[image: image1]Influences of Soil Water Content and Porosity on Lightning Electromagnetic Fields and Lightning-Induced Voltages on Overhead Lines

		ORIGINAL RESEARCH
published: 23 June 2022
doi: 10.3389/fenvs.2022.946551


[image: image2]
Influences of Soil Water Content and Porosity on Lightning Electromagnetic Fields and Lightning-Induced Voltages on Overhead Lines
Yinping Liu1*, Yuhui Jiang1, Qisen Gao1, Xia Li1,2, Gan Yang3, Qilin Zhang1 and Bo Tang1
1Key Laboratory of Meteorological Disaster, Ministry of Education (KLME)/Joint International Research Laboratory of Climate and Environment Change (ILCEC)/Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters (CIC-FEMD)/Key Laboratory for Aerosol-Cloud-Precipitation of China Meteorological Administration, Nanjing University of Information Science and Technology, Nanjing, China
2State Key Laboratory of Severe Weather, Chinese Academy of Meteorological Sciences, Beijing, China
3Guangdong Technical Support Center of Meteorological Public Security, Guangzhou, China
Edited by:
Xinyao Xie, Institute of Mountain Hazards and Environment (CAS), China
Reviewed by:
Guoqing Ma, Jilin University, China
Fuyu Jiang, Hohai University, China
* Correspondence: Yinping Liu, yuan8503@163.com
Specialty section: This article was submitted to Atmosphere and Climate, a section of the journal Frontiers in Environmental Science
Received: 17 May 2022
Accepted: 06 June 2022
Published: 23 June 2022
Citation: Liu Y, Jiang Y, Gao Q, Li X, Yang G, Zhang Q and Tang B (2022) Influences of Soil Water Content and Porosity on Lightning Electromagnetic Fields and Lightning-Induced Voltages on Overhead Lines. Front. Environ. Sci. 10:946551. doi: 10.3389/fenvs.2022.946551

This study is performed to analyze the effects of both soil water content and porosity, two of the influencing factors of the finite conductivity, on the propagation of lightning electromagnetic fields (LEMFs) and lightning-induced voltages (LIVs) on overhead lines. A two-dimensional finite difference time domain (FDTD) model together with an improved Archie’s soil model is adopted for the field calculation at close distances from the lightning channel. The obtained results confirm that the soil water content and porosity have notable impacts on the peak values of LEMFs, especially the horizontal electric field. Moreover, the soil water content and porosity are correlated when acting together. The peak values of the horizontal electric field are found to be markedly influenced by the porosity changes at high water content or the water content changes at low porosity. The LIVs on overhead lines in these two cases are also studied. There appear to be greater differences in the induced voltages as the water content changes at low porosity.
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1 INTRODUCTION
The finitely conducting ground is widely recognized to possibly influence the propagation of lightning electromagnetic fields (LEMFs) with advances in the knowledge of it. This effect will cause a great difference from the value estimated for perfectly conducting ground, thereby affecting the results of lightning location and lightning-induced voltage (LIV) computation. Thus, a comprehensive study on the finite conductivity and its influencing factors, such as the soil water content and porosity, could deepen the research of LEMFs, which is also a contributing factor to lightning detection technology, lightning disaster assessment, and lightning protection.
The studies on LEMFs have primarily involved development of algorithms, the earliest one of which is Sommerfeld’s integrals (Sommerfeld, 1909). Later, many approximation methods derived from it were proposed (Rubinstein, 1996; Wait, 1997). The application of the above classical analytical methods is sometimes subject to the complexity of the actual situation to some extent. In this aspect, the results of numerical methods are more accurate than analytical results. Based on the finite difference time domain (FDTD) method (Kane Yee, 1966), a numerical method of popularity, considerable efforts have been dedicated to examining the characteristics of LEMFs along different propagation paths, including rough surfaces (Shoory et al., 2005; Li et al., 2014), stratified paths (Zhang et al., 2012; Zhang et al., 2015), irregular terrains (Soto et al., 2014a; Li D. et al., 2019; Arzag et al., 2019; He et al., 2019), and tall objects (Baba and Rakov, 2008; Araki et al., 2018).
In the existing studies on the propagation of LEMFs, many articles mentioned the lack of consideration of the soil medium. Recently, through the SHAndong Triggering Lightning Experiment, Li et al. found that the soil medium may lead to amplitude attenuation of the magnetic field generated by lightning discharge radiation (Li X. et al., 2019). In the calculation of LEMFs, the soil medium is always represented by soil electrical parameters, mainly referring to soil permittivity and conductivity. The influence of permittivity on the horizontal electric field has been found to be ignorable compared with soil conductivity (Yu et al., 2017). The attenuation effect of soil conductivity on electromagnetic field propagation is indispensable. Additionally, the water content may affect the soil conductivity particularly, among many factors.
Some of the studies assumed conductivities influenced by the water content to be constant parameters. For example, Liu et al. set up different conductivities of wetland, dry land, and sand to numerically simulate the propagation characteristics of LEMFs (Liu et al., 2012). As to whether making soil electrical parameters constant is reasonable when studying the LEMFs in air and underground, Delfino et al. (2009) concluded in their study that the assumption seems reasonable for soil with a water content of 2%–10%. However, for soil with very low or very high water content, the electromagnetic field appears to be significantly affected by the frequency dependence of ground electrical parameters. From the same point of view of frequency-dependent soil, a natural rough surface (Ouyang et al., 2012) and stratified ground (Li et al., 2020) were also studied. It was also considered in studies on LIVs on overhead lines (Akbari et al., 2013; Schroeder et al., 2018; Rizk et al., 2021) and grounding systems (Visacro and Alipio, 2012; Nazari et al., 2021). In addition, an expression between soil water content and conductivity obtained from engineering surveys was applied by Yang et al. (2021) to the simulation of LEMFs. They found that the water content affects the propagation characteristics of lightning electromagnetic pulses along the surface to a certain extent.
However, soil is a typical porous medium composed of soil particles, air voids between particles and liquid water (Hallikainen et al., 1985). The breakdown inside the air voids is what initiates the soil ionization (Ghania, 2019). Meanwhile, the porosity may determine the proportion of air and water in the soil. Therefore, analyzing the influence of water content on LEMF propagation without considering the impact of the soil porosity does not seem comprehensive.
This study is performed to analyze the influences of both soil water content and porosity on the propagation of LEMFs at close distances. A two-dimensional (2-D) FDTD model and a generalized Archie’s model are used. To the best of our knowledge, few previous studies have taken porosity into account in the analysis of LEMFs. Our model could help in further understanding the relationship between soil physical properties and LEMF propagation. Moreover, the following computation of the LIVs on overhead lines under different water contents and porosities can contribute a sound theoretical basis for lightning protection of overhead transmission lines.
2 METHODOLOGY
2.1 Lightning Electromagnetic Field Calculation
Figure 1 illustrates the configuration of the 2-D FDTD model for calculating the LEMFs employed in this study. The working space is set to [image: image] and is divided into [image: image]. The time increment is [image: image], which meets the Courant stability condition to ensure the stability of the iterative solution in the time domain. Assuming that the ground is homogeneous and lossy, the soil electrical conductivity [image: image] will vary with different settings of the water content [image: image] and porosity [image: image]. [image: image] and [image: image] denote the soil permittivity and magnetic permeability, which are set to 10 and 1, respectively. The soil zone thickness is 300 m. The upper space is characterized by [image: image], [image: image], and [image: image], representing the electrical conductivity, permittivity, and magnetic permeability of air. The permittivity [image: image] is [image: image] and the magnetic permeability [image: image] is [image: image] in this model. These parameters are used to fill the spatial grid. To truncate the scattered waves at the boundaries since the simulation domain is limited, a first-order Mur absorbing boundary condition is utilized (Mur, 1981).
[image: Figure 1]FIGURE 1 | Geometry: 2-D FDTD simulation model of LEMFs for the soil considering both soil water content and porosity.
In this model, the simplified lightning model corresponds to an antenna perpendicular to the ground. The observation point is located at distance [image: image] from the lightning channel and height [image: image] from the surface. The modified transmission-line model with linear current decay (MTLL) is employed to represent the lightning return stroke. The current distribution at height [image: image] and time [image: image] in the channel is given in Eq. 1.
[image: image]
where the channel height [image: image] and the speed of the return stroke [image: image]. As shown in Eq. 2, the channel-base current [image: image] is expressed by Heidler’s functions (Heidler, 1985). Table 1 shows the typical subsequent return stroke current parameters (Rachidi et al., 2001).
[image: image]
with [image: image], and [image: image]
TABLE 1 | Typical current parameters of subsequent return stroke.
[image: Table 1]Note that different from most other FDTD models for calculating the lightning-generated electromagnetic field, we focus on the changes in soil conductivity caused by the soil water content and porosity. The specific soil microstructure is highlighted in Figure 1. Additionally, as we only study the changes in LEMFs in a close range, the influence of earth curvature is not considered.
2.2 Soil Model
Archie’s model is an empirical formula for simulating the formation resistivity of saturated cohesionless soil through experiments (Archie, 1942). Archie’s second law was then developed in applications to unsaturated porous media. In addition, many improved models of Archie’s model have been proposed (Ewing and Hunt, 2006; Ghanbarian et al., 2014; Glover, 2017).
A generalized Archie’s model developed by Fu et al. (2021) which is verified to be simpler and easier than the previous models is chosen in this research. This model takes surface conduction into account, which may be important in porous media containing many clay particles. As expressed in Eq. 3, the soil conductivity [image: image] can be directly estimated based on the soil water content [image: image], porosity [image: image], and several other soil properties that are easy to measure.
[image: image]
where [image: image] and [image: image] are the soil conductivity under saturated and dry conditions, which can be obtained from soil electrical conductivity measurements. [image: image], [image: image] and [image: image] represent the fractions of sand, silt, and clay in the bulk soil.
2.3 Model Validation
The continuity equation calculation method proposed by Thottappillil is used here to verify our FDTD simulation model (Thottappillil et al., 1997). The parameters chosen in both methods are completely consistent in the following calculation. The results obtained from the two methods can be compared in Figure 2. It is apparent that our result of the vertical electric field (Ez) is in close agreement with Thottappillil’s. As a result, the simulation model used in this paper is deemed to be reasonable and effective.
[image: Figure 2]FIGURE 2 | Examination of the FDTD model by comparing it to the result of Thottappillil formula.
3 INFLUENCES ON LIGHTNING ELECTROMAGNETIC FIELDS
Figure 3A depicts the changes in electrical conductivity caused by different water contents in clay loam ([image: image], [image: image], [image: image]) and sand ([image: image], [image: image], [image: image]) (Fu et al., 2021). Figure 3B shows the changes in electrical conductivity caused by different porosities for the same cases. According to the figures, the conductivity of clay loam is obviously more susceptible to changes in the soil water content and porosity than the conductivity of sand. A possible explanation for this might be that clay loam can more easily form conductive paths, as the water retention capacity of clay loam is better than that of sand. Additionally, there are fewer minerals with high electrical resistivity in clay loam.
[image: Figure 3]FIGURE 3 | (A) Relationship between water content and electrical conductivity in clay loam and sand. The porosity is set to φ = 50%. (B) Relationship between porosity and electrical conductivity in clay loam and sand. The water content is set to [image: image].
Therefore, clay loam is selected as the main research object in this paper. After referring to the actual range of the parameters of clay loam (Zhou, 2003), the water content [image: image] is set from 5% to 25%, and the porosity [image: image] is set from 30% to 50%.
The electromagnetic field for various water contents when the porosity is fixed at 40% and the influence of soil porosity for a water content of 15% can be seen in Figure 4. In this figure, the calculated electromagnetic field components waveforms due to the lightning subsequent stroke include (A-B) horizontal electric field (Er), (C-D) vertical electric field (Ez), and (E-F) azimuthal magnetic field (Hφ). The observation point is located at distance d = 200 m from the lightning channel and the height [image: image] is set to 10 m from the ground surface.
[image: Figure 4]FIGURE 4 | FDTD-computed subsequent return stroke waveforms of the (A,B) horizontal electric field (Er), (C,D) vertical electric field (Ez), and (E,F) azimuthal magnetic field (Hφ) ([image: image], [image: image]). (A,C,E) Different water contents [image: image], [image: image], and [image: image] when the porosity [image: image]. (B,D,F) Different porosities [image: image], [image: image], and [image: image] when the water content [image: image].
Tables 2, 3 list the peak values and rise times of LEMFs with changing water content and porosity, respectively. In light of Figure 4 together with Tables 2, 3, the following conclusions can be drawn:
1) Both the water content and the porosity exert the greatest influence on the horizontal electric field. It is found that the vertical electric field and the azimuthal magnetic field are almost unaffected by the change in the water content or porosity except for some small changes. The same cases are also studied at three other horizontal distances from the lightning channel (50 m, 1 km, and 3 km), and the same conclusion is obtained. As expected, this result is consistent with previous studies. Aoki et al. found that there is little change in the vertical electric field and azimuthal magnetic field with the ground conductivity within 5 km (Aoki et al., 2015). Therefore, the change in soil conductivity caused by the soil water content or porosity studied in this paper would also not cause great changes in the two fields.
2) Referring to Figures 4A,B, different soil water contents or porosities can result in a noticeable difference in the peaks of the horizontal electric field, while the rise time and steepness of the waveforms change little. Note that the peak values acutely vary at different soil water contents or porosities, especially around the peak. As the water content increases, the positive peak of horizontal electric field increases under the settings shown in Figure 4A. In contrast, under the settings shown in Figure 4B, when the porosity increases, the positive peak of the horizontal electric field decreases.
3) With decreasing soil water content or porosity, the effect of its change on the peak values is more intense. This can be attributed to the ion movement in clay loam that originally has a at low water content, which is more likely to form conductive pathways, even if the water content increases slightly. When the porosity increases, the connectivity of the conductive paths becomes stronger for the clay loam that originally has low porosity. However, clay loam has a certain saturation. When the water in the soil voids forms a conductive path, changes in the water content have no obvious effect on the horizontal electric field.
TABLE 2 | Peak values and rise times of the horizontal electric field ([image: image]), vertical electric field ([image: image]), and azimuthal magnetic field ([image: image]) for different water contents [image: image] when the porosity [image: image]; [image: image], [image: image].
[image: Table 2]TABLE 3 | Same as Table 2 but for different porosities [image: image] when the water content [image: image].
[image: Table 3]As illustrated in Figure 5, to further analyze the specific effects of the soil water content and porosity on the peak values of the horizontal electric field, we study the waveforms of the horizontal electric field at different distances: (A-B) 50 m, (C-D) 200 m, (E-F) 1 km and (G-H) 3 km. The observation point is set to 10 m above the ground. The porosity in Figures 5A,C,E,G is set to 40%, and the water content changes. The water content in Figures 5B,D,F,H is set to 15% with the porosity changes.
[image: Figure 5]FIGURE 5 | FDTD-computed subsequent return stroke waveforms of the horizontal electric field (Er). (A,C,E,G) Different water contents [image: image], [image: image], and [image: image] when the porosity [image: image]. (B,D,F,H) Different porosities [image: image], 40%, and 50% when the water content θ = 15%. The observation point is set at different distances (A,B) d = 50 m, (C,D) d = 200 m, (E,F) d = 1 km, and (G,H) d = 3 km from the lightning channel and height h = 10 m from the ground surface.
Figure 5 shows that as the horizontal distance increases, the positive peak of the horizontal electric field significantly decreases. This can be explained by the fact that the high-frequency component will experience rapid attenuation in the propagation of LEMF. Simultaneously, the waveforms are found to present positive polarity at very close distances. They also exhibit a zero-crossing at low water content or high porosity at 200 m. Moreover, the waveform of the horizontal electric field tends to be more bipolar with increasing distance.
Tables 4, 5 list the positive and negative peaks of the horizontal electric field for the case at different distances and a height of 10 m with changing water content. The porosity is set to 40%. Consider the same case with changing porosity at the water content of 15%, the positive and negative peaks of the horizontal electric field are listed in Tables 6, 7. The change rate of the values at different water contents (porosities) relative to that at the water content of 5% (porosity of 30%) is marked in parentheses.
TABLE 4 | Positive peak values of the horizontal electric field (Er) for different water contents [image: image] at different distances [image: image], [image: image], [image: image], and [image: image] from the lightning channel; [image: image]; [image: image]; The change rate of the values at different water contents relative to that at the water content of 5% is marked in parentheses.
[image: Table 4]TABLE 5 | Same as Table 4 but for negative peak values of the horizontal electric field (Er) for different water contents [image: image] at different distances [image: image], [image: image], [image: image], and [image: image] from the lightning channel.
[image: Table 5]TABLE 6 | Positive peak values of the horizontal electric field (Er) for different porosities [image: image] at different distances [image: image], [image: image], [image: image], and 1 km from the lightning channel; [image: image]; [image: image]; the change rate of the values at different porosities relative to that at the porosity of 30% is marked in parentheses.
[image: Table 6]TABLE 7 | Same as Table 6 but for negative peak values of the horizontal electric field for different porosities [image: image] at different distances [image: image], [image: image], [image: image], and [image: image] from the lightning channel.
[image: Table 7]It is shown in Table 4 that when the porosity is 40%, a stronger influence is exerted by the soil water content on the positive peak of the horizontal electric field at 200 m than on that at 50 and 500 m. Table 5 shows that the water content has the biggest effect on the negative peaks of the horizontal electric field at 200 m. The increase in the water content from 5% to 20% results in a 99.85% reduction in the negative peak at 200 m.
Table 6 reveals that the influence of the soil porosity on the positive peaks of the horizontal electric field at 200 m is more prominent when the porosity is 45% and 50% for a water content of 15%. However, in Table 7, the porosity has a very strong influence on the negative peak values at 200 m. When the porosity increases from 30% to 50%, the negative peak value at 200 m increases by 672.55%.
Figure 6 shows line charts of the positive peak value changes of the horizontal electric field when the soil water content and porosity change simultaneously. Figure 6A presents the influence of the water content at different porosities. The effect of the porosity at different water contents is shown in Figure 6B. To focus on the changes in the positive peak values, the horizontal distance in Figure 6 is set to 200 m. It should be noted that the negative peaks at 1 km are also studied but not shown in this paper. The results show that the overall rules in the change of the positive or negative peaks are almost identical except for the opposite trends. Thus, the concrete analysis is only made on the changes in positive peak values.
[image: Figure 6]FIGURE 6 | (A) Influence of water content on FDTD-computed subsequent return stroke waveforms of the horizontal electric field (Er) at different porosities [image: image], 35%, 40%, 45%, and 50%. The water content [image: image] is set to 5%, 10%, 15%, 20%, and 25% (d = 200 m, h = 10 m). (B) Influence of porosity on FDTD-computed subsequent return stroke waveforms of the horizontal electric field at different water contents [image: image], 10%, 15%, 20%, and 25%. The porosity φ is set to 30%, 35%, 40%, 45%, and 50% (d = 200 m, h = 10 m).
According to Figure 6A, on the one hand, porosity has little impact on the peak values at low water content. With increasing water content, the porosity plays an increasingly important role. This is because as the volume of air voids in clay loam increases, so does the water and air capacity. Therefore, conductive pathways more easily form. On the other hand, a low porosity will increase the sensitivity of horizontal electric field to changes in the water content. At high porosity, taking 40% and 50% as examples, the change in water content hardly makes effect on the peaks of the horizontal electric field at high water content. This can be explained by the fact that the soil conductivity mainly depends on the water conductivity at low porosity. When the porosity is high, the influence of the water content beyond a certain value on the conductivity is weakened.
Note that the conclusions obtained above, specifically that the change in porosity is inversely proportional (proportional) to the change in the positive peak (negative peak) of the horizontal electric field, are not applicable when the water content is set to 5% and 10% as shown in Figure 6B. However, consistent with the previous conclusions, first, the sensitivity of the horizontal electric field peak values to the water content decreases as the porosity increases. Second, if the water content decreases, its impact on the horizontal electric field increases.
Overall, it is evident that the soil water content and porosity affect each other when they act together on the horizontal electric field. The effect of the soil water content on the peaks of the horizontal electric field is more distinct than the effect of soil porosity. The reason may be that the fluid in clay voids is mainly composed of air and water, and the conductivity of air is far less than that of water. However, the effect of the porosity cannot be ignored, especially at high water contents. In addition, when the porosity is low, changes in the soil water content will also have a great influence on the peak values of the horizontal electric field. In fact, thunderstorms are often accompanied by rainfall, which increases the water content in clay loam. Hence, more attention should be given to differentiated lightning protection in areas with low-porosity clay loam.
4 INFLUENCES ON LIGHTNING-INDUCED VOLTAGES ON OVERHEAD LINES
The induced voltages coupled on overhead lines will seriously endanger the stable operation of power systems when lightning strikes near transmission lines. The Agrawal model is a commonly used transmission line model to analyze induced voltages of LEMFs on overhead lines (Agrawal et al., 1980). In this model, the horizontal electric field plays an important role as the excitation source of induced voltages. We analyzed the influences of the soil water content and porosity on LEMFs in Section 3, especially the horizontal electric field. On this basis, we further analyze the effect of the water content and porosity on LIVs on overhead lines.
In this paper, the Agrawal method is adopted. The FDTD method is employed to discretely solve the Agrawal model of a single-conductor transmission line. The total induced voltages of overhead lines consist of the incident voltage and the scattered voltage. As given in Eq. 4, the incident voltage [image: image] is calculated by integrating the electric field component perpendicular to the overhead line over height [image: image].
[image: image]
As expressed in Eqs 5, 6, the scattered voltage [image: image] is calculated by the Agrawal coupling formula in the time domain.
[image: image]
[image: image]
where [image: image] is the tangential component of the electric field along the overhead line, and [image: image] is the incident current. [image: image] and [image: image] are the distributed inductance and distributed capacitance per unit length of the ideal transmission line, respectively.
Figure 7 is a sketch map of the locations of the overhead line and the lightning strike point. The distance [image: image] between the near end of the line and the lightning channel is set to 200 m. The line length [image: image] is 1 km, and the height [image: image] is set to 10 m. The radius a of the line is 5 mm. The grounding impedance at both ends of the line is set to 498 Ω, and impedance matching is maintained (Soto et al., 2014b).
[image: Figure 7]FIGURE 7 | The sketch map of the locations of the lightning channel and the overhead line.
The conclusion has been drawn from Section 3 that two situations require attention when considering the influences of soil water content and porosity on the horizontal electric field simultaneously. One is changes in soil porosity at high water content and the other is changes in water content at low porosity. Figure 8 shows the results of analyzing the influences of the soil water content and porosity on the LIVs on the overhead lines from these two perspectives.
[image: Figure 8]FIGURE 8 | (A) Influence of the porosity on LIVs at the near end of the overhead line for high water content θ = 25%. (B) Influence of the water content on LIVs at the near end of the overhead line for low porosity φ = 30%.
The effect of the soil porosity on LIVs at the near end point of the overhead line at a high water content of 25% is shown in Figure 8A. The results show that the LIV amplitude increases with increasing porosity. However, the increasing extent decreases with the increase of soil porosity. At the same point, the variation in LIVs with changing water content at a low porosity of 30% is depicted in Figure 8B. Contrary to the influence of the porosity, the change in the soil water content is negatively correlated with the induced voltage; that is, the amplitude of the induced voltage increases with decreasing water content. The increasing extent decreases with decreasing water content. Comparing Figures 8A,B, the change in soil water content at low porosity has a more severe impact on LIVs on overhead lines than the change in porosity at high water content.
5 SUMMARY AND DISCUSSION
Changes in soil water content and porosity can affect soil conductivity, which in turn affect the propagation of LEMFs. To explore the specific laws, the 2-D FDTD algorithm and a generalized Archie’s model are used to study the influences of the water content and the porosity on the LEMFs propagation and LIVs on overhead lines in this paper. The results obtained are as follows:
When the change in a single factor is discussed, the soil water content and the porosity are found to have the most significant impact on the peaks of the horizontal electric field of lightning and hardly affect the vertical electric field and magnetic field. The water content and porosity have prominent effects on the positive and negative peaks of the horizontal electric field at a horizontal distance of 200 m from the lightning channel. Specifically, an increase in the water content leads to an increase in the positive peak values and a decrease in the negative peak values. In contrast, the positive peak values decrease, and the negative peak values increase as the porosity increases, except in the cases where the water content is set to 5% and 10%.
The results show that the water content and porosity affect each other when they act together on the peaks of the horizontal electric field. In general, the influence of the soil water content on the peaks of the horizontal electric field is more obvious. Changes in the porosity at high water content and changes in the water content at low porosity have the greatest influence on the peaks of the horizontal electric field.
Additionally, we also analyzed the influences of water content and porosity on LIVs on overhead lines. We found that the effect of the soil water content at low porosity on the induced voltages was more severe, which can provide a reference for the design of lightning protection projects for overhead transmission lines under soil conditions with different water contents and porosities.
Due to the limitation of the observation experiments and calculation models, only two factors that affect soil conductivity, namely, water content and porosity, can be analyzed in this paper, and the relationship between them cannot be covered. Establishing a more comprehensive and scientific soil model to further analyze the propagation law of LEMFs under different soil conditions could be the direction of our follow-up improvement and exploration.
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