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ABSTRACT
Earth resistance reduction agent (ERRA) studies are done to determine the best-performing 
material in different orientations and arrangements of earthing systems. Most studies in the past 
have adopted the installation of a row of earthing systems with ERRAs, using a single reference 
earthing. This is plausible only if the soil is highly homogeneous in its horizontal breadth and 
vertical depth soil resistivity attributes, so the comparisons can be made justly and accurately. This 
paper will demonstrate, using earth soil resistivity and electrode resistance values, that assuming a 
homogeneous soil in both horizontal and vertical directions can lead to misleading interpretations of 
the ERRA studies. A combination of earthing electrodes that are untreated and treated with ERRAs 
is used to demonstrate this issue. Soil resistivity and earthing resistance measurements were done for 
comparison purposes. Results found that the soil in the tested premises is inherently inhomogeneous. 
Earth resistance values of untreated soil were found to be 127.90, 45, 46.26, 35.84, 115.11, 51.95, 
60.95, and 41.16 Ω, respectively. In comparison, earth resistance values of treated soil were found 
to be 617.33, 178.91, 163.75, and 148.23 Ω, respectively. Suggestions to effectively improve ERRA 
studies are then outlined in this paper, too.

Keywords: Earth resistance, inhomogeneous soil, soil 
resistivity

INTRODUCTION 

Lightning and power systems need efficient 
earthing systems to return electrical current 
from the source or earth (Mohamad Nasir et 
al., 2021). Apart from the electrical integrity 
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(due to damage from corrosion), one of the other requirements of efficient electrical earthing 
is the earthing electrode dealing with its resistance when encased in its associated soil. 
The resistance to earth of an earthing electrode responsible for this purpose must be at its 
lowest according to the requirements of the standards (i.e., 1-10 Ω). Earthing resistance 
is proportional to soil resistivity and vice versa according to the Institute of Electrical and 
Electronics Engineers (IEEE) 81-2012, which indicates soil resistivity should be low to 
lower earthing resistances of earthing systems (Dilushani et al., 2020; IEEE, 2012). Earthing 
resistance with soil resistivity is an important parameter for engineers in ensuring electrical 
safety and earthing design (Al-Shawesh et al., 2021; Sinchi-Sinchi et al., 2022). Earth 
resistance determines the effectiveness of the earthing system that was designed efficiently 
to dissipate fault currents or lightning to the earth safely. This will reduce the risk of electric 
shocks, equipment malfunctions, and fire as the voltage build-up in the electrical system 
is minimal. However, the surroundings of soil and environment associated with a nearby 
structure that is to be protected by the earthing systems are already predetermined by its 
soil resistivity. The surrounding soil of earthing systems deployed can be altered in terms 
of its soil material by soil conditioning, enhancing, or treatment. A practical approach to 
reducing the ground resistivity of an earthing rod is to use ERRAs (Hamzah et al., 2023; 
Sinchi-Sinchi et al., 2022). IEEE 81-2012, IEEE 80-2013, and International Electrotechnical 
Commission (IEC) 62561-7 permit the use of ERRAs for this purpose (IEC, 2011; IEEE, 
2012, 2015). In the technical field, ERRAs play a key role in improving the efficiency of 
earthing systems by lowering the resistance between the earthing and the earth. The ERRA 
efficiency parameter is given by:

η = 1 −
𝑅𝑅𝑒𝑒
𝑅𝑅𝑟𝑟

 	 [1]

where η = 1 −
𝑅𝑅𝑒𝑒
𝑅𝑅𝑟𝑟

  represents the efficiency of an earthing electrode, Re in reference to the earthing 
electrode, Rr. Higher η = 1 −

𝑅𝑅𝑒𝑒
𝑅𝑅𝑟𝑟

  values portray higher efficiencies of the applied ERRA to the earthing 
system and vice versa, which in turn ensures dissipation of current in the case of fault, 
impulse, and stray currents that are significant in maintaining the safety and reliability of 
any electrical system (Androvitsaneas et al, 2017). Additionally, the parameter is crucial for 
engineers to evaluate the suitability of ERRAs in site-specific areas. In the economic sense, 
higher η = 1 −

𝑅𝑅𝑒𝑒
𝑅𝑅𝑟𝑟

  values contribute towards cost savings in material and installation, maintenance 
reduction, space optimization, and infrastructure protection.

ERRAs can accommodate multiple earthing rods, earthing rod depth, and high soil 
resistivity in space-restricted areas. With increasing urbanization and population density 
(Patra et al., 2018), land becomes increasingly scarce; thus, a more sustainable approach 
to electrical earthing is required (Toh & Leong, 2023). This approach alters part of the 
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earth of the surrounding earthing rod by replacing it with ERRAs to enhance its soil 
resistivity in favor of electrical earthing (IEEE, 2015). This means that the soil resistivity 
of the enhanced area will be lowered without too much land space being used as opposed 
to without ERRAs. Consequently, the earthing resistance of the associated earthing rod of 
a certain area will be lowered as well to a certain amount, depending on the efficiency of 
the ERRA used and the surrounding soil profile. As a result, a lower number of earthing 
electrodes is used to reach the low value of earthing resistance (IEEE, 2012). Areas where 
high resistivity of soil is prevalent are suitable for this kind of solution. One advantage of 
this method is that when dealing with soils that are hard for the electrodes to penetrate, 
such as in the study of Sinchi-Sinchi et al. (2022), the soil of the area can be altered with 
ERRAs that are generally easy for earthing electrodes to be driven in or, in some cases, 
installed horizontally depending on the soil profile. 

Swileam et al. (2019) showed that the soil resistivity is unique to its own place. Various 
factors affect the soil resistivity at different depths and breadths, making it diverse at every 
point (Gerscovich & Vipulanandan, 2023). It is essential to recognize that failing to examine 
the soil profile carefully can lead to inaccuracies in ERRA studies or the design of earthing 
systems. A lot of assumptions and ambiguity are made this way, which gives a skewed 
interpretation of the soil profile. The study showed that there is a significant difference 
between the average and localized soil resistivity at different places, even at distances of 
5 meters apart. Waste of potential soil space can also occur when the soil resistivity of an 
area can be utilized for an earthing system designed to go unnoticed in the area due to poor 
electrical resistivity surveying (Sinchi-Sinchi et al., 2022). Therefore, it is essential that 
before earthing systems are driven into the ground, their respective localized soil resistivity 
is determined so earthing arrangements can be designed as efficiently as possible. 

At places where high soil resistivity is measured, alterations of the soil can be done 
efficiently in terms of cost and management, especially when there is limited space. As the 
depth of the soil increases, soil resistivity decreases (Lech et al., 2020), although this might 
not necessarily be the case. This information is critical for ERRA studies, as the alteration 
of the soil may only require treatment of the topsoil, depending on the soil profile, which 
is less costly. There has not been any standard procedure or proper methodology to test 
ERRAs in a soil area. Typical soil resistivity profile surveys are shown in Figure 1, which 
is a scattered soil resistivity measurement survey compared to a localized one. Figure 1 
a) shows soil resistivity measurement to obtain the soil resistivity in several areas of the 
field. Figure 1 b) shows localized soil resistivity in a particular area. Figure 1 c) shows a 
soil resistivity survey in several localized areas. Localized soil resistivity surveys are done 
to see the relevant soil resistivity values across the row of earthing electrodes that are to 
be tested with the ERRAs. This approach is more effective than a scattered measurement 
for observing soil homogeneity.
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Figure 1. a) Average soil resistivity survey in a larger surface area at several spots of the field; b) Localized 
soil resistivity measurement in different directions of the field; and c) Localized soil resistivity in several areas 
of the same vertical plane
Note. The number of measurements in a particular space can vary

A soil resistivity survey is done to search for a high soil resistivity area for ERRA 
studies based on the horizontal and vertical profiling of the respective soil (Mostafa et al., 
2018). Usually, the soil is assumed to be homogeneous across the whole field based on 
the survey, when this is highly unlikely due to having different soil structures across the 
soil bed (C. Chen et al., 2024; Zhang et al., 2019). A high soil resistivity field is suitable 
for this kind of study, as it would test the effectiveness of ERRAs in reducing the earth 
resistance of an earthing electrode driven into the earth. To see the resistance to earth of 
an electrode after the soil survey, a rod is usually driven at a place where it is suited to be 
the reference electrode, usually at a corner or end of a given field, such as in Figure 2. The 
rest of the earthing electrodes with ERRAs are deployed along the row initiated by the 
reference electrode. Most ERRA studies in the past have been evaluated based on one or 
two reference electrodes (Hamzah et al., 2023; S.-D. Chen et al., 2006; Wan Ahmad et al., 
2018). An earthing electrode is usually placed at the start or end of a row of earthing with 
ERRAs, with the rest of the earthing electrodes enhanced with their respective ERRAs, as 
demonstrated in Figure 2. Most of the ERRA studies in the past have been done this way. 
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Figure 2. Typical earth resistance reduction agent (ERRA) study of row configuration placement with their 
respective earthing electrodes (EE)

Soil Inhomogeneity in ERRA Studies

The difference between the reduced earthing resistance of the earthing rod with ERRAs 
and the reference earthing is the efficiency of the ERRA in reducing earth resistance 
values. Fluctuation values over time are also a measure of the reliability of the ERRAs. 
Measurements are taken for an extended period at different frequencies to evaluate their 
performance in terms of fluctuation and earth resistance decrement. Androvitsaneas et al. 
(2012) studied the earth resistances of 5 earthing systems with ERRAs and introduced the 
efficiency factor to evaluate their performances for a period of one year. This is similar 
to the one used by L.-H. Chen et al. (2009) and S.-D. Chen et al. (2006), as mentioned in 
Trifunovic (2018). The ERRA efficiency formula is given in Equation 1.

The performances of their earthing systems were found not to be consistent throughout 
the one-year study but showed a decrease with respect to the reference earthing electrode. 
Though the efficiency factor proposed by Androvtsaneas et al. (2012) gives some insight 
into the performance of the earthing systems, the information that is obtained from the 
efficiency factor can be misleading and would only work for homogeneous soils in their 
horizontal lengths and vertical depths, which is highly improbable (Lech et al., 2020). This 
method is viable only if there is a certainty that for every electrode placed in the ground, 
it has the same or at least the same soil resistivity values, which is difficult to determine 
even with the aid of measuring the local soil resistivity, which will be demonstrated later. 
Hence, usually the soil resistivity is sought to determine the average soil resistivity around 
the area of interest. However, only determining the soil resistivity of a respective area may 
not suffice to interpret the homogeneity of the adopted soil if done in a scattered manner, 
as mentioned previously. The placement configuration done by S.-D. Chen et al. (2006) 
would be a more accurate kind of ERRA study since two earthing electrodes cover the 
area where the ERRA in their study are being tested. This testing configuration is shown 
in Figure 3. The earthing resistance values of the reference electrodes differed by a certain 
value in each periodic measurement, but not significantly.

Most of the studies have tested different ERRAs with their earthing electrode to be 
tested against the reference earthing. ERRAs can be of bentonite, marconite, and fly ash 
(Mohd Tadza et al., 2019). This means for every type of ERRA encased to one earthing 
electrode tested against the reference earthing, there will only be one earthing electrode with 
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one kind of ERRA that is tested. If the soil is inhomogeneous to begin with, an incorrect 
account of their efficiencies will be displayed. This will be demonstrated in the results 
section, where three earthing electrodes with the same kind of ERRA are tested against a 
reference electrode, which was found to be different in efficiency levels.

 

b ERRA-1 

a 

ERRA-3 
 

Reference 
EE 

ERRA-2 

Reference 
EE 

 

Figure 3. Two reference earthing covering the ERRA electrodes in between (Adopted from S.-D. Chen et al., 2006)
Note. EE = Earthing electrode; ERRA = Earth resistance reduction agent; a = Distance between tested reference 
earthing and tested earthing electrode; b = Distance between tested earthing electrodes

METHODOLOGY

The ERRA studies typically begin by determining the average soil resistivity of an area. 
High soil resistivity areas are preferable to see the extent of the effectiveness of ERRAs 
in decreasing earth resistance values. To demonstrate that ERRA studies can be inaccurate 
without taking proactive measures in inhomogeneous soils, copper-bonded earthing 
electrodes of dimensions shown in Figure 4 were installed at eight different locations in 
the same field, as seen in Figures 5 and 6. In Figure 4, the reference earthing is simply 
the tested earthing conductor with the native soil, while the industrial earthing system is 
encased with the industrial ERRA. 

The distances of 7 m and 9 m in Figure 6 were chosen based on the site-specific 
limitations due to restricted space in the area, so the earthing electrodes can be spread as far 
as possible to evaluate the variety of the earthing resistance soil profile of the area using the 
eight earthing electrodes. The standards also suggest that the distances between electrodes 
should be at least equal to their length to avoid electrical interference, where the distances 
are at least 4.7 times their earthing electrode length (IEEE, 2000). The earthing electrodes 
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. In Figure 4, the reference earthing is simply the tested earthing conductor with the native soil, 

while the industrial earthing system is encased with the industrial ERRA.  

 

 
Figure 4. Dimensions of earthing electrodes in the experiment and measuring earthing 
electrode resistance 
Note. 
d1 = The distance from the tested earthing electrode to the voltage probe 
d2 = The distance from the voltage probe to the current probe 
ERRA = Earth resistance reduction agent  
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Figure 4. Dimensions of earthing electrodes in the experiment and measuring earthing electrode resistance
Note.
d1 = The distance from the tested earthing electrode to the voltage probe
d2 = The distance from the voltage probe to the current probe
ERRA = Earth resistance reduction agent 

Figure 5. One of the untreated earthing electrodes (EE-3)
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in the field are untreated with any ERRA, which means the earthing resistances are of the 
native soil. Average soil resistivity values were also measured at a depth of 2 m for a period 
of a year using the Megger soil resistivity tester (United Kingdom). Earth resistances were 
measured using the fall-of-potential method for a duration of 19 weeks every other week 
(second week of every two weeks) using the Kyoritsu earthing measurement tester (Japan) 
as shown in Figure 4 using the fall-of-potential method. All measurements were taken 
according to the IEEE 80-2013 and IEEE 81-2012 standards, where Ohm’s Law (V = IR) 
is used to calculate earthing resistance, which is computed in the Kyoritsu earth resistivity 
tester. The efficiency of ERRAs is computed using Equation 1.

Another earthing system was deployed in a different location within the premises 
of Universiti Putra Malaysia (UPM), and it will also be considered in this study. They 
include the industrial earthing systems that were deployed in a high soil resistivity area, 
which can be seen in Figures 7 and 8. The ERRA that is used in this study is an industrial-
grade material named Earth-Enhancing Material (EEM)-10. This separate study tests a 
reference earth and three earthing electrodes, fully encased with EEM-10. The dimension 
of the configuration is given in Figure 4. Soil resistivity measurements were also taken in 
the respective local earthing of 1 meter and 2 meters depth, as given in Table 1, to see the 
inhomogeneity of the soil.

Table 1 
Performance of industrial earth resistance reduction agent (ERRA) in inhomogeneous soil of treated earth

Earthing electrode Average (Ω) Fluctuations 
(Ω)

Average drop 
(%)

Respective soil resistivity
1 meter 
(Ω-m)

2 meters 
(Ω-m)

Reference electrode 617.33 72.65 - 1650.91 907.92
Industrial ERRA-1 178.91 21.93 71.01 1883.38 818.38
Industrial ERRA-2 163.75 19.85 74.47 1690.18 783.83
Industrial ERRA-3 148.23 16.85 75.99 1529.96 753.98

Note. Fluctuation is categorized by standard deviation

 

EE-5   EE-6 EE-7 EE-8 

EE-1 EE-2 EE-3 EE-4 

7 m 

7 m 

7 m 

7 m 

7 m 

7 m 

9 m 9 m 9 m 9 m 9.4 m 

35 m 

Figure 6. Untreated earthing electrode (EE) placement in the same field (aerial view)



2403Pertanika J. Sci. & Technol. 33 (6): 2395 - 2412 (2025)

Earth Resistance Reduction Agent Studies

Figure 7. An industrial earth resistance reduction agent earthing (treated earthing)

 

Reference 
EE 

 
ERRA-1 ERRA-2 ERRA-3 

Figure 8. Industrial earth resistance reduction agent (ERRA) configuration (treated earthing electrodes)

RESULTS AND DISCUSSION

Earth Resistance in Inhomogeneous Soil with Untreated Earth

As can be seen in Table 2 in relation to Figure 6, the earthing resistance values are not 
consistent, given that they are in the same field and untreated with ERRAs. An ideal 
earth resistance value for ERRA studies should be around the values of EE-1 or EE-5 
for reference earthing placed in the field due to their high values compared to the tested 
electrodes (EE-2, EE-3, EE-4, EE-6, EE-7, and EE-8). The average earthing resistances 
for Earthing 1 to 8 were found to be 127.90, 45, 46.26, 35.84, 115.11, 51.95, 60.95, and 
41.16 Ω, respectively, as can be seen in Figure 9. The results almost imitate an ERRA 
study, where EE-2, EE-3, EE-4, EE-6, EE-7, and EE-8 are seen to be lowered with respect 
to EE-1 and EE-5 of their respective rows when none of the EEs are treated with ERRAs. 
The highest and lowest average earth resistances are found from EE-1 and EE-4, having 
values of 127.90 and 35.84 Ω, respectively. It is clear from the measurements made that 
there is a variety of earthing resistance values that indicate soil inhomogeneity. This is as 
stated in IEEE STD81-2012, where driving earthing electrodes is indicative of the soil 
resistivity of a particular area along a lateral plane of the soil. Due to the soil texture and 
structures, various soil resistivity values exist (Gerscovich & Vipulanandan, 2023).
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Table 2  
Earth resistance and localized equivalent soil resistivity of each earthing electrode

Earthing electrode number Average (Ω) Standard deviation (Ω) Localized equivalent
soil resistivity (Ω-m)

1 127.89 12.77 206.85
2 45 4.61 72.78
3 46.26 0.99 74.82
4 35.84 0.9 57.97
5 115.11 6.26 186.18
6 51.95 4.13 84.03
7 60.95 2.48 98.58
8 41.16 1.64 66.57

Using soil resistivity (Equation 2), the localized equivalent soil resistivity for the 
respective earthing electrode can be deduced as in Table 2 (IEEE 81-2012) to see the soil 
resistivity variation.

𝜌𝜌𝑒𝑒𝑒𝑒 =
2𝜋𝜋𝜋𝜋𝜋𝜋

�ln �8𝐿𝐿
𝑑𝑑 � − 1�

 	 [2]

where 𝜌𝜌𝑒𝑒𝑒𝑒 =
2𝜋𝜋𝜋𝜋𝜋𝜋

�ln �8𝐿𝐿
𝑑𝑑 � − 1�

 ​ represents the equivalent soil resistivity, R is the measured earthing 
resistance, L is the length of the electrode, and d is the electrode's diameter.

Figure 9. Variation of earthing resistances of untreated earthing electrodes on the same plane
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As can be seen in Table 2, the localized soil resistivity varies depending on the area, 
as depicted in Figure 6, and its respective earth resistance electrodes. Figure 9 shows a 
comparison of the average earthing resistance, accompanied by its standard deviation, of 
the earthing electrodes in the field. Less deviation is seen in lower value earthing resistances 
from Table 2, which indicates that lower soil resistivity values are more likely to fluctuate 
less in earth resistance value with respect to time. This is highly important because earthing 
systems should be more stable in terms of fluctuation values. High fluctuation of earthing 
resistance values over time may indicate underlying problems such as soil moisture 
variations, corrosion or degradation of the electrodes, or loose connections. 

When finding a reference electrode for an ERRA study, if the assumption is made 
based on the average soil resistivity and EE-1 as the reference, then EE-2, EE-3, and EE-4 
would also be assumed to have about the same average earth resistance values as EE-1. 
The measured earth resistance values of EE-2, EE-3, and EE-4 have proved that this is not 
the case. The same would be for the case of EE-5 and the rest of its row.  In this scenario, 
if ERRAs were installed in EE-2, EE-3, or EE-4 while having EE-1 as the reference, the 
percentage drop with the effect of ERRAs would be determined with the aid of the soil 
surroundings of the respective earthing electrodes. This will pose an inaccurate account 
of ERRA accuracy regarding the earth resistance drop. Also, if ERRAs were installed in 
areas where the earthing resistance was already lowered to begin with, it would be a waste 
of ERRA in practical terms. This is because if a reduction of earthing resistance were to 
happen to these local earthing electrode areas, there would only be a minor to no reduction. 
Hence, applying ERRAs in these areas would be an inefficient earthing system design in 
terms of estimating the efficiency of an ERRA.

The other scenario would be that when EE-4 or EE-8 is sought first as the reference, 
the earthing electrode value is already lowered due to the soil environment encasing their 
respective earthing electrode. This poses the problem of needing to remove the earthing 
electrode, as it is not suitable to be a reference electrode. However, it does provide 
an indication of whether an ERRA study is viable in the area. This also provides vital 
information that soil resistivity values are not enough to determine if an area is suitable 
for an ERRA study. This proves qualitatively that soils in this area of study are inherently 
inhomogeneous and not suitable for ERRA studies. However, in the case of real earthing 
applications, only earthing electrodes numbers 1 and 5 need to be treated with ERRAs. 
Hence, it is proven that inhomogeneous soils are not suitable for ERRA studies, where 
incorrect assumptions on the soil profile will lead to inaccuracy of the study.

Using information on the soil profile of the area, if the area is needed to be used to 
install an earthing system, only EE-1 and EE-5 may need ERRAs to reduce their earth 
resistance. The soil profile indicates that there is a soil inhomogeneity case that the 
designer of the earthing system can utilize. There is a decrease in soil resistivity value 
in horizontal and vertical directions, as indicated in Figure 9 (horizontal decrease in the 
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downward direction) and Table 2 (vertical decrease in the right direction). The earthing 
system can then be installed by connecting all the earthing electrodes present in the area 
to achieve the earthing resistance desired by the standard of around 1-10 Ω (IEEE, 2015). 
The area where lower earth resistance values are found may indicate that the area is high 
in moisture, and vice versa.  

Figure 10 shows the 3D surface plot of the earthing resistance across electrode 
positions. The figure gives a better representation of the variability of earthing resistance 
across the plane. Using the coefficient of variability (CV) formula:

𝐶𝐶𝐶𝐶 =  
𝜎𝜎
𝜇𝜇

× 100% 	 [3]

where 
𝐶𝐶𝐶𝐶 =  

𝜎𝜎
𝜇𝜇

× 100% 
 and 

𝐶𝐶𝐶𝐶 =  
𝜎𝜎
𝜇𝜇

× 100% 
 are the standard deviation and mean values of the untreated earthing 

resistance. The CV was found to be 54.18%, indicating that there is high variability of 

Figure 10. The 3D plot of untreated earthing electrodes (EE)
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earthing resistance in the soil. From the figure, there is a very noticeable difference in soil 
variability, which reflects the inhomogeneity of the soil profile in the area. The darker 
regions (e.g., EE-1 and EE-5), where earthing resistance is higher, could indicate that there 
is lower moisture and salinity. However, brighter regions (e.g., EE-2, 3, 4 and EE-6, 7, 8) 
of the 3D plot show less variety with lower earthing resistance values, indicating higher 
levels of moisture and salinity. These variations of earthing resistance show that if ERRAs 
are to be tested in this region, the underlying resistivity variations may appear distorted 
than their actual value.

Earth Resistance in Inhomogeneous Soil of Treated Earth

In a separate study to see the earth resistance of industrial ERRA in a slightly inhomogeneous 
soil, the CV was found to be 9.38% using Equation 3. The variability calculation only 
included industrial earthing 1, 2, and 3, as they are the only ones treated with ERRAs. Table 
1 and Figure 11 show the performance of the industrial ERRA done in a separate field. 
An ideal ERRA study would have a significant percentage drop regarding the reference 
electrode, as demonstrated in Figure 11. The ERRA efficiency is computed using Equation 
1. The average earth resistances for the reference electrode, Industrial ERRA-1, Industrial 
ERRA-2, and Industrial ERRA-3 are 617.33, 178.91, 163.75, and 148.23 Ω, respectively. 
The average percentage drop of Industrial ERRA-1, Industrial ERRA-2, and Industrial 
ERRA-3 based on the reference drop is 71.01, 74.47, and 75.99%, respectively. Although 
the ERRAs installed at the respective electrodes are of the same type and similar amount, 
there is a slight percentage difference in the average drop. 

Figure 11. Performance of industrial earth resistance reduction agents (ERRAs)
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This section of the study suggests that a perfectly homogeneous soil is impossible to 
achieve when the localized soil resistivity values slightly differ from one point to another. 
The reference, Industrial ERRA-1, Industrial ERRA-2, Industrial ERRA-3, and Industrial 
ERRA-4 soil resistivity measurements show the values of 1650.91, 1883.38, 1690.18, and 
1529.96 Ω-m for 1 meter depth, and 907.92, 818.38, 783.83, and 753.98 Ω-m, respectively. 
This shows that the localized soil resistivity of each earthing electrode varies slightly 
from one another, which will result in different performances of the industrial ERRA with 
respect to their localized soil. This part of the study demonstrates that there is a variation 
in earthing resistance value, although the same ERRA was deployed to the three tested 
earthing electrodes. The surrounding soil resistivity plays a role in determining the final 
value of the earthing electrode displayed in Table 1. 

Recommendations for Improved Accuracy of ERRA Studies

As shown in the results and discussion section, it is evident that ERRA studies may lead to 
inaccurate results if proper inspection is not done beforehand. It is evident from the results 
and literature that soils are inhomogeneous across the soil bed (Zhang et al., 2019). As a 
result, the earth resistance of earthing electrodes will vary depending on the surrounding 
soil that it is encased in. Thus, soil resistivity measurements should be taken accurately 
across the soil bed to reduce the inaccuracies of the ERRA studies. Depending on the soil 
profile, different configurations can be adopted for the ERRA study if precise and sufficient 
measurements are made. The row configuration, which is the conventional way, can be 
used if the soil resistivity survey shows a good sign. The experimental study or real-world 
applications of electrical earthing are site-specific and may require different approaches for 
optimal outcomes. Since it is almost impossible to attain a perfectly homogeneous soil, the 
ERRA studies will have to depend on the information obtained from the soil profile data. 

It is recommended that the soil resistivity measurement be done specifically where 
the earthing electrode is going to be driven. This will give more confidence in deploying 
the earthing electrodes that are to be tested with their respective ERRA. While it may be 
more challenging, the expected outcome is going to be more precise and accurate. Regular 
monitoring is crucial to observe the fluctuations in values represented by the standard 
deviation value over time. An increase in standard deviation values over time may indicate 
that the integrity of the installed earthing electrode or system has been compromised. 
Thus, it is important that an effective earthing system has a low earthing resistance value 
according to the standard and can maintain this value for long periods of time.

Practical and Environmental Implications of Installing Earthing Systems

As there are practical implications of soil homogeneity in designing the electrical earthing 
system, the engineer must do an extensive soil resistivity survey and analysis to minimize 
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the time and effort required to install the earthing system. There are various considerations 
to be made that will provide the engineer with information to ease the process of designing 
and installing the earthing system. The engineer must be able to determine if the earthing 
system electrodes should be installed vertically, horizontally, or a combination of both, 
depending on the soil profile (IEC, 2002). Thus, engineers must also have environmental 
and geotechnical insights into the surrounding environment. This is highly important, 
especially when the cost of excavation of the soil is high. The soil profile does not consist 
only of the soil resistivity value, but also other signs of the nature of the surrounding 
soil. For instance, a high resistivity value measured at a depth of meters may indicate the 
presence of bedrock (Ward et al., 2014). Hence, it may not be viable to install the earthing 
system vertically in that area. Installing the earthing system horizontally may be a better 
option depending on the allowable space. However, in certain cases where the area is 
restricted, soil modifications (ERRAs) are needed to lower the soil resistivity. 

Soil resistivity can also indicate if there is underground water at the bottom. Soils that 
are saturated with water have low soil resistivity as the soil is more conductive. Sudden 
changes to very low resistivity after certain depths indicate that groundwater is available (X. 
Chen et al., 2022). Thus, the electrical earthing engineering installation team may use this 
to their advantage. Longer earthing rods or conductors can be driven relatively more easily 
into the soil area, due to the low resistivity and softness of the soil compared to dry soils. 

Soil resistivity can provide many indicators of the soil. Electrical engineers can 
use these markers to their advantage to save costs when designing earthing systems, as 
mentioned above. However, regarding the testing of ERRAs, the person in charge of the 
study must find a location that can accommodate these tests, as this will be vital to assess 
the performance of the ERRA. Hence, careful investigation of the soil profile must be 
done before accommodating for a slight difference in soil resistivity values of the tested 
earthing electrodes.

Another consideration that engineers may overlook is the electrical contact that the 
driven electrode has with the soil. There have been reports that electrodes encased with 
bentonite can shrink due to dry conditions (Mohd Tadza et al., 2019). This, in turn, results 
in decreased electrical contact with the associated electrode to the bentonite aggregate, 
which results in higher earth resistance. Soil erosion may occur in areas where the soil is 
sandy and high in water displacement. This can also result in reduced electrical contact of 
the earthing electrode with the associated soil, which increases the earthing resistance of the 
overall earthing system. Hence, it is appropriate that regular earth resistance measurement 
is made to maintain the integrity of the earthing system and make proper adjustments.
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CONCLUSION AND RECOMMENDATIONS

The soil resistivity variability in inhomogeneous soil is impactful in determining the ERRA 
experiments. The nature of soil is different in terms of environmental conditions, soil 
composition, moisture content, and other factors. This can result in inaccurate assessments, 
which may lead to inefficient earthing systems being developed and increase safety risks.

This paper has demonstrated that an ERRA study can be misleading due to the 
wrong estimation of the soil resistivity profile around the soil bed that is being tested. 
Soil resistivity values can also give misleading interpretations of the earth resistance that 
an earthing rod can have after being driven into an earth area due to wrong assumptions. 
The information obtained in this study can be used as a guide to develop earthing systems 
with greater efficiency in terms of soil resistivity. This measure will save costs on electrode 
and land usage, which is another problem that arises.

It is proposed that ERRA studies deploy more than 1 reference earthing (of about 4-5) 
to each zone related to the tested earthing electrode with ERRA, if it is done using the 
row configuration at the allowable distance according to the standards. This is especially 
when there are a lot of ERRAs to be studied for their performances as depicted in Figure 
3. More than 1 reference earthing allows for more accuracy of the baseline reference 
earthing value. This will allow for diverse soil conditions (a variety of earth resistance 
or soil resistivity values) to be standardized, ensuring that reference earthing results are 
generalized and consistent in baseline readings. Multiple reference earthing can capture the 
earth resistance variability of the soil profile of concern wherever it is deployed. Hence, 
a controlled environment consisting of multiple earthing reference electrodes should be 
considered for better accuracy in determining the efficiency of ERRAs.
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