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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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decreases, which in turn causes the resistivity of the bulk soil and consequently reduces the
grounding electrode resistance [6-8]. In the soil ionisation process, the electric field enhan-
cement in air voids enclosure among the soil grains, causing the soil breakdown occurrence
[5, 9-11]. Since the resistance of the ionized air is much smaller than the resistance of the soil
grains, the equivalent soil resistance decreases. It is noted that the soil ionisation is mostly
accepted as the main factor in the soil breakdown phenomenon.

Several circuital models have been proposed to model the soil ionisation and its effect on
the grounding electrode resistance. Despite the numerous published research studies carried
out in this area, there appears to be an absence of a single, comprehensive review paper that
provides evaluation on the advantages and drawbacks. With reference to the literature, this
review paper is written with the following goals in mind: (1) to summarize the functions and
working principles of the available soil ionisation models proposed by CIGRE [4], Bellaschi
et al. [3], Nor et al. [12], and Liew and Darveniza [13], and (2) to evaluate the advantages and
drawbacks of the mentioned soil ionisation models in terms of accuracy, complexity in the
methodology used, and applications. At the end of the paper, a comparison among the soil
ionisation models with respective experimental results is also provided. The remaining of the
paper is organized as follows:

Section 2 presents the theoretical background to introduce the soil ionisation process and
the characteristics of the grounding electrode resistance. In Section 3, the soil ionisation
models are critically reviewed. Section 4 discusses the accuracy and the performance analysis
of the soil ionisation models. Finally, the overall discussion and conclusions are given in
Section 5.

2. Theoretical background

In this section, the soil ionisation process, as the most accepted process, is explained.
Then, the key characteristics of the grounding electrode resistance under impulse current
obtained from the experimental case are presented. These key characteristics have been used
to investigate the accuracy and the performance of the proposed soil ionisation models by
CIGRE [4], Bellaschi et al. [3], Nor et al. [12], and Liew and Darveniza [13].

2.1. Soil ionisation process

In a soil medium, the air voids and soil grains act as a mixed dielectric. This is because the
conductivity and permittivity of the air voids (o, and &,;,) and soil grains (oy,;and &) are
different. Therefore, the displacement vectors at the interface between the air void and soil
grain are equal, that is £, €., = Ei&5i- When current discharges into the earth, the resistive
paths of the air void and soil grain act as a resistive voltage divider. Since the permittivity of
the air is much greater than the permittivity of the soil grain, the electric field in the air void
exceeds the breakdown level [14]. Due to the air breakdown, the ionized air forms arc inside
the soil. In soil, the arc is fully developed at current peak. The volume at which the arc is
conducting the current in the soil is called the arc channel. For the duration when current rises
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from zero to peak, arc resistance is a function of current; by which increasing the current will
reduce the arc resistance. The minimum value of the arc resistance is obtained at the current
peak [13]. For the duration of the current in decay time, the resistance of the arc is mainly
dependent on the energy balance between the arc channel and soil rather than current magni-
tude. By decreasing the energy stored in the arc channel, the resistance of the arc increases
until the arc is extinguished in the soil. Soil dynamic resistance for any instance of time is
obtained as equivalent parallel soil resistance and arc resistance. The soil dynamic resistance
changes for the duration of impulse current since the resistance of the arc is changed. Due to
the energy balance between the arc channel and soil, dynamic soil resistance would show
a hysteresis characteristic [13, 15].

2.2. Grounding electrode resistance characteristics

In this section, an experimental case performed by Bellaschi et al. is discussed to explain
the characteristics of the grounding electrode resistance. The experiment was set up using
a driven 2.44-m-long electrode with a radius of 7.9 mm in soil with a resistivity value of
162 Q.m (Ground-M). The injected current had 6.6 kA-amplitude with 15 ps/42 ps-waveform.
The transient resistance through the experimental setup was obtained as an instantaneous ratio
of voltage and current (Oscillogram CSH-2184-CH&CI).

Fig. 1 illustrates the current and voltage waveforms, as well as the variation of the ground-
ing electrode resistance of the electrode. It is noted that the resistance was obtained as an
instantaneous ratio of voltage and current, that is R(f) = v(¢)/i(f). As seen in this figure, the
grounding electrode resistance value is nonlinearly changed when the impulse current is
dispersed into the earth.
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Fig. 1. Variation of grounding electrode resistance under impulse current discharge

For the duration when the current rises from zero to a peak value, the grounding electrode
resistance is reduced from the measured low current ac value (64 Q) to a more minimum value
(24.5 Q). The minimum value of the resistance is obtained around the current peak. For the
duration when the current decreases from a peak value to zero, the grounding electrode re-
sistance slowly increases in the measured low current ac value. This is because the energy
stored in the arc channel does not allow the resistance to be quickly increased.
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The slow increase of the resistance causes the hysteresis effect, as observed in the resis-
tance-current characteristic presented in Fig. 2.
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Fig. 2. Hysteresis characteristic of grounding electrode resistance

3. Soil ionisation models

In this section, the concept of the soil ionisation models suggested by CIGRE [4],
Bellaschi et al. [3], Nor et al. [12], and Liew and Darveniza [13] is reviewed. In addition, the
review highlights the advantages and drawbacks of the suggested models.

3.1. CIGRE model

The proposed model by CIGRE [4] is an empirical formula to compute the grounding
electrode resistance as a function of current. In this model, the onset of the ionisation mainly
depends on the soil resistivity. After soil ionisation onset, the grounding electrode resistance
decreases with the logarithm of the current. CIGRE model considers the resistance of the ioni-
zed zone as zero. This model takes into account the equivalent geometry of the ionisation zone
to compute the grounding electrode resistance, with consideration of soil ionisation. The
simplified model considers computing the grounding electrode resistance under high ampli-
tude currents to approach the square root dependence currents and low amplitude currents to
approach the currents close to zero. In addition, the model approximates the logarithmic de-
pendence between low and high amplitude currents. The suggested expressions to compute the
grounding electrode resistance with soil ionisation consideration are

R
R=—r—t 1
N0 M

where R is the low current grounding electrode resistance in [Q], and i(?) is the impulse
current in [kA]. /, is the limit current in [kA] at which the soil ionisation occurs and is given
as
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where p is the soil resistivity in [Q.m] and E, is the soil critical electric field intensity in
[kV/m] , which is recommended by CIGRE as 400 kV/m. However, a variety of E. values had
been suggested in many previous studies to apply in grounding electrode resistance
computations, ranging from 50 kV/m [3] to 1500 kV/m [16]. As concluded in [17], the results
obtained using CIGRE model and also the electromagnetic model are comparable when the
correct values of E. from [14] are taken into account. Therefore, it can be said that the
accuracy of the CIGRE model to compute the grounding electrode resistance is dependent on
E, value. This model is simple and can be easily used in the circuit approaches. However,
CIGRE model is only valid for the electrodes with maximum 30 m long [4]. This model does
not consider the energy balance concept in the computations; therefore, this model cannot
show the hysteresis characteristic of the grounding electrode resistance.

3.2. Bellaschi model

The proposed model by Bellaschi ez al. [3] uses the basic formula for the computation of
low current grounding electrode resistance value proposed by Dwight [18] formulas for single
and multi-driven electrodes. For the single driven electrode, the following relation is taken

into account
R="L"l1n[ ) 1], 3)
27l a

where p is the soil resistivity in [Q.m], / is the electrode length in [m], and a is the conductor
radius in [m]. To consider the effect of soil ionisation in grounding electrode resistance, this
model takes into account the geometry of the ionized zone as the new geometry of the
grounding electrode. This is because the resistance of the arc is considered to zero. In this
term, the length and the radius of the ionized zone are used as the conductor effective radius a;
and conductor effective length /.. To compute the effective radius a;, the following relation is
taken into account.

a, = , “

where a is the conductor radius in [m], i(f) is the impulse current magnitude in [kA], and /. is
the critical current in [KA] at which the soil ionisation occurs at the surface of the electrode.
To determine the critical current /., the following relation is used
2malE
[, =""c. )
P
It is to be noted that E, is obtained from the experiment setup of the grounding electrode,
which needs to be modeled beforehand. The relation of a; to the current is used to compute the
conductor effective length /; as
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This model can be used for the multi-electrode system. For this purpose, the effective ra-
dius and effective length are obtained from (4) to (6) with reference from the related formulas
for computing the resistance of the multi-electrode system [18]. The Bellaschi model is sim-
ple and applicable to use in circuit approaches. However, the accuracy of the model is strongly
dependent on E, value. It is noted that this model does not consider the energy balance concept
in the commutations.

3.3. Nor model

The proposed model by Nor et al. [12] is a circuit based model. The circuit includes series
elements R,,; and L,,; to represent the resistance and inductance of the electrode, and two
parallel branches consisting of R,-Cj,,s and R,-L circuits to represent the pre- and post-
ionisation circuits, as shown in Fig. 3. The inductance L determines the required time delay for
the ionisation. In the per-ionisation branch, resistance R; represents the conduction of the soil
due to thermal effect and soil properties with soil capacitive effect (Cj,.y). In the post-
ionisation branch, R, resistance represents the conduction behavior after the ionisation is fully
expanded. It should be noted that the value of the inductance L must be determined by trial
and error. In addition, there is no relation proposed by Nor et al. to compute the value of Cj,,.

Rrod Lrod

L

Csand R R,

[e,

Fig. 3. Equivalent circuit model of soil ionisation proposed by Nor et al. [12]

The proposed model by Nor ef al. is a general model that can be calibrated and applied to
all types of impulse responses and soil samples. The aforementioned resistances R; and R,
have a strong nonlinear voltage-current characteristic and need to be determined using the
curve fitting method. However, it should be noted that the application of the curve fitting
method may inherently cause error in determining the resistance value. The values of the
resistances R and R, as a function of the current are shown as R (i) and R,(i). In this model,
the ionisation time is taken into account. The dynamic soil resistance under impulse condition
is expressed with

R, (’)

where 7; is the ionisation time constant. However, this model does not consider the deioni-
sation time. The Nor model also cannot predict the resistance characteristics accurately for the

R()= R, (i).[ R, QLMJ, ™
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decay time duration of the impulse current. This model only adequately simulates the cases
with pre- and post-ionisation characteristics. This model is simple, but suffers from the experi-
mental data needed to obtain the resistances in the pre- and post-ionisation branches. The Nor
model cannot accurately produce the correct grounding electrode resistance and its voltage
response, unless the experimental data is used to calibrate the model. Finally, this model does
not consider the energy balance concept because deionisation time is not considered in the
model.

3.4. Liew-Darveniza model

The dynamic soil model proposed by Liew and Darveniza [13] takes into account the
analytical relations to model the grounding electrode resistance with ionisation consideration.
This model tries to describe the transient behavior of the soil at the instance of lightning
strikes. The model considers the ionisation resistance of the ionized zone. In this model, three
regions known as the ionisation region, deionisation region and non-ionisation region are
introduced. However, this model cannot describe the arc phenomenon, which occurs in the
vicinity of the driven rod, the area where the soil resistivity becomes zero. For this purpose,
a modification of the model was later given in [19]. According to the modified model, the
sparking region is considered as Region 4, as can be seen in Fig. 4. In this region, the current
density of discharge current J is much higher than critical value J.. In Region 3, the soil is
ionized, and this ionisation is defused outward. The soil in Region 2 starts to recover because
the current density J becomes lesser than critical value J.. Finally, non-affected bulk soil is
incorporated in the model as Region 1. The resistivity profile of the ionized soil as described is
depicted in Fig. 5 to show the variation of the soil resistivity versus current density. At the
instance of current discharge, the soil resistivity is py and the soil is not ionized as seen in
zone a. Upon the current density reaching the critical current density, J., the soil ionisation
starts (zone b). At this moment, the soil resistivity is gradually reduced, as given in (8), and
reaching the value of p.

—t
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Fig. 4. Soil characteristics under impulse current in a hemispherical model
for a direct sparking connection [19]
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Fig. 5. The soil resistivity profile of the soil ionisation zone in Liew-Darveniza’s model [13]

The ionisation time constant 7, is estimated as 2 ps and ¢ is the time measured from the
onset of the ionisation. If the current density exceeds the critical value, the tracking will
puncture the soil (zone d). This current is shown by J; as obtained by (9).

J,=aJ, and a 21, 9)

where o is the coefficient, which is determined for any type of soil and has an exponential
relation with current amplitude. If sparking does not occur, the soil recovers until the soil
resistivity p recovers after 7, (zone ¢) according to (10).

p=p+(py—p)(—e)(1=T/J ), (10)

where p; is the lowest value of the soil resistivity and the estimated time for recovery is
7, =4.5 ps.

Since J.= pE,, the correct value of the critical electric field E, is essential to determine
critical current density. Therefore, it can be said that the accuracy of the model strongly
depends on the critical electric field value E,, which is needed to obtain from the experimental
setup. To compute the vertical grounding electrode resistance, the proposed formula by Liew
and Darveniza is taken into account as

p . a+l

R=——1n
2rl a

(11)

However, the comparison between the computed resistances for different electrode length
and radius obtained by Liew and Darveniza’s formula and Dwight’s formula shows about 10%
difference [13]. Liew-Darveniza’s model does not suitably explain the surge behavior of elec-
trodes, in which high currents result in discrete-breakdown paths, rather than in a more dif-
fused growth of increasing ionization [13]. Thus, more investigation is required to improve the
model. An interpretation of the model by Sekioka ef al. [20] reveals that Liew-Darveniza’s
model considers the energy balance concept. This model also shows the hysteresis charac-
teristic of the grounding electrode resistance under impulse condition. In the equivalent circuit
of the model, the electrode inductance and soil capacitance are neglected. This may cause
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large errors in voltage response of the electrodes under fast and slow fronted currents when the
inductive and capacitive characteristics become significant [21]. The methodology of the
model, compared to the methodology of the other reviewed models, is more complex.

4. Accuracy analysis of the models

This section discusses the accuracy of the aforementioned models in terms of computing
the grounding electrode resistance and voltage response. To show the accuracy of the models,
the resistances and the voltage responses of the electrode models have been compared with the
obtained results from the experiment [3]. For this purpose, the identified experimental case as
Ground-F (Oscillogram CSH-2184-CO) from the well-known experimental study by Bellaschi
et al [3] is taken into account. The specifications of experimental case are presented in
Table 1. It is noted that the critical electric field value is taken from [13] as 127 kV/m.

Table 1. The specifications of the grounding electrode from the experiment [3]

Parameters (GroundF)

Soil type clay
Soil resistivity, p (Q.m) 80
Electrode length, / (m) 3.05
Electrode radius, » (mm) 12.7
Current’s amplitude, /,, (kA) 11
Current’s T,/T), (us/ps) 18/37
Critical electric field, £, (kV/m) [13] 127

The grounding electrode resistance variations and the voltage responses obtained from the
experiment (Ground-F) and obtained by the CIGRE, Bellaschi, Nor, and Liew-Darveniza’s
models are illustrated in Fig. 6. As seen in this figure, according to the experimental graph, the
low current value of the grounding electrode resistance is 24.4 Q at =0 and the minimum
value of the grounding electrode resistance is obtained at # = 20 ps at 10.9 Q.
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Fig. 6. The resistance variation of the grounding electrode
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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 ps, as observed in the experimental graph. However, the
CIGRE and Bellaschi models compute the minimum value of the grounding electrode resis-
tance at = 18 us. The resistance values obtained from the models for the time duration of
t=0 — 18 ps, compared to the experimental value, shows within 15% error. The error of the
models to compute the grounding electrode resistance is increased after =18 ps. The maxi-
mum error is obtained at =50 us 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 Error Minimum Error
resistance [Q] [%] resistance [Q] [%]

CIGRE 24.5 -04 10.8 -0.9
Bellaschi 24.5 -04 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.

Experimental
— — CIGRE

X — - - Bellaschi et al.
= :

0 1 2 3 4 5 6 7 8
1 (kA)

9 10 11 12

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)
Voltage peak Error
Model [kngp (%]
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
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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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