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Abstract: The transient analysis model of grounding systems is an important tool to analyze the
lightning characteristics of grounding devices. When lightning enters the soil through the grounding
device, there is a centralized discharge channel. The spatial structure of the discharge channel in the
soil has a great effect on the accuracy of the transient analysis model of the soil impulse discharge.
In this paper, based on the gray information analysis method, the volume of successive impulse
discharge channels in the ground under various currents and soil conditions is calculated, and the
changing law with time interval is analyzed. According to the experimental results, an analysis
method of the model considering the discharge channel structure is proposed, and an example
is analyzed. The results show that the time interval has an effect on the volume of the discharge
channel. In a certain range, the volume of the channel increases with the time interval of successive
impulse discharges. Taking the critical breakdown electric field strength as the judgment condition
and the residual resistivity as the variable, the development process of the discharge channel can be
simulated. The calculated results of the model are close to the experimental results.

Keywords: grounding; discharge channel; X-ray; successive impulse; gray information; transient
analysis model

1. Introduction

Soil is the most important medium in the grounding system [1–5]. Its discharge
characteristics directly affect the lightning strike performance of grounding devices [6–8].
Strong ionization occurs when lightning injects the soil [9–11], and a centralized discharge
channel is generated near the grounding electrode instead of uniform dispersion in all
directions [6,7]. The development of the soil discharge directly determines the ground
potential rise and the influence on the pipelines in the ground. The morphology and
structure of the discharge channel is one of the most important factors to characterize
the discharge, and it is also one of the most important factors that affect the accuracy
of the grounding device transient analysis model. It is very important to obtain the
actual structure of the soil discharge channel for building the lightning transient model of
grounding systems and accurately calculate discharge characteristic parameters.

Due to the isolation of light and heat by soil, it is always a difficult point to observe
the discharge in the ground accurately and comprehensively. In early research, many
scholars proposed observation methods for soil discharge, which can be divided into three
general methods. The first method is to embed observation media, such as conductive
paper, film or X-ray film, in the soil around the grounding electrode [12–15]. The area
where the discharge takes place is observed by means of ablation or exposure. The second
method is to use a high-speed camera to capture the surface discharge process, or to use
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transparent glass sand instead of soil for the photography [16,17]. The third method is to
excavate the area of lightning into the ground to observe the morphology of the discharge
channel [18,19].

In order to solve the problems of traditional methods in changing the discharge
environment as well as incomplete observation and high cost, the literature [1] proposes
the use of X-ray transmission imaging technology to carry out non-intrusive imaging
observation on the single impulse discharge channel in soil and obtain a gray-scale image
that can reflect the structural outline of the discharge channel. The discharge channel is
imaged from three perspectives (front view, side view and top view), and its 3D spatial
structure is synthesized by using the boundary in the three views. The characteristic
parameters of soil discharge are calculated based on the physical structure.

A lightning discharge process contains several subsequent strokes. Under the suc-
cessive impulse currents, a more complex multi-branch discharge channel is formed in
the soil [20,21]. This results in coverage and intersection among multiple channels. It is
difficult to achieve the same accuracy as for the case of a single channel be relying only on
the boundary of three views for 3D reconstruction. It is necessary to add constraints in the
process of 3D reconstruction for correction, so as to ensure the model accuracy. Moreover,
it is difficult to get three views at the same time, when taking instantaneous pictures of the
discharge between two impulses. We propose an analysis method based on a single view
image.

One of the purposes of obtaining the discharge channel structural parameters is to
establish a more accurate transient analysis model for the grounding system. A vari-
ety of soil discharge models have been proposed, such as the hemispherical structure
model [22], cylindrical structure model [23,24], segmented cylinder model [25] and multi-
zone model [26]. The characteristic parameters of lightning discharge in soil are calculated
based on the discharge channel structure in literature [1,2,7], and the transient analysis
model of the grounding system is established. However, the existing models are generally
based on the assumption of discharge current being uniform in each direction, without
considering the underground discharge channel, which is inconsistent with the observation
results of soil discharge with a centralized discharge channel.

It is very difficult to accurately observe the discharge channel structure in the soil and
to consider it in the calculation of characteristic parameters. To solve these challenging
problems, X-ray transmission imaging technology is used to obtain multi-view images of
the discharge channel structure. The gray information analysis method is used to extract
the structural parameters of the discharge channel and analyze its changing law with the
time interval of successive impulses. At the same time, according to the image results, the
structural characteristics of the discharge channel and the characterization methods of the
successive impulse discharge process in the parameter calculation process are analyzed
to make up for the deficiency of ignoring the discharge channel structure in the existing
models. A simple modeling method of soil successive impulse discharge considering
discharge channel structure is proposed. Hopefully, it can provide the basis and ideas for
follow-up research. This paper is an extended version of our paper published in ICHVE
2020 [7]. Compared with the conference papers, the new research content of this paper is
the analysis method and modeling method of the soil successive impulse discharge process
considering the structural characteristics of discharge channels.

2. Experimental Platform and Analysis Method
2.1. Experimental Platform

A successive impulse current with several thousand amperes was applied to the soil
by using the successive impulse discharge experimental platform, and the time interval
was continuously adjustable from 0 to 500 ms. The sand was taken as the test sample and
placed in a cube box with a side length of 20 cm. A vertical electrode with a length of 10 cm
was placed in the center of the sandbox to discharge evenly on all sides. Previous litera-
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ture [20,21] gives a detailed description of the structure and parameters of the experimental
platform.

A standard gray sandbox (SGS) was placed next to the discharge sandbox (DS), with a
size of 20 × 20 × 5 cm, and an oblique baffle was arranged inside, as shown in Figure 1.
Its function was to provide a standard correspondence between the soil thickness and the
gray value.
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Figure 1. Schematic diagram of main discharge sandbox (DS) and standard gray sandbox (SGS).
The SGS was placed next to DS and imaged at the same time. The oblique baffle set in the SGS
could produce a soil layer with gradual thickness, which was used to analyze the corresponding
relationship between soil thickness and image gray value.

2.2. Extraction Method of Discharge Channel Volume

The gray images of DS and SGS are obtained by an X-ray imaging system. The error
caused by X-ray intensity and distance can be reduced by imaging them synchronously. The
gray value matrix of the SGS image was extracted and the average value gi of each row of
matrix was calculated. The results show that the gray value of the image increased linearly
with the soil thickness under the experimental conditions [27]. The slope of the linear
function could be obtained by fitting and is the estimated growth rate of gray difference
(GRGD), which means that the gray value of the image increases a for every 1 cm increase
in the thickness of soil penetrated by X-ray.

The prism, shown in Figure 2, was buried in the soil and then slowly taken out. A
standard channel, with known structural information and exactly consistent with the
model, could be formed inside the soil to simulate the discharge channel. The gray images
with and without discharge channel were cut off with the same size, and then the gray
value matrices with the same order were extracted from the gray images to obtain Gn (no
discharge channel) and Gd (with discharge channel). By calculating the difference value of
gray matrix and correcting the background error, we could obtain the change of gray value
caused only by the discharge channel, that is, the gray difference matrix Gc [27].

G′c = Gn −Gd (1)

Gc = G′c −G0 (2)

G′c =



g′c(11) · · · g′c(1n)
. . .

... g′c(ij)
...

. . .
g′c(m1) · · · g′c(mn)


(3)
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G0 =

 g0 · · · g0
...

. . .
...

g0 · · · g0

 (4)

g0 = g′c(ij), (ij /∈ channel) (5)

where Gn, Gd, Gc, Gc
′ and G0 are all matrices of the same size. Gn is the matrix of gray

image before the discharge channel is generated; Gd is the matrix of gray image after the
discharge channel is generated. Because the thicker the soil is, the larger the gray value is,
the gray value of the discharge channel position is smaller than that of the image before
discharge. Therefore, Gc

′ represents the change of gray value caused only by the discharge
channel and includes the background error caused by the dispersion of X-ray metrology.
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Figure 2. Actual thickness of discharge channel and calculated thickness. (a) Structural parameters
of standard prism; (b) gray images with and without discharge channel; (c) the relationship between
the calculated value of discharge channel thickness and its actual value.

In order to eliminate the background error, the background error constant was calcu-
lated. The average gray value of the non-discharge channel position in the Gc

′ matrix was
taken as constant g0, which is the background error constant caused by irradiation dose.
The constant matrix G0 is composed of g0. Therefore, after subtracting G0 from Gc

′, the
resulting Gc is the gray difference matrix caused by the discharge channel, and the gray
value of each pixel is gc(ij).

According to the GRGD, the calculation between gray difference and discharge chan-
nel thickness is as follows:

hc(ij) = gc(ij)/a (6)

The average value of each row of thickness matrix was calculated and compared
with the actual value, as shown in Figure 2. It can be seen that the calculated values were
basically the same as the actual values. hc(ij) represents the thickness of any point in the
discharge channel. For the area without discharge, hc(ij) is zero after error correction. So the
discharge channel volume is

Vc = ∑ (sc(ij) × hc(ij)), (ij ∈ channel) (7)

Here, a is the growth rate of gray difference which means that the gray value of the
image increases a for every 1 cm increase in the thickness of soil penetrated by X-ray. hc(ij)
is the thickness of the discharge channel corresponding to each pixel; sc(ij) is the area of
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each pixel; Vc is the volume of the discharge channel, which is the sum of the product of
the area and thickness of each pixel.

The calculated average volume of the prism is 77.02 cm3, the actual value is 78 cm3.
It shows that the method is feasible. The implementation and verification of this method
are described in detail in [27]. The main content of this paper is to obtain the volume
and changing law of successive impulse discharge channel based on this method, which
provides data basis and theoretical support for modeling.

3. The Structure Changing Rule of Successive Impulse Discharge Channel
3.1. Influence of Current

It is important to obtain the structural parameters and changing laws of the discharge
channel for the accurate establishment of the transient analysis model of the grounding
system. Based on the experiment, the images of the discharge channel in the soil under
different time intervals can be obtained, and its 3D structural parameters can be calculated.
From the point of view of structural parameters, the change rule of successive impulse
discharge channel in time domains is verified.

Figure 3 shows the images of the discharge channel structure changing over time
under different current peaks. Figure 4 shows the corresponding discharge channel volume,
where the red arrow indicates an increasing trend on the whole. Literature [20] indicates
that, the larger the time interval is, the greater the probability of a branch discharge channel.
It can be found that the experimental results under different current peaks conform to
this rule; the probability of a branch discharge channel increases with the time interval.
Moreover, within the experimental conditions, the total volume of the successive impulse
discharge channel in the soil increases with the time interval.

At the same time, the larger the current peak value, the larger the discharge channel
volume. Therefore, it can be concluded that under the successive impulse current, the
discharge region in the soil will increase with the energy injected into the ground and the
time interval between the two impulses.
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3.2. Influence of Soil Properties
Soil parameters are also important factors affecting the volume of the discharge

channel. The images of discharge channels under different soil conditions were obtained
and the 3D structure parameters were calculated. Figure 5 shows the images of the
discharge channel structure changing with time intervals under different salt content;
for the discharge channel structure of soil with various water content, refer to previous
literature [20]. Figure 6 shows the volume change of the successive impulse discharge
channel under different soil water content and salt content. With the increase of soil water
content, soil resistivity decreased and the discharge channel volume increased. When the
soil water content was constant, the volume of the discharge channel increased with the
time interval. The effect of soil salt content on the volume of the discharge channel was
basically the same as found for varying water content. The larger the soil salt content was,
the smaller the soil resistivity and the larger the discharge channel. When the salt content
was constant, the volume of the discharge channel increased with the time interval. It can
be concluded that the volume of the successive impulse discharge channel increased with
the soil conductivity and time interval.
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In addition, compared with the water content, the influence of soil salt content on the
volume of the successive impulse discharge channel was smaller, which may be due to the
smaller influence of salt content on the recovery characteristics [21].

Based on the above experimental results, it can be found that although there was
randomness in the structure of the discharge channel, from the perspective of overall
probability, the volume of the discharge channel increased with the time interval. According
to the recovery mechanism of soil discharge [20], when the time interval is small, the
discharge channel generated by the first impulse is in a highly ionized state, and the
conductivity is large, so it is easy to discharge the subsequent shock current. Therefore, a
new discharge area is not likely to occur.

With an increase in the time interval, the highly ionized state of the first impulse
discharge channel disappears and the resistivity increases. Therefore, the probability of
subsequent impulse currents ionizing the soil around the channel or breaking through
other areas to produce new discharge channels increases, and the discharge zone also
increases.
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The above experimental results also verify the discharge recovery mechanism pro-
posed in literature [20] from the perspective of the discharge channel volume and provide
the theoretical basis for the establishment of a calculation method.

4. Analysis Method Considering Discharge Channel Structure
4.1. Basic of Model

The accuracy of the lightning transient model of grounding device can be improved
by constructing a soil impulse discharge model considering the structure of the discharge
channel, which is more suitable for the actual situation. The analysis of the influence range
of the soil discharge area can improve the assessment of the impact of lightning on the
pipeline near the grounding device. Therefore, this section explores the modeling method
for the soil discharge model considering the structure of the discharge channel.

Literature [20] shows that the process of soil discharge under successive impulse
currents generally includes three stages: first impulse discharge, recovery process and
subsequent impulse discharge. The physical process and initial conditions of each stage
are different. The recovery process of soil electrical performance and subsequent impulse
discharge should not be ignored, nor can they be regarded as the simple superposition
of the single impulse discharge process in the time domain. The subsequent impulse
discharge process is greatly affected by the first impulse and recovery process.

The main physical model of the soil successive impulse discharge process is the soil
discharge recovery model. When the successive lightning impulse current is injected into
the soil through the grounding device, the first impulse forms a centralized discharge
channel in the soil [20,21]. Because of the large instantaneous energy of the impact current
and the uneven distribution of soil particles in all directions, the impulse current preferen-
tially breaks through the soil at the location where discharge occurs most easily when the
electric field intensity near the electrodes reaches the breakdown field strength of the soil,
forming a partial discharge channel. Then, the current continues to be injected into the arc
channel, breaking through the soil where discharge occurs most easily near the end of the
arc channel. The discharge channel continues to grow until the energy injected decreases to
such an extent that it cannot break through the soil. When the first impulse current drops to
zero, the discharge channel remains highly ionized for some time and recovers gradually.

If the subsequent impulse current is injected before the highly ionized state disappears,
there is a great probability that the impulse current will be directly and rapidly discharged
along the existing discharge channel with high conductivity. Moreover, when energy
reaches the end of the channel, it continues to break through the soil at the most prone
location of discharge and continues to grow until it cannot break through the soil.

Experimental images show that there is a centralized discharge channel near the
grounding electrode after lightning enters the ground. In the case of a single discharge
channel, the residual resistivity of subsequent impulses is a function of the residual resis-
tivity of the first impulse and the recovery coefficient [20].

Therefore, based on the existing soil discharge theory, an improved four-zone struc-
tural model of soil impulse discharge is proposed, as shown in Figure 7. The ionization
region in the soil can be simply divided into arc channel, ionization area, non-linear con-
ductivity area and constant conductivity area. The characteristics of different regions are as
follows:

• The resistivity of soil in the arc discharge channel is the product of initial soil resistivity
and the attenuation coefficient.

• When the electric field strength is greater than the critical breakdown electric field
strength (E > EC), the resistivity of the soil is much lower than the initial resistivity,
but the reduction degree is much lower than that of the soil inside the arc channel.

• When the electric field strength is less than the critical breakdown electric field strength
(E < EC), the soil resistivity changes nonlinearly, and decreases exponentially with the
increase of electric field intensity, and the attenuation degree is smaller than that of
the ionization zone.
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• When the electric field intensity is small and can be ignored, the soil resistivity is the
initial value.

In this paper, the values of soil discharge parameters in each region can be determined
according to the experimental results:

• The soil resistivity in the arc discharge channel can be determined according to the
experimental results in literature [2,20]. The residual resistivity can be obtained by
iterative calculation when it is first broken down by impulse current [2]. When the
second breakdown occurs, the residual resistivity is the product of the calculated
value of the first breakdown and the recovery coefficient [20].

• The soil residual resistivity in the ionization zone has been studied in the litera-
ture [28–30], and the results show that the residual resistivity is distributed between
1.7% and 50% of the initial resistivity. For example, when the initial soil resistivity is
about 50 Ωm, the residual resistivity of the ionization zone is about 10–20% of the
initial value [28–30]. However, because the arc channel and ionization zone are not
distinguished in the above test analysis, the larger value in the range is selected in this
paper.

• The experimental results for the relationship between soil resistivity and electric field
in the nonlinear zone are given in literature [31]. Although the results of different
organizations are varied, their change trend and value range are basically consistent.
Before reaching the critical breakdown field strength, the soil resistivity decreases
exponentially with the increase of electric field strength, and the value range of the
reduction coefficient is basically decreased from 1 to about 0.5 [31].

• The soil resistivity in the constant conductivity zone can be considered to maintain the
initial value unchanged. In this paper, the space coordinate transformation method is
used to represent the infinite earth environment.

Energies 2021, 14, x FOR PEER REVIEW 10 of 18 
 

 

value [28–30]. However, because the arc channel and ionization zone are not distin-
guished in the above test analysis, the larger value in the range is selected in this 
paper. 

• The experimental results for the relationship between soil resistivity and electric field 
in the nonlinear zone are given in literature [31]. Although the results of different 
organizations are varied, their change trend and value range are basically consistent. 
Before reaching the critical breakdown field strength, the soil resistivity decreases 
exponentially with the increase of electric field strength, and the value range of the 
reduction coefficient is basically decreased from 1 to about 0.5 [31]. 

• The soil resistivity in the constant conductivity zone can be considered to maintain 
the initial value unchanged. In this paper, the space coordinate transformation 
method is used to represent the infinite earth environment. 

 
Figure 7. Improved four-zone model of soil under impulse current, including arc channel, ioniza-
tion area, non-linear conductivity area and constant conductivity area. 

4.2. Numerical Analysis Method 
At the initial time of the effective action of impulse current (0 + Δt, where Δt is the 

progressive step of time element in calculation), based on the electric field intensity gen-
erated by the instantaneous current value in the soil, the direction where the maximum 
electric field intensity was located near the grounding device was selected as the initial 
development direction of the discharge channel, which could simulate the randomness in 
the actual development process. 

The position of the critical breakdown electric field strength value EC in the develop-
ment direction of the discharge channel was taken as the growth limit of discharge chan-
nel in the time step, Δt. According to the experimental images and the research results in 
literature [1,2,18,20,21], we analyzed the structural characteristics of the discharge chan-
nel. Generally, the diameter of lightning discharge channel in the soil is several centime-
ters. Under the normal size of a single columnar grounding electrode structure, most ex-
tend from the end of the electrode, and the section radius is slightly larger than the equiv-
alent radius of the electrode. At the same time, the section radius of each position of the 
discharge channel is basically the same, that is, the growth of the discharge channel is 
basically along the depth direction, and the channel radius can be regarded as constant 
during the growth process. 

We set the growth rule of the discharge channel in the time step Δt according to the 
above rules. The growth results of the discharge channel structure at the last moment were 
taken as the initial state of the physical structure in the next time step (0 + 2Δt), and the 
distribution results of the electric field intensity in the ground caused by the instantaneous 
current were recalculated. The dynamic growth of the discharge channel and the analysis 
of the electric field intensity were realized by repeated iterative calculation. The modeling 
process of the above analysis model is shown in Figure 8. 

Figure 7. Improved four-zone model of soil under impulse current, including arc channel, ionization
area, non-linear conductivity area and constant conductivity area.

4.2. Numerical Analysis Method

At the initial time of the effective action of impulse current (0 + ∆t, where ∆t is
the progressive step of time element in calculation), based on the electric field intensity
generated by the instantaneous current value in the soil, the direction where the maximum
electric field intensity was located near the grounding device was selected as the initial
development direction of the discharge channel, which could simulate the randomness in
the actual development process.

The position of the critical breakdown electric field strength value EC in the develop-
ment direction of the discharge channel was taken as the growth limit of discharge channel
in the time step, ∆t. According to the experimental images and the research results in
literature [1,2,18,20,21], we analyzed the structural characteristics of the discharge channel.
Generally, the diameter of lightning discharge channel in the soil is several centimeters.
Under the normal size of a single columnar grounding electrode structure, most extend
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from the end of the electrode, and the section radius is slightly larger than the equivalent
radius of the electrode. At the same time, the section radius of each position of the discharge
channel is basically the same, that is, the growth of the discharge channel is basically along
the depth direction, and the channel radius can be regarded as constant during the growth
process.

We set the growth rule of the discharge channel in the time step ∆t according to the
above rules. The growth results of the discharge channel structure at the last moment were
taken as the initial state of the physical structure in the next time step (0 + 2∆t), and the
distribution results of the electric field intensity in the ground caused by the instantaneous
current were recalculated. The dynamic growth of the discharge channel and the analysis
of the electric field intensity were realized by repeated iterative calculation. The modeling
process of the above analysis model is shown in Figure 8.
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4.3. Basic Case Analysis

In order to verify the rationality of the proposed model and its parameter range, a finite
element analysis model was established based on the actual grounding device impulse
discharge experiment, and the calculation results were compared with the experimental
results.

The equivalent model was established based on the actual impulse discharge experi-
mental parameters in literature [32]. The grounding device was a vertical electrode with a
length of 1 m and a section radius of 0.025 m, and the top of the electrode was flat with
the ground surface, as shown in Figure 9. The distribution of the initial resistivity of soil
was uniform, and its value was between 40.5 Ωm and 43.5 Ωm. In the analysis model, the
initial resistivity of soil was set as 43.5 Ωm.
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Since the single impulse current is used as the source in literature [28], and factors
such as soil water content and compactness are not discussed, according to the calculation
method and results of discharge parameters proposed in the latest research of literature [1,2],
the critical breakdown field strength of soil under this condition was set as 210 kV/m,
and the residual resistivity in the discharge channel at the first breakdown was ρres_1 =
0.05% × ρ0. Because the discharge area in the ground was not observed in the actual
experiment [32], in order to reduce the influence of the randomness of the discharge
channel growth direction on the calculation results and to facilitate the demonstration of
the case results, the direction of the discharge channel growth direction was conducted in
the same direction and the vertical downward growth was set.

In this paper, the analysis model was constructed in the finite element environment.
The hemispherical module was used to represent the earth. The infinite element equivalent
module was set around the hemispherical module, and the space coordinate transformation
method was used to realize the infinite earth equivalent. The enclosure potential of the
infinite equivalent module was set to 0, i.e., ϕ = 0.

Discharging of the impulse current through the electrode into the soil can be described
by the quasi-static Maxwell equation [20]:

∇× E = 0 (8)

∇ · J = 0 (9)

J = Jc + Jd = σE +
∂D
∂t

(10)

E = −∇ϕ (11)

where D is the electric flux density, E is the electric field intensity, ϕ is the potential, and J
is the total current density, which comprises Jc as the conduction current density and Jd as
the displacement current density.
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Figure 9. Model diagram of structure of grounding device in impulse discharge test. (a) Structural
diagram; (b) diagram of subdivision model.

The impulse current experiment results with a peak current of 30.8 kA were selected
as the modeling object. The model calculation results of 1 µs, 2 µs, 5 µs and 8 µs were
extracted from the starting time of the impulse current to the peak time of the current.
Figure 10 shows the evolution process of the spatial structure of the discharge channel,
spatial distribution of current density in the ground, spatial distribution of ground potential
and surface potential in the time dimension.
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The results show that in the rising stage of the impulse current, the length of the
discharge channel increased gradually with the current value. The discharge channel grew
to 1.12 m at the time of the current peak, and it continued to increase until the current
was zero. According to the spatial distribution of current density in the ground shown in
Figure 10, most of the energy of the impulse current was discharged along the discharge
channel longitudinally, and only a small part of the current was discharged from the soil
around the discharge channel. The simulation results were consistent with the discharge
channel images and theoretical analysis.

At the same time, it was found that the growth of discharge channels also had a
significant impact on the potential distribution in the ground. The variation of potential
in the soil near the discharge channel was stronger than that in the area far away from
the discharge channel, and the main voltage distortion direction was consistent with the
growth direction of the discharge channel.

The calculated impulse grounding resistance and maximum grounding potential
rise (GPR) were compared with the test results. The voltage at the top of the grounding
electrode (current injection point) was selected as the value of GPR. When the impulse
current peak value was 30.8 kA, the maximum ground potential rise at the peak time was
244 kV. The calculated impulse grounding resistance of the grounding device was 7.9 Ω,
which is similar to the experimental results in the literature, as shown in Table 1.



Energies 2021, 14, 877 13 of 17

Table 1. The impulse grounding resistance and ground potential rise of the grounding device
calculated by the model compared with the experimental results in literature [32].

Imax (kA)
Ri (Ω) GPR (kV)

Experiment Model Experiment Model

30.8 8.1 7.9 248 244

The existence of a centralized discharge channel has significant influence on the
calculation results of grounding potential distribution. Figure 11 shows the calculation
results based on the above model with the same parameters, but ignoring the existence of
the discharge channel and its growth process. The GPR of the model without considering
the discharge channel was 305 kV, which increased by 61 kV compared with 244 kV
calculated by the model considering the discharge channel, showing significant differences.
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4.4. Discharge Channel Structure

The structure and growth range of the discharge channel directly affected the safe
distance of the pipeline in the ground near the grounding electrode and the insulation
distance between the independent grounding electrode and the main grid. Figure 12 shows
the growth process and current density distribution of the discharge channel in the above
case. At the end of the first impulse current, the discharge length of the channel reached
1.5 m. Considering the electrode length, the distance between the end of the discharge
channel and the surface was 2.5 m. Moreover, the soil structure at this time was taken as
the initial structure under the subsequent impulse current.
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In order to avoid the influence of waveform parameters on the growth distance of the
discharge channel and the recovery characteristics of soil resistivity, the peak value of the
subsequent impulse current was consistent with that of the first impulse current, both of
which were 30.8 kA.

The time interval between the two impulse currents directly affected the recovery
degree of soil resistivity. The literature [20,21] shows that the smaller the time interval, the
smaller the recovery degree of the ionized state of the first impulse discharge channel and
the lower the resistivity, which results in a more favorable environment for subsequent
impulse current discharges. At this time, a single discharge channel is more likely to occur;
that is, the subsequent discharge channel overlaps with the first discharge channel and
continues to develop on this basis, so as to further expand the length of the discharge
channel. Therefore, we chose this case as the modeling object. Based on the results of
the literature [20,21], we chose the time interval to be 0.2 ms, the residual resistivity of
soil secondary breakdown was ρres_2 =0.2 × ρres_1, and the subsequent discharge channel
completely covered the first discharge channel and developed in the same direction on the
basis of it.

Figure 13 shows the growth process of the discharge channel under the subsequent
impulse current; the discharge channel developed to 2.6 m, and the distance from the
ground surface was 3.6 m. This was in the same order of magnitude as the discharge
channel length by lightning penetration in the literature [17,18]. The difference was mainly
caused by lightning current amplitude, the number of return impulses and soil parameters.
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There were also differences in the growth degree of the discharge channel between the
second impulse and the first impulse. The subsequent discharge channel was increased by
1.1 m, which was shorter than the first one. This was because more current could discharge
along the vertical direction of the discharge channel, as the length of the discharge channel
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increased. The energy at the end of the channel decreased and the electric field intensity
decreased as well.

Based on the simulation test results, the soil discharge characteristic parameters were
obtained, and the analysis model was established. Finally, the model calculation results
were compared with the experimental results in the literature for verification. However,
most of the existing true-type tests were single impulse discharge tests, mainly due to the
lack of successive impulse discharge test platforms that can be used in the field. In future
research, we can develop a set of large successive impulse current test platforms that can
be used for field tests, carry out successive impulse discharge true-type tests, and further
calibrate the models. Our team is carrying out this work.

5. Conclusions

In this paper, the structural characteristics of soil discharge channels under successive
impulse currents were studied by experiment and simulation. The differences between
the discharge channel of successive impulses and that of the single impulse as well as its
variation with time intervals were analyzed.

An X-ray transmission imaging system was used to obtain the images of the discharge
channel in soil; the volume of discharge channel was extracted based on the gray analysis
method, and its changing law with time intervals was analyzed. The results show that
a smaller time interval results in a higher likelihood of a subsequent impulse current
discharged by the first impulse discharge channel with a highly ionized state. The lower
the energy used to generate a new discharge channel, the smaller the volume of the
discharge channel in the soil. On the contrary, the larger the time interval, the higher the
probability of multiple discharge channels and the larger the total volume of discharge
channels.

A higher number of discharge channels causes the discharge area to be concentrated
mainly near the grounding electrode. However, when there is only one discharge channel,
the subsequent impulse current continues to discharge further on the basis of the first
impulse discharge channel. Although the total volume of the discharge channel is smaller
than that of a multi-channel system, the length of the discharge channel, i.e., the maximum
influence distance, is larger than that of multiple channels. This increases the impact on
underground pipelines.

According to the structural characteristics and development theory of discharge
channels, a lightning analysis method of grounding devices considering the structure of
discharge channels in soil is proposed, and the development length of discharge channels
is analyzed. In the case of this paper, the length of the arc channel can reach several meters,
and the maximum length increases with the increase of the number of subsequent impulses
and the amplitude of lightning.
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Abbreviations

Symbol/Abbreviation Definition Unit
SGS standard gray sandbox /
DS discharge sandbox /
GRGD growth rate of gray difference /
GPR Ground potential rise /
Gn the matrix of gray image before the discharge channel is generated /
Gd the matrix of gray image after the discharge channel is generated /
Gc
′ Grayscale difference matrix caused by discharge channel and background error /

Gc Grayscale difference matrix caused by discharge channel /
G0 Background error constant matrix /
hc(ij) Thickness of discharge channel at each pixel cm
a GRGD (growth rate of gray difference) /
sc(ij) The area corresponding to each pixel cm2

Vc Discharge channel volume cm3

Ec Critical breakdown field strength kV/m
ρ0 Initial soil resistivity Ωm
ρres_1 Residual resistivity of soil after first breakdown Ωm
ρres_2 Residual resistivity of soil after second breakdown Ωm
ϕ Potential V
E Electric field intensity kV/m
D Electric flux density C/m2

J Total current density A/m2

Jc Conduction current density A/m2

Jd Displacement current density. A/m2
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