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Abstract In this paper, soil resistivity and ground resis-

tance at two different sites near an electrical substation are

measured using a grounding system grid with and without

rods. With the Wenner four-pole equal-method, the soil

resistivity is measured at both selected sites, one of which

contains wet soil while the other contains dry soil. Cymgrd

simulation software is then used to determine the accept-

ability of these measured resistivity values by finding out

the root mean square error between the measured and

calculated values for both wet and dry soil sites. These

values for wet and dry soil sties were found to be only 0 %

and 4.92 %, respectively, and deemed acceptable. The

measured soil resistivity values were then used to evaluate

the ground resistance values of a grounding grid ‘with rod’

for the wet soil site and ‘without rods’ for the dry soil site,

and then compared with the simulated ground resistance

values. These comparisons were also found to be in good

agreement. In addition, ground potential rise, maximum

permissible step and touch potentials have also been esti-

mated using the simulation software.

Keywords Grid with rods, Grid without rods, Fall-of-

potential method, Soil resistivity, Ground resistance

1 Introduction

A grounding system with high ground resistance pro-

vides unsafe path for the fault current, which increases the

risk of equipment failure as well as the likelihood of severe

injury to human being. In this case, if a fault current does

not find any path to pass to the ground through a properly

designed grounding system, it finds an alternate path either

via some sophisticated equipment or, in the worst case

scenario, through the human body. Also, a poor grounding

system leads to instrumentation errors and harmonic dis-

tortions in any electrical system. Therefore, a good

grounding system is very important not only for safety

reasons but also for preventing damages to industrial plants

and equipment. The design of a good grounding system

depends on many factors such as the weather, character-

istics of the soil, the surrounding environment of the power

plant, the arrangement of the grounding electrodes, etc.

After looking into the importance of a good grounding

system design, many researchers have carried out extensive

studies in this area. Ref. [1] provided information about

grounding grid performance in different soil structures

after an extensive parametric study. A method for calcu-

lating the grounding grid resistance was presented in [2]

based on the theoretical manipulations of the numerical

moment method and the current image. This method has

been shown to be dependent on the substation grounding

grid design. Ref. [3] presented an analysis on evaluating
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grounding grids of different shapes in substations. Different

shapes of grounding grids have also been considered in [4]

in calculating ground resistance using the finite-element

method (FEM). A substation grounding grid has been

analyzed with the variation of soil layer depth in [5]. Ref.

[6] conducted a study where they measured the impedances

of four grounding grids using tuned-frequency test equip-

ment operating close to the system operating frequency.

FEM was used in [7] for computing the grounding grid

resistance. A scheme was proposed in [8] for calculating

the ground resistance using FEM to the resolution of solid

models in 3D view. As discussed in many literatures

including [3, 4, 7], although FEMs are the most accurate

methods for computing grounding grid resistance, these

methods are quiet complicated and time consuming for

grounding system design purpose. In [9], it is shown that

the low or high resistivity soil layer formed in raining or

freezing season affects the safety of grounding system, and

leads to the changes of grounding resistance of the

grounding system, step and touch voltages on the ground

surface. A practical example of ground resistance mea-

surement has been presented in a 154 kV substation under

commercial operating condition [10]. In [11], a research

study has been carried out to show the validity of the for-

mula available in the literature against the measured earth

resistance values at the field site. Ref. [12] has evaluated

the role played by the foundations in a substation yard as

grounding element and estimated the magnitude of the fault

and leakage currents carried by the foundations. An artifi-

cial intelligent network approach is used for developing the

relationship between the ground resistance and the verti-

cally inserted electrode in the soil in [13]. Dimensional and

grid electrodes are used for the measurement of ground

resistance near a residential area in [14]. A methodological

approach has developed for estimating the ground resis-

tance of the several grounding system with various ground

enhancing compounds using ANN [15]. Ref. [16] has

measured soil resistivity and grounding resistance at the

four selected sites of the Lambak Kanan residential area of

Brunei Darussalam and compared with simulation results.

However, the main drawback is the smaller number of

measurement sites. A linear three-pole wiring method has

proposed to measure the grounding resistance of buildings

structure in water through variance analysis and correlation

coefficient analysis methods, and solves the problem about

how to measure the grounding resistance of buildings

structure in water [17]. AC, DC and impulse tests have

performed on rod and grid electrodes and the measured

quantities are compared with computed values obtained

from numerical models. Measured ground resistance and

impedance at low frequency showed reasonable agreement

with simple standard formulae and computational models,

but revealed a significant falloff with current magnitude in

the range often used for the practical testing of the high-

voltage grounding systems [18].

From all the above mentioned research studies, it is

apparent that there is no uniqueness in the soil property.Also,

there is no exclusive method to measure the ground resis-

tance which is a prime requirement in designing a ground

field for any power plant or substation. By taking these facts

into account, this paper presents an on-site investigative

result on resistivity and ground resistance for dry and wet

soils near a substation. Inmeasuring the resistivity of the soil,

Wenner four-pole equal-method has been considered in the

investigation while a grounding system grid with and with-

out rods are used as test bed. The measured values have been

compared with the simulation results derived from the

Cymgrd simulation software. The simulation software has

also been used to estimate the ground potential rise, maxi-

mum permissible step and touch potentials.

2 Experimental measurement

2.1 Experimental site

Two sites were selected to measure the soil resistivity

and grounding resistance near Gadong 66 kV substation of

Brunei Muara District of Brunei Darussalam. The first

measurement site was located at around 0.9 m away from

the water drain, where the soil was identified as wet soil.

The second measurement site was located very close to the

substation, where the soil was identified as dry soil.

2.2 Soil resistivity measurement

Wenner four-pole equal method [19] has been consid-

ered in measuring the soil resistivity and its connection

Fig. 1 Connection of soil resistivity measurement
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diagram is shown in Fig. 1. In this experimental setup, four

equidistant probes were vertically inserted into the soil on a

straight line and the distance b was maintained to be 10 %

of a, that is, b ¼ 0:1a.

For Site 1 (wet site), the distance between the probes

was varied from 0.3 to 1.8 m, in steps of 0.3 m during the

experiment. This distance could not be extended in a

straight line due to the location of the drain. A generator

(Fluke meter 1625) was used to inject a current I, between

two outer probes (1 and 4). The potential V was then

measured between two inner probes (2 and 3) by the Fluke

meter and finally the soil resistance was measured by the

meter. The measurement was repeated for each a and the

corresponding resistance value was tabulated in Table 1.

The corresponding value of the resistivity in Table 1 for

each of these measured soil resistance values was then

calculated theoretically, by using the following mathe-

matical expression for a � b [19]:

q ¼ 2paRe ð1Þ

where q is originally given by [15],

q ¼ 4paRe

1þ 2a
ffiffiffiffiffiffiffiffiffiffiffi

a2þ4b2
p � a

ffiffiffiffiffiffiffiffiffi

a2þb2
p

� � ð2Þ

2.3 Ground resistance measurement

In this scheme, a grounding grid with rods was used for

Site 1. The grid was made of eight equal-length copper

electrodes, four of which were placed vertically (to be

inserted into the ground as rods) and the other four were

placed horizontally as shown in Fig. 2. The length and the

diameter of each rod used for this experiment were 1.689 m

and 14 mm, respectively. For Site 2 (dry soil site), the grid

without rods was chosen due to the hard, and brittle soil

structure. This grid was made of two by three copper elec-

trodes (two electrodes along the length and three electrodes

along the width) as shown in Fig. 3. In this case, the length

and the diameter of each copper electrode were kept the same

as the copper rod used for ‘grid with rod’ setup. Both mea-

surement siteswere dug to a depth of 0.5 mbased on the IEEE

80-2000 Standard [20] on the minimum burial depth. For Site

1, the grid with rod was placed in the dug hole and earth tester

equipment was connected to the grid as shown in Fig. 2. The

inner and outer probes of the equipment were inserted verti-

cally into the soil at a depth of 0.25 m. Then the earth elec-

trode, inner probe and outer probe were connected to the

terminals of earth-electrode (HC1), inner probe (SP2) and

outer probe (HC2), respectively. According to the fall-of-

potential method [16], the ratio between the distances x andD

were always maintained to be 0.62 where x is the distance

between HC1 and SP2 while D is the distance between HC1

and HC2 shown in Fig. 2. With this arrangement, the values

of ground resistances were measured with the Fluke meter by

varying the distance D and the corresponding x-distance to

ensure that x/D = 0.62 from 1.5 to 9 m, in steps of 1.5 m.

These results are shown in Table 2. For Site 2, similar pro-

cedure was carried out by burying the ‘grid without-rod’ into

the dug hole as shown in Fig. 3. In this case, the measured

ground resistances are shown in Table 3.

3 Simulation results and discussion

In the Cymgrd simulation, two-layer soil model [20] was

used to calculate ground resistance, ground potential rise

and other relevant parameters. To simulate ground resis-

tance, step and touch potentials, the body weight, surface

layer thickness, surface layer resistivity and shock duration

Fig. 2 Connection of grid with rods

Fig. 3 Connection of grid without rods

Table 1 Soil resistivity data for wet soil

Probe distance (m) Soil resistance, Re (X) Soil resistivity, q (X m)

0.3 14.75 27.79

0.6 7.93 29.88

0.9 6.37 36.00

1.2 4.36 32.86

1.5 4.31 40.60

1.8 4.23 47.82
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were considered to be 70 kg, 0.2 m, 2500 X m, and 0.5 s,

respectively. These values were chosen according to the

IEEE standard [20]. A two-layer soil model is generally

represented by an upper layer soil of a finite depth h, sitting

above a lower layer of infinite depth. In the simulation

phase, the apparent resistivity has been calculated by the

equation provided in [19]. In the simulation process, the

measured soil resistivity values from Table 1 were first

entered into the software from which the resistivity and

length graph was generated by the software after discarding

the doubtful data-points, as shown in Fig. 4. Same proce-

dure was carried out for the soil resistivity data items in

Table 4 and in this case, the resulting resistivity and length

graph was obtained as shown in Fig. 5. The soil analysis

reports are shown in Table 5 and Table 6 at the wet and dry

soils, respectively, where the input parameters were set (for

the software) according to the IEEE standard, and the

output parameters were obtained as a result.

As shown in Table 5, it is found that the calculated

upper-layer and lower-layer resistivity values are 26.19 and

47.13 X m, respectively. Also, the rms error, maximum

permissible touch and step potentials are found to be 0 %,

903.32 and 2947.19 V, respectively. The rms error 0 %

represents higher accuracy between the measured and

simulation soil resistivity. In case of dry soil (shown in

Table 6), the rms error, maximum permissible touch and

step potentials are found to be 4.92 %, 671.58 and

2194.17 V, respectively. From these comparisons, it is

observed that the rms error, step and touch potentials are

slightly greater in case of dry soil. In the simulation, the

burial depth of the grid into the soil with and without rods

was considered to be 0.5 m to find the ground related

parameters. The grid (with and without rods) analysis

reports using wet and dry soils are shown in Table 7 and

Table 8, respectively. From Table 3 and Table 7, it is

Fig. 4 Wet soil analysis report

Table 4 Measured ground resistance at the dry soil

Distance, D (m) Distance, x (m) Re (X)

1.5 0.93 83.8

3.0 1.86 57.1

4.5 2.79 49.3

6.0 3.72 43.7

7.5 4.65 42.9

9 5.58 34.5

Table 2 Soil resistivity data for dry soil

Probe distance (m) Soil resistance,

Re ðXÞ
Soil resistivity, q (X m)

0.3 71 133.83

0.9 38.09 215.4

1.5 28.88 292.17

2.1 19.5 257.3

2.7 14.17 240.4

Table 3 Measured ground resistance at the wet soil

Distance, D (m) Distance, x (m) Re (X)

1.5 0.93 7.08

3.0 1.86 7.57

4.5 2.79 7.13

6.0 3.72 7.75

7.5 4.65 7.09

8.5 0.93 7.08

Fig. 5 Dry soil analysis report
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observed that the minimum values of the measured and the

calculated (simulation) ground resistances, with the appli-

cation of grid with rods for the wet soil, are found to be 7.08

and 7.24 X, respectively. In this case, the simulated ground

resistance is very close to the measured ground resistance.

For the dry soil with the application of grounding grid

without rods, the minimum values of the measured and the

calculated grounding resistance are found to be 34.5 and

27.87 X, respectively, as shown in Table 4 and Table 8. In

this case, the difference between the measured and calcu-

lated ground resistance is slightly larger when compared to

the wet soil values. This difference is occurred due to higher

soil resistivity values at that site.

The color coded bar, obtained from the simulation for the

grid with rods for wet soil is shown in Fig. 6. A region

colored between green and light blue in the bar represents

that the values of the touch potentials within that region are

less than 25 % of the maximum permissible touch potential

of 667.42 V. On the other side of the bar, a region colored

between purple and red represents that the values of the

touch potentials within that region are higher than 75 % of

the maximum permissible touch potential. The region

beyond 100 % of the maximum permissible touch potential

represents unsafe condition. The purple color about 75 %

region represents the surface potential which characterizes

safe grounding system. Same explanation can be drawn in

case of grid without rods as shown in the color coded bar in

Fig. 7. The maximum permissible touch potential for the

grid without rods for dry soil is 671.85 V, which is slightly

higher than the grid with rods for wet soil. However, the

touch potentials for grids with and without rods are

approximately 2.6 and 11.5 kV for the wet and dry soils

respectively as shown in the contour curves given in Figs. 8

and 9. The touch potential of grid without rods for dry soil is

found to be way larger than the grid with rods for the wet soil

and, this was an expected result. The potential profile plots

for grid with and without rods for wet and dry soils are

shown in Figs. 10 and 11, respectively. The ground potential

rise (GPR) of the grid with rods for wet soil is found to be

7432.08 V, whereas this value is 28522.10 V for the grid

without rods for dry soil as can be seen in Table 7 and

Table 8, respectively. The extremely high GPR for the dry

soil site is obtained due to its high ground resistance.

Table 5 Grid analysis report for wet soil

Input Parameter

Bus ID 66 kV

Nominal frequency 50 Hz

LG Fault Current 1000 A

Remote contribution 100 %

Upper Layer Thickness 0.55 m

Upper Layer Resistivity 26.19 X m

Lower Layer Resistivity 47.13 X m

Output Parameter

Ground Potential Rise 7432.08 V

Calculated ground Resistance 7.24 X

Equivalent Impedance 7.24 X

Table 6 Grid analysis report for dry soil

Input Parameter

Bus ID 66 kV

Nominal frequency 50 Hz

LG Fault Current 1000 A

Remote contribution 100 %

Upper Layer Thickness 0.3 m

Upper Layer Resistivity 118.17 X m

Lower Layer Resistivity 273.8 X m

Output Parameter

Ground Potential Rise 28522.1 V

Calculated ground Resistance 27.87 X

Equivalent Impedance 27.87 X

Table 7 Grid with rods analysis report for wet soil

Input Parameter

Bus ID 66 kV

Nominal frequency 50 Hz

LG Fault Current 1000 A

Remote contribution 100 %

Upper Layer Thickness 0.55 m

Upper Layer Resistivity 26.19 X m

Lower Layer Resistivity 47.13 X m

Output Parameter

Ground Potential Rise 7432.08 V

Calculated ground Resistance 7.24 X

Equivalent Impedance 7.24 X

Table 8 Grid without rods analysis report for dry soil

Input Parameter

Bus ID 66 kV

Nominal frequency 50 Hz

LG Fault Current 1000 A

Remote contribution 100 %

Upper Layer Thickness 0.3 m

Upper Layer Resistivity 118.17 X m

Lower Layer Resistivity 273.8 X m

Output Parameter

Ground Potential Rise 28522.1 V

Calculated ground Resistance 27.87 X

Equivalent Impedance 27.87 X
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4 Conclusion

The soil resistivity at the two selected sites near Gadong

66 kV substation has been measured and simulated by

Cymgrd software. The rms errors between the measured

and calculated soil resistivity values are found to be 0 %

and 4.92 %, respectively. The minimum values of the

measured ground resistances have been found to be 7.08

and 34.5 X using the grid with and without rods at the wet

and dry soils sites, respectively. Based on the soil (wet and

dry) resistivity data and grid configuration, the simulated

grounding resistance values have been obtained as 7.24 and

27.8 X for the grids with and without rods. From these

findings, it has been observed that the measured ground

resistances match closely to the simulated grounding

resistance values especially for the grounding grid with

rods at the site of the wet soil. The GPR in case of the grid

without rods for dry soil is found to be extremely higher

than that of the grid with rods for the wet soil due to the

higher resistance value encountered in the dry soil.
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Fig. 6 Color coding of grid for wet soil
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Fig. 7 Color coding of grid for dry soil
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