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Characterization of Ionization Phenomena
in Soils Under Fast Impulses
N. Mohamad Nor, A. Haddad, and H. Griffiths

Abstract—Protective devices such as spark gaps and surge
arresters are used to divert surges to earth. It is, therefore, necessary that earthing systems are designed with a low-magnitude
earth impedance value so that the overvoltage protection devices
can divert high fault currents effectively to earth for all types of
fault. Power frequency characterization of earthing systems is
extensively researched and fairly well understood. However, the
behavior of such systems under transient conditions is still not
fully clarified.
This paper addresses some of these shortfalls. Laboratory experiments were set up to study the characteristics of the ionization phenomenon in various soil conditions. The soil ionization characteristics were investigated using a proposed new concept of pre- and
post-ionization resistances. A measurement technique was developed to establish more accurate estimates of ionization electric field
threshold, and an equivalent circuit representation is proposed.
Index Terms—Earth resistance, equivalent circuit, impulse tests,
soil ionization, threshold electric field, transient response.

equivalent circuit representations have also been presented by
previous researchers [6], [7]. These revealed that the equivalent
circuit representation of earthing systems needs to include the
impulse behavior and soil ionization effects.
In this paper, a purpose-built laboratory hemispherical test rig
is described. A fast impulse current generator was used to investigate the soil characteristics under high-magnitude surges. The
ionization process was investigated in a unique and controlled
way so that it was possible for the first time to establish the onset
very accurately and quantify the net effect of ionization on the
electrode resistance. Using these test results, the threshold critaround the electrode was also determined.
ical electric field
The nonlinear soil behavior under high-magnitude current was
explained on the basis of the thermal and ionization processes
in the soil. Based on this new data, an equivalent circuit representation was also suggested and implemented.

I. INTRODUCTION

II. EXPERIMENTAL ARRANGEMENT

E

XTENSIVE research investigations have led to the basis
of many standards that deal with earthing systems, among
which are BS 7430:1998 [1], ANSI/IEEE Std 81:1983 [2],
IEEE Std 142:1991 [3], and IEEE Std 80-2000 [4]. It is now
well accepted that highly nonlinear soil behavior is exhibited
by earthing systems under high discharge currents [5]–[11].
It has been suggested that this nonlinear process is due to two
main electrical conduction processes: a) thermal effects due to
high current magnitudes and b) soil ionization due to field enhancement in trapped air voids inside the soil. Many research
studies [12], [13] have been made in relation to the soil discharge
processes that take place when the earth electrode is subjected to
high impulse current magnitudes. However, to date, these processes are still not well understood.
The development of better equivalent circuit models for
earthing systems requires evaluation of thresholds and factors
affecting the nonlinear soil behavior. From previous studies
, at which
[6]–[11], values of threshold electric field
the nonlinear behavior starts to occur, ranging from 1.3 to
20 kV/cm have been reported. These values are not from
direct measurements of electric field but were derived from
the applied voltage, and their validity is not always justified,
especially the high values approaching 20 kV/cm. A number of
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A. Test Set-Up
The double exponential test circuit (see Fig. 1) used in this
investigation is capable of generating high voltages up to 50 kV
and high current impulses up to 5 kA. The impulse source was
configured as a current generator by paralleling three low-incapacitors rated at 65 kV. The capacitor bank
ductance, 0.15
was connected to the dc charging unit with an output of up to 55
spark gap. A tail resistor of 21
kV and switched via an
and a front resistor of 50 were adopted in this test circuit in
order to obtain impulse shapes with the required front and tail
times and also to limit short circuit current magnitudes at breakdown. Current measurement was achieved with a commercially
and a reavailable current transformer of sensitivity 0.1
sponse time of 20 ns. A D-Dot probe system [15] with a ratio
of 10 300:1 and a response time of 40 ns was used for voltage
measurements.
The voltage and current signals were captured on a Lecroy
9350 A, 500 MHz Digital Storage Oscilloscope (DSO), and
Labview software was utilized for data acquisition and analysis.
B. Test Cell Characteristics
It was found from the reviewed literature that hemispherical
test cells have been widely adopted during laboratory tests [8],
[9], [17], [18]. This type of geometry may also provide a comparable configuration to earthing systems used at some field sites.
In this study, a test cell consisting of a hemispherical container
of 47.5 cm diameter was adopted (see Fig. 2). Four connection points were fixed uniformly around the circumference of
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Fig. 1.
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Impulse current test circuit.

Fig. 3. Breakdown voltage
water contents.

U

for the test cell filled with sand of various

sand. Sand with water contents of 1%, 3%, 5%, 7%, 10%, and
15% were used.
Furthermore, a salt solution with controlled conductivity was
used for calibration of the test system.
D. Test Cell Breakdown Voltage Levels

Fig. 2. Hemispherical test cell.

the container to ensure uniform current distribution. A hemispherical electrode (energised electrode) of 6.25 cm diameter
was used and was placed in the middle of the container but only
half buried inside the sand. This is to avoid excessive electric
field magnitudes at the interface between the sand and air and
to simulate a hemispherical earth electrode system.
Given the hemispherical configuration, the electric field at a
,
can be determined from
radius , with
(1)
where
radius of the energised electrode,
radius of
the hemispherical container, and is the applied voltage at the
energized electrode.
C. Soil Medium Preparation
Medium grain size sand of 0.06–0.6 mm is used in these experiments. Sand is chosen since it is easily wetted and dried
without loss of physical properties. A sand mixer was used to
ensure uniform wetting of the sand. An oven was utilized for
drying the sand prior to subsequent experiments. The sand was
then poured into the test container and compressed. The sand
was compacted manually to avoid sharp edges that may result
in air discharges. However, no controlled compaction was made
in this study. The energized electrode was half buried inside the

In order to determine the range of voltage and current magnitudes that could be used during the tests for this adopted configuration, the breakdown voltage of the test cell was measured
for various water contents of the sand. The atmospheric pressure, temperature, and humidity in the high-voltage laboratory
changed very little during the tests on all samples. Hence, they
were considered constant. The up-and-down method, based on
IEC60-1:1989 [14] and IEEE-Std 4-1995 [19], was used to defor all samples of wet sands. At least 20 shots were
termine
applied for each test sample. The measured values of
for
various sand conditions are shown in Fig. 3. It can be seen that
there is a weak influence of water content (resistivity of sand
voltage level. The average value of
medium) on the
obtained from these tests is 25.5 kV, corresponding to an electric field of 9.4 kV/cm at the energized electrode surface.
III. CALIBRATION IMPULSE TESTS USING A
RESISTIVE LIQUID MEDIUM
Using the same hemispherical configuration and the test
set-up described above, impulse tests were conducted on a resistive salt water solution having a conductivity of 0.7 mS/cm.
The purpose of this test was to relate the response of a resistive
medium, which was assumed to have a “linear behavior” for
all current magnitudes, to wet sand which was found to have
nonlinear behavior when subjected to high-magnitude impulse
was used to fill
currents. A solution volume of 0.025
the hemispherical container, and the energized electrode was
submerged in this resistive solution. Impulse tests were then
conducted with increasing current magnitudes. It was observed
that the measured impulse voltage had a faster rise time than the
current impulse (see Fig. 4), and the current rise time was found
to increase with current amplitude. These observations can be
explained by the inductive effects of the test circuit components
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Fig. 4. Typical voltage and current traces for a resistive solution inside the
hemispherical container (charging voltage of 20 kV).

and possibly nonlinear thermal and ionic conduction in the
resistive liquid.
The measurements showed that the resistance value (mea) was nearly constant at 57
sured as the ratio
for different current magnitudes, and this observation is in
agreement with previous investigators [8], [11], [17], [18].
Using this constant resistance value, the conductivity of the
resistive solution is calculated
(2)
From (2) and the value of 57
of , we obtain
mS/cm, which is found to be within 10% of the measured value of 0.7 mS/cm using the conductivity meter.
The achieved accuracy with this resistive load gives a high degree of confidence in the test and measurement set-up adopted in
this research program. In this paper, the applied voltage was limited to 35 kV. At higher applied voltages, flashover between the
energized electrode and the outer perimeter of the hemispherical container occurred.

Fig. 5. Voltage and current records for sand with 3% water content. a) Linear
conduction at charging voltage of 11 kV (short time scale). b) Linear conduction
at charging voltage of 11 kV (long time scale). c) Nonlinear conduction at
charging voltage of 27 kV.

When impulse tests were conducted on dry sand, the current
magnitude was so small that no output signal could be measured. This is due to small conduction current magnitudes in
dry soil (high resistivity and large equivalent resistance of test
cell), which could not be detected by the transducers adopted
in this test program. Again, at applied voltages above 35 kV,
flashover between the electrode and outer perimeter of the container occurred.
Impulse tests were also conducted on wet medium-grain sand
with different current magnitudes in order to determine the effect of soil ionization process under high-impulse currents.
For the purpose of a better understanding of soil behavior
under high-impulse currents, the results are discussed according to current impulse shape and impulse resistance of the
test object.

and current traces have fast rise times. However, some initial
oscillations were observed on the current trace [see Fig. 5(a)].
These initial oscillations are thought to be caused by the capacitive effects of small air spaces between the sand grains and at
the interface between the soil particles and the earth electrodes.
These capacitive effects were negligible when a resistive solution was used as a test medium, as can be seen in Fig. 4. When
captured with a longer time scale of 20 s/div, the voltage and
current signals were found to be decreasing at a slower rate
[see Fig. 5(b)] due to the relatively large value of the resistance,
causing the system to discharge more slowly. As can be seen, at
these low-conduction levels, the current appears to have a similar impulse shape with the voltage trace on both front and decay
times, which indicates a predominantly linear resistive behavior.
For higher voltages, fast voltage and current rise times were
observed. However, above a threshold level, the current impulse
shape exhibited a second peak while the voltage shape continued
to decrease smoothly [see Fig. 5(c)].

A. Current Impulse Shape Observations

B. Ionization Threshold (Critical Electric Field

Fig. 5(a) and (b) show the voltage and current traces obtained
with tests on wet sand when subjected to an applied voltage of
11 kV for short and long time scales, respectively. Both voltage

above which soil ionization
The critical field magnitude
takes place is defined for the applied voltage level when the
discharge current first exhibits its second peak.

IV. INVESTIGATIONS OF SOIL IONIZATION
UNDER IMPULSE CONDITIONS

)
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Fig. 7. Voltage and current traces for highly saturated sand (15% of water
content and charging voltage of 27 kV).

Fig. 6. Soil ionization time parameters against instantaneous voltage for sand
with 1%, 3%, and 10% water content. a) Time to initiation of second current
peak t . b) Time to second current peak t .

A number of methods have been suggested [6], [8], [9] to
. In this study, it was assumed that the second
estimate
current peak was caused by soil ionization. The voltage level
at which this nonlinearity starts to appear was taken as the
threshold voltage of soil ionization from which the critical
electric field was derived.
Careful examination of the measured voltage and current
traces revealed that the nonlinear soil behavior started to occur
for applied voltages above 15 kV for various water contents of
the sand. This voltage level shows the start of the ionization
process in wet sand. Using (1), this threshold voltage produces
of 5.5 kV/cm at the surface of the
a critical electric field
energized electrode.
C. Measurement of the Soil Ionization Parameters
It is now well accepted that the second current peak [shown in
Fig. 5(c)] is caused by soil ionization. As can be seen, the second
current peak occurred after some time delay. From voltage and
current shapes of wet sand under high currents, the time to initiation of the second current peak and time to second current
peak were estimated.
Fig. 6(a) and (b) show the times and for sand with different water content and voltage magnitudes. Both time delays
were found to be lower for higher conductivity soil and also to
decrease with voltage magnitudes. Similar trends were observed

when both and were plotted against current magnitudes.
The results are similar to the findings obtained by Snowden and
Erler [12]. These are thought to be related to the rate of propagation of the ionization process in the soil. It is likely that at
low voltages and for low soil conductivity, smaller ionization
regions would be produced. Thus, a slower rate of conduction
growth was produced compared with that of high voltage. However, repeated tests revealed that and were distributed due
to uncontrolled effects and, hence, should be described statistically. This could be due to a nonuniform water settling process,
drying and heating in wet sand, and of course, the statistical nature of air breakdown.
In highly water-saturated sand, however, it is important to
note that the two current peaks were not observed, i.e., sand
mixed with 15% or more of water (see Fig. 7). This could be
attributed to the high conductivity of the test medium. In highly
wetted sand, it is possible that no ionization process occurs in
this test sample for the relatively low current magnitudes used
in the test since the gaps between the sand grains are filled with
water. Hence, a large amount of energy is required to vaporize
the water and cause localized dry zones. In addition, little field
enhancement is expected to occur since there is only a small dielectric difference between the wet soil and the air voids that are
now filled with water. Fast rise voltage and current traces were
also observed in this highly water-saturated sand soil medium.
The initial oscillations on the current trace, as observed in
sand mixed with 1%–10% of water [shown in Fig. 5(a)], were
found to be negligible for sand mixed with 15% of water. This
is also explained by the high resistive current that dominates in
this high conductivity medium. This resistive property is also
exhibited by the current and voltage traces having similar impulse shapes.
D. Pre-Ionization and Post-Ionization Impulse Resistances
The existence of the second current peak allowed the definition of two resistances referred to as [5] 1) the pre-ionization resistance
and 2) the post-ionization resistance
. These
resistance values were measured using the two peak currents
and their corresponding instantaneous voltages. This resistance
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Fig. 8. Pre- and post-ionization resistances versus current peak. a)
Pre-ionization resistance R versus current peak. b) Post-ionization resistance
R (k ) versus current peak (A).

measurement is selected so that to eliminate any inductive effect
in the test sample since at the instant of peak current
.
They are expressed as follows:
(3)
and
(4)
1) Pre-Ionization Resistance: It corresponds to the soil
properties without the added effect of soil ionization. It reflects the nonlinear conduction behavior governed by thermal
were obtained for
effects and the soil structure. Graphs of
increasing applied voltage magnitudes up to the breakdown
voltage of the test cell.
Fig. 8(a) shows the pre-ionization resistance
obtained for
sand with different water contents. It can be seen that
is
with
decreasing with current magnitudes. The decrease in
current magnitudes indicates a possible nonlinear conduction
process in the wet sand resulting from thermal effects. Due to
heating, the temperature of the soil increases, which will
increase the conductivity and reduce the resistivity of the soil.
However, when the tests were repeated under the same impulse conditions, by replacing the test sample with a new test
medium of the same sand grain size and resistivity, differences
in
trends were observed. This could be attributed to 1) the
mechanism controlling the heating process in wet sand, which
is affected by the number of shots applied to the test soil, 2) the
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uncontrollable water movements in wet sand, and 3) different
water settling processes.
was found to increase with current magIn some tests,
nitude. If excessive heating in soil occurs, water vaporization
in soil usually takes place. This reduces the conductivity, and,
hence, increases the resistivity of the soil, thus increasing the
resistance instead of reducing it as the current magnitude is increased. This excessive heating of the test soil could be minimized by limiting the number of impulse shots.
during repeated
These measured variable trends of
is mainly
tests are in agreement with the assumption that
governed by thermal conduction processes, as suggested by
previous findings [12], [13]. The investigation of heating and
water vaporization processes occurring in wet soil under high
impulse currents, however, requires a careful temperature
measurement throughout the tests. In this paper, the percentage
of water content was measured after each test using a “speedy
moisture meter” whose measurement is based on the pressure
that is released when wet sand is reactively mixed with a reagent
(calcium carbide). Only a small difference in percentage of
water content was observed after the tests.
2) Post-Ionization Resistance: It corresponds to the final
state of conduction that the soil reaches after the ionization
region has expanded to its maximum volume within the test
soil. This resistance is always lower than the pre-ionization
.
resistance
also decreases with inThe post-ionization resistance
creasing current magnitude [see Fig. 8(b)], and this reduction of
is more significant in sand with a lower percentage of water
content (high resistivity soil). As can be seen in Fig. 8(b), only
is observed for sand mixed with 10%
a small reduction of
to 250 in the current
of water content; a range of
range used in these experiments.
is governed by the ionization process that
The resistance
expands away from the energized electrode, thus virtually increasing the effective radius of the energized electrode and, consequently, reducing the resistance. Since this process is highly
dependent on the sand characteristics and the applied voltage,
the ionization process is expected to have better repeatability
compared with the thermal process. When impulse tests on each
sand mixture were repeated, by using a new sand sample of the
same grain size and resistivity and under the same conditions,
a good repeatability was observed, and very close values of
were measured for similar test conditions.
E. Ionization and Drying Rates in Soil
The laboratory tests showed that sand with 1% water has the
with current that can be interpreted
highest rate of change of
that it has higher ionization effect compared with other test samples. When the water content is small, the vaporization process
produces dry regions at relatively low energies of the applied impulse. The formation of these “dry bands” allows field enhancement to occur in the band and even higher field in the air pockets
within the dry soil. Such a process is expected to encourage ionization. Fig. 9(a)–(c) illustrate the effect of “dry-banding” and
and
accompanying soil ionization, showing the resistances
as functions of peak voltage.
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Fig. 10. Voltage and current traces when breakdown occurred in sand with 3%
water content (charging voltage of 29 kV).

Fig. 11. Time to breakdown versus breakdown voltage for sand with three
different water contents (1%, 3%, and 10% water content).

Fig. 9. Resistance values versus peak voltage for sand with different water
contents. a) Sand with 1% water. b) Sand with 3% water. c) Sand with 10%
water.

F. Soil Breakdown
1) Breakdown Parameters: In investigating the characteristics of soil ionization and measuring the magnitude of the
post-ionization resistance, the charging voltage of the impulse
generator was increased in small steps. After a certain voltage
level, full breakdown between the energized electrode and the
outer test cell container occurs through the test soil. This was
observed on the voltage and current records, in which at a cercloser to the second current peak, a sudden large
tain time
increase in current was accompanied by a fall to zero in voltage,
indicating the instant of breakdown. Typical voltage and current
traces obtained during breakdown are shown in Fig. 10. Close
examination of the current impulse shape reveals an initial peak
corresponding to , which is followed by a second rise to the
second peak current that corresponds to
, and it is at this
second current peak that breakdown occurred.
A few holes were observed when the live electrode was carefully removed after breakdown. It was found that the number of

holes is about the same as the number of breakdowns occurring
in the sand.
is measured from a virtual origin
The time to breakdown
according to IEC 60-1 [14] and is shown plotted against breakdown voltage in Fig. 11 for sand with three different percentages
of water contents (1%, 3%, and 10% water contents).
was found to be mainly dependent on voltages
The time
and conductivity of the sand. This finding is similar to the reincreases
sult obtained by Cabrera et al. [11] who found that
with increasing sand resistivity and decreases with breakdown
voltage. It should be noted, however, that for some impulse
was statistical in nature, which may
shots, it was found that
be further affected by the uncontrollable water settling process
and the statistical nature of air breakdown.
2) Limits of Cell Breakdown: With the assumption that the
ionization process in the soil forms hemispherical shells expanding away from and increasing the size of the energized elecat the surface of this ionization shell
trode, the electric field
of radius “ ” is determined from [16]
(5)
with

being the radius of the test cell container.
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Fig. 12.

Ionization propagation model.

Fig. 13.

Schematic of test cell with ionization regions.

Fig. 14.

Proposed equivalent circuit of soil with ionization.
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We have shown [16] that the ionization expansion will continue until a critical radius beyond which the field is always
higher that the critical field and, consequently, breakdown will
for the hemioccur. This radius was found to be
spherical test cell. In practice, however, small discrepancies are
expected, due to the complex shape of the ionization regions and
the local changes in soil physical properties.
V. MODELING OF THE IONIZATION EFFECT
It is now well accepted that field enhancement in voids enclosed within the soil is responsible for the initiation of the ionization process in soils. Field enhancement is caused by irregular shapes of soil grains/particles and a large difference between soil and air voids’ dielectric properties. This will increase
the electric field inside the air voids, and under high enough
field, the air voids will be ionized. The ionization zone will increase in the form of several streamers that propagate away from
the energized electrode, as illustrated in [5], shown in Fig. 12.
The speed of propagation and the final length of these streamers
are closely dependent on the applied voltage and soil conductivity. Assuming that the ionization regions expand uniformly
with a time constant and follow the equipotential distribution
in a shell form away from the energized electrode, the resistance
of these shells will fall from high to low values when they become fully ionized. The dynamics of such a conduction mechanism can be described by the following expression:
(6)
with
pre-ionization resistance;
post-ionization resistance;
time constant for ionization propagation.
Taking into account the measured voltage and current traces on
long time scales, the de-ionization process (i.e., recovery of the
than
soil medium) appears to be happening at a slower rate
the ionization phase. This requires further experimental studies
in order to quantify the rate more accurately. For this reason, an
equivalent circuit approach is adopted in which the experimental
data obtained for the two resistances were used.
VI. PROPOSED EQUIVALENT CIRCUIT
Since the first reported study of nonlinear soil behavior under
high currents [11], much research work has been directed to-

ward soil characterization under high-magnitude impulse currents. This also included the investigations on soil characteristics using computer models and equivalent circuit representations. In this paper, a new equivalent circuit representation that
adequately simulates the observed test results is proposed.
Fig. 13 shows the test cell model and its equivalent electrical
components based on the assumption of ionized regions, as discussed above. As can be seen, initially, the soil is represented
by elemental parallel resistances (determined from the soil reand
sistivity and dimensions of the elements) proportional to
capacitances determined by the soil permittivity. The ionization
region is represented by much lower resistances decaying to
zero in the ideal simulation. As the ionization zone increases in
size, the overall resistance of the test soil will decrease accordingly (proportional to ). This concept lead to the formulation
of an equivalent circuit, as shown in Fig. 14, which contains
two main parallel branches: 1) to simulate the pre-ionization
condition and 2) accounting for the ionization effects stage, including its propagation delay constant. These two branches are
represented by a parallel resistance-capacitance network, with
the resistance branch having a strong nonlinear voltage-current
characteristic. Evidence from laboratory tests show that at very
low-magnitude currents, soil behavior is affected by the capacitive effects, as can be inferred from the initial oscillations on
the current signals [see Fig. 5(a)]. However, during the ionization process, the resistive current dominates, and the capacitance
does not play a major role [as can be seen in Fig. 5(c)]. The
and post-ionexpressions for the pre-ionization resistance
ization resistance
were derived using a curve fitting method
from Fig. 6(a) and (b), respectively, for sand with different percentages of water content. Table I summarizes the empirical exand
of wet sand
pressions derived for the resistances
tested in this paper.
The laboratory test set-up together with the proposed new
equivalent circuit (see Fig. 15) were simulated using the PSPICE
circuit transient analysis program. In addition to this basic rep-
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TABLE I
DERIVED RELATIONSHIP BETWEEN THE RESISTANCES
AND R AND THE CURRENT FOR WET SANDS

R

Proposed equivalent circuit. Cs1 = Cs2 = Cs3 = 0:15 F,
Ls1 = Ls2 = Ls3 = 0:04 H, Rcir = 0:01 , Lcir = 0:35 H,
Ccir = 20 pF, Lrod = 0:1 H, L = 7 mH.
Fig. 15.

Fig. 16. Computed and measured voltage and current traces for a charging
voltage of 27 kV.

resentation, other components, such as the inductive elements to
represent the equivalent inductance of the test rod and simulation of the ionization delay, were also included in the simulation
circuit of Fig. 15. Switch SW1 represents the impulse generator spark gap switch, and SW2 is used to initiate the ionization process, which will simulate the threshold conditions and
account for the ionization time delay using an inductance element L.
Fig. 16 shows the simulated and measured voltage and current
traces for a charging voltage of 27 kV and sand with 3% water
content. As can be seen, the proposed equivalent circuit model
can reproduce the measured nonlinearities in the impulse current shape. The simulated voltage and current traces are found
to be in good agreement with measured values at other charging
voltages. Using this simulation, it was confirmed that the parhad no effect on the simulated characallel capacitance
teristics of soil under high-impulse current magnitudes.

VII. CONCLUSION
A laboratory earth electrode test set-up was used to investigate the nonlinear conduction process occurring in sand with
different water contents. An average value of breakdown voltage
through the test sample was measured as 25.5 kV. This breakdown voltage was found to be independent of the percentage of
water content inside the sand.
When impulse tests were conducted on a resistive solution,
the resistance was found, as expected, to be constant with increasing currents. However, when wet sand was subjected to fast
current impulses, its resistance decreased with increasing current magnitudes. This is due to two separate conduction phases
as the current magnitude was increased. First, thermal effects
due to current flow reduce the resistance; then, above the ionization threshold, the resistance is further reduced with a time constant due to expanding ionization regions. The threshold voltage
for this ionization process was found to occur at an applied
at
voltage of 15 kV, which corresponds to an electric field
the energized electrode of 5.5 kV/cm. This threshold electric
field was found independent of water content.
Analysis of the test data revealed a second current peak when
ionization takes place in the soil. The two current peaks were
used as the basis for the proposal of two new parameters of soil
characteristics under high-magnitude fast impulse conditions.
These are the pre-ionization and post-ionization resistances
and
, respectively.
The effects of applied voltage magnitude and soil type on
these resistances were quantified. In addition, the thermal effects were investigated, and two main processes were suggested:
a) increase of ionic conduction and b) vaporization and dry
banding. Other characteristics of soil ionization, such as rate of
propagation and time delays, were also studied and incorporated
in the formulation of an equivalent circuit.
A proposed new equivalent circuit based on the measured
data was shown to reproduce the measured nonlinear current
and voltage impulse shapes satisfactorily.
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