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Abstract: Grounding electrode resistance non-linearly changes under impulse conditions 
due to soil ionisation phenomenon. Several models have been proposed to model soil 
ionisation for grounding electrodes applications. However, to date, there is yet an attempt 
made to compile all these works into a comprehensive review article. Therefore, this 
paper is written with the objective of summarizing all related works in this field as a one–
stop reference. With reference to the literature, this paper is written to summarize the 
working principles of the soil ionisation models as well as the accuracy and performance 
analysis of the models. This paper, particularly highlights the deficiencies of the avail-
able models in terms of accuracy and performance. This knowledge will contribute to the 
development of a new accurate and efficient soil ionisation model. 
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1. Introduction 
 
 Soil breakdown phenomenon occurs when the high impulse current discharges into the 
earth through the grounding conductors [1-5]. Due to the soil breakdown, the resistance of the 
soil and consequently the peak voltage response of the grounding electrode decrease. There-
fore, the soil breakdown improves the efficiency of the grounding systems. Two main pro-
cesses have been advanced to explain the increase of soil conduction during high impulse cur-
rent discharges, namely, (1) thermal heating process and (2) soil ionisation process. In the 
thermal heating process, the discharged current increases the temperature of the existing water 
filling among the soil grains. Due to the heating process, the resistivity of the heated water 
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 The values of the resistances computed by the models are presented in Table 2. According 
to Table 2, the accuracy of the models in terms of resistances computed for the low current 
and to satisfy minimum values is satisfactory compared to the experimental resistance values. 
However, it should be noted that only the Liew-Darveniza and Nor models compute the 
minimum resistance value around 20 µs, as observed in the experimental graph. However, the 
CIGRE and Bellaschi models compute the minimum value of the grounding electrode resis-
tance at t = 18 µs. The resistance values obtained from the models for the time duration of 
t = 0 – 18 µs, compared to the experimental value, shows within 15% error. The error of the 
models to compute the grounding electrode resistance is increased after t = 18 µs. The maxi-
mum error is obtained at t = 50 µs in 40%. In conclusion, according to Fig. 6, it can be stated 
that the error of the Liew-Darveniza’s model in computing the grounding electrode resistance 
value among the models compared to the experimental resistance value is much lower.  
  
Table 2. Grounding electrode resistance values obtained from the models and relevant errors compared 

to the experimental values 

Model Low current  
resistance [�
 ] 

Error 
[%] 

Minimum 
resistance [�
 ] 

Error 
[%] 

CIGRE 24.5 ��0.4 10.8 ��0.9 
Bellaschi 24.5 ��0.4 10.5 ��3.7 
Nor 23.7 ��2.9 10.6 ��2.7 
Liew-Darveniza 24.7 1.2 10.4 ��4.6 

 
 The hysteresis characteristics of the grounding electrode resistance computed by the mo-
dels in comparison with the experimental value are illustrated in Fig. 7. CIGRE, Bellaschi, and 
Nor models fail to show the hysteresis characteristics of the resistance. It is because these 
models do not take into account the energy balance concept in their computations for the dura-
tion of current in decay time. In contrary, Liew-Darveniza’s model shows the hysteresis cha-
racteristics of the resistance. However, the hysteresis characteristic shown by Liew-Dar-
veniza’s model has a difference compared to the one by the experiment.  
 The voltage waveforms of the electrodes computed by the models and obtained by the 
experiment are illustrated in Fig. 8. The peak value of the voltage according to the experiment 
is 120 kV.  

 

 
Fig. 7. The hysteresis characteristics of the grounding electrode resistance 
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Fig. 8. The voltage response of the grounding electrode 

 
 The computed values by the models and their errors compared to the experimental value 
are presented in Table 3. The peak value of the voltage computed by the CIGRE and Nor mo-
del is close to the experimental value. On the contrary, Liew-Darveniza’s and Bellaschi’s 
models have errors in computing the voltage peak. The voltage waveforms of all models are 
different from the voltage waveform of the experiment. In addition, the peak values of the 
voltages computed by the models are lead lower compared to the experiment.  
 
Table 3. The voltage peak values computed by the models and their errors compared to the experimental 

value (120 kV) 

Model Voltage peak 
[kV] 

Error 
[%] 

CIGRE 118.9 ��0.9 
Bellaschi 115.5 ��3.7 
Nor 116.6 ��2.8 
Liew-Darveniza 114.4 ��4.7 

 
 

5. Discussion and conclusion 
 
 According to the review, all of the models need the experimental data to be calibrated in 
order to model the grounding electrode. The CIGRE, Bellaschi, and Liew-Darveniza models 
are dependent on the critical electric field value, whereas the Nor model needs the voltage and 
current waveforms. It should be noted that critical electric field value and the voltage and 
current data are mainly used to determine the minimum resistance value of the grounding 
electrode. Without these data, none of the models can model the grounding electrode accu-
rately. All models can determine approximately the minimum grounding electrode resistance 
value relative to the current peak value. The error by the models in computing the grounding 
electrode resistance for the duration while current is in decay time is larger than the error of 
the values computed for the duration while current is in rise time. The CIGRE and Bellaschi 
models, in term of simplicity in computation, have advantages over the Nor and Liew-Dar-
veniza models. The voltage peak values obtained by the CIGRE model are more accurate 



                                                 M. Mokhtari, Z. Abdul-Malek, G.B. Gharehpetian                  Arch. Elect. Eng. 460

compared to the voltage peak values obtained by the Nor and Liew-Darveniza models, as well 
as compared to the experimental values. Nor model can accurately simulate the voltage wave-
forms obtained by the experiment. However, Nor’s model cannot be used to obtain the voltage 
waveform without experimental data. Liew-Darveniza’s model is more accurate in terms of 
modelling the characteristics of the grounding electrode resistance due to the consideration of 
the energy balance concept. In addition, among the models, only Liew-Darveniza’s model can 
represent the hysteresis characteristic of the grounding electrode resistance.  
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