5D algorithm. The 2.5D algorithm for while-drilling electromagnetic wave logging was first proposed by Rozas and Pardo in 2016, with a systematic explanation provided in 2018 (Rodríguez-Rozas and Pardo, 2016 and Rodríguez-Rozas et al. 2018). In 2018, Zeng et al. introduced a 2.5D finite difference method (FDM) that simultaneously resolves electric and magnetic field components, enabling more intuitive and implementable modeling of fully anisotropic media. Wu et al. (2019) then applied the 2.5D FDM to logging-while-drilling (LWD), achieving fast and accurate electromagnetic field calculations. Their team later optimized the algorithm with a novel near-optimal quadrature (2022) and Lebedev grid discretization methods (2023) (Wu et al., 2023), reducing the single-point computation time to 7.6 s and further enhancing the 2.5D algorithm’s performance. For EDARM inversion, current efforts have focused on reducing the number of inversion parameters by classifying formation models. Noh et al. (2021) developed a deep learning method to improve inversion efficiency, incorporating a classification module to distinguish between cases with and without fault planes. Wu et al. (2022) used the 2.5D FDM to simulate signal responses under different fault, curved boundary, and unconformity conditions, analyzing variations in the instrument’s maximum detection range. Zhao et al. (2024) applied a coupled physics-driven and data-driven approach to tackle the 2.5D inversion problem, enabling the retrieval of formation parameters under varying dip angles and fault conditions. Overall, while significant progress has been made, further improvements in the computational efficiency of the 2.5D algorithm are necessary, along with a clearer understanding of the response patterns of boundary conditions under different geological scenarios, to fully realize the potential of ultra-deep geosteering.
In this paper, we developed a fast forward algorithm and analyzed the calculation results for various detection modes. The first section discusses the investigation characteristics of the Look-around and Look-ahead modes. In the second section, we propose the 2.5-dimensional finite element method (2.5D FEM) to calculate the responses of complex models. Next, we investigate the detection performance of the Look-around and Look-ahead modes in both fault and wedge models. Additionally, we generated crossplots to determine the vertical distance and angle between the instrument and the interface. Based on the findings from the previous sections, a brief conclusion is presented in the final section.
2 METHOD
Efficiently and rapidly simulating geological structures, such as faults, folds, and unconformities that frequently occur around the wellbore during drilling, is crucial. Currently, two primary approaches address this issue. One method employs a sliding window processing strategy, treating complex geological structures as equivalent layered models for calculation. However, this approach is suitable only for structurally simple and gradually changing formations and does not guarantee precision (Bakr et al., 2017; Pardo and Torres-Verdín, 2015; Hu et al., 2018). The alternative method utilizes 3D numerical algorithms to simulate geological models in detail, achieving high-precision results (Davydycheva et al., 2003; Jahani et al., 2023; Davydycheva et al., 2023). However, the substantial computational workload and resource consumption lead to reduced computational efficiency, making it inadequate for the real-time demands of logging while drilling.
2.1 Governing equation
In the calculation of electromagnetic wave logging, a magnetic dipole is employed as a source during simulation to address the substantial difference between the spacing and the size of the coils, allowing for the solution of the spatial electromagnetic field. Assuming the time factor is [image: image], in the quasi-steady-state situation, the Maxwell’s equations can be expressed as:
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where E and H represent electric fields and magnetic fields, the μ and σ represent the magneto conductivity and conductivity, the Ji and Mi represent the current density and the magnetic current density.
The instrument detects signals during the drilling process, remaining unaffected by borehole invasion and mud interference. Typically, the properties of the formation remain stable and unchanged along a certain direction during actual detection, assuming characteristic alignment along the y-axis. To leverage this stability, the spatial Fourier transform can replace solving problems in the 3D spatial domain with a series of 2D spectral domain problems, effectively reducing the dimensionality of the computational model. Based on the frequency domain differential properties of the spatial Fourier transform, the following Equation can be obtained:
[image: image]
where [image: image] represent the spatial Fourier transform. By using the above equation, we can obtain the expression of the magnetic field in the x and z directions in the spectral domain.
[image: image]
and the electrical field in x and z directions is
[image: image]
where the [image: image] and [image: image] represent the magnetic field and electrical field in spectral domain, respectively. [image: image] and [image: image].
2.2 Grid meshing and resistivity assignment
In finite element algorithms, the accuracy of simulation results is influenced by the density of the discretized mesh. Finer mesh refinement enhances simulation accuracy but results in a significant decline in computational efficiency. Therefore, it is crucial to partition the geological model judiciously. Given that the geological models targeted by multi-component electromagnetic logging exhibit relatively gentle undulations, structured meshes can be utilized within a specific precision range to effectively reduce the size of the solution matrix and enhance computational efficiency. This algorithm employs non-uniform mesh partitioning to balance computational accuracy and efficiency. The mesh partitioning strategy is outlined as follows: (1) To ensure the stability of the signal source and the accuracy of multi-component field solutions, uniform sampling is required between the transmitting and receiving antennas; (2) The mesh length gradually increases from the coil system to the boundary of the solution, with the mesh length increment factor maintained within the range of 1–1.1; (3) Due to the skin effect, the electromagnetic field decays exponentially with distance from the source. Since the signal source is always at the origin, the solution boundary is set at four times the skin depth from the source.
2.3 Singularity of signal source
Setting up multiple-component field sources in 2.5D FEM presents several challenges, which are primarily addressed by two approaches: the pseudo-Dirac source method and the application of a background field with spectral domain solutions. The pseudo-Dirac source method, introduced by Herrmann in 1979 and widely employed in electromagnetic exploration as well as marine-controlled source electromagnetic methods, offers computational simplicity but exhibits reduced accuracy near source points. In contrast, the background field method provides higher accuracy but is more complex and less efficient. Given the importance of computational efficiency in multi-component drilling well logging, where only field values at receiving antennas are required, this paper adopts the pseudo-Dirac source method for simulation verification. The signal source utilized in this study, exemplified for the x-direction, is as follows:
[image: image]
where x0 is the source point coordinates, τ is the length of the unit grid near the signal source.
We evaluated the accuracy of the pseudo-Dirac source method by comparing its field distribution with that obtained from an analytical approach. In a uniform formation with a resistivity of 10 Ω·m and a signal frequency of 400 kHz, we examined the spatial distribution of the electromagnetic field generated by a magnetic dipole oriented in the z-direction. Under these conditions, the magnetic field component Hzy is zero, leaving only the electric field component Ezy. Figures 1A–D illustrate the real and imaginary parts of analytical solution and numerical solution, respectively. The results demonstrate that the pseudo-Dirac source method produces outcomes consistent with the analytical solution.
[image: Figure 1]FIGURE 1 | Electromagnetic field distribution of Ezy. (A, B) are the real parts and imaginary of Ezy calculated using the analytical method; (C, D) are the real parts and imaginary of Ezy calculated using the numerical method.
2.4 Spectral domain field characteristics study
In solving for the spatial domain electromagnetic field, the calculation of the spectral domain electromagnetic field is crucial. To investigate this matter, we examined the response characteristics of multi-component signals in the spectral domain under conditions of a uniform medium. In this study, the medium resistivity is set to 10 Ω·m, the signal frequency is 400 kHz, and the spacing is 2 m. The spectral domain responses of the magnetic field signals generated by magnetic dipoles oriented in the x, y, and z directions under these conditions are illustrated in Figure 2. As depicted in this figure, it is evident that the real and imaginary parts of the signals Hxx, Hxz, Hyy, Hxz, and Hzz are even functions in the spectral domain, while Hxy, Hyx, Hyz, and Hzy are odd functions in the spectral domain. Based on this characteristic, the following approximation can be made: The equations should be inserted in editable format from the equation editor.
[image: image]
where ∗ represent xx, xz, yy, zx, zz and [image: image] represent the signal in the spectral domain.
[image: image]
where ∗ represent xy, yx, yz, zy.
[image: Figure 2]FIGURE 2 | Magnetic dipole response of different components in the spectral domain. (A-C) are the Hxx, Hxy and Hxz signals; (D-F) are the Hyx, Hyy and Hyz signals; (G-I) are the Hzx, Hzy and Hzz signals. The blue lines and red lines represent the real part and the imaginary part of response.
3 ALGORITHM VALIDATION
3.1 1D layered model
As a first example, we establish a three-layer model in Figure 3 to validate the computational accuracy of 2.5D-FEM method. The formation resistivities from top to bottom are 1 Ω·m, 10 Ω·m, 1 Ω·m. The upper and the lower layers are semi-infinite, and the middle layer is 5 m thick. The instrument has drilled from bottom to top with a relative dip angle of 60°. Simulate the induced magnetic field signals with 400 KHz frequency and 2 m spacing.
[image: Figure 3]FIGURE 3 | The model of the 1D formation. The red line represent the wellbore trajectory.
The simulated results and relative error are shown in Figures 4, 5, validated with the results computed using an analytical solution. It can be observed that the results of analytical solution and 2.5 FEM are almost equivalent, which indicates the 2.5D FEM is accurate. In addition, the relative errors of the real and imaginary parts of coplanar and coaxial signals are generally less than 1%. A slight increase in error occurs when the instrument passes through the interface, which is attributed to the difference between the equivalent resistivity at the boundary and the actual resistivity. For the orthogonal signals, the mean relative error is close to 1%, with larger errors occurring only when the signal amplitude approaches zero. However, in practical calculations, this does not impact the amplitude ratio or phase difference signals.
[image: Figure 4]FIGURE 4 | Validation of coplanar an coaxial signals in a 1D layered model. (A, B) are the real parts and imaginary parts of signal, the curves and the scatters are from the analytical solutions and the 2.5D algorithm. (C, D) are the relative errors of real and imaginary parts between the analytical solutions and the 2.5D algorithm.
[image: Figure 5]FIGURE 5 | Validation of orthogonal signals in a 1D layered model. (A, B) are the real parts and imaginary parts of signal, the curves and the scatters are from the analytical solutions and the 2.5D algorithm. (C, D) are the relative errors of real and imaginary parts between the analytical solutions and the 2.5D algorithm.
3.2 2D model
To further demonstrate the computational efficiency of the 2.5D FEM, we established a 2D model in Figure 6. The resistivity of formation from top to bottom are 1 Ω·m, 10 Ω·m, 3 Ω·m. Keep the instrument parameters consistent with the previous section, and the corresponding simulation results are shown in Figure 7. This figure compares the results obtained using the 2.5D finite element method with those from the commercial software COMSOL. It can be seen that both methods show good consistency, demonstrating that the 2.5D finite element algorithm can be used to solve the electromagnetic field distribution of 2D models.
[image: Figure 6]FIGURE 6 | The model of the 2D formation. The red line represents the wellbore trajectory. T and R are the transmitter and receiver.
[image: Figure 7]FIGURE 7 | Validation of 2.5D FEM in a 2D model. (A, B) are the real parts and imaginary parts of Hxx and Hzz signals, the curves and the scatters are from the analytical solutions and the 2.5D algorithm. (C, D) are the real parts and imaginary parts of Hxz and Hzx signals. the curves and the scatters are from the analytical solutions and the 2.5D algorithm.
The computation based on the current mesh discretization took a total of 20.23 s. The number of unknowns to be solved is 22,320, with the corresponding matrix size being 22,320 × 22,320, and the number of non-zero elements is 261,764. Additionally, the 2.5D finite element algorithm is based on solving a series of spectral domain 2D problems, with each 2D solution process being independent and non-interfering. This perfectly aligns with the need for parallel computing. Therefore, parallel computation methods can be employed to solve these problems. On a laptop [Intel(R) Core (TM) I7-1360P with 2.20 GHz speed; RAM is 32 GB]. When the number of computation kernel involved in parallel computation is increased from 1 to 12, the computation time per logging point is significantly reduced from 20.23 s to 5.81 s, with the corresponding results shown in Table 1. In contrast, COMSOL requires 362 s, highlighting the significant difference in computational efficiency and fully demonstrating the effectiveness of this method. Moreover, compared to similar 2.5D algorithms (Li et al., 2022), this method has significantly improved computational efficiency. From the table, we can observe that as the number of computation kernel increases, the computational efficiency of this method improves significantly. However, when the number of computation kernel exceeds 6, the acceleration effect on the algorithm becomes less noticeable.
TABLE 1 | The parallel computing efficiency under different computation kernel.
[image: Table 1]4 ANALYSIS OF RESPONSES IN COMPLEX MODEL
EDARM is defined through the combination of multi-component signals. In addition to its capability to obtain formation resistivity and anisotropy, it can also detect the interface around and ahead of the instrument, greatly enhancing its geosteering ability. The definition of EDARM for boundary detection as follow:
[image: image]
[image: image]
where the USDA and USDP represent the attenuation (ATT) and phase shift (PS) of Look-around mode, the UHRA and UHRP represent the ATT and PS of Look-ahead mode.
To facilitate the explanation of the detection characteristics of Geosphere under different formation model, we adopt the fault and wedge models, which are commonly encountered in actual drilling scenarios (as shown in Figure 8).
[image: Figure 8]FIGURE 8 | The formation model of EDARM. The black line represents the wellbore trajectory. The Look-around and Look-ahead measurement scenarios have been shown in this Figure.
4.1 Fault model
Faults play a crucial role in the migration and accumulation of oil and gas, presenting a significant challenge in geosteering. Accurately identifying the location of the interface ahead of the instrument is essential to prevent the drill bit from penetrating the reservoir. To investigate the impact of fault structures on logging responses, a model, as shown in Figure 9, has been developed. Three structural parameters are defined to characterize fault variations: the relative vertical displacement (H) between the upper and lower fault blocks, the distance (D) from the instrument to the fault boundary, and the angle (θ) between the fault plane and the formation interface. Assuming an instrument spacing of 8 m, a signal frequency of 24 kHz, and formation resistivities of 4 Ω·m, 20 Ω·m, and 2 Ω·m (from top to bottom), with a 10 m thick middle layer, the instrument is drilled horizontally from left to right.
[image: Figure 9]FIGURE 9 | The fault model and parameters.
4.1.1 Relative vertical displacement
Assuming the distance (D) from the instrument to the boundary is set at 5 m, and the angle between the fault plane and the formation interface is fixed at 30°, the responses of the Look-ahead and Look-around modes were simulated for various relative vertical displacements (H) ranging from 6 m to 9 m. The simulation results are shown in Figure 10, where the x-axis represents the horizontal position of the transmitter, with the fault plane located at x = 0 m. As illustrated in the figure, when the instrument approaches the fault plane at a fixed distance from the upper and lower interfaces (x < 0 m), the Look-around mode signals remain constant, exhibiting no significant abnormalities. However, once the instrument drills through the fault plane (x > 0 m), a noticeable anomaly appears, with the signal difference becoming more pronounced as the instrument nears the interface. In contrast, the Look-ahead mode signals show a clear declining trend as the instrument approaches the fault plane. The signal difference becomes more pronounced as the H value increases. Specifically, at H = 9 m, the UHRA and UHRP signals are able to identify the fault plane at distances of 4.6 m and 3.45 m ahead, respectively. Overall, circumferential measurement signals are primarily influenced by the borehole wall interface and are unable to effectively represent the interface ahead of the instrument. In contrast, the signals of Look-around can accurately identify the interface ahead of the drill bit.
[image: Figure 10]FIGURE 10 | The responses of fault model under different H. (A, C) represent the ATT and PS signals of Look-around mode; (B, D) represent the ATT and PS signals of Look-ahead mode.
4.1.2 Inclination angle
The previous analysis revealed that the Look-around and Look-ahead modes exhibit distinct response patterns to the fault plane. To further investigate the relationship between the measurement signals and the instrument’s position relative to the interface, additional simulations were conducted. In these simulations, the instrument parameters were held constant, with the DTB fixed at 1 m and H at 5 m. The distance from the instrument to the fault plane (x) was varied from 2 m to 5 m, while the inclination angle (θ) was considered within a range of 45°–135°. The instrument’s position was fixed, and the responses were simulated across varying inclination angles (θ). The results are presented in Figure 11.
[image: Figure 11]FIGURE 11 | The responses of fault model under different angle. (A, C) represents the ATT and PS signals of Look-around mode; (B, D) represents the ATT and PS signals of Look-ahead mode.
The simulations show that both the Look-ahead and Look-around signals exhibit regular variations with changes in the fault plane’s inclination angle. Specifically, the Look-around signal decreases as the inclination angle increases, demonstrating a negative correlation. In contrast, the Look-ahead signal displays more complex behavior with changes in the inclination angle. Among the Look-ahead signals, the amplitude ratio signal (UHRA) is relatively insensitive to the inclination angle, while the phase difference signal (UHRP) shows a strong positive correlation. Overall, both Look-ahead and Look-around measurement signals exhibit clear and consistent trends with respect to the inclination angle, indicating a discernible relationship that warrants further exploration.
The Look-around and Look-ahead detection mode signals were combined under identical geological model conditions to generate crossplots, as shown in Figure 12. In these plots, the x-axis represents the signals of Look-around detection mode, while the y-axis represents the signal of Look-ahead detection mode. The dashed line indicates the distance from the instrument to the fault plane, and the solid line represents the fault plane’s inclination angle. The crossplots clearly show that the solid and dashed lines intersect, dividing the plot into distinct zones. During the geosteering process, resistivity characteristics often vary due to the inherent properties of the rock. These resistivity values can be derived using inversion algorithms. Based on this, the corresponding intersection chart can be selected, and the position of the measured data points on the chart can be used to approximate both the distance and the angle between the instrument and the fault plane. Furthermore, a comparison of the two crossplots reveals that, when the fault plane’s dip angle is small, the amplitude ratio crossplot is confined to a smaller region, indicating lower signal sensitivity. In contrast, the phase difference signal distribution is more evenly spread across regions, making it easier to detect changes in both the fault dip angle and the distance from the instrument to the fault plane.
[image: Figure 12]FIGURE 12 | The crossplots of Look-around and Look-ahead signals in fault model. (A, B) are the crossplots of ATT and PS signals. The solid lines represent the inclination angle, the dashed lines represent the distance between the instrument and boundary.
4.2 Wedge model
The angles of the upper and lower formation interfaces differ are commonly occur in geosteering study. The wedge model, as shown in Figure 13, is used to investigate the impact of interface dip angle changes on measurement signals. In this model, the instrument is assumed to be parallel to the upper interface and forms an angle α with the lower interface. With the instrument fixed at a distance of 8 m from the upper interface, and maintaining constant instrument parameters and formation resistivity, simulations were conducted for both Look-around and Look-ahead responses under varying α values, as shown in Figure 14.
[image: Figure 13]FIGURE 13 | The wedge model and parameters.
[image: Figure 14]FIGURE 14 | The responses of wedge model under different angle. (A, C) represents the ATT and PS signals of Look-around mode; (B, D) represents the ATT and PS signals of Look-ahead mode.
The figures clearly demonstrate that as the angle α increases, the strength of the Look-around detection signal gradually decreases, while the strength of the Look-ahead detection signal increases. Similar to the earlier analysis of fault structures, a noticeable separation between the curves is observed at different angles. This behavior suggests that a crossplot can be used to assess the relative position of the instrument in relation to the formation interface.
Figure 15 presents a crossplot of the Look-around and Look-ahead signals. The axes of this plot are consistent with those in Figure 15, where the solid line represents the angle between the instrument and the formation interface, and the dashed line indicates the perpendicular distance from the transmitting antenna to the interface. The plot clearly shows that the curves intersect, dividing the plot into several regions. Notably, when the angle is larger and the distance to the interface is shorter, the occupied area expands, making it easier to extract the corresponding values from the crossplot.
[image: Figure 15]FIGURE 15 | The crossplots of Look-around and Look-ahead signals in wedge model. (A, B) are the crossplots of ATT and PS signals. The solid lines represent the inclination angle, the dashed lines represent the distance between the instrument and boundary.
5 DISCUSSION
This study introduces a novel 2.5D FEM fast forward algorithm, along with simulations tailored for specific drilling geological orientation scenarios, which offer new insights into signal processing and interface identification. The new algorithm significantly improves computational efficiency by using a pseudo-Dirac function for the signal source equivalence and signal spectrum domain analysis. With the integration of parallel computing, the computation time for a single point is reduced to under 6 s, offering improved efficiency compared to other algorithms. In addition, for specific fault model and wedge model analysis, a fast identification method for interface position and angle is proposed for the first time. This method is applicable to most scenarios in drilling geological orientation. The fast and efficient forward algorithm, along with the simple interface identification method, provides algorithmic support and initial value optimization for the inversion of formation interfaces. This approach effectively addresses the issue of low processing efficiency in existing ultra-deep geological orientation.
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