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Abstract: Tower foundations have been used as grounding electrodes to reduce the area of the
grounding devices. However, it is difficult to calculate the grounding resistance due to the complex
structure of the reinforced concrete foundation. A method for calculating grounding resistance
of reinforced concrete foundations is proposed in this paper. The method equates the complex
foundation structure into a cylindrical conductor and then calculates the grounding resistance with
the help of the method of moments, which simplifies establishment of the simulation model and
reduces the extensive computation. In addition, the applicability of the equal cross-sectional area
method and the equal cross-sectional perimeter method is analyzed. It shows that both methods are
applicable only when the concrete resistivity is close to the soil resistivity. The equal cross-sectional
area method is applicable when the concrete resistivity is within twice the soil resistivity, while the
equal cross-sectional perimeter method is applicable when the concrete resistivity is approximately
same or less than the resistivity of the soil.

Keywords: reinforced concrete foundation; grounding device; grounding resistance; numerical
calculation

1. Introduction

Grounding devices of transmission line towers are the most important lightning
protection facilities [1,2]. The contradiction between the corridors of transmission lines
and land resources has become increasingly significant with the development of the power
system [3,4]. Therefore, the use of reinforced concrete foundations as part of grounding
electrodes has been considered for a long time [5]. It improves the current dispersion
characteristics and plays an effective role in reducing grounding resistance [6–9].

Grounding resistance is a key parameter to characterize the grounding device. In
order to evaluate the role of the tower foundation, simplified formulas for estimating the
grounding resistance were proposed under the assumption that the concrete resistivity is
the same as that of the soil [10]. The utilization coefficients of the formulas for calculating
grounding resistance of transmission tower grounding devices were summarized [11]. In
order to consider the effect of reinforced concrete on the grounding resistance, a whole
metal electrode was used to replace the foundation for calculation [12]. The accuracy of the
above methods is affected by foundation structures and concrete resistivities. Therefore,
they are not applicable in complex situations.

The finite element method can accurately calculate the electric field around the founda-
tion [13,14]. However, due to the complex structure of the reinforced concrete foundation,
establishment of the simulation model for one pile is troublesome and the computation
is extensive, not to mention that usually the foundation consists of several piles. The
grounding resistance of the cylindrical conductor can be quickly calculated by the method

Energies 2022, 15, 4607. https://doi.org/10.3390/en15134607 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15134607
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-1226-4815
https://orcid.org/0000-0002-0302-2550
https://doi.org/10.3390/en15134607
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15134607?type=check_update&version=1


Energies 2022, 15, 4607 2 of 10

of moments even if the structure is complex [15–17]. For this reason, some methods to
equate non-cylindrical electrode to cylindrical electrodes have been proposed in order to
use the method of moments to calculate grounding resistance. For example, flat conductor
is equivalent to cylindrical conductor by the method of equal cross-sectional area [18], in
which the equivalent radius r1 is given by r1 = L/√π , where L is the cross-sectional side
length of the grounding electrode. The equal cross-sectional perimeter method that fully
considers the contact resistance between the foundation and the soil was also introduced,
with which the equivalent radius is given by r2 = 2L/π [19]. Based on the same idea,
Pan et al. proposed a method to equate cylindrical reinforced concrete foundation into a
cylindrical conductor so that the grounding resistance can be obtained by the method of
moments, which simplified the calculation [20]. However, the calculation for grounding
resistance of square-column reinforced concrete foundation, as shown in Figure 1, has
not been developed. How to equate the reinforced concrete foundation into a cylindrical
conductor has become the key to simplify the calculation.
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Figure 1. Reinforced concrete foundation (a) Outward appearance; (b) Internal rebar cage (The cross-
sectional dimension of the reinforced concrete foundation is mainly in the form of 0.8 m × 0.8 m to
1.2 m × 1.2 m. The column height is 3m to 5 m. The main rebars inside the foundation are made of
round steels).

In order to calculate the grounding resistance of the square-column reinforced concrete
foundation effectively and accurately, a method to equate the foundation into a cylindrical
conductor is presented based on the finite element method simulation, and then the
grounding resistance is calculated by the method of moments. In addition, the equal
cross-sectional area method and the equal cross-sectional perimeter method to estimate the
equivalent radius are also analyzed. The applicability of the two methods is presented.

2. Theoretical Background

The principle of the method proposed in this paper can be determined by the relation-
ship between the reinforced concrete foundation parameters and the grounding impedance.
As shown in Figure 2, the injected current flows forward along the foundation and dissi-
pates into the ground. The grounding impedance includes the dispersion resistance Rg and
the longitudinal impedance Zl . Rg is the equivalent resistance from the foundation surface
to infinity, which is not only related to the length of the foundation, but also to the shape
and size of the cross-section. Zl is given by:

Zl = Zc + jωLe (1)
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where Zc is related to the effective area of current flow under the influence of skin effect. The
internal impedance Zc of square conductors can only be calculated by numerical method
without corresponding formula and for cylindrical conductors, Zc is given by:

Zc =
jωµc

2πr0
√

jωσcµc
·
I0
(
r0
√

jωσcµc
)

I1
(
r0
√

jωσcµc
) ·l (2)

where σc is the conductivity of the conductor, µc is the magnetic permeability of the
conductor, r0 is the radius of the conductor, l is the length of the conductor and I0 and I1
are the modified zero-order and first-order Bessel functions.
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Figure 2. Equivalent physical model of the grounding electrode.

The external inductance Le is formed by the magnetic flux generated by the current
flowing through the grounding electrode, which is mainly affected by the radius of the
grounding electrode and the soil magnetic permeability.

The equivalent method can be used only when Rg and Zl of the equivalent cylindrical
conductor are consistent with those of the original reinforced concrete foundation.

3. Calculation Processes

The calculation of the equivalent radius is based on the principle that the dispersion
resistance keeps the same. The corresponding equivalent resistivity and relative mag-
netic permeability of the equivalent electrode are analyzed by keeping the longitudinal
impedance the same.

3.1. Equivalent Radius of the Square-Column Reinforced Concrete Foundation

When calculating the equivalent radius, the dispersion resistance per unit length
needs to be obtained. The square-column reinforced concrete foundation is regarded as an
infinitely long conductor, which can be simulated by a 2D finite element method. Three
typical reinforced concrete foundations A, B and C are selected, with the foundation cross-
sectional dimensions of 0.8 m × 0.8 m, 1.0 m × 1.0 m and 1.2 m × 1.2 m, and the heights
are 3.6 m, 4.4 m and 5.0 m, respectively. The main rebars consist of sixteen steel rebars with
a diameter 22 mm located 50 mm below the surface of the foundation.

A cylinder with a radius of one hundred times the side length of the cross-section
is taken as the calculation area. This radius is large enough that the equipotential lines
are consistent with the cylinder. Then Rg is equivalent to the series connection of the
resistance from the reinforced concrete foundation to the cylinder and the resistance from
the cylinder to infinity. Since the resistance from the cylinder to infinity is not affected by
the shape of the foundation cross-section, just the resistance from the reinforced concrete
foundation to the cylinder needs to be calculated, which can be precisely calculated by the
finite element method. Then, the equivalent radius req of the reinforced concrete foundation
can be obtained by the following formula:

req =
r1

eRc×2π/ρ
(3)

where ρ is the soil resistivity in Ω·m; r1 is the radius of the cylinder in mm; Rc is the
resistance between the foundation and the cylinder.
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Figure 3 shows the equivalent radius of the pile foundation when the ratio of concrete
resistivity to soil resistivity is taken as the control parameter. It can be seen that the
equivalent radius decreases as the ratio of concrete resistivity to soil resistivity increases.
The equivalent radius of the square-column reinforced concrete foundation satisfies the
following relation:

req = (583.66l − 0.3)e(−0.0571l2+0.1443l−0.2328)x (4)

where l is the cross-sectional side length in m; x is the ratio of concrete resistivity to
soil resistivity.
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Figure 3. Concrete resistivity/soil resistivity versus the equivalent radius.

3.2. Analysis of Equivalent Resistivity and Relative Magnetic Permeability Corresponding to the
Equivalent Electrode

Considering the uneven current distribution under skin effect, it is necessary to analyze
the longitudinal impedance of reinforced concrete foundation at different frequencies to
determine the resistivity and relative magnetic permeability of the equivalent model. As
shown in Table 1, the longitudinal impedance is measured in mΩ·m-1 due to the large
cross-sectional size of the pile foundation. Compared with the dissipation resistance Rg,
the longitudinal impedance results of the three pile foundations from 50 Hz to 100 kHz are
small. Therefore, it is accepted that only the dispersion resistance needs to be considered
in the equivalent calculation. The resistivity and relative magnetic permeability of the
equivalent model can take the parameters of the steel rebar.

Table 1. Longitudinal impedances (ZA, ZB, ZC) of the three pile foundations per unit length at
different frequencies.

Frequency (Hz) ZA (mΩ·m−1) ZB (mΩ·m−1) ZC (mΩ·m−1)

50 0.14 + j0.14 0.14 + j0.14 0.14 + j0.14
1000 0.63 + j0.37 0.63 + j0.36 0.63 + j0.35
10k 0.74 + j2.0 0.73 + j1.9 0.72 + j1.8

100k 0.77 + j19.1 0.75 + j18.1 0.74 + j17.6

4. Results and Discussion

The method proposed in this paper is compared with the equal cross-sectional area
method and the equal cross-sectional perimeter method. The influence of various factors
on the equivalent radius and grounding resistance results is analyzed to determine the
applicability of each method.
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4.1. Influence of Different Equivalent Methods on the Calculation Result of Power Frequency
Grounding Resistance

The equivalent radius of the square-column reinforced concrete foundation is calcu-
lated by the equal cross-sectional area method and the equal cross-sectional perimeter
method. As shown in Table 2, when the ratio of concrete resistivity to soil resistivity is high,
the equivalent radius calculated by the method proposed in this paper is quite different
from that of the other two methods.

Table 2. Equivalent radius calculated by different methods.

Equivalent Method
Equivalent Radius (mm)

Pile Foundation A Pile Foundation B Pile Foundation C

The equal cross-sectional area method 451.2 564 676.8

The equal cross-sectional perimeter method 509.3 636.6 763.9

The method proposed in this paper Concrete resistivity/Soil resistivity = 0.1~15
463.3~46.5 579.9~65.9 696.4~84.2

According to the equivalent radius of the pile foundation obtained by the three
methods above, CDEGS is used to calculate the power frequency grounding resistance
under different soil resistivities. The results are shown in Tables 3–5.

Table 3. Power frequency grounding resistances under different conditions in the method of this paper.

Concrete
Resistivity (Ω·m)

Power Frequency Grounding Resistance (Ω)

Soil Resistivity (Ω·m)
100 1000 5000

Pile foundation A
100 11.4 107.4 533.8
500 13.3 110.4 537.0

1000 16.3 113.9 540.9

Pile foundation B
100 9.3 87.9 437.0
500 10.8 90.2 439.5

1000 13.1 92.9 442.4

Pile foundation C
100 8.0 76.1 378.4
500 9.4 78.0 380.4

1000 11.3 80.3 382.9

Table 4. Power frequency grounding resistances under different soil resistivities in the equal cross-
sectional area method.

Soil Resistivity (Ω·m) RA (Ω) RB (Ω) RC (Ω)

50 5.4 4.4 3.8
100 10.9 8.9 7.7
500 54.3 44.4 38.5
1000 108.5 88.9 77.0
5000 542.6 444.3 384.8

The power frequency grounding resistance obtained by the three equivalent methods
is compared with the grounding resistance of the reinforced concrete foundation, and the
results are shown in Figure 4.
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Table 5. Power frequency grounding resistances under different soil resistivities in the equal cross-
sectional perimeter method.

Soil Resistivity
(Ω·m) RA (Ω) RB (Ω) RC (Ω)

50 5.2 4.2 3.7
100 10.3 8.5 7.3
500 51.7 42.3 36.6

1000 103.4 84.6 73.2
5000 516.8 423.2 366.2
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It can be seen that the errors of the equal cross-sectional area method and the equal
cross-sectional perimeter method increase with the higher ratio of concrete resistivity to
soil resistivity. As mentioned in Section 3.1, the equivalent radius is closely related to the
dispersion resistance. When the two simplified methods are applied to the calculation of
reinforced concrete foundation, a fixed equivalent radius is adopted without considering
the influence of dispersion resistance. Each method will make the error less than 10% in
the following cases: The equal cross-sectional area method is applicable when the concrete
resistivity is within twice the soil resistivity; The equal cross-sectional perimeter method is
applicable when the concrete resistivity is approximately same or less than the resistivity
of the soil.

The method proposed in this paper fully takes into account the effect of dispersion
resistance and finds the corresponding equivalent radius with different concrete resistivities
and soil resistivities, which can ensure sufficient accuracy.

4.2. Influence of the Number of Main Rebars on Power Frequency Grounding Resistance

Considering that the density of main rebars may affect the results, the equivalent
radius of the pile foundation with 24 main rebars is calculated and compared with the
results in Figure 3.

As shown in Figure 5, the density of main rebars has a great influence on the equivalent
radius results when the ratio of concrete resistivity to soil resistivity is high. Calculate the
power frequency grounding resistance of two types of the pile foundation A with sixteen
and twenty-four main rebars at the concrete resistivity to soil resistivity ratio of fifteen. The
equivalent radii of the two types of foundations are 46.5 mm and 74.3 mm, respectively.
The results are shown in Table 6.
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Table 6. Power frequency grounding resistance of the pile foundation A.

Soil Resistivity
(Ω·m)

Grounding Resistance (Ω) Percentage
Difference (%)16 Main Rebars 24 Main Rebars

100 19.4 17.5 10.9
500 97.2 87.5 11.1

1000 194.4 175.1 11.1
3000 583.3 525.2 11.1

It can be seen that even though the pile foundation A with different numbers of
main rebars may have large differences in equivalent radius at higher concrete resistivity
to soil resistivity ratios, the effect on the grounding resistance results is not significant.
Considering that the equivalent radius is measured in millimeter, Formula (4) applies when
the ratio of concrete resistivity to soil resistivity is less than six.

4.3. Calculation Results

Usually the foundation consists of four piles, and the distance between the piles under
different voltage levels is shown in Table 7.

Table 7. Distance between pile foundations at each voltage level.

Voltage Level (kV) Distance between Pile Foundations (m)

110 8
220 10
500 15

The power frequency grounding resistance of tower foundation with four piles under
different voltage levels is calculated. The resistivity of concrete here is taken as 100 Ω·m and
the equivalent radius of the pile foundation A under different soil resistivities is obtained
from Section 3.1. The results are shown in Table 8.
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Table 8. Power frequency grounding resistance of tower foundation with four piles.

Soil Resistivity
(Ω·m)

Equivalent
Radius (mm)

Power Frequency Grounding Resistance (Ω)

110 kV 220 kV 500 kV

100 398.4 3.8 3.4 2.8
500 455.0 18.5 16.8 13.9

1000 463.3 36.9 33.5 27.7
5000 470.3 184.0 167.2 137.9

5. Calculation and Analysis of Impulse Grounding Resistance

Reducing impulse grounding resistance of grounding devices is an effective method
to avoid lightning accidents on transmission lines. Considering the skin effect and the
effective dispersion length at high frequency, the transient performance of grounding device
under impulse current may be different from that under power frequency. The inductance
hinders the current flowing to the far end of the grounding electrode and the dissipation
effect is significantly weakened when the grounding electrode exceeds the effective length.
Therefore, it is necessary to calculate and analyze the impulse grounding resistance of
reinforced concrete foundation under lightning impulse.

CDEGS is used to calculate the impact transient response of reinforced concrete founda-
tion under the 2.6/50 µs lightning current waveform. The calculation processes of impulse
grounding resistance are as follows: fast Fourier transform (FFT) is performed to decom-
pose the time-domain signal into multiple frequency-domain signals. The electromagnetic
field value at each frequency is calculated and the time domain response is obtained by
inverse Fourier transform. Finally, the impulse grounding resistance is obtained by the
calculation between the ground potential rise (GPR) and the injected lightning current.

As shown in Table 9, the power frequency and impulse grounding resistance of pile
foundation A are calculated and the concrete resistivity is taken as 15 Ω·m. The results of
the impulse grounding resistance of tower foundation with four piles are shown in Table 10.

Table 9. Power frequency and impulse grounding resistance in different soil resistivities.

Soil Resistivity (Ω·m) Power Frequency Grounding
Resistance (Ω)

Impulse Grounding
Resistance (Ω)

100 10.8 10.7
500 53.4 53.3

1000 106.7 106.7
5000 533.2 532.7

Table 10. Impulse grounding resistance of tower foundation with four piles.

Soil Resistivity
(Ω·m)

Equivalent
Radius (mm)

Impulse Grounding Resistance (Ω)

110 kV 220 kV 500 kV

100 398.4 4.8 4.8 4.9
500 455.0 18.8 17.2 14.4

1000 463.3 37.1 33.7 28.0
5000 470.3 184.1 167.3 138.1

It can be seen that the results of two types of grounding resistance are basically the
same. Therefore, the equivalent method proposed in this paper is also applicable to the
impulse situation.

6. Conclusions

A simplified calculation method is proposed to calculate the grounding resistance
of the reinforced concrete foundation. The correlation between the equivalent radius, the
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cross-sectional side length of the foundation, the concrete resistivity and the soil resistivity
is investigated. Conclusions are as follows:

(1) The square-column reinforced concrete foundation is replaced by a cylindrical con-
ductor with the radius req given by the expression (4), which is applicable when the
concrete resistivity is within six times of the soil resistivity.

(2) The longitudinal impedance of the foundation can be ignored when performing the
equivalent calculation. The equivalent cylindrical model adopts the parameters of
steel rebars.

(3) The equal cross-sectional area method is applicable when the concrete resistivity is
within twice the soil resistivity. The equal cross-sectional perimeter method is applica-
ble when the concrete resistivity is approximately same or less than the resistivity of
the soil. The method proposed in this paper can ensure sufficient accuracy under the
conditions of different concrete resistivities and soil resistivities.

(4) Usually the length of the square-column reinforced concrete foundation is three
meters to five meters. Within this length, the power frequency and impulse grounding
resistances are almost the same. The equivalent method proposed in this paper is also
applicable to the impulse situation.
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