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Abstract

:

The distribution of renewable energy sources is geographically limited. In the process of long-distance transmission, the direct current flowing from a ground electrode into the ground will cause a higher step voltage, which will bring serious security risks to the surrounding industry and life. Accurate calculation of the complex soil electrical model around the grounding electrode is crucial for site selection. Existing simulation software like CDEGS results in significant errors, particularly in complex karst topography. Therefore, constructing a finite element model that accurately reflects the characteristics of geotechnical soil near the DC grounding electrode is an essential but unresolved problem. This paper establishes a soil electrical model for karst topography and explores the impact of cave-type caverns and underground rivers on the step voltage distribution of DC grounding electrodes. These research findings can guide the site selection of DC transmission projects in karst topography.
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1. Introduction


Ultra-high voltage direct current (UHVDC) transmission technology has the advantages of a long transmission distance and low transmission loss. It can effectively realize the cross-regional transmission of renewable energy. Karst landscape is very common in cross-regional transportation. For example, the DC transmission project from Xiangjiaba to Shanghai passes through eastern Sichuan and western Hubei. Karst landscape is characteristic of such areas. Modeling such typical terrain, analyzing the distribution of surface step voltage, and accurately evaluating the safety of production and life in surrounding areas [1,2] all have important research significance. However, at present, there are few evaluations before the selection of grounding electrode sites in karst topography. Considering that the surface potential distribution is affected by the karst landform in a large range nearby, A practical soil electrical model was established for analysis. It plays an important role in accurately estimating the surface step voltage in karst landform areas for safe site selection [3,4].



Aiming at the site selection of the karst landform, Ai Linfeng [5] used the cavity to simulate the dry karst cave and studied the law of soil dispersion near the horizontal grounding electrode. This study is only aimed at dry karst caves. The analysis of the dispersion law is relatively detailed. But the morphology of the site selection object (karst landscape) is very complex, and there are caves, underground rivers, etc. That study is not yet complete [6,7]. In recent years, research on the influence of a geomorphic soil environment on HVDC transmission has made some progress [8,9,10]. For example, Professor Xiong Qi [11] established an anisotropic three-dimensional model for complex landforms. And the model calculation of single-ring horizontal earth electrode under complex landform has been optimized. The grounding electrode is equivalent to a line current source. The more accurate calculation results provide a research basis for the site selection of complex landforms. However, the complexity of geology needs to be further studied. German scholars used the finite element method [12,13,14] to simulate saturated layered soil [15]. The electricity and heat of the soil are coupled with the groundwater around the DC grounding electrode. Their research focuses on the temperature rise of the earth electrode. The optimal parameters for reducing the temperature rise and improving the degree of current diffusion below the earth are obtained. However, the situation of current diffusion below the earth is complex, and the problem of surface step voltage caused by it cannot be underestimated [16,17,18]. The research can still be pushed further. In summary, no matter the complexity of the research object or the research depth of the underground scattered flow, there is still a research gap in the topic of high-voltage DC grounding systems’ location. The electrical model of the soil around the grounding electrode under karst topography has its research value.



This paper simulates the typical karst topography around a DC grounding electrode site using the finite element simulation software Comsol 6.1. Various parameters such as the location, volume, and shape of the cave and the underground river are considered. The effects of these parameters on the distribution and maximum value of the surface step voltage are calculated. The results provide references for the site selection and optimization scheme design of the DC grounding electrode in karst topography.




2. Materials and Methods


2.1. Principle


There is a vector form of Ohm’s law of current density flow in a continuous medium [19]. The relationship between the current density and the resistivity of a geological structure is proved, as shown in Formula (1). The gradient in Formula (2) shows the relationship between the electric field strength and the electric potential. When a person’s feet are separated in the direction of increasing or decreasing potential, a potential difference is formed between the two feet [20]. For convenience, it will be assumed that a person has his feet one meter apart, and thus the step voltage is equal to the potential gradient mode [21]. The step voltage is the voltage difference per meter, so the unit is V/m. Formula (3) is derived: when the resistivity is constant, the step voltage is proportional to the current density norm.


   J →  =  1 ρ   E →   



(1)






   E →  = − ∇ Φ  



(2)






  U =  |   E →   |  = ρ  |   J →   |   



(3)







In these formulas,    |   J →   |    is the current density norm, and its unit is    A /   m 2     .  ρ  is the resistivity, its unit is   Ω · m  .  Φ  is the potential, its unit is V.  U  is the step voltage, its unit is    V / m   .    |  E →  |    is the potential gradient norm, its unit is    V / m   . The current injected into the earth electrode is the source of    J →   , and the    E →    is calculated by the Comsol module to obtain the step voltage of the surface.



Referring to DL/T 437-2012 (China Industry Standards) [5], the step voltage safety limit standards are as follows:


   U  lim   = 7.42 + 0.0318 ρ  



(4)







In this formula,    U  lim     is the step voltage safety limit and  ρ  is the resistivity.



The karst topography model is based on the two layers of surrounding rock shown in Figure 1 [22]. The middle diagram’s layer 1 is the soil rock layer, and below the first floor is is the bedrock layer. The current diffusion law is as follows:




	(1)

	
The current diffusion law around the earth electrode is divergent, as shown in Figure 1. Vertical downward current diffusion and horizontal outward current diffusion.




	(2)

	
The current diffusion is more inclined towards the low resistance region.
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Figure 1. The current diffusion trend diagram and model structure diagram. 






Figure 1. The current diffusion trend diagram and model structure diagram.
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2.2. Rationality Verification


In actual site selection, the measuring points of the soil (resistivity measurement for soil modeling) will not be infinitely dense. Under the condition of limited measuring points, paying attention to important areas can save manpower and material costs while ensuring safety. A. Li et al. [23] modeled the horizontal stratification of the earth. The solution obtained by the finite element tool was compared with the analytical solution. The agreement of the results preliminarily proves the rationality of the finite element method for soil modeling. Rémi Clémen compared the results of the resistivity model established by a finite element tool (comsol) with small experimental results. The deviation of the results is between 1.9% and 2.5%. The effectiveness of the finite element tool to simulate complex modules is proved. It lays the foundation for the finite element tool in the simulation of earth [24]. Amewode, E.K.’s doctoral thesis used finite element tools to establish a soil model in Ghana. Their simulation results are in good agreement with their experimental results. It is verified that the finite element tool can accurately represent complex 3D terrestrial media and structures [25]. In summary, the finite element model can fully fit the data of a large number of measuring points to establish a soil model. The soil model is established by using a tool that can calculate the finite element model to calculate the relevant important parameters on the soil.



To verify that the model provided in this paper is scientific and reasonable, this paper uses CDEGS, a widely used and pervasive tool software in engineering, to calculate the surface potential and compare it with the results of the finite element method based on Comsol 6.1 to solve the soil model provided in this paper. In this paper, a five-layer horizontal layered soil model is established in CDEGS 15.4, as shown in Table 1, to calculate the corresponding surface potential distribution. A point current source injected with 5000 A is located 3.5 m below the ground surface. The soil parameters in the finite element model are the same as those in the CDEGS, and the surface area is 206,210.4 m × 206,210.4 m. In summary, thousands of amperes of current flow through the DC electrode into the earth, creating potential in the soil and surface. The potential decreases to zero at an infinite distance, resulting in a steady DC flow field in the soil. The resistivity value used in the contrast model is the value of the actual measurement data of complex landforms after simple processing. The corresponding measurement area has a complex geology and a large range. A measurement method combining Wenner four-pole method and magnetotelluric detection method is adopted. The layout of the measuring points is shown in Figure 2a. The calculation results of CDEGS and the finite element model are shown in Figure 2b.



As shown in Figure 2a, the potential of each point obtained by the finite element method model is generally higher than that calculated by CDEGS, because the actual geometric data of the grounding electrode are taken into account with the finite element model, as shown in Figure 1. The CDEGS treats the earth electrode as a point current source. This assumption of equivalence to the central point will make the current decrease faster when it diverges outward from the central region, so the potential decays more. Therefore, in the case of almost the same calculation time, the calculation of the finite element tool is more accurate. Considering its accuracy, the computational cost of the finite element tool is lower. In this paper, the finite element method is used to simulate the soil model, which has high rationality. Moreover, CDEGS can only calculate a horizontally layered soil model. If the landform is complex, such as the caves and underground rivers in karst topography, it is more difficult to accurately calculate. Therefore, the finite element method used in this paper to simulate karst topography has its advantages in site selection.



The actual measured values used in the comparison model of Figure 2 are processed. The processing method is based on the modeling method of the horizontal and vertical stratification of complex earth proposed by Qi Xiong et al. [11]. A three-dimensional electrical model of the vertical two-layer and horizontal multi-region in Figure 3a is established. In this paper, the study of complex karst caves is added on the basis of complicating the earth model. Therefore, it is reasonable to simplify the vertical direction of the complex earth model. A simple sinkhole is taken as an example to prove the rationality of the model in this paper. The earth electrode model, soil resistivity model and karst cave model are established in the finite element tool. The earth electrode model is the line current source of the finite element tool. The boundary condition of the whole model is set: the potential of the remaining surface, except the top surface, is 0. In order to calculate the accuracy, the denser the mesh is, the better. The overall size of the model and the limiting factors such as computer memory and running speed were considered. The density of the grid is divided according to the importance of the region. The units close to the earth electrode and the units close to the karst cave are the focus of this paper. Therefore, the fineness of the mesh is divided according to the principle of moving from small to large. Firstly, the grid of the karst cave is divided. Then, a grid of small soil blocks with an earth electrode radius of less than 2000 m is divided. Then, the division of the remaining mesh occurs. Finally, local grid refinement is performed on the elements around the earth electrode and the karst cave (conventional refinement is selected to be more accurate). The specific selection of the cave grid is performed. If there is a regular surface in the cave, the triangular mesh is preferentially constrained. Then, the tetrahedral mesh is selected for the whole karst cave. If there is no regular surface, the tetrahedral mesh is directly used to calculate the karst cave.



The influence of special landforms in karst topography on site selection is the focus of this paper. Therefore, the existence of special landforms can be reflected in the distribution of the surface step voltage. It is an important verification of whether the model is reasonable. The existence of a sinkhole has an effect on the surface step voltage distribution. This effect on the distribution of results can be calculated by the finite element model of Figure 3a. It can be seen from the three-dimensional diagram in Figure 3b that the closer to the direction of the sinkhole (the northeast direction of this simulation), the greater the surface step voltage is affected. Therefore, it can be proved that the calculation results of the model established in Figure 3a conform to conventional theoretical law. The model can be applied to the detailed study of karst caves and underground rivers.




2.3. Cave Model Support


The surrounding rock is simplified into two layers of surface karstification and stratigraphical bedding [22,26]. Considering the actual karst landscape, the surface rock and soil are mainly distributed in large and medium-sized karst caves. Therefore, most of the cave-type karst caves discussed in this paper are allocated in the second layer of the surrounding rock, and their volume is mostly not considered. The filling, volume, shape, and location of the caves are varied [27,28,29]. Based on the premise of being close to actual karst topography [30,31], the four influencing factors of cave-type karst caves are listed as follows:



The shape block takes the following four categories: a spherical model and its variant, cylinder and its variant, truncated cone and its variant, and an irregular shape. Its position is the second layer of surrounding rock. Other parameters are shown in Table 2.




2.4. Underground River Model Support


The spatial distribution of underground rivers is complex and diverse, and their location and shape are the simulation difficulties of underground rivers [32,33,34]. The simulation of an underground river can also be equivalent to the specific analysis of the irregular shape of a cave. The shape, location, filling, and volume of an underground river [15,35] are summarized in Table 3. The underground river has three parts: recharge, runoff, and excretion. Both recharge and excretion need to be connected to the surface. This paper only discusses the underground part, so it focuses on the runoff part of the underground river to simulate the influence of the underground river on the surface step voltage.



Underground river caves are divided into five categories: dark river, swallet stream, through-hole type, undercurrent, and seepage inflow type. Among them, the through-hole type of underground river is lifted off the groundwater level due to the ground uplift, and the seepage inflow type of underground river is sandwiched between the surface rivers on both sides of the canyon, and its position is often higher than the surface. This paper does not discuss above the surface, so only dark rivers, swallet streams, and the undercurrent type are discussed. These three types of underground rivers can be simulated as karst caves with different fillings, shapes, and locations. Based on the particularity of various underground rivers, various standard models are defined [36], and the data are shown in Table 4.



In summary, for the three types of underground rivers the influence of location and shape on the surface step voltage is analyzed. The influence of the resistivity, volume, and horizontal and vertical position of the fillings follows the analysis results of cave-type karst caves. The shape and position of the real situation will not be as neat as the standard in Table 4. In the specific analysis of various underground rivers, the rotation position, hydraulic gradient, overall shape, and cross-section shape of the underground river are simulated within a reasonable range of its position and shape. These four influencing factors will help analyze the step voltage distribution of the surface around the grounding electrode, which can provide a reference for site selection in karst topography areas.





3. Results and Discussion of Caves


3.1. The Influence of Fillings on Surface Step Voltage


A model of a large karst cave was established: the volume was 1000 m3, the shape was a cylinder, the radius was 5 m, and the height was 12.73 m. Its location was in the east direction, 500 m away from the center of the earth electrode, and the highest point of the upper surface of the karst cave was 10 m away from the surface, which is in the second layer of the surrounding rock. The cave filling may be A: impermeable material (10 Ω·m); B: water (50 Ω·m); C: weak permeable material (200 Ω·m); D: permeable material (600 Ω·m); E: semi-filled (6000 Ω·m); F: dry cave (1,000,000 Ω·m).



As shown in Figure 4, there are underground cave-type karst caves, and their surface step voltage generates a distortion. Their maximum surface step voltage increases by about three times. The lower the resistivity of the cave fillings A to E, the greater the maximum step voltage, but the maximum step voltage of different fillings varies within 0.02%. Therefore, a change of fillings in cave-type karst caves will basically not affect the maximum value of the surface step voltage.



The resistivity of the surrounding rock of a karst cave is between E and F, but it can be seen from the results in the diagram that the resistivity difference between the karst cave and the second layer of surrounding rock is not a factor affecting the level of the surface step voltage; however, the resistivity difference is the influencing factor that causes the distortion of the surface step voltage compared to the absence of karst caves. The resistivity difference makes the current more inclined to flow in the direction of low resistivity. The resistivity of a karst cave is lower than that of surrounding rock (such as A–E karst caves). Due to the difference in resistivity, the direction of dispersion is the portion of the underground karst cave in the east, as the current is more inclined to disperse through the karst cave. The resistivity of a karst cave is higher than that of surrounding rock (such as class F karst caves and some of the class E karst caves). Due to their difference in resistivity, the direction of dispersion is still the direction of the underground karst cave towards the east, and the current is more inclined to disperse through the surrounding rock around the karst cave. There are two parts to this combined analysis. For the part below the earth, with the electrode in the vertical direction, the capacity for current diffusion in one direction is higher than that in other directions. This direction is the direction of the existence of caves. The filling of the cave does not affect this result. For the surface part, the capacity for current diffusion in all directions remains unchanged. Therefore, the surface in the direction of a cave concentrates more current. Due to Formula (3), there are underground karst caves that distort the surface step voltage.




3.2. The Influence of Position on Ground Step Voltage


The vertical position of cave-type karst caves is generally distributed under the surface soil strata, and their horizontal position distribution is not limited. When only a single karst cave is considered, the influence of the karst cave’s position on the surface step voltage does not have anisotropy in the rotation direction. The positive east direction, with the center of the earth electrode as the starting point of the azimuth, is simulated as the rotation direction. In the vertical and horizontal directions, the distribution of karst caves near or away from the center of the earth electrode is random. The volume and shape of the simulated karst cave are consistent with 3.1, and the filling condition is a semi-filled karst cave (6000 Ω·m). The position value is random and the calculation amount is large, limited by computational memory and computing time. In this paper, some representative locations are selected as the possible locations of karst caves. The relationship between the location of the underground cave and the maximum step voltage of the surface is shown in Figure 5.



The X axis in the diagram indicates the aspect of the cave’s position in the horizontal direction away from the center of the earth electrode, and the values are 0, 10, 20, 30, 60, 100, 200, 500, and 1000 (m). The Y-axis represents the aspect of the cave’s position in the vertical direction away from the surface, and the values seen are 10, 30, 90, 150, 350, 900, 1200, 1600, and 1850 (m). The Z-axis represents the maximum step voltage. According to Formula (4), the ground step voltage is less than 8.692 V/m, which is within the safe range. The influence of position on the maximum value of the surface step voltage is as follows:




	
The closer the karst cave is to the earth electrode, the higher the maximum step voltage of the surface is. According to the analysis of 3.1, there are underground caverns that distort the surface step voltage, which are also seen in this section. The closer the distance to the earth electrode is, the greater the influence of the resistivity difference on the current dispersion is, and the more concentrated it is in the direction of the cave. According to Formula (3), the more the current accumulates in this direction on the surface, the higher the maximum step voltage.



	
The maximum step voltage of a karst cave within the earth electrode is higher than that of a karst cave outside the earth electrode when both are at the same distance from the earth electrode. The karst cave is at the same distance from the polar ring, and the greater the vertical direction is (as shown in Figure 5, the position of a and b; this point accounts for more than b in the vertical direction), the lower the maximum surface step voltage is. The dispersion flow of the polar ring is always vertically downward and horizontally outward. The horizontal projection of a karst cave outside the polar ring has a greater influence on the dispersion flow than that inside the polar ring; at the same distance, the influence of the vertical aspect of the cave is greater than the horizontal aspect.



	
The location range of the karst cave satisfying the safety limit (positive east direction) is shown in the opposite direction of the arrow in Figure 5. The red arrow indicates the direction in which the value of the step voltage exceeds the limit.The safe distance between the location of the cave and the polar ring has the following seven sets of data, such as Table 5, where d is the distance between the cave and the polar ring. In Table 4, the maximum value is taken as the safe distance. When d > 350.1 m, the maximum value of the surface step voltage does not exceed the safe range.









3.3. The Influence of Volume on Surface Step Voltage


The volume parameters will affect some shape parameters, so the influence of the spherical simulation volume on the surface step voltage is taken into account. The position is consistent with the filling and 3.2. The volume is taken as A: small cave, B: medium cave, C: large cave, and D: super-large cave. The specific parameters are shown in Table 6.



The percentage figure in Figure 6 is the result of the normalization of the calculation formula in the figure. The percentage in Figure 6 is the U % in formula (5). The volume of small caves is very large. In terms of their influence on the maximum step voltage on the surface, the small caves are 12% less influential than the very large caves. Therefore, cave volume has a great influence on the surface step voltage, and the maximum step voltage increases with an increase in the volume.


   U %  =    U  max ( A / B / C / D )      U  max ( D )      



(5)







When there is a resistivity difference between the karst cave and the surrounding rock, the current dispersion is more inclined towards the direction of the karst cave. At this time, the resistivity of the cave is lower than that of the surrounding rock, and the current tends to flow through the cave. The larger the volume, the more current flows in this direction. When the surface flow capacity does not change, the surface accumulates more current in this direction. According to Formula (3), the maximum surface step voltage increases with the increase in the volume of the underground cave.




3.4. The Influence of Shape on Surface Step Voltage


The actual cave shape is mostly irregular. A single irregular karst cave can be partially decomposed into an aggregation of multiple small blocks. The volume of each small piece of the karst cave is large enough that the small pieces can be equivalent to a regular shape. Some small pieces with extremely irregular shapes can also be targeted for analysis. Therefore, the qualitative determination of each small block can be obtained through the quantitative completion of the simulation, which provides a reference for the qualitative analysis of the influence of the whole cave-type karst cave on the surface step voltage in the actual karst topography, to provide theoretical guidance for the site selection of DC transmission projects within the karst topography area.



The radius of the cave-type karst cave (non-dissolution cave) discussed in this paper is not less than 100 mm, so the dimension of each direction of the shape should not be less than 0.1 m, while the filling and position are consistent with 3.3. If the block simulation takes the volume of each block to be about 1500 m3, then the block itself is large enough. Therefore, there is value in the analysis of the block itself. Shape division is into an analysis of a regular ball and its variants, regular cylinder and its variants, regular truncated cone and its variants, and extremely irregular shapes.



3.4.1. A Regular Sphere and Its Variants


In Figure 7, the a axis is in the X-axis direction (positive east direction). The center position of the karst cave is consistent. The larger the a axis is, the higher the proportion of the path through the cave in the horizontal direction is when the polar ring disperses in the direction of the cave. The c axis is in the Z-axis direction. When the vertex position of the cave remains unchanged, the larger the c axis is, the higher the proportion of the path through the cave in the vertical direction is when the earth electrode’s current diffusion is in the direction of the cave. The b axis is in the Y-axis direction, and the center position of the cave is unchanged. The larger the b axis, the larger the proportion of the cave in the Y axis. In the following, b1 and U2 are used to represent the b axis of ellipsoid 1 and the step voltage of ellipsoid 2. The horizontal plane of the center of gravity of the cave is defined as the horizontal part of the cross-section of the cave, and the X-axis normal plane of the center of gravity of the cave is defined as the vertical part of the cross-section of the cave, while the ratio of the horizontal to vertical cross-sectional area is  K . The x is the variant number in    K x   .



In Table 7, the a axis of ellipsoids No. 2–4 is consistent, and the b axis is different from the c axis, and a2 = a3 = a4, b3 > b2 > b4, c4 > c2 > c3, and the step voltage is U4 > U2 > U3. The above results show that the influence of the proportion of the dispersion path through the cave in the vertical direction on the maximum value of the surface step voltage is greater than that through the cave in the Y axis. This is due to the shape of the earth electrode. At the location of the karst cave, its dimension in the Y-axis direction is increased, and the distance between each point on the axis and the earth electrode is not consistent. As shown in Figure 7, the distance between point A and the polar ring is greater than the distance between point B and the earth electrode. It is assumed that only the proportion of karst caves in the Y axis is increased, and that other dimensions remain unchanged; the length of the dispersion path remains unchanged, increasing the cross-sectional area that can pass through the cave. However, there is a difference in the distance between each point of the cross-section and the earth electrode, and the unit dispersion flows at each point of the cross-section are different. When the location of the karst cave is unchanged, the proportion of the karst cave in the Y axis increases, but the current diffusion per unit area becomes smaller and smaller. Therefore, the proportion of karst caves in the Y axis has a relatively small effect on the maximum surface step voltage. The current is more inclined to flow downward, so the proportion of the flow path through the cave in the vertical direction is greater.



In Table 7, ellipsoid 6 is consistent with ellipsoid 2’s b axis, and b2 = b6, a2 > a6, c2 < c6, and the step voltage is U2 < U6. The above results show that the influence of the length of the dispersion path through the cave on the maximum value of the surface step voltage in the vertical direction is greater than that in the horizontal direction. Because of the law of current diffusion, at the same distance, the current is more inclined to disperse in the vertical downward direction than in the horizontal direction. This is the reason for the above results.



Comparing ellipsoids No. 1 and No. 5 with ellipsoids No. 2–4 in the table, we can obtain a1 > a2 = a3 = a4 > a5, b3 > b5 > b2 > b1 > b4, c4 > c5 > c2 > c1 > c3, K4 > K5 > K2 > K3 > K1, and know that the step voltage is U4 > U5 > U2 > U3 > U1. The above results show that when there are differences in each dimension, the difference in the proportion of karst caves in the Y axis can be ignored, and the maximum surface step voltage decreases consistently with the K value, as shown in the histogram in Figure 7. In summary, the K value of the shape variation of the karst cave is an important factor affecting the maximum surface step voltage.




3.4.2. A Regular Cylinder and Its Variants


The definition of K and Kx in Figure 8 and Table 8 is consistent with the definition in Section 3.4.1. The variant numbers 1–5 in Table 5 are dimensional variants, as shown in Figure 8a; the numbers 6–8 are the bottom surface variants, as shown in Figure 8b–d.



The influences of the dimensional variation and the bottom variation of the cylinder on the maximum value of the surface step voltage are related. Consistent with the ellipsoid, the maximum step voltage decreases consistently, as shown in Figure 8f.



The upper bottom surface of the cylinder is overlapped with the lower bottom surface to obtain the variation of the three-dimensional ring, as shown in Figure 8e. The parameters of the three-dimensional ring are a large radius R and small radius r. Under the condition that the volume, filling, and position are unchanged, the influence of the radius on the maximum value of the surface step voltage is as follows.



The difference in the proportion of karst caves in the Y axis can be ignored. Combined with the Section 3.4.1 analysis, it can be seen that there is a gap between the distance between each point of the three-dimensional ring and the polar ring. Affected by the distance, the influence of the proportion of the vertical direction of the dispersion path through the cave on the dispersion is relatively reduced. The proportion of the flow path through the cave in the horizontal direction can directly affect the distance between the cave and the polar ring, so the parameters of the horizontal dimension are the parameters that have a greater impact on the surface step voltage. As shown in Table 9 and Figure 8g, the maximum surface step voltage increases with the increase in Rx.




3.4.3. A Regular Truncated Cone and Its Variants


The ordinary form of a cone-shaped cave comes from a variation of the bottom ellipse, and its degree of influence is consistent with the dimension variation of the sphere, so it is not necessary to discuss it repeatedly here. Different from the spherical variant and the cylindrical variant, there is no representative value for the horizontal cross-sectional area of the frustum. Therefore, the parameter K defined above cannot be used as a discriminant parameter in the frustum. The ratio k is of the radius of the upper and lower bottom of the circular truncated cone. When the ratio is 0, the variable form of the circular cone is that the radius of the bottom surface of the conical cone is 5 m, and the dimension variation is carried out according to the parameters in Table 10. As shown in Figure 9, the maximum value of the surface step voltage increases consistently with k. The maximum value of the surface step voltage, corresponding to a ratio of 0.8, increases by about 2.7% compared to a ratio of 0.3, and increases by about 4.4% compared to a ratio of 0. Regardless of whether the cone is added to the discussion of the cone, the ratio effect is less than 5%. Therefore, the ratio effect of the cone-shaped cave can be ignored.




3.4.4. Extremely Irregular Shapes


As shown in Figure 10, the center of gravity of an extremely irregular shape is difficult to determine. Therefore, the influence of the K value on the surface step voltage has no reference significance. It can be seen from Table 11 that when the volume, position, and filling of an extremely irregular shape are consistent, the horizontal cross-sectional area increases by about 250%, and the corresponding maximum surface step voltage increases by about 16%. The maximum value of the surface step voltage increases consistently with the horizontal cross-sectional area.




3.4.5. Shape Summary


Discussion of the block: The K value of the spherical and cylindrical blocks is an important factor affecting the maximum value of the surface step voltage. The large radius R-value of a block close to the three-dimensional ring type is an important factor affecting the maximum value of the surface step voltage. The ratio k of a block close to the frustum is an important factor affecting the maximum value of the surface step voltage. When the block is extremely irregular, the horizontal cross-sectional area is an important factor affecting the maximum surface step voltage. In summary, try to avoid spherical or cylindrical karst caves with a large K value, avoid three-dimensional circular karst caves with a large R-value, avoid frustum karst caves with a large value for the ratio k, and avoid extremely irregular blocks with a large cross-sectional area.



Discussion of the whole block: If the shape of the underground cave is close to the aggregation of multiple blocks, it can be discussed with reference to the block results. If the influencing parameters are consistent and the shape of the block is inconsistent, the same influence parameter can be used to avoid a karst cave that has a great influence on the surface step voltage. For example, a karst cave can be divided into several hemispheres or spheres and several cylindrical blocks and their variants, and then the K value is used as the decision parameter to avoid the location of a karst cave with a relatively large K value. If the influencing parameters are inconsistent and the block shape is inconsistent, the influencing parameters corresponding to the larger block shape are used as the decision parameters, for example, when the karst cave can be divided into several truncated cones three-dimensional rings, and several extremely irregular shape blocks. If the block volume of the truncated cone is relatively larger, the ratio k is used as the decision parameter to avoid the location of a karst cave with a relatively large ratio k value.






4. Results and Discussion of Underground Rivers


4.1. Rotation Position Analysis


Different from cave-type karst caves, the influence of different angles formed by the flow direction and azimuth line (east–west direction) of an underground river on the surface step voltage cannot be ignored due to their special shape, which is defined as the rotation position. Taking the 0° in Figure 11 as an example, the flow direction is east–west, that is, the rotation position is defined as 0°. The current is mostly a single tunnel, and the tributaries can be ignored when analyzing the rotation position. In addition to the rotation position, the parameters of the current are taken as the standard values in Table 4. The underground river is not symmetrically distributed, so there is no symmetry in the analysis of the rotation position, and the rotation position of the whole circle is taken for analysis. The horizontal and vertical positions are fixed (see Table 4), and the Z axis passing through point A in the diagram is used as the rotation axis about which to rotate horizontally. Taking a representative rotation position can reduce the computational cost and ensure the regularity of the analysis, so we take the rotation position shown in Figure 11a. Figure 11b–d are the distribution of the surface step voltage, and only the surface step voltage distribution near the polar ring in the direction of the underground river is cut out, that is, the part Figure 11a below the cut-off line. The step voltage in the direction of the underground river is more likely to cause distortion and exceed the safety limit, so it is more meaningful to discuss.



When the rotating position is taken as 0–90°, the surface step voltage increases significantly; when 120–180° is taken, the value of the surface step voltage distortion zone decreases as a whole; when 210–270° is taken, the surface step voltage is significantly increased; and when 300–330° is taken, the value of the surface step voltage distortion zone decreases as a whole. Similar to the analysis of the location of cave-type karst caves, the closer the part of the underground river is to the polar ring, the larger the surface step voltage distortion area, and the larger the maximum value of the surface step voltage. Compared with the 0-degree rotation position, the maximum surface step voltage, corresponding to the 90-degree rotation position, increases by about 121%.




4.2. Analysis of Hydraulic Gradient


For different types of underground rivers there is no clear division of hydraulic gradient. Due to the single tunnel characteristics of the underflow, this paper takes the underflow as an example to analyze the influence of the hydraulic gradient on the surface step voltage. In addition to the hydraulic gradient, the parameters of the current are taken as the standard values in Table 4. As shown in Figure 12, d is 80 m, R is 15 m, and the hydraulic gradient is 1–7%.



With the increase in hydraulic gradient, the maximum value of the surface step voltage increases. The dispersion of the grounding electrode in the ground is affected by the underground river. When the maximum distance between the underground river and the surface is constant, the hydraulic gradient is larger, and the nearest distance between the underground river and the surface is smaller. It can be seen from the dispersion law (Figure 1) that the underground river has a greater influence on dispersion. The resistivity of the underground river is higher than that of the surrounding soil, which is the same as the filling analysis of the cave. The current is more concentrated on the surface in the direction of the underground river, the surface step voltage is distorted, and the maximum value is increased. As shown in Figure 12, the maximum surface step voltage increases by about 116% when the hydraulic gradient is 7% compared to 1%. Therefore, the influence of the hydraulic gradient on the surface step voltage cannot be ignored.




4.3. Overall Shape Analysis


The overall shape of the underground river is characterized by the possibility of multiple tributaries or a single channel. Therefore, the influence of the river’s overall shape on the surface step voltage is analyzed by taking the subsurface flow pattern along the river as an example. In addition to its overall shape, the parameters of the underground river are taken as the standard values in Table 4. The overall shape is divided into the following four types: A, single tributary (on the side away from the polar ring); B, single tributary (on the side near the polar ring); C, two tributaries (distributed on the side far away from the polar ring and the side near the polar ring, respectively); D, three tributaries (based on the two tributaries, add a short tributary on the side away from the polar ring). The relationship between the overall shape and the maximum value of the surface step voltage is shown in Figure 13. The maximum surface step voltage increases with the increase in the number of tributaries of the underground river.



	
The number of tributaries is the same (single tributary), the mainstream is unchanged, and the maximum surface step voltage is larger on the side of the tributary near the polar ring than on the side away from the polar ring. Similar to the location analysis of cave-type karst caves, the closer to the polar ring, the greater the maximum surface step voltage.



	
The maximum surface step voltage increases with the increase of the number of tributaries of the underground river. Therefore, for the overall shape, the more dispersed the shape ( the more tributaries ), the greater the impact on the surface step voltage, the greater the maximum surface step voltage, and the easier it is to exceed the full range.
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Figure 13. The overall shape affects the step voltage distribution map. 
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4.4. Cross-Section Shape Analysis


The cross-sectional shape of the underground river is not fixed, so the influence of the cross-sectional shape of the underground river on the surface step voltage is analyzed. In addition to the cross-sectional shape, the parameters of the underground river are taken as the standard values in Table 4. To ensure a consistent cross-sectional area (1500 m3), the influence of three cross-sectional shapes (as shown in Figure 14) on the surface step voltage is analyzed. The shape of the three cross-sections represents the irregularity of the cross-section, and the irregularity is sorted from high to low: A, B, and C. As shown in the histogram, the smaller the irregularity of the underground river section, the greater the maximum surface step voltage. In summary, the cross-section of the real underground river is mostly irregular, and the influence of the real underground river on the surface step voltage will be smaller than that in the simulation. If the simulation structure exceeds the safety limit, the real situation is certainly unsafe, so the simulation results can provide a reference for the real situation.





5. Conclusions and Prospects


This paper provides a reference for the preliminary work of determining earth electrode locations in karst topography areas. By establishing a typical soil electrical model of negative karst terrain, the influence of landforms on the step voltage distribution of the DC grounding electrode is studied. The following conclusions are obtained:




	
In the model analysis of the cave, the influences of different fillings on the maximum step voltage of the surface are within 0.02% of each other; the closer the location of the karst cave to the grounding electrode, the greater the maximum value of the surface step voltage; and there is a position range that meets the safety limit of the step voltage. The surface step voltage of super-large caves is 12% higher than that of small caves, and the volume effect cannot be ignored. The influence of different shapes on the surface step voltage has a corresponding influence on the degree of safety judgment value.



	
In the model analysis of the underground river, the influence of the rotation position cannot be ignored. The maximum value of the surface step voltage corresponding to the rotation position of 90 degrees is about 121% higher than that of 0 degrees. The influence of the hydraulic gradient cannot be ignored. A hydraulic gradient of 7% compared to 1% increases the maximum surface step voltage by 116%. The closer the tributary is to the grounding electrode and the larger the number of tributaries is, the easier it is for the surface step voltage to exceed the safety limit. The more regular the cross-section shape is, the more easily the surface step voltage exceeds the safety limit, which proves that the simulation value can provide a reference for practice.








The research results of this paper can provide theoretical guidance for the location of DC transmission projects in complex terrains. However, there are still underground fault zones and air gap water in karst landforms, which are not discussed in this paper. The soil electrical model of karst landforms needs further supplementary research.
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Figure 2. (a) measuring point layout and (b) ground potential comparison diagram. 
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Figure 3. (a) Three-dimensional grid model of karst landscape. (b) Analysis of the influence of the existence of a sinkhole on the surface step voltage. 
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Figure 4. The influence diagram of karst cave filling on the maximum values of surface electrical parameters. 
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Figure 5. The influence of position on the distribution of surface step voltage. 
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Figure 6. The normalized comparison diagram of the maximum value of the volume to the surface step voltage. 
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Figure 7. The influence of sphere shape on surface step voltage. Left diagram is the structure diagram. The right image is the result image. 
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Figure 8. The influence of cylindrical shape on surface step voltage. (a–e) is the shape of the cave. (f,g) is the result. 
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Figure 9. The influence of the shape of the frustum on the ground step voltage. (a) Round truncated cone comparison diagram. (b) Step voltage comparison. 
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Figure 10. Simulation diagrams of irregular shapes. 
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Figure 11. Rotation position analysis. (a) Structure distribution; (b–d) surface step voltage distribution under different rotation positions. 
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Figure 12. The hydraulic gradient affects the step voltage distribution map. 
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Figure 14. The cross-section shape affects the step voltage distribution map. 
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Table 1. Horizontal 5-layer soil.






Table 1. Horizontal 5-layer soil.





	i
	ρi (Ω·m)
	hi (m)





	1
	52.05
	5



	2
	240.01
	274



	3
	3843.67
	1945



	4
	8542.76
	3561



	5
	35,427.81
	68,577










 





Table 2. Fillings, volume summary table.
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Classification






	
filling

	
Dry karst cave (above 10,000 Ω·m)




	
Semi-filled karst cave (5000–10,000 Ω·m)




	
Filled with permeable material, such as gravel or coarse sand (500–1000) Ω·m




	
Filled with weakly permeable material, such as microscale sand or silt (100–300) Ω·m




	
Water-filled cave (Less than 50 Ω·m)




	
Karst cave filled with impervious material, such as clay (5–30 Ω·m)




	
volume

	
Small cave: radius 0.1–0.5 m, volume less than 10 m3, height 10–318 m




	
Medium cave: radius 0.5–3 m, volume 10–100 m3, height 10–318 m




	
Large cave: radius 1–10 m, volume 100–1000 m3




	
   Super - large   cave :   radius   10 – 300   m ,   volume   greater   than   1000    m 3    











 





Table 3. Summary table of underground river parameters.
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Filling

	
Position

	
Volume

	
Shape






	
semi-water, semi-filled permeable

substances (275–525 Ω·m)

	
runoff dissolution belt

(apart from surface 45–325 m)

	
super-large karst cave

(above1000 m3)

	
hydraulic slope

2.9–12.7%




	
semi-water, semi-filled weakly

permeable material (75–175 Ω·m)

	
vertical infiltration dissolution zone

(apart from surface 30–170 m)











 





Table 4. Standard data values.
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Dark River

	
Swallet Stream

	
Undercurrent






	
resistivity (Ω·m)

	
300

	
300

	
150




	
volume (m3)

	
about 4.5 × 106

	
about 2.8 × 106

	
about 2.1 × 107




	
position

	
vertical position 1

	
30 m

	
65–144 m

	
100–325 m




	
horizontal position 2

	
800 m

	
1500 m

	
800 m




	
rotation position

	
0 degrees

	
0 degrees

	
0 degrees




	
hydraulic slope

	
12%

	
3%

	
8%




	
shape

	
whole shape

	
multiple development branch holes

	
single tunnel

	
development branch hole




	
cross-sectional shape

	
irregular

	
keyhole type

	
the shape of a pothole








1 The highest point from the surface. 2 The distance from the center of gravity of the underground river to the center of the grounding electrode in the south direction of the horizontal plane.













 





Table 5. The critical values of safety range.
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	(X, Y)
	d (m)
	(X, Y)
	d (m)





	(0, 10)
	350.06
	(200, 90)
	173.15



	(10, 30)
	341.03
	(300, 350)
	350.09



	(50, 30)
	301.17
	(600, 10)
	250.08



	(100, 30)
	251.4
	
	










 





Table 6. Volume value parameter table.
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	Category
	Volume (m3)
	Radius (m)
	Umax (V/m)





	A
	10
	1.34
	9.367



	B
	50
	2.29
	9.706



	C
	1000
	6.2
	9.999



	D
	1,000,000
	62.05
	10.647










 





Table 7. Parameter table of the spherical model.
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