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Abstract—This paper investigates the influence of concrete-
encased grounding earthing system on the harmonic grounding
impedance (HGI), and generated Ground Potential Rise (GPR)
waveforms. For this purpose, a 3-meter vertical rod embedded
in frequency-dependent (FD) soil and encapsulated in concrete
is analysed and compared with a bare rod buried in the same
soil. The soil is characterized by three distinct values of low-
frequency resistivity (𝜌0) of 100, 612 and 1,142 Ω.m. The numer-
ical analysis is performed using the full-wave electromagnetic
simulation software FEKO (Altair Engineering®), employing the
Method of Moments (MoM). First, the harmonic grounding
impedance (HGI) of the rod is calculated for frequencies ranging
from 100 Hz to 10 MHz. Subsequently, the GPR waveforms
generated by impulsive currents are evaluated using two types
of injected lightning currents: the first positive impulse (FPI)
of 200 kA–10/350 𝜇s and the subsequent negative impulse
(SNI) of 50 kA–1/200 𝜇s. The results demonstrate that the
concrete-encased rod significantly reduces the harmonic ground-
ing impedance. Moreover, the corresponding GPR waveforms
exhibit lower peak values compared to those of the bare rod,
indicating that concrete is a promising alternative for mitigating
potentials around earthing systems during transient events.

Index Terms—Electromagnetic transient, lightning, grounding
systems, soil modelling, low resistivity materials

I. INTRODUCTION

Grounding systems (GS) play a crucial role in power
systems during transient events by providing a low-impedance
path to divert surge currents into the earth. Based on this
requirement, the grounding system must be properly designed
to achieve minimal impedance, whose value depends on the
geometrical parameters of the GS and the soil properties [1].
When it is not possible to install long rods or electrodes in
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a given area, soil treatment involving the addition of low-
resistivity materials (LRM) can be an effective alternative to
reduce the grounding system impedance [1]–[3]. The most
commonly used materials include concrete, bentonite, and
conductive cement. Regarding concrete, its resistivity is in-
fluenced by several factors such as water content, saturation
level, composition, temperature, and curing time. According to
the literature, the resistivity of concrete varies between 30 and
200 Ω·m [3]. Recently, various studies have investigated the
harmonic impedances and/or transient responses of different
types of grounding systems, particularly those employing
concrete-encased rods or horizontal electrodes in tower-footing
grounding configurations [1]–[3]. Different methods have been
applied in the literature to evaluate the effect of concrete in
grounding systems: (i) field or laboratory measurements [1],
[2], and (ii) simulations using full-wave electromagnetic soft-
ware with numerical methods such as the Finite Element
Method (FEM), as reported in [3]–[6]. This paper investigates
the influence of concrete encapsulation on grounding rods
buried in frequency-dependent (FD) soils, focusing on its
impact on GPR waveforms. For this purpose, a 3-meter vertical
rod, with and without concrete encapsulation, is analysed for
three distinct values of soil resistivity-100, 612 and 1142 Ω.m.
The harmonic impedance of the rod is evaluated using the
full-wave electromagnetic simulation software FEKO (Altair
Engineering®), employing the Method of Moments (MoM)
for a large frequency range. The Ground Potential Rise (GPR)
waveforms are generated using two types of lightning currents:
the first positive impulse (FPI) of 200 kA–10/350 𝜇s and the
subsequent negative impulse (SNI) of 50 kA–1/200 𝜇s. The
results show that the presence of concrete surrounding the rods
significantly reduces the harmonic grounding impedance over
the frequency range. As a consequence, the GPR waveforms
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generated with concrete-encased rods exhibit considerably
lower peak values compared to those obtained with bare
rods. The contribution of this paper is to assess the impact
of concrete on the transient response of grounding rods and
to demonstrate that concrete is an interesting alternative to
provide safety in earthing system during transient events.

II. ELECTROMAGNETIC MODELLING

A. Soil Modelling

The soil electrical parameters resistivity (𝜌s) and relative
permittivity (𝜀𝑟𝑔) are dependent on frequency due to the
polarization mechanisms in the soil particles [7]. Based on
Alipio and Visacro model, detailed in [7], CIGRÈ Working
Group recommends the following expressions for the FD
resistivity and relative permittivity [8]:

𝜌s ( 𝑓 ) = 𝜌0
{
1 + 4.7 × 10−6 𝑓 0.54𝜌0.73

0
}−1

, (1)

𝜀r ( 𝑓 ) = 12 + 9.5 × 104𝜌−0.27
0 𝑓 −0.46, (2)

where 𝜌0 (Ω.m) is the low-frequency resistivity measured at
100 Hz, 𝑓 (Hz) is the frequency.

B. Low-frequency resistance of horizontal electrode

The low-frequency resistance of the coated electrode can be
calculated using the expression [9]

𝑅LF = 𝑅 (ℓ, 𝑟0, 𝜌𝑐) − 𝑅 (ℓ, 𝑟𝑐, 𝜌𝑐) + 𝑅 (ℓ, 𝑟𝑐, 𝜌𝑠) (3)

where 𝜌𝑐 is the resistivity of the concrete, 𝜌𝑠 is the soil
resistivity; 𝑟0 is radius of the bare metallic conductor, 𝑟𝑐 is
the radius of concrete, and ℓ is the conductor length; Each
term of the (3) are given as follows:

• 𝑅 (ℓ, 𝑟0, 𝜌𝑐): resistance of an electrode with a radius 𝑟0,
buried in a soil of resistivity 𝜌𝑐;

• 𝑅 (ℓ, 𝑟𝑐, 𝜌𝑐): resistance of an electrode with a radius of
𝑟𝑐, buried in a soil of resistivity 𝜌𝑐;

• 𝑅 (ℓ, 𝑟𝑐, 𝜌𝑠): resistance of an electrode with radius of 𝑟𝑐,
buried in a soil of resistivity 𝜌𝑠;

The resistance of vertical (𝑣) and horizontal (ℎ) conductor
buried in a homogeneous soil is given by [3], [9]:

𝑅𝑣 (ℓ, 𝑟∗, 𝜌∗) =
𝜌∗

2𝜋ℓ
ln

[(
4ℓ
𝑟∗

)
− 1

]
(4)

𝑅ℎ (ℓ, 𝑟∗, 𝜌∗) =
𝜌∗

𝜋ℓ
ln

[(
2ℓ

√
2𝑟∗ℎ

)
− 1

]
(5)

where the variables with (∗) are those presented previously
and replace accordingly to each term. To assess the harmonic
grounding impedance (HGI) of the earthing system (bare
conductor or embedded in concrete), the full-wave electromag-
netic software FEKO, using numerical Method of Moments
(MoM) is employed, as detailed in [10].

TABLE I: Parameters of Heidler function

Parameter Heidler
FPI SNI

𝐼0 [kA] 200 50
𝜂 0.930 0.993
𝑛 10 10

𝜏1 [𝜇s] 19 0.454
𝜏2 [𝜇s] 485 143

C. Lightning Current and Grounding Potential Rise

The lightning strike is represented by an impulsive current
source which can be expressed by the Heidler’s function given
by [11]

𝑖(𝑡) = 𝐼0
𝜂

(𝑡/𝜏1)𝑛
1 + (𝑡/𝜏1)𝑛

𝑒−𝑡/𝜏2 , (6)

𝜂 = exp
[
−
(
𝜏1
𝜏2

) (
𝑛
𝜏2
𝜏1

)]1/𝑛
, (7)

where 𝐼0 [A] is the peak current, 𝜏1 is the time constant for the
front of the current wave, 𝜏2 [s] is the time constant for the tail
of the current wave, and 𝑡 is the time. The 𝑛 and 𝜂 are the con-
stant for the steepness and peak correction factors,respectively.
TThe values of the lightning current parameters are presented
in Table I, while the corresponding lightning current wave-
forms are illustrated in Fig. 1. In Fig. 1(a), the SNI waveform
exhibits a significantly shorter front time compared to the
FPI, although its peak amplitude is approximately one-quarter
that of the FPI. Furthermore, the SNI shows a higher current
derivative, as expected, due to its steeper front time in the
initial stage of the waveform. Consequently, the frequency
spectrum of the SNI is considerably broader than that of the
FPI, as illustrated in Fig. 1(b). The GPR can be calculated in
time domain by [12]:

𝑣(𝑡) = F−1 {𝑍fit ( 𝑗𝜔) × 𝐼 ( 𝑗𝜔)} (8)

where F represents the Fourier transform which can be solved
by using a numerical recursive convolution method [12].

III. NUMERICAL RESULTS AND DISCUSSIONS

A. Low-frequency resistance

To quantify the impact of different radii of encapsulating
concrete on the earthing conductor, simulations with both
vertical and horizontal electrodes are performed in this section.
For this purpose, the length ℓ of each conductor is set to
10 m, the conductor radius 𝑟 to 7 mm, and the burial depth
ℎ to 0.5 m. The concrete resistivity 𝜌𝑐 is assumed to be
30 Ω·m, based on [3], while the soil resistivity 𝜌𝑠 varies
from 100 to 1,000 Ω·m. Distinct concrete radii 𝑟𝑐 of 5, 10,
20, and 30 cm are considered. The resistances are calculated
using (3) to (5). The simulated resistance values for both
conductors are illustrated in Fig. 2. As shown in the figure, the
resistance of both conductors decreases with increasing radius
of the encapsulating concrete, reaching its minimum value at
𝑟𝑐 = 30 cm. The corresponding percentage difference (Δ) for
the soil with a resistivity of 1,000 Ω ·m is also presented,
confirming that the greatest variation occurs at 𝑟𝑐 = 30 cm.
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(a) (b)

Fig. 1: (a) Lightning current waveforms for the FPI and SNI; (b) Fourier magnitude of the lightning currents.

(a) (b)

Fig. 2: Resistance for different radii of encapsulating concrete: (a) 10-m vertical rod; (b) 10-m horizontal electrode.

B. Validation of coated earthing system

To validate the simulation model of the metallic conductor
coated with a material (concrete), the numerical results are
compared with those obtained by Bezerra et al. in [3] for
a 10-m horizontal electrode, buried at a depth of 0.5 m
in soil with a resistivity of 300 Ω · m, relative permittivity
𝜀𝑟 = 10, and coated with a concrete characterized by low-
frequency resistivity of 30 Ω · m, and a diameter of 20 cm.
The harmonic grounding impedance (HGI) is evaluated over
a frequency range from 100 Hz to 4 MHz, taking into
account the frequency dependence of soil parameters as per
the CIGRE WG recommendations [8]. The calculated HGI
magnitude and phase are plotted in Figs. 3(a) and (b). As
observed, a good agreement is obtained at low frequencies
up to 100 kHz. Above this frequency, the HGI calculated
by FEKO becomes more pronounced and starts to deviate
from those assessed by Bezerra et al. in [3]. The developed
GPR for the lightning current of FPI ans SNI are shown
in Figs 3(c) and (d), respectively.According to the figures,
acceptable agreement is observed over the entire time range,
with percentage differences (Δ) at peak values of 4.23% and
14.08% for the FPI and SNI, respectively.

C. Harmonic Grounding Impedance

To investigate the influence of the concrete-encased rods
buried in a FD soil on the GPR waveforms, the HGI of the

vertical rod buried in a homogeneous ground is computed for
three values of low-frequency resistivity (𝜌0): 100, 612, and
1,142 Ω.m. The FD resistivity and permittivity are calculated
using (1) and (2). The simulation results are compared with
those generated with bare rod buried at the same soils. The
length of rod (ℓℓℓ) is 3 m, radius of 𝑟 = 12.5 mm and
the concrete radius of 𝑟𝑐 = 10 cm, concrete resistivity
𝜌𝑐 of 30 Ω.m were considered. The harmonic grounding
impedance (HGI) is calculated for frequencies ranging from
100 Hz to 10 MHz, as shown in Fig. 4. According to
this figure, it can be observed that both the soil parameters
have a significant influence on the HGI across the analysed
frequency range. At lower frequencies (below 1 kHz), the HGI
exhibits a predominantly resistive behaviour for both types
of rods, up to a certain transition frequency. This resistance
is proportional to the low-frequency resistivity 𝜌0 for the
bare rod and to the equivalent resistivity for the concrete-
encased rod, as illustrated in Fig. 4. However, as the frequency
increases, the reactive behaviour of the harmonic impedance
becomes more pronounced, alternating between inductive and
capacitive characteristics depending on the frequency range
and the equivalent soil resistivity. Furthermore, regarding the
magnitude of the HGI, the concrete-encased rod (represented
by the dashed line) exhibits lower values compared to those
of the bare rod (represented by the solid line) across the
entire frequency range. This reduction is attributed to the lower
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(a) (b)

(c) (d)

Fig. 3: Validation using FEKO compared with Bezerra et al. in [3]: (a) Magnitude; (b) Phase; GPR developed for: (c) FPI; (d) SNI.

equivalent resistance obtained when concrete is added around
the metallic rod, interpreted as a new conductor of radius 𝑟𝑐.

D. Transient Ground Potential Rise

The generated Ground Potential Rise (GPR) is computed
in the time domain, considering lightning current wave-
forms representative of the first positive impulse (FPI) of
200 kA–10/350 𝜇s and the subsequent negative impulse (SNI)
of 50 kA–1/200 𝜇s. The transient GPR waveforms for both
types of rods are presented in Fig. 5, and their corresponding
peak values (with percentage reductions) are listed in Table II.
According to the table, the use of concrete around the rod
results in a reduction of approximately 42% in the peak
GPR values. In general, the transient GPR waveforms are
strongly dependent on the lightning current waveform and the
electrical parameters of the soil. The peak GPR values increase
with increasing soil resistivity for both types of lightning
impulses. However, a notable reduction in the peak values is
observed for the concrete-encased rod compared to those of the
bare rod. For the GPR generated by the subsequent negative
impulse (SNI), as shown in Fig. 5(b), the peak magnitudes
are lower than those produced by the first positive impulse
(FPI). This reduction is attributed to the lower equivalent
resistivity introduced by the concrete surrounding the metallic
rod, compared with the bare-rod configuration.

The numerical results demonstrate that concrete-encased
rods significantly reduce the low-frequency resistance, har-
monic impedance, and consequently the potential rise when

TABLE II: Peak values of GPR(MV) and percentage difference (%)

𝜌𝑠 [Ω m] Bare Encased Difference
FPI SNI FPI SNI FPI SNI

100 7.15 1.73 4.17 1.01 41.69% 41.68%
621 42.5 9.88 24.8 5.76 41.68% 41.68%

1142 75.8 17.3 44.2 10.1 41.69% 41.69%

used as an encapsulating material in earthing systems, thereby
enhancing their overall effectiveness. In addition to improving
electrical performance, concrete provides corrosion protection,
which is essential for maintaining reliable and safe grounding
performance over time. Moreover, concrete offers a combi-
nation of mechanical strength and durability to the tower
base, while its ability to retain moisture and release ions from
certain chemical additives improves the conductivity of the
surrounding soil.

IV. CONCLUSIONS

This paper investigates the influence of concrete on the har-
monic grounding impedance (HGI) and the resulting Ground
Potential Rise (GPR) waveforms for bare and concrete-encased
rods buried in frequency-dependent soils. A 3-meter vertical
rod is analysed in soils with different low-frequency resistivity
values, and the harmonic grounding impedance is computed
using full-wave electromagnetic simulation software over a
frequency range from 100 Hz to 10 MHz. The results indicate
that the HGI is predominantly resistive at low frequencies
but becomes increasingly reactive at higher frequencies. In
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(a) (b)

Fig. 4: Harmonic grounding impedance of the bare and concrete encased 3-m rods: (a) Magnitude; (b) Phase.

(a) (b)

Fig. 5: Transient GPR generated for the bare and concrete encased 3-m rods for: (a) FPI (b) SNI

general, the HGI obtained for concrete-encased rods is con-
siderably lower than that of bare rods, owing to the reduced
apparent soil resistivity and the increased effective radius
introduced by the surrounding concrete layer. Regarding the
transient GPR waveforms, the peak values are significantly
reduced when concrete is employed, demonstrating improved
lightning performance for concrete-encased rods compared
with conventional bare rods. These findings emphasize the
substantial impact of concrete on the lightning transient be-
haviour and overall performance of grounding systems under
impulsive conditions.

REFERENCES

[1] O. Kherif, S. Robson, H. Griffiths, N. Harid, D. Thorpe, and A. Haddad,
“On the high frequency performance of vertical ground electrodes and
lrm application,” IEEE Transactions on Electromagnetic Compatibility,
2024.

[2] A. Raizer, E. P. Elias, M. V. F. da Luz, V. L. Coelho, V. M. Raupp,
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