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Abstract: In the present study, field tests were performed using low-resistivity materials (LRMs) in
different grounding system (GS) configurations to reduce the grounding resistance (GR) and assess
the variation in the effectiveness of the LRMs with increases in the complexity of the GS design.
Different configurations were implemented in soils with different resistivity values to determine the
variation in the effectiveness of each LRM design with increases in the soil resistivity. Lastly, the
percentage decrease in the GR was assessed as a function of the increase in the complexity of the GS
design and the variation in the soil resistivity. The results of this study provide a useful guide for
engineers and researchers who study, design, and build innovative and effective GSs by applying
improved compounds for safe electrical installations.

Keywords: soil resistivity; low-resistivity material (LRM); grounding systems; grounding resistance

1. Introduction

Grounding systems (GSs) are an integral part of electrical power systems (transmission
and distribution facilities). They ensure the safety of personnel and equipment by protecting
against fault currents caused by lightning, device failure, or surges. Therefore, an effective
GS is needed to effectively and safely discharge fault currents to the ground [1].

In Ecuador, a lack of standards has prevented the implementation of configurations
that consider specific variables and ensure the adequate operation of GSs. The variables
that influence the design of GSs include the soil resistivity, the rod length and radius, the
ground conductor [2] and the burial depth. Another key parameter that is often overlooked
is the lack of soil uniformity. For example, soils with more than one layer are considered
to have a uniform resistivity, which therefore affects the design of equipment and the
protection conditions. All of these factors may lead to designs that are either oversized or
fail to meet the required soil resistivity needs [2].

The grounding resistance (GR) is usually reduced to desired values by increasing the
number of horizontal (grid) conductors or rods. However, this procedure or “physical
reduction” does not always make it possible to achieve this objective. Alternatively, the
radius of the ground electrode can be increased, and the surrounding soil can be modified
with low-resistivity materials (LRMs) (chemical reduction) [3–5].

The commonly used formulation of the Institute of Electrical and Electronics Engineers
(IEEE) standard 80-2013 [3] for the design of GSs requires exhaustive calculations and may
lead to an infinite number of designs. However, the standard also states the following:
“While the grounding systems may be adjusted to eliminate dangerous contact potentials
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by suppression of ground short-circuit currents, this is not usually demanded solidly
grounded neutral systems because it does not appear to be practicable. For ground fault
currents above 1000 A, grounding systems of vast dimensions must be installed in order to
meet the usual 125 V contact potential requirement”. The grounding configurations of this
study are designed for fault currents less than 1000 A.

This article presents the results from field tests based on a combination of calculations
and measurements and the use of LRMs available in the local market. The results show
that the GR can be considerably reduced by using such materials in simple configurations
and in high-resistivity soils.

2. Theoretical Framework
2.1. Grounding Systems

GSs are present in almost all points of the electrical grid, including power stations and
transmission lines and cables, which distribute electrical energy.

The primary function of a GS is to provide various routes to drive electrical currents
to the ground or to establish contact with the ground without exceeding the limits of any
operating equipment, thereby preventing service interruptions.

Using a GS with various shapes and geometries ensures the safety of people and
the reliable operation of electrical equipment. Researchers have proposed various ways
to identify optimal GS designs, such as the approach proposed by [6]. These authors
performed a comparative analysis of three grounding grid configurations in a two-layer
soil model. After designing equally and unequally spaced grounding grids for each shape,
they found that the unequally spaced rectangular grid outperformed the other designs.
The study showed that the rectangular grid had the minimum GR value.

2.2. Soil Resistivity

To calculate and design a GS, the soil resistivity in the desired location of the connection
must be investigated to determine the general composition and degree of uniformity of the
soil. Several tables of the resistivity ranges for various soils and rocks are available in the
engineering literature, such as those found in [3,7–10]. However, resistivity should not be
estimated based on soil classification because these tables provide only approximate values.
Accordingly, resistivity tests must be performed [3,11].

2.3. Grounding Resistance

The GR is considered to be the main factor in determining the geometry of any GS
because this parameter measures how much the ground resists the fault current flow [5,12].

Developing a low-resistance ground electrode is a fundamental requirement to meet the
demands of power distribution feeders because the fault return path is through the ground.
The operability requirements of systems can be met more easily for lower GR values.

IEEE standard 80-2013 [3] recommend using simple empirical equations to analyse GS
parameters. These equations are derived based on an approximate treatment of GSs using
theoretical analyses, numerical calculations, and simulation tests [7].

2.4. Soil Treatment for Grounding Resistance Reduction

Various methods and materials have been proposed for mitigating the problem of
high soil resistivity and GR values [13]. Several studies, including [1,4,5,12–20], have been
conducted to provide LRMs with specific characteristics to further improve the performance
of GSs, for example, by improving the ability to retain moisture in the soil near the ground
rod, by decreasing the surrounding soil resistivity, and by creating a protective layer to
prevent ground rod corrosion [15]. Therefore, an improved material suitable for GSs must
be selected, depending on the soil type and local climate [12].

Currently, bentonite is widely used as an LRM and recommended in IEEE stan-
dard 80-2013 [3]. Bentonite can absorb up to five times its weight in water. In addi-
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tion, its dry volume can be increased by up to 13 times, and it can adhere to almost any
surface [1,5,15,17,18,21].

As reviewed by [1], bentonite perform well as an LRM in the presence of water, with a
decrease in resistivity of up to 60%. Bentonite is a chemically inert material and, therefore,
a noncorrosive agent for metal electrodes.

In [15], the behaviour of bentonite was analysed on three different sites. The authors
concluded that this LRM performed best in soils with a greater resistivity. In addition,
they determined that the GR fluctuated over the year of testing on all rods due to seasonal
variations.

3. Experimental Research

In this project, the deductive method was used to move from general to specific
research questions [22]. The project was divided into the following steps.

3.1. Step 1: Data Collection

In the first phase of the project, data were collected [23]; more specifically, the soil
resistivity was measured using a tellurometer. The resistivity values ranged from 1 Ω·m to
302 Ω·m in the field tests at different soil resistivity values using the same GS configurations.

3.2. Step 2: Soil Modelling

After measuring the apparent resistivity of the soils in step 1, each soil was modelled
to assess its resistivity by using the uniform soil model for moderate variations and the
two-layer soil model for marked variations in resistivity with depth, according to IEEE
standard 80-2013 [3].

3.3. Step 3: Implementation of GS Designs

In the third phase of the project, several GS configurations were implemented in the
study soils (see Figure 1). The configurations were limited to three rods in soils 1, 2, 3,
4, 7 and 8 and six rods in soils 5 and 6. In addition, these configurations were chosen
because measured GR values can be compared to calculations using equations previously
developed and published in the literature [3,24,25].

The code of each configuration is detailed below:

• 1R: One vertical rod.
• 2RP: Two rods connected in a parallel grid.
• 3RP: Three rods connected in a parallel grid.
• 3RT: Three rods connected in a triangular grid.
• 6RR: Six rods connected in a rectangular grid.

For each configuration, copper rods with a length (Lr) of 1.80 m × 5/8′′ and spaced
at a distance (d) of 3.80 m were used. The #4 AWG stranded bare copper conductor was
buried at a depth (h) of 0.25 m.

3.4. Step 4: GR Calculations

The GR of each GS design was calculated using the equations found in [24] for the 1R
configuration, the equations reported in [25] for the 2RP, 3RP and 3RT configurations, and
the equations found in IEEE standard 80-2013 [3] for the 6RR configuration.

3.4.1. Earth Resistance of a Rod

The GR for the configuration of a rod in a vertical arrangement (see configuration 1R
of Figure 1) can be calculated using Equation (1) developed by Dwight [24].

R =
ρ

2πLr

(
ln

4Lr

b
− 1

)
(1)
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where:
ρ: ground resistivity, [Ω·m]
Lr: rod length, [m]
b: rod radius, [m]

Configuration code Schematic representation
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Figure 1. Basic GS configurations applied in each soil.

3.4.2. Ground Resistance of Two Rod Connection

The calculation of the GR for two and three bars developed in [25], unlike the Dwight
equations, considers the effect of the GR of the conductor.

The GR of two rods (see configuration 2RP of Figure 1) is calculated by Equation (2).
R1, R2 and Rm and Rm are obtained by Equations (3), (4) and (5), respectively.

Rg =
R1R2 − Rm

2

R1 + R2 − 2Rm
(2)

R1 =
ρ

πd

[
ln

(
2d
a′

)
+ 4k1 − k2

]
(3)
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R2 =
ρ

4πLr

[
ln

(
4Lr

b

)
− 1 +

8k1 × Lr

d

(√
2− 1

)2
]

(4)

Rm = R1 −
ρ

πd

[
ln

(
Lr√

h× 2a

)
− 1

]
(5)

where:
ρ: ground resistivity, [Ω·m]
Lr: rod length, [m]
b: rod radius, [m]
R1: resistance to earth of the conductor, [Ω]
R2: earth resistance of the rods, [Ω]
Rm: mutual resistance between mesh and rods, [Ω]
Rg: overall system resistance, [Ω]
d: separation distance between two rods, d > Lr , [m]
h: conductor burial depth, [m]
a: conductor radius, [m]
a′: is a for the conductor on the surface of the earth, [m] or
a′: is

√
a · 2h for conductors buried at a depth h, [m]

k1 and k2: coefficients [see Figures 2 and 3, respectively]
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Figure 2. Coefficient k1.

For the process of calculating the GR of the present study, Equations (6) and (7) are
used obtained from curves B of Figures 2 and 3 for k1 and k2, respectively.

k1 = −0.05
(

Lx

Ly

)
+ 1.20 (6)

k2 = 0.10
(

Lx

Ly

)
+ 4.68 (7)

where:
k1 and k2: are the coefficients
Lx: maximum length of braided conductors in x, long, [m]
Ly: maximum length of mesh conductors in y, width, [m]
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According to [25], x = 1 for the configurations of two linearly connected rods
(Section 3.4.2), three linearly connected rods (Section 3.4.3), and three triangularly con-
nected rods (Section 3.4.4).

3.4.3. Resistance to Earth of the Connection of Three Rods in Line

The total GR of the system for the configurations of three rods in a linear arrangement
(see configuration 3RP of Figure 1) is obtained by means of Equation (2). In this case, R1,
R2 and Rm are established by Equations (8), (9) and (10), respectively.

R1 =
ρ

2πd

[
ln

(
4d
a′

)
+ 4k1 − k2

]
(8)

R2 =
ρ

6πLr

[
ln

(
4Lr

b

)
− 1 +

4k1 × Lr

d

(√
3− 1

)2
]

(9)

Rm = R1 −
ρ

2πd

[
ln

(
Lr√

h× 2a

)
− 1

]
(10)

where:
ρ: ground resistivity, [Ω·m]
Lr: rod length, [m]
b: rod radius, [m]
R1: resistance to earth of the conductor, [Ω]
R2: earth resistance of the rods, [Ω]
Rm: mutual resistance between mesh and rods, [Ω]
d: separation distance between two rods, d > Lr, [m]
h: conductor burial depth, [m]
a: conductor radius, [m]
a′: is a for the conductor on the surface of the earth, [m] or
a′: is

√
a · 2h for conductors buried at a depth h, [m]

k1 and k2: coefficients [see Figures 2 and 3, respectively]

3.4.4. Earth Resistance of a Triangular Mesh

The GR of the triangular mesh (see 3RT configuration of Figure 1) is calculated using
EQUATION (2), where R1, R2 and Rm are defined with Equations (11), (12) and (13),
respectively.
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R1 =
ρ

3πd

[
ln

(
6d
a′

)
+

3k1 × d√
A
− k2

]
(11)

R2 =
ρ

6πLr

[
ln

(
4Lr

b

)
− 1 +

2k1 × Lr√
A

(√
3− 1

)2
]

(12)

Rm = R1 −
ρ

3πd

[
ln

(
Lr√

h× 2a

)
− 1

]
(13)

where:
ρ: ground resistivity, [Ω·m]
Lr: rod length, [m]
b: rod radius, [m]
R1: resistance to earth of the conductor, [Ω]
R2: earth resistance of the rods, [Ω]
Rm: mutual resistance between mesh and rods, [Ω]
d: separation distance between two rods, d > Lr, [m]
h: conductor burial depth, [m]
a: conductor radius, [m]
a′: is a for the conductor on the surface of the earth, [m] or
a′: is

√
a · 2h for conductors buried at a depth h, [m]

k1 and k2: coefficients [see Figures 2 and 3, respectively]
A: is the area covered by the conductors, [m2]

3.4.5. Earth Resistance of Square and Rectangular Meshes

The calculation of the GR of the rectangular mesh with 6RR configuration of Figure 1
is calculated through the Schwarz equations. The total resistance (Rg) for a uniform soil
containing conductors and rods is calculated using Equation (2). While R1, R2 and Rm
are defined with Equations (14), (15) and (16), respectively. The coefficients k1 and k2 are
obtained from Figures 2 and 3, respectively.

R1 =
ρ

πLc

[
ln

(
2Lc

a′

)
+

k1 × Lc√
A
−k2

]
(14)

R2 =
ρ

2πnRLr

[
ln

(
4Lr

b

)
− 1 +

2k1 × Lr√
A

(
√

nR − 1)2
]

(15)

Rm =
ρ

πLc

[
ln

(
2Lc

Lr

)
+

k1 × Lc√
A
− k2 + 1

]
(16)

Equation (16) can also be written as Equation (17).

Rm = R1 −
ρ

πLc

[
ln

(
Lr√

h× 2a

)
− 1

]
(17)

where:
ρ: ground resistivity, [Ω·m]
Lr: rod length, [m]
b: rod radius, [m]
R1: resistance to earth of the conductor, [Ω]
R2: earth resistance of the rods, [Ω]
Rm: mutual resistance between mesh and rods, [Ω]
d: separation distance between two rods, d > Lr, [m]
h: conductor burial depth, [m]
a: conductor radius, [m]
a′: is a for the conductor on the surface of the earth, [m] or
a′: is

√
a · 2h for conductors buried at a depth h, [m]
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k1 and k2: coefficients [see Figures 2 and 3, respectively]
Lc: total length of the conductors connected to the mesh, [m]
A: is the area covered by the conductors, [m2]
nR: number of rods located in the area A

3.5. Step 5: GR Measurements

The GR was measured using fall-of-potential methods and the clamp-on or stake-
less method described in IEEE standard 81-2012 [26] and subsequently compared with
theoretical calculations.

3.6. Step 6: LRM Implementation

The chemical treatment for reducing soil resistivity consists of adding an LRM to
the local soil near the electrode to improve the electrical conductivity of the soil and thus
reduce the GR. According to [7], the construction methods for grounding devices with
different structures in soils with different resistivities can be classified into three categories:
filling, penetration, and trench methods.

In the present project, premixed and dry LRMs were used [5]. The materials were
implemented by applying the filling method, which is commonly used to build a vertical
ground rod.

The vertical rods of the GS configurations presented in step 3 were covered with the
LRM. Figure 4 shows the configuration code, a schematic representation of each configura-
tion covered with the LRM and the soils where each design was located.

The code of each configuration is detailed below:

• 1LRMR: One vertical rod with LRM.
• 2LRMRP: Two rods with LRM connected in a parallel grid.
• 3LRMRP: Three rods with LRM connected in a parallel grid.
• 3LRMRT: Three rods with LRM connected in a triangular grid.
• 6LRMRR: Six rods with LRM connected in a rectangular grid.

3.7. Step 7: Measurement of the GR

The GR was again measured using the fall-of-potential and clamp-on or stakeless
methods described in IEEE standard 81-2012 [26] to subsequently analyse the results and
determine the variation in the percentage effectiveness of the LRM as the ground resistivity
and complexity of the GS increased.
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Figure 4. Basic GS designs with LRM.

4. Results
4.1. Results of Resistivity Measurements

The field tests were conducted in rural areas with large green areas using GS elements.
In the canton Cuenca, studies involving direct soil resistivity measurements have been
conducted by [27–29], and the reported values are outlined in Table 1.

Table 1. Resistivity values measured in the canton Cuenca.

Measured Resistivity (Ω·m)

5.48 11.53 13.02 13.17 13.45 13.61 13.95 14.05 14.16

14.87 14.88 14.99 15.63 15.94 16.24 16.34 16.41 16.91

17.06 17.12 17.18 19.49 19.86 23.80 24.10 27.10 29.40

49.54 103.16 104.34 106.41 110.68 120.28 144.05 202.12 247.57
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The resistivity was measured in eight soils using the Wenner method (see Figure 5).
This method is suitable according to IEEE standard 81-2012 [26].

Figure 5. Measurement of the soil resistivity 1 (S1).

The spacings between the stakes for each measurement selected for the Wenner method
were 1, 2 and 3 m. The measurements were performed in four directions (0°, 45°, 90° and
135°), as shown in Figure 6.

1

2 3 4

Figure 6. Directions of the resistivity measurement.

4.2. Soil Modelling Results

The results of the measurements were interpreted in uniform soil models using Sunde’s
graphical method according to IEEE standard 80-2013 [3]. Table 2 summarises the soil
resistivity values of the eight soils. According to [9], a uniform soil model can be used when
the measured soil resistivity values are within ±30% of the arithmetic mean; otherwise, a
two-layer soil model should be used.

Table 2. Modelled resistivity of each soil.

Soil Resistivity (Ω·m) Model Variation

S1 23.30 ≈ 24 Uniform soil 25%

S2 34.96 ≈ 35 Sunde’s graphical method 45%

S3 151.73 ≈ 152 Sunde’s graphical method 40%

S4 158.08 ≈ 159 Sunde’s graphical method 45%

S5 174.12 ≈ 175 Sunde’s graphical method 38%

S6 189.37 ≈ 190 Sunde’s graphical method 31%

S7 194.37 ≈ 195 Sunde’s graphical method 41%

S8 301.55 ≈ 302 Sunde’s graphical method 49%
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4.3. Results of GR Calculations and Measurements

The GR of each implemented design was measured using the fall-of-potential (see
Figure 7a) and clamp-on or stakeless (see Figure 7b) methods. The latter was applied
to compare the readings obtained using the former. The GR values assessed using the
fall-of-potential (FOP) method were recorded for subsequent analysis.

(a)

(b)
Figure 7. Grounding resistance (GR) measurements. (a) FOP method; (b) Clamp-on method.

Table 3 outlines the calculated and measured GR values of the GSs implemented in soil
1 (S1), for which the resistivity was 24 Ω·m. The premixed LRM (P) was used in this soil.

Table 3. GR calculations and measurements in S1.

Configuration
Code

Calculated Grounding
Resistance

(Ω)

Measured Grounding Resistance
Fall-of-Potential Method

(Ω)
Clamp-on Method

(Ω)

1R 12.31 12.40 13.27

2RP 6.24 6.84 8.01

3RP 4.13 5.06 6.48

3RT 3.67 4.80 6.07

1LRMR P — 7.06 7.81

2LRMRP P — 5.03 5.56

3LRMRP P — 3.82 4.47

3LRMRT P — 3.80 4.44

Table 4 outlines the calculated and measured GR values of the GSs implemented in
soil 2 (S2), for which the resistivity was 35 Ω·m. The dry LRM (D) was used in this soil.
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Table 4. GR calculations and measurements in S2.

Configuration
Code

Calculated Grounding
Resistance

(Ω)

Measured Grounding Resistance
Fall-of-Potential Method

(Ω)
Clamp-on Method

(Ω)

1R 17.96 24.03 19.59

2RP 9.10 9.13 9.70

3RP 6.03 5.81 6.60

3RT 5.35 5.50 6.63

1LRMR D — 15.46 15.78

2LRMRP D — 7.85 8.54

3LRMRP D — 5.72 6.22

3LRMRT D — 5.42 6.22

Table 5 outlines the calculated and measured GR values of the GSs implemented in soil
3 (S3), for which the resistivity was 153 Ω·m. The premixed LRM (P) was used in this soil.

Table 5. GR calculations and measurements in S3.

Configuration
Code

Calculated Grounding
Resistance

(Ω)

Measured Grounding Resistance
Fall-of-Potential Method

(Ω)
Clamp-on Method

(Ω)

1R 77.98 72.60 66.10

2RP 39.51 36.42 35.80

3RP 26.18 26.00 26.20

3RT 23.25 22.50 22.10

1LRMR P — 33.85 33.60

2LRMRP P — 21.47 21.30

3LRMRP P — 15.56 16.44

3LRMRT P — 14.97 15.64

Table 6 outlines the calculated and measured GR values of the GSs implemented in
soil 4 (S4), for which the resistivity was 159 Ω·m. The dry LRM (D) was used in this soil.

Table 6. GR calculations and measurements in S4.

Configuration
Code

Calculated Grounding
Resistance

(Ω)

Measured Grounding Resistance
Fall-of-Potential Method

(Ω)
Clamp-on Method

(Ω)

1R 81.57 93.80 93.40

2RP 41.33 37.98 32.90

3RP 27.38 25.04 25.70

3RT 24.32 21.93 22.50

1LRMR D — 62.60 44.70

2LRMRP D — 24.18 18.86

3LRMRP D — 17.92 17.39

3LRMRT D — 16.50 17.82
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Table 7 outlines the calculated and measured GR values of the GSs implemented in soil
5 (S5), for which the resistivity was 175 Ω·m. The premixed LRM (P) was used in this soil.

Table 7. GR calculations and measurements in S5.

Configuration
Code

Calculated Grounding
Resistance

(Ω)

Measured Grounding Resistance
Fall-of-Potential Method

(Ω)
Clamp-on Method

(Ω)

6RR 13.89 12.80 13.51

6LRMRR P — 7.58 10.40

Table 8 outlines the calculated and measured GR values of the GSs implemented in
soil 6 (S6), for which the resistivity was 190 Ω·m. The dry LRM (D) was used in this soil.

Table 8. GR calculations and measurements in S6.

Configuration
Code

Calculated Grounding
Resistance

(Ω)

Measured Grounding Resistance
Fall-of-Potential Method

(Ω)
Clamp-on Method

(Ω)

6RR 15.08 14.93 12.90

6LRMRR D — 14.33 12.30

Table 9 outlines the calculated and measured GR values of the GSs implemented in soil
7 (S7), for which the resistivity was 195 Ω·m. The premixed LRM (P) was used in this soil.

Table 9. GR calculations and measurements in S7.

Configuration
Code

Calculated Grounding
Resistance

(Ω)

Measured Grounding Resistance
Fall-of-Potential Method

(Ω)
Clamp-on Method

(Ω)

1R 100.04 96.80 95.50

2RP 50.69 48.80 50.60

3RP 33.58 31.70 34.10

3RT 29.82 27.36 31.50

1LRMR P — 53.20 43.20

2LRMRP P — 26.58 28.20

3LRMRP P — 21.89 20.30

3LRMRT P — 21.01 18.90

Table 10 outlines the calculated and measured GR values of the GSs implemented in
soil 8 (S8), for which the resistivity was 302 Ω·m. The dry LRM (D) was used in this soil.

Table 10. GR calculations and measurements in S8.

Configuration
Code

Calculated Grounding
Resistance

(Ω)

Measured Grounding Resistance
Fall-of-Potential Method

(Ω)
Clamp-on Method

(Ω)

1R 154.94 160.9 RE > 149.90

2RP 78.50 76.30 70.90

3RP 52.01 44.00 43.80

3RT 46.19 42.80 42.20
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Table 10. Cont.

Configuration
Code

Calculated Grounding
Resistance

(Ω)

Measured Grounding Resistance
Fall-of-Potential Method

(Ω)
Clamp-on Method

(Ω)

1LRMR D — 31.26 33.34

2LRMRP D — 15.73 15.46

3LRMRP D — 12.23 12.50

3LRMRT D — 12.18 12.14

5. Analysis of the Results
5.1. LRM Effects on Soils with Different Resistivity Values

Figures 8–12 show the effect of the soil resistivity on the GR when the vertical rods of
each GS design were covered with the LRMs. The results show that the ground resistivity
increased as the GR of the LRM decreased.
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In the one-rod GS designs with an LRM (1LRMR), the GR reduction ranged from the
original value to 5.34 Ω (43%) in low-resistivity soils such as S1, with a resistivity of 24 Ω·m,
to 129.64 Ω (81%) in high-resistivity soils such as S8, with a resistivity of 302 Ω·m.

For a more complex design than the previous case, as in the triangular grid configura-
tion with an LRM (3LRMRT), the GR reduction ranged from its original value of 1.00 Ω
(21%) in low-resistivity soils such as S1, with a resistivity of 24 Ω·m, to 30.62 Ω (72%) in
high-resistivity soils such as S8, with a resistivity of 302 Ω·m.

In each design, the GR of the LRM (∆GR) decreased as the soil resistivity increased,
as shown in the columns of Table 11. In this study, the vertical rods were covered with
premixed (P) and dry (D) LRMs.

Table 11. Summary of the results of the LRM effect.

S ρ (Ω·m) LRM
1LRMR 2LRMRP 3LRMRP 3LRMRT 6LRMRR

∆GR
(Ω)

∆GR
(%)

∆GR
(Ω)

∆GR
(%)

∆GR
(Ω)

∆GR
(%)

∆GR
(Ω)

∆GR
(%)

∆GR
(Ω)

∆GR
(%)

1 24 P 5.34 43% 1.81 26% 1.24 25% 1.00 21% — —

2 35 D 8.57 36% 1.28 14% 0.09 2% 0.08 1% — —

3 152 P 38.75 53% 14.95 41% 10.44 40% 7.53 33% — —

4 159 D 31.20 33% 13.80 36% 7.12 28% 5.43 25% — —

5 175 P — — — — — — — — 5.22 41%

6 190 D — — — — — — — — 0.60 4%

7 195 P 43.60 45% 22.22 46% 9.81 31% 6.35 23% — —

8 302 D 129.64 81% 60.57 79% 31.77 72% 30.62 72% — —

P = Premixed. D = Dry.

As shown above, as the higher ground resistivity increased, the GR of the LRM
decreased. As previously mentioned, the climactic conditions varied during this project. If
new readings are taken during the winter season, the GR should decrease; in contrast, if
measurements are taken in the summer, the GR should increase. Similarly, no single trend
in the change in the GR was observed because two types of LRMs were used in this study.

5.2. LRM Effect as a Function of GS Design

Figures 13–18 and Table 11 show the variations in the GR (∆GR) for the LRMs as the
design complexity of the GS increased.
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These results show that, for example, in the one-rod design with an LRM (1LRMR)
in a low-resistivity soil such as S1, with a resistivity of 24 Ω·m, the GR decreased from
its original value to 5.34 Ω (43%). In contrast, in the triangular grid design with an LRM
(3LRMRT) in the same soil, the GR decreased to 1 Ω (21%).

In a high-resistivity soil such as S8, with a resistivity of 302 Ω·m, the GR decreased
from its original value in the one-rod design with an LRM (1LRMR) to 129.64 Ω (81%),
whereas for the 3LRMRT design in the same soil, the GR decreased to 30.62 Ω (72%).

Thus, as the complexity of the GS design increased, the reduction in the GR of the
LRM decreased.

In addition, the LRM effect was assessed on two rectangular grids of six-rod GSs.
One grid was placed in soil 5 (S5), with a resistivity of 175 Ω·m, with the premixed LRM
covering each of the vertical rods, and the GR decreased from its original value of 5.22 Ω.
The other grid was placed in soil 6 (S6), with a resistivity of 190 Ω·m, with the dry LRM
covering each of the vertical rods, and the GR decreased to 0.60 Ω. A considerable GR
reduction was not obtained despite the high resistivity of the soil because the GS design
was even more complex.
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5.3. Ranges of LRM GR Variation

To estimate the range of the decrease in the GR of the LRMs, the premixed and dry
LRM results were first combined to complement the values with conservative percentages,
as shown in Table 12; that is, when the LRMs were used, the GR was reduced by a larger
percentage. In addition, the effect of the LRMs did not follow a linear or logarithmic
relationship with the resistivity or the GS design. Similarly, different LRMs (types and
brands) were used.

Table 12. LRM GR reduction by ground resistivity and GS design.

ρ (Ω·m)
1LRMR 2LRMRP 3LRMRP 3LRMRT 4LRMRS 6LRMRR

∆ GR (%) ∆ GR (%) ∆ GR (%) ∆ GR (%) ∆ GR (%) ∆ GR (%)

1–10 30% 21% 16% 13% 12% 11%

11–20 37% 28% 25% 21% 19% 18%

21–30 40% 28% 25% 21% 19% 18%

31–40 40% 28% 25% 21% 19% 18%

41–50 40% 28% 25% 21% 19% 18%

51–60 40% 28% 25% 23% 22% 25%

61–70 40% 28% 25% 23% 22% 25%

71–80 40% 28% 25% 23% 22% 25%

81–90 40% 28% 25% 23% 22% 25%

91–100 40% 28% 25% 28% 27% 25%

101–110 40% 40% 38% 28% 27% 25%

111–120 50% 40% 38% 33% 29% 27%

121–130 50% 40% 38% 33% 29% 27%

131–140 50% 40% 38% 33% 29% 27%

141–150 50% 40% 38% 33% 29% 27%

151–160 50% 40% 38% 33% 29% 27%

161–170 50% 40% 38% 33% 29% 27%

171–180 50% 46% 38% 36% 33% 30%

181–190 50% 46% 38% 36% 33% 30%

191–200 50% 46% 38% 36% 33% 30%

201–210 50% 46% 40% 38% 36% 30%

211–220 55% 50% 40% 38% 36% 30%

221–230 55% 50% 45% 40% 36% 30%

231–240 60% 55% 50% 45% 40% 33%

241–250 60% 55% 50% 45% 40% 33%

Table 12 outlines the range of reduction in the GR value when the 1.8-m vertical rods
were covered with the LRMs and a #2 AWG bare grounding wire was used. For example,
the one-rod GS design covered with an LRM (1LRMV) showed a 30% reduction in the GR
value in soils with resistivities ranging from 1 to 10 Ω·m and a 60% reduction in soils with
resistivities ranging from 241 to 250 Ω·m.

When the 1.8-m rods were placed in the soil with a resistivity of 10 Ω·m, the GR was
5.13 Ω; when the rods were covered with the LRMs, the GR decreased by 1.54 Ω or 30% to
3.59 Ω. In turn, when the 1.8-m rods were placed in the soil with a resistivity of 250 Ω·m,
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the GR was 128.26 Ω; when the rods were covered with an LRM, the GR decreased by
76.96 Ω or 60% to 51.30 Ω.

6. Discussion

In this study, various GS configurations were implemented (see Figure 1). These
configurations were chosen mainly because they make it possible to compare measured
GR values with calculated GR values. Such a comparison is very useful because the
GR performance can be assessed by installing LRMs in each of the vertical rods. In the
literature there are field tests applying LRM in different configurations, but on a reduced
scale, where the GR results could not be related to the existing formulation when another
type of grounding mesh is required, even more so when it is required calculate the GR
by modifying the formulation variables (see the formulation and its respective variables
in Section 3.4); for example, Ref. [30] installed a 2 m × 2 m grid in three soils with different
resistivities. Ref. [31] installed five individual rods in each of five soils with different
resistivities, and Ref. [32] used three cylindrical rods with the same length (l = 50 cm) but
different diameters.

In the present study, the results show that as the soil resistivity increased, the decrease
in the GR of the LRMs decreased. This correlation matches the results of other studies, such
as [14,17,33], which reported different GR reduction percentages because each study used
different LRMs, GS designs and soil resistivities. Likewise in [20] showed that using an
LRM with a 2.4-m ground rod reduced the GR by approximately 40% when the resistivity
of the surrounding soil was higher than 250 Ω·m and by approximately 50% when the
resistivity of the surrounding soil was higher than 300 Ω·m. Conversely, in this study,
the results show that the GR of the LRMs for the 1.8-m rod decreased by 45% when the
resistivity of the surrounding soil was 195 Ω·m and by 81% when the resistivity of the
surrounding soil was 302 Ω·m. In [34] the GR decrease with LRM on average is 42.05%
and in [35] the LRM reduction is 20% for a 3 m vertical rod in a 103.6 Ω·m soil from the
nearest layer.

As mentioned above, most LRM studies are isolated and small-scale, that is, they
present results for a single configuration, in a single field of a given resistivity, and do not
relate the results to the theoretical calculation. Single GR reduction percentages with LRM
may confuse the reader, implying that these percentages are given for any configuration
and in any soil of different resistivity. On the other hand, this study presents different
configurations, terrains with different resistivity values, relationship with the theoretical
calculation, and above all, field tests and measurements are carried out; resulting in different
values of GR reduction (see Table 12).

7. Conclusions

The soil resistivity value is a key requirement for GS designs. Although some tables
of the relationship between the type of soil and its resistivity, geological maps and graphs
from which general resistivity ranges can be determined are available in the literature,
the resistivity must be measured in the location where the components of a GS are to
be installed.

LRMs were installed in each of the vertical rods of the designs studied here (see
Figure 4) to assess how they affected the GR as a function of both the GS design and the
ground resistivity. Premixed and dry LRMs were used, considering the variations in costs,
building methods and compactness. The GR of the LRMs was measured using the three
aforementioned methods 28 days after installation due to the contact between the rods
(including the LRM) and the ground.

The results show that the GR of the LRM markedly decreased in the high-resistivity
soils. Conversely, in the low-resistivity soils, no significant changes occurred. Similarly, the
LRMs showed a better effect for the simple GS designs, such as the one-rod (1R) design,
than for the complex GS designs, such as the rectangular grid of six vertical rods (6RR) (see
Table 11).
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This article presents the most important results from the experimental plots in eight
locations, each of which contained several GS designs with LRMs in both low- (such as S1
with a resistivity of 24 Ω·m), and high-resistivity (such as S8 with a resistivity of 302 Ω·m)
soils. Practical aspects of the application of standard procedures in GS engineering are
presented: application of the Wenner method, soil interpretation using the results from the
Wenner method, GR calculation of the designed GSs and GR measurements. Experimental
studies on the effects of LRMs are generally based on laboratory and/or small-scale tests.

The main findings of this study, which was based on a combination of calculations
and measurements and the use of LRMs, are presented in Table 12. This table outlines the
percentage values of the reduction in the GR when the LRMs were used compared to the
original values. These percentages varied for the GS design and the ground resistivity.

Through the formulation of Section 3.4, the GR can be calculated by modifying the
different variables involved, and later, depending on the design chosen, apply the reduction
percentage when LRM is applied to the vertical rods. Thus obtaining the calculation and
design of the grounding mesh with LRM; the higher the resistivity, the greater the number
of rods and conductor wire can be reduced. Although it is true that Table 12 is limited
to 250 Ω·m, the study can be extended to soils with higher resistivity, achieving a greater
percentage reduction in GR, and above all relating the grounding configurations land
with the theoretical calculation. Likewise, additional studies could be carried out by
implementing LRM in the conductor cable buried horizontally, taking into account that
this would require significant financing.

The entire study was conducted following guidelines and recommendations, primarily
IEEE standard 80-2013 [3] and IEEE standard 81-2012 [26]. Electrical engineers, electricians,
researchers, and people associated with the area of earth leakage protection can easily
use the results from this study to design GSs according to the required GR, either using
common materials or LRMs.
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