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Featured Application: The proposed model can be applied to the assessment of the electrical
parameters of non-perfect conducting grounding electrodes that are partially affected by corrosion.

Abstract: The calculation of the grounding resistance of electrodes built with partially oxidized
non-perfect conductors is addressed in this paper. A model based on circuit analysis to account for
internal resistance is used, while the oxidation or partial coating of the conductor surface is modeled
using the concept of the equivalent radius of the coated electrode. From the proposed model, the
values of the electrical parameters of the grounding electrodes, such as the grounding resistance
and the step and touch potentials, are calculated for real electrodes affected by coating or corrosion
and compared with those values under ideal conditions. The results show significant differences in
certain configurations that may compromise the safety margins established by current regulations.

Keywords: non-perfect conducting grounding electrodes; coated electrode equivalent radius;
partially corroded electrode

1. Introduction

Grounding systems are elements of an electrical installation of great importance for
the protection of people and equipment [1]. When there is an electrical fault, the step and
contact potentials must not exceed the values given in the current regulations, and the
grounding resistance must be adjusted to the value of the potential acquired by the electrode
in the case of a unitary fault current [2]. At the design stage, calculations are made taking
into account several simplifying assumptions. Firstly, it is assumed that the conductors that
are part of the grounding electrodes are perfect electrical conductors (PEC), that is, they do
not have internal resistance. Second, the surface of these conductors is in intimate contact
with the soil, so that it is treated as the interface between an ideal conducting medium,
with no resistivity, and a conducting medium with a finite value of resistivity. Common
additional assumptions are, for example, that the ground is semi-infinite and electrically
homogeneous, the conductors that form part of the grounding electrode have a constant
radius, or the fault current leaking to the ground does so at low frequency, called industrial
frequency [3].

This paper embodies two substantial improvements to the most popular models to
evaluate the electrical parameters of grounding electrodes, namely, the inclusion into the
calculation of the internal resistance of conductors and the possible oxidation or coating of
part of them. While the first does not present special difficulties to be taken into account in
the well-known models, the second entails a formidable complication in the calculations
unless some simple procedure makes it possible to evaluate the effect produced by the
electrode coating.

The necessary modifications on an initial model based on the Charge Simulation
Method (CSM) are presented in this paper. These modifications take into account both
the internal resistance of the conductors [4] and their possible affectation, in part or in its

Appl. Sci. 2022, 12, 12243. https://doi.org/10.3390/app122312243 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app122312243
https://doi.org/10.3390/app122312243
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-3751-450X
https://orcid.org/0000-0001-9108-0840
https://doi.org/10.3390/app122312243
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app122312243?type=check_update&version=1


Appl. Sci. 2022, 12, 12243 2 of 11

entirety, by corrosion [5]. The oxidation is modeled as a layer of a conductive material with
high resistivity that completely covers part of the conductors. Additionally, the new model
can also evaluate the effect of coating conductors with a layer of any conductive material
with arbitrary resistivity. If the conductors are considered as cylindrical rods, the oxidation
or coating effect of these conductors is modeled by replacing their geometric radius by the
so-called Coated Electrode Equivalent Radius (CEER) [6]. As a result of this substitution, an
electrode composed of conductors with different geometric radius values according to their
oxidation level or the nature of the coating is obtained. To take into account the internal
resistance of the conductors, a circuit-based model (CBM) of the entire electrode, composed
of branches and nodes, where the potential drops in the different branches due to the
ohmic resistance are considered, gives rise to a complete description of the behavior of the
electrode in terms of the currents flowing through the branches and those that leak into the
ground [7]. According to the model proposed in this paper, the grounding resistance of the
electrode is calculated as the ratio between the potential of the node in which the current is
injected and the value of the injected current. The step and contact potentials on the ground
surface are also evaluated by knowing the leakage currents to the ground [8]. Although
the two basic elements of the paper, internal resistance and surface corrosion, have been
previously modeled separately by the authors, the combination of both in a single model
represents a new model that is broader than the previous two models. Aspects such as
mixing different conductor radii into the structure due to electrode coating and combining
clean conductor parts with other coated ones all embedded in multilayered soils represent
a clear extension of the previous models.

In order to carry out all the tasks described above, after this introduction, this work
presents a section with the fundamentals of the proposed model, followed by another
section dedicated to applying the model to the calculation of the electrical parameters of
some electrodes of interest. A single electrode and some actual electrodes currently in
operation are considered. In all of them, the partial oxidation of some of the conductors
that form part of the geometric structure of the electrodes has been simulated. In the same
section, the electrical parameters calculated as ideal electrodes are compared with those
obtained by applying the new model to the real electrode. The final section of the paper is
dedicated to collecting the conclusions and final comments on the content of this work.

2. The Model Backgrounds

To calculate the electrical parameters of a grounding electrode, the simplest model
assumes that the conductors are non-resistive PEC, so that the electrode as a whole is
equipotential [9]. The incoming current through the injection point is distributed through-
out the conductor and is filtered to ground through its surface so that the electrode becomes
equipotential. The injection point is not important, and only the magnitude of the fault
current is the initial relevant information. The leakage current to the ground in each part
of the electrode is calculated without difficulty. With this information, the grounding
resistance and potentials at the ground surface, with which step and touch potentials are
evaluated, are calculated. Such potentials are important magnitudes since they characterize
the electrical behavior of the electrode [10]. When the conductors that form part of the
electrode have internal resistance, the electrode is no longer equipotential as a whole,
and the injection point becomes important. The model that best describes the behavior
of an electrode of this nature is the aforementioned CBM. According to this model, the
electrode is divided into branches and nodes, and circuit theory is applied to each branch
and each node. A complete description of the model can be found in the aforementioned
reference [7], which describes the CBM of a buried electrode in a semi-infinite multilayer
soil. The application of the model supplies the currents flowing through the branches and
the leakage currents to the ground of each branch. With this information, the potential at
any point on the ground can be calculated.

Figure 1 shows in the top a horizontal rod which is divided into N branches. The branch
potential Uk and the leakage current Ik in each branch are also shown. At the bottom, the CBM
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is shown. At each node of the circuit, the potential Vt and the source of nodal leakage current
Jt are located. The internal currents ik that run inside the conductor are also shown. Node
potentials and branch potentials are closely related, as also are the nodal leakage currents
and branch leakage currents. The branch potentials Uk depend on the currents filtered to the
ground by all other branches Im, including the branch k itself. Assuming that the electrode lies
on the same soil layer with resistivity ρ, it can be stated that

Uk =
N

∑
m=1

Im · Zkm (1)

where the impedance Zkm, called transverse impedance, has the following expression for a
multi-layered soil,

Zkm =
ρ

4π

∫
lm

dlm

 1∣∣∣→r k −
→
r m

∣∣∣ +
∞∫

0

( f (λ)e−λ(zk−zm) + g(λ)eλ(zk−zm))J0(λr)dλ

 (2)
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Figure 1. A picture of the circuit-based model of a rod buried into the soil.

As stated before, ρ is the soil resistivity around the branch m, and the functions f (λ)
and g(λ) stand for the contribution of the other soil layers to the potential, which are
calculated by imposing the boundary conditions at each layer interface [7]. The branch
potentials Uk and the leakage currents Im are then related with the node potentials Vk and
currents Jm, which satisfy the CBM equations.

Next, the influence of a partial coverage of the electrodes will be introduced in the
model. According to the results of the aforementioned reference [6], the presence of a layer
that covers the surface of the conductors, either of oxide from the material of the electrodes
or any other conductive material, modifies the potential associated with each branch, and
the global effect is equivalent to the substitution of the initial radius of the conductors by a
Coated Electrode Equivalent Radius (CEER) whose expression is, in the case of oxidation
with an oxide layer of thickness e,

req = (rC − e)
ρox

ρ · r
−( ρox

ρ −1)
C (3)

while, for an electrode covered with a layer of material of thickness e,

req = rC
ρco
ρ · (rC + e)−(

ρco
ρ −1) (4)

In both cases, rC represents the radius of the conductor, not oxidized or not coated,
ρox is the resistivity of the oxide layer that covers the electrode, ρco is the resistivity of the
coated layer, and ρ the resistivity of the soil, which is assumed to be semi-infinite and
uniform [6]. Although Expressions (3) and (4) are valid for single-layer soils, they will also
be used to modify the radius of the conductors, even in multilayered soils, provided that
such conductors are completely embedded in any of the soil layers. It should be mentioned
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that Expressions (3) and (4) represent a considerable simplification of the effect caused by
the coating of the electrodes. The complex filtering mechanism of the current to the ground
through the surface of the conductor and the interface that separates the covering layer
from the ground is reduced to a geometric modification. A variable radius for the electrodes
is relatively easy to implement in the calculation algorithms and does not significantly
increase the computation time of the potentials.

To finish this section, it is necessary to mention that the proposed model has been
implemented using the commercial software MatLab, which is especially suitable for
carrying out the necessary calculations.

3. Application Examples

In all the application examples that will be presented, two types of calculation will
be carried out in order to compare the results. The first type corresponds to the electrode
considered as ideal or PEC. For this purpose, the general calculation method proposed
in this paper will be used, assigning a very small internal resistivity. The second type of
calculation considers electrodes with appreciable internal resistance. In practice, it is about
comparing electrodes made with copper, which is the most used material and is considered
to be an almost perfect conductor, with electrodes made of less conductive materials such as
stainless steel, aluminum, or others. In the following examples, PEC or the ideal electrode
stand for an electrode made of copper of resistivity ρ = 1.78× 10−8 Ωm.

3.1. Partially Oxidized Horizontal Rod

As a first example of application, consider a horizontal rod with length L = 40 m and initial
radius rC = 5 mm, buried 0.5 m from the surface of a uniform soil with resistivity ρ = 100 Ωm
and half covered with a layer of conductive material with resistivity ρox = 500 Ωm
and thickness e = 1.5 mm. The resistivity of the oxide layer and the thickness are ficti-
tious in order to evaluate the effect on the electrical parameters of these added properties. The
rod material has an internal resistivity ρe = 7× 10−6 Ωm. The current injection point is at one
of its ends, and the fault current is set at 1 A. The rod is segmented with 30 pieces per meter.

Figure 2 shows the Ground Potential Rise (GPR) produced by the resistive half-covered
rod. A different profile is observed in the two halves. In order to compare the behavior of
the ideal electrode with the real one, Figure 3 is included.
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Figure 3. Some electrical features of the ideal horizontal rod (upper panels) and those of coated
resistive horizontal rod (lower panels).

In the upper left panel of Figure 3, a surface plot of the GPR created by the ideal hori-
zontal rod is shown. In the right panel, the potential at the nodes that join the 1200 segments
into which the rod is divided is shown. The calculations have been made with copper as the
internal resistivity, so it is really a PEC. It is observed that the potential can be considered
constant along the length of the rod. In the lower panels, the results for the same rod, but
considering both the finite internal resistance ρe and the influence of the covering layer of
half its length, are shown. In this case, a strong potential gradient is observed along the
conductor in addition to a potential profile on the surface that shows a clear difference
between the two halves of the rod. In this simple example, given that the representative
potential of the electrode is that associated with the injection node, it can be seen that there
is a difference in grounding resistance between the two assumptions of more than 20%.

3.2. Grounding Grid of an Outdoor Transformation Center

As a second application example, the grounding grid of an outdoor transformation
center, like the one shown in Figure 4, will be considered. Such a transformation center is a
standard of some of the most important Spanish electrical companies, such as Iberdrola or
Endesa. The soil is considered uniform with resistivity ρ = 100 Ωm. The fault current will
be set at 1 A, entering one of the corners. The material of the conductors has a resistivity
ρe = 72× 10−8 Ωm that corresponds to stainless steel [11]. For this case, it will be assumed
that half of the electrode is oxidized (marked in black on Figure 5), forming a uniform layer
of thickness e = 2 mm of oxidized material, with a resistivity of ρox = 800 Ωm, throughout
the length of the conductors affected by corrosion [12]. The segmentation is set to five
pieces per meter. Although the resistivity of the oxide layer, and the thickness and length
of the affected conductors do not correspond to any real situation, such data are taken
from measurements made on similar conductors by the firm INGESCO Lightning Solutions,
which is recognized in the acknowledgments.
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Figure 5. Ground Potential Rise contour plot from the grounding grid of the transformation center
in Figure 4.

Figure 5 shows the GPR produced by the resistive half-covered grid. In this case,
the internal resistivity is about forty times greater than that of copper, which is usually
considered to be that associated with an ideal conductor.

In the upper left panel of Figure 6, the GPR of the PEC grid is shown. In the right
panel, the node potentials of the ideal electrode are shown. The electrode is equipotential.
In the lower panels, the same magnitudes are represented but considering the internal
resistance ρe of the conductors and the partial oxidation of the electrode. It is shown that
the potential profile in the ground is altered in the oxidized half of the electrode, while the
potential of the nodes presents a clear, although small, gradient.
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Figure 6. Some electrical features of the ideal grid (upper panels) and those of half-corroded resistive
grid (lower panels).

To better appreciate the differences between considering the ideal electrode or includ-
ing all the limitations, Figure 7 shows, on the left panel, the GPR percentage difference
between the two situations, while on the right, the node potentials’ percentage difference is
shown. As seen in Figure 7, there is more than 10% difference in the potential of the current
injection node between the ideal electrode and the real electrode, which also corresponds
to the percentage difference in the grounding resistance of the mesh, since the fault current
is unitary. Note that although the current input point is at a higher potential than the rest,
the differences are not very close to 5%. However, these differences will increase as the
electrode becomes larger. To conclude, it is necessary to point out that such a percentage
difference may mean, in practice, being outside the regulations regarding installation safety.
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Figure 7. Percentage difference both in GPR and in the node potential when considering an ideal and
a real grid.

3.3. Grounding Electrode Partially Coated with a High-Conductive Boost Material

In this third application example, a grounding electrode commonly used in transmis-
sion line towers will be considered. As in the previous example, this transmission line tower
is a standard type of tower used by some of the most important Spanish electricity compa-
nies. In this example, the electrode is buried in a very high-resistivity soil ρ = 1000 Ωm, so
it is necessary to partially cover some of the conductors with a very low-resistivity material
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ρco = 2.5 Ωm to reduce the grounding resistance of the electrode. The material used for
these coatings is bentonite, whose resistivity is between 2 and 5 Ωm, using thicknesses that
vary according to the resistivity of the surrounding soil. In this case, it will be assumed
that the material layer has a thickness of e = 2 cm, and the conductors will have an internal
resistivity of ρe = 72× 10−8 Ωm corresponding to stainless steel.

Figure 8 shows the grounding electrode of a transmission line tower. It has a 2.6 m
square frame and 1.5 m long vertical rods at the vertices, all buried at a depth of 0.65 m.
The conductors have 50 mm2 cross sections.
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Figure 8. Grounding system of a transmission line tower.

Assuming negligible the effect of the structure of the tower, including the surface
platform, in the calculations, Figure 9 shows a contour plot of the GPR produced by the
resistive, partially covered electrode. The covered parts of the electrode are marked in black.
As in the previous examples, Figure 10 shows the differences between setting conductors
as PEC (upper panels) without considering the coating of some of them and the real case in
which both attributes are incorporated into the calculation of the grounding resistance and
the potentials generated in the ground.
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Figure 10. Some electrical features of the ideal electrode (upper panels) and those of the partially
covered resistive electrode (lower panels).

For this configuration, a 10% reduction in grounding resistance can be achieved. Note
that there are no significant differences in the potential of the nodes in the real electrode,
mainly because the internal resistance is not very large and the electrode is relatively small
in size. The percentage of reduction of the grounding resistance can be increased if the
thickness of the layer of conductive material is increased.

3.4. Vertical Deep-Well Grounding Electrode Partially Corroded

From numerous measurements, it has been proven that the deep-well grounding tech-
nology has a smaller grounding resistance and a lower step voltage, while the area assigned
to the installation is small and when in the lowest layer deep in the soil, where the vertical
electrode is located, the resistivity is low [13]. In this example, a deep-well grounding
electrode made of stainless steel rods with a 9 mm radius and 150 m long is driven into a
fictitious horizontally three-layered soil with resistivities ρ1 = 100 Ωm thickness h1 = 4 m,
ρ2 = 200 Ωm thickness h2 = 6 m, and ρ3 = 50 Ωm. A part of the electrode located in
the soil bottom layer, is covered with an oxide film of thickness e = 2 mm and resistivity
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ρox = 720 Ωm. Once again, the oxide layer resistivity and thickness are fictitious for the
purpose of assessing the effect on grounding resistance and other parameters. As already
commented in Section 2, the CEER can still be applied if the oxidized part is entirely located
in a soil layer. Due to the nature of the electrode, the potential at the ground surface will not
present significant differences between the two electrode configurations considered, that is,
as PEC and with real attributes. While it is to be expected that the grounding resistance
will present appreciable differences, after dividing the rod into segments at a rate of three
segments per meter, an electric current of 1 A is injected through its upper end, and the
nodal potentials are calculated, especially the one associated with the input node of the
current, in order to calculate the grounding resistance. The results of the application of the
proposed model are summarized in Table 1.

Table 1. Grounding resistance of the deep-well electrode in different conditions.

ρe = 0 Ωm PEC ρe = 72 × 10−8 Ωm
(Non-Corroded)

ρe = 72 × 10−8 Ωm
(ρox = 720 Ωm)

R(Ω) 0.5567 0.5606 0.7063 0.7542
% 0 <1% 21.2% 26.2%

Table 1 clearly shows the influence of the two electrode conditions that are studied
in this paper. The difference between completely ignoring the internal resistance of the
electrode and taking the value of the resistivity of the copper instead impacts the grounding
resistance by less than 1%. However, if copper is replaced by a material such as stainless
steel, the difference rises to almost 21% if oxidation is not taken into account and up to
26% when including the effect of oxidation. As already mentioned in some of the previous
examples, the effect of the internal resistance of the conductors intensifies with the size of
the electrode. This example shows that the advantages of a long electrode driven into the
ground are attenuated by the need to use materials other than copper with which to build
the grounding electrodes.

4. Conclusions

The commonly used model of the grounding electrode as a PEC without any signs of
corrosion or alteration of the electrode surface has been improved in this work by including
realistic attributes such as the internal resistance of the conductors and the possible damage
caused by partial oxidation or by coating with a conductive material. In order to evaluate
the impact of changes in the properties of the electrode, some important magnitudes have
been calculated that define its characteristics, such as the GPR or the potential of the
different nodes introduced in the modeling of the electrode. The grounding resistance is
now associated with the potential of the fault current input node. In view of the results, it
can be concluded that there is a significant difference between an ideal PEC electrode and
an equivalent one with real attributes. For the example of the transformation center shown
in Figure 2, the difference in grounding resistance is greater than 10%, and in terms of GPR,
differences of around 5% are found. The differences increase with the extension and degree
of oxidation of the electrode. In summary, the calculations obtained from the presented
model confirm that the attributes included in the modeling of a real electrode, in particular
the internal resistance, must be taken into account at the design stage to adjust the size and
shape of the electrode in order to meet the safety requirements of current regulations.

Finally, although there may be many factors to consider that can affect ground resis-
tance measurements, such as humidity, temperature, and other seasonal effects, oxidation is
a systematic effect that can be detected in long-range measurements. The model presented
in this paper would allow for an estimation of the degree of oxidation of an operational
grounding electrode by comparing measurements of the real grounding resistance and
its calculation using the model for a determined oxidation percentage, all without a high
computational cost.
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