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AbstractðSoil discharge occurs when it is subjected to a high 

impulse current, and it is closely associated with the impulse 

performance of grounding systems. To date, there have been few 

studies on the observation of the inner discharge process of soil. 

In this letter, a typical soil, fine sand containing water, was 

selected as a sample. A new method is put forward to visualize 

the inner impulse discharge area directly using X-ray image 

technology. On this basis, the ionization parameters (i.e., the 

residual resistivity of the discharge area ɟres and the critical 

breakdown electric-field intensity Ec) are calculated by a finite-

element method (FEM) according to the experimental 

parameters and 3-D reconstructive diagram of the discharge area. 

The results show that ɟres is approximately equal to 0.001%ï

0.003% of the samplesô original resistivity ɟ0, and Ec ranges from 

100 kV/m to 150 kV/m. 
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I. INTRODUCTION 

Soil discharge phenomenon is closely associated with 
the impulse performance of grounding systems [1]. 
Visualization of the inner discharge is the most direct way to 
study the physical discharge process. The residual resistivity 
of the discharge area ɟres and the critical breakdown electric-
field intensity Ec of the dielectrics are the key ionization 
parameters for studying the discharge process. 

Hence, some researchers have attempted to observe the 
inner discharge process of soil. Buried conductive paper [2] 
and X-ray sensitive films [3] are used in these experiments. 
However, these image results are unsatisfactory because the 
buried conductive papers and X-ray sensitive films will have 
an impact on the discharge process. These methods are of 
limited use because of their poor efficiency and low resolution.  

Regarding the ionization parameters, their values are 
always calculated approximately because of the lack of 
knowledge about the real discharge area. ɟres is always 
considered to be metal resistivity [4-6]. In 2003, Y. Q. Liu 
proposed ɟres to be 7% of the original resistivity [7], as they 
hypothesize the discharge area as a hemisphere or cylinder 
first. For the same reason, Ec is calculated approximately 
based on the same assumption. The values of Ec ranges from 
50 kV/mï1000 kV/m [8-11]. In previous literature, studies on 
the calculation of ɟres and Ec are all based on this artificial 

hypothesis about the discharge area, and the hypothesis is 
likely to lead some errors. 

So far, there have been no effective and direct methods 
to observe the inner discharge process of soil. Therefore, a 
new method is put forward to visualize the inner impulse 
discharge area using X-ray image technology. A typical soil, 
fine sand (primarily SiO2) containing water, was selected as 
the test sample. The real discharge area of this sample was 
observed using X-ray image technology. The 3-D structure of 
the discharge channels can be reconstructed according to the 
2-D images of three views. Finally, ɟres and Ec can be 
calculated by a finite-element method [7, 12]. 

II. EXPERIMENT SCHEME 

A. Experiment setup 

Fig.1 shows the experimental system, consisting of an 
impulse current generator (ICG) and an X-ray imaging system 
(XIS).  

The two main parts are connected by a programmable 
logic controller (PLC). When the ICG produces an impulse 
current, the PLC receives a switch signal from current sensor 
CT1, triggering the X-ray generator (XRG) to produce X-rays 
for imaging. In this way, the two main parts realize 
synchronous triggering. In the first part of the figure, the rated 
voltages of T2 are 380 V/45 kV; the largest current of the 
high-voltage rectifier D is 1 A. C is composed of ten parallel 
3-ɛF capacitors, and its capacitance is 30 ɛF. The values of R 
and L in the experiments are set to 6 ɋ and 32.97 ɛH, 
respectively. The maximum current range of current sensor 
CT1 and CT2 is 20 kA. VD is a voltage divider, and its 
division ratio is 691. The DSO is a digital storage oscilloscope 
with a 1.0 G samples/s sampling rate and 100 MHz bandwidth. 
In the second part, the XRG is a device with a 1-ms exposure 
time, which produces X-rays for imaging. Its maximum 
working power is 80 kW, and its thermal capacity is more than 
300 kHU. DR is used to receive X-rays for imaging with a 14-
bit pixel depth and 160-ɛm pixel size. The PC is used to adjust 
the output parameters of XRG (in our experiment, the 
radiography current we used is 400 mA, and the radiography 
voltage is 150 kV) and obtain image results. 

As Fig.2 shows, the experiment is performed in a cube 
sand tank made of plywood, having a length of 0.2 m and a
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Figure. 1. Wiring diagram of X-ray imaging experiment 
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Figure.2. Schematic diagram of cuboid sand tank. 

 
thickness of 0.012 m. This plywood has a good insulation 
capability, and its homogeneous structure ensures a small 
influence on imaging results. There are several copper sheets 
posted in its inner surface. A vertical electrode with a length 
of 0.1 m and a radius of 0.003 m was placed at the center of 
the sand tank. The test sample is fine sand (primarily SiO2) 
with various water contents, such as 2%, 3.5%, 4.2%, and 
5%. The amplitude of the impulse current is 2.8 kA. 

B. Principle of X-ray imaging technology 

X-rays will be absorbed by the medium, the same as 
other light signals, and the absorption process satisfies the 
BeerïLambert law [13]:  

                                   (1) 

where I0 is the incident light intensity, I is the transmission 
light intensity, the thickness of the medium is x, and the 
attenuation coefficient of the medium is ɛ. ɛ varies from 
medium to medium; even for the same medium, ɛ varies 
from condition to condition [14]. For the electrode, the 
dielectric sample, and the discharge channels, the different 
X-ray attenuation coefficients result in a variable 
transmission X-ray intensity at corresponding positions, as 
Fig.2 shows. Finally, DR will receive various intensity X-
rays for imaging, as Fig. 3(a)-(b) show. Obviously, 
electrode, sample, and discharge channels can be 
distinguished clearly in the grayscale images. Fig. 3(c)-(d) 
show the three-view grayscale images of the discharge 
channels observed by X-ray image technology. 

 

 
Figure.3. Three-view of discharge channels 

 

III.  3-D RECONSTRUCTION OF DISCHARGE CHANNELS 

A. Image Filtering  

The critical step for the construction of a 3-D 
discharge channel is extracting the edge of 2-D discharge 
channels. First, a Gaussian low-pass filter is used for 
smoothing and filtering of original image. The filter 
function is [15]: 

 

             (2)  

where ů is the Gaussian distribution parameter and (u, v) is 
the coordinate of an arbitrary pixel in the image. As Fig. 
4(a)-(b) show, the edge of the discharge channels is 
enhanced effectively after filtering. 

B. Edge detection  

The edge of an object reflects discontinuous or prominent 
gray values in a grayscale image. Therefore, in a general 
way, local edge pixels (LEP) are extracted first, and then an 
integrated, precise edge is obtained by combining these LEP.  
In terms of gray value, it varies slightly along the edge, 


