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Abstract: This study presented experimental results of earthing systems under low-magnitude currents 
and under high impulse currents. The details of the measuring circuit involved for both types of testing 
were described. Three field sites were selected. At each site, three earth electrodes configurations were 
used. This makes up to nine earthing systems. From both low magnitude and impulse tests, the 
correlation between the steady state earth resistance value and the earth resistance under fast impulse 
currents can be observed. The relation between the calculated and measured steady state earth 
resistance is also shown in this study. 
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INTRODUCTION 

 
 It is known from previous studies that, under high 
impulse currents, soil non-linearity or reduced earth 
resistance values versus steady state values are 
observed[1-5]. It has also been found in the literature[1-5] 
that the magnitude of the electric field Ec, determines 
the degree of non-linearity and soil resistance reduction. 
Ec magnitudes in the range of 1.3-20 kV cm−1[1-4] show 
that the degree of non-linearity or reduced earth 
resistance values under impulse conditions is not very 
clear and needs further investigation. Moreover, it has 
been observed in[1-5] that a smaller resistance reduction 
occurs for earth electrodes of low steady-state earth 
resistance, whereas, higher resistance reduction occurs 
in high steady state earth resistance. This study 
determines the correlation by conducting tests on 
practical earthing systems using both low-magnitude 
current test to obtain for the steady state earth resistance 
value and high-magnitude impulse applications for the 
impulse resistance. 
 From the tests, it was found that the degree of 
ionisation in soils is dependent upon the steady state, 
RDC value; the lower RDC, the lower the ionisation 
effect on the earthing system under high impulse 
currents, thus the impulse resistance becomes less 
dependent on current magnitudes.   
 
Steady state earth resistance values: For this section, 
the earth resistance values were obtained by calculation 
and measurements at low magnitude currents.  
 
Calculated values: Three field sites were selected, 
where for each site, the soil resistivity was measured 

using the Wenner Method as outlined in the standards, 
namely[6-8].  
 The soil resistivity values obtained from the 
measurements were then interpreted as two-layer soil 
using the master curves[9] and a Genetic Algorithm 
(GA)[10], where the results are shown in Table 1. 
 Based on the resistivity values obtained from the 
master curves and the GA, the earth resistance values 
are calculated using the formulas[11] for the earthing 
systems which consist of simple rod configurations of 
2, 3 and 4 rods. All of these copper rods are connected 
with wires to ensure connectivity. Table 2 shows the 
arrangement for the earth electrodes consisting of 2, 3 
and 4 rods and the calculated and measured earth 
resistance values.  Small differences are observed 
between the measured earth resistance values and 
values obtained the master curves and the GA. 
 As can be shown from Table 2, the earth resistance 
values obtained for site 1 are the lowest since it has the 
lowest soil resistivity values. Also, as expected the 
resistance values for the 4 rods configuration are the 
lowest, since it has the largest surface area.  
 
Table 1: Soil resistivity values interpreted using the master curves 

and GA into two layers of soil 
 Master curves[8] (GA)[5] 
Site 1 
Upper resistivity, ρ1 (Ωm) 540.00 525.60 
Lower resistivity, ρ2 (Ωm) 108.25 112.50 
Thickness, h (m) 0.80 0.83 
Site 2 
Upper resistivity, ρ1 (Ωm) 780.00 806.40 
Lower resistivity, ρ2 (Ωm) 195.00 180.80 
Thickness, h (m) 1.30 1.34 
Site 3 
Upper resistivity, ρ1 (Ωm) 720.00 709.40 
Lower resistivity, ρ2 (Ωm) 288.40 290.60 
Thickness, h (m) 1.25 1.30 
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Table 2: Calculated earth resistance values 
 Calculated 
 --------------------------------------------- 
  Rcalc (Ω) where the 
 Rcalc (Ω) where resistivity values 
 the resistivity are obtained from 
Configurations from GA master curves Measured 
Site 1 

 53.60 51.08 49.10 

 40.10 38.22 36.60 

 32.30 30.74 29.40 
Site 2 

 126.34 126.20 122.23 

 94.58 94.57 95.27 

 76.20 76.23 72.67 
Site 3 

 153.40 149.03 151.00 

 115.67 112.39 121.30 

 93.55 90.89 95.73 

 

 
 
Fig. 1: Earth resistance measurement test circuit 
 
 Even though the earth resistance values have been 
calculated, it is still important to obtain the earth 
resistance by measurements at field sites to determine 
the actual resistance of the ground connections.  These 
calculated values are also compared with the 
measurements of steady state earth resistance, which 
are shown in the Table 2.    
 
Measured values: In this study, the most common 
earth resistance measurement, which is a Fall-of-
Potential (FOP) method[6], is adopted.  The method 
involves passing a current into the electrode to be 
measured and noting the influence of this current in 
terms of the voltage between the ground under test 
and a test potential electrode (Fig. 1). The FOP 
method consists of plotting the ratio of V/I = R as a 
function of probe spacing x. The potential electrode is 
moved away from the electrode under test in steps. A 
value   of   impedance    is    obtained    at   each   step. 

 
 
Fig. 2: Typical plot of ground impedance versus 

distance between the potential probe and the 
electrode under test 

 

 
 
Fig. 3: Test circuit for impulse tests on earth electrode 
 
This impedance is plotted as a function of distance and 
the value in ohms at which this plotted curve appears to 
level out is taken as  the  impedance  value  of  the  
ground  under  test (Fig. 2). 
 The measured earth resistance results are shown in 
Table 2. As can be shown in Table 2, the percentage 
difference between the calculated and measured earth 
resistance for each earthing system is found to be below 
10%. The close results between the calculated and 
measured values show that the formulas developed 
by[11] can be used to calculate the earth resistance 
values for preliminary designs. Also, the interpretation 
of soil resistivity values as 2 layers may be adequate to 
obtain the resistance values of earthing systems. 
 
Earth resistance values under high impulse 
currents: Figure 3 shows a proposed test circuit that is 
suitable for impulse testing. The work undertaken in 
this study relies heavily on the effectiveness of the 
experimental set up. The test circuit (Fig. 3) in this 
study consists of: 
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• A combinational waveform impulse generator, 
giving the output voltage of 4 kV, 1.2/50 µs and  
the currents up to 3 kA, 8/20 µs 

• Voltage and current measurements, in which a 
voltage probe with a ratio of 1000: 1 and 40 ns 
response times is used and a current transformer 
with a sensitivity of 0.1 V/A with a response time 
of 20 ns is used for current measurement 

• A data acquisition system and analysis routine 
consisting of the transducers (voltage probe and 
current transformer), measurement cables and 
recording instruments (i.e., Digital Storage 
Oscilloscope) 

 
The measurement results: The measured steady state 
earth resistance values were shown in Table 2. Here, 
the measurement results of the earthing systems under 
high impulse currents are presented. The impulse 
voltages ranging from 0.5-4 kV are injected on the 
earthing systems.  
 
Voltage and current traces: Figure 4 shows the 
typical voltage and current traces of the earthing 
systems for two rods at site 1 at a charging voltage of 
1.5 kV. Similar voltage and current traces were 
observed for other configurations and voltage levels. 
However, it was observed that the time to current peak, 
tdelay (Fig. 4) increases with the number of rods (Fig. 5). 
This is expected, since a higher number of rods has 
larger inductive effects, which becomes more 
significant for transient voltages. 
 
Earth resistance values: The earth resistance values 

are determined by peak

peak

V@I

I
. Table 3 shows the earth 

resistance values obtained using both low magnitude 
currents  and  high  impulse currents. As can be seen 
in Table 3, the Rimpulse for the earthing systems in site 
1   are   found   to   be   higher  than  the   RDC   values, 
 

 
 
Fig. 4: Typical voltage and current traces for the 

earthing system at site 1 consisting of 2 rods 
and at a charging voltage of 1.5 kV 

whereas there is a reduction in the earth resistance 
values for the earthing systems in sites 2 and 3. The 
reduction of Rimpulse values from its RDC value as 
observed in sites 2 and 3 could be due to the ionization 
in soils, similar to some findings observed in previous 
study[1-5]. However, the Rimpulse values for the earthing 
systems in site 1, which has the lowest RDC are not 
affected by the ionisation, thus the Rimpulse values are 
found to be higher than RDC.  From these results it can 
be concluded that the degree of ionisation in soils is 
dependent upon the RDC value; the lower RDC, the lower 
the ionisation effect on the earthing system under high 
impulse currents. Thus, the impulse resistance becomes 
less dependent on current magnitudes. This explains 
why the Rimpulse in earthing systems in site 1 are not 
affected by the ionisation process, thus, the Rimpulse is 
increased at high currents, rather than decreased. The 
highest increase is observed in the earthing system 
which consists of 4 rods, since it has the lowest RDC and 
thus is not affected by the ionisation process.  
 As has been defined in[1-5], the magnitude of 
electric field at which the ionisation process is 
initiated is known as the critical electric field, Ec. This 
parameter contributes to the knowledge of the degree 
of resistance reduction in soil. The results obtained in 
this study can be explained by the simple relationship 
between the electric field, E and the current density, J, 
 
Table 3: Percentage of reduction between RDC and Rimpulse 
 RDC (Ω) RImpulse-average (Ω) (%) difference 
Site 1 
2 rods 49.10 49.11 0.02 
3 rods 36.60 39.17 6.56 
4 rods 29.40 31.17 5.67 
Site 2 
2 rods 122.23 95.40 12.24 
3 rods 95.27 78.19 17.93 
4 rods 72.67 59.07 18.72 
Site 3 
2 rods 151.00 134.37 11.01 
3 rods 121.30 106.54 12.15 
4 rods 90.89 81.24 15.14 
 

 
 
Fig. 5: Tdelay versus the number of rods and site (soil 

resistivity) 
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E = ρJ, where ρ is the soil resistivity. This equation 
shows that in order to have a high critical ionisation 
field, Ec, to cause a reduction in the earth resistance 
value, it will require higher current densities and a high 
resistivity value. As can be shown in Table 1, site 1 has 
the lowest resistivity, thus, it is expected to have the 
lowest Ec and to experience the least ionisation in the 
soil. 
 

CONCLUSION 
 
 In this study, measured earth resistance values 
were obtained for 9 earthing systems under steady state 
and transient conditions. The calculated earth resistance 
values were also presented and were found to be close 
to those measured under steady state conditions. It was 
also found that there is a correlation between RDC and 
Rimpulse, where the resistance reduction under impulse 
conditions is highest for high RDC.   
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