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ABSTRACT 1t is important to ensure that a grounding system is designed with a low magnitude of earth
resistance, so the protection system can divert the large fault current to earth effectively. The performances
and protection level of a grounding system need to be acknowledged as the condition of soil structure changes
with different soil characteristics. At present, there is a lack of systematic guide or standards for grounding
grid designs that consider non-uniform soil and its impact on the grounding systems. By computing the
grid safety threshold parameters consisting of the grid impedance, step, and touch voltages, a comparison
has been made between uniform soil and two-layer soil models. Where the competence and level of safety
of the grounding systems depend on the soil attributes, the significant impact of various soil conditions is
seen. The evaluations on performance and safety assessment in two-layer soil conditions hold the novelty
and originality as there is no such comparison and discussion have been made to date. These comparisons
would help in forecasting the behavior and safety of the grounding system in various soil environments,
which would provide engineers with additional expertise to design an effective and secure grounding system.
This research would contribute to the existing body of knowledge by differentiating and predicting the
performance of a grounding system when the characteristics of the soil differ significantly from uniform
soil as most of the standards and guidelines only consider uniform soil while designing a grounding system,
owing to its complexity at the site.

INDEX TERMS Grounding grid impedance, step voltage, touch voltage, multilayer soil, uniform soil,
non-homogeneous soil.

I. INTRODUCTION

The effect of high Ground Potential Rise (GPR) caused by
fault current can lead to faulty system operation, equipment
damage, or potential risk to public and personnel safety [1].
The configuration of the grounding grid in the substation
plays a key role in ensuring the safeness of the grounding
system while the soil characteristics analysis including the
number of soil layers, the thickness of the soil layer, and
soil resistivity are the most essential factors to be considered
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before grounding design [2]-[7]. The designation of the
grounding grid is performed cautiously due to various soil
conditions at each substation, to achieve both protection and
optimum investment.

Based on the geological structure of the earth, the soil
resistivity varies widely [8]-[13]. By altering the spacing of
the grounding electrodes, the soil resistivity profile developed
at various depths can be used to determine the most suitable
grounding configuration. The location chosen for the instal-
lation of the grounding system is dependent on the varying
vertical and horizontal soil layers. Horizontal and vertical
layers can differ in a region selected for the installation
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of the grounding system. For instance, a grounding system
placed in a horizontal two-layer soil structure would behave
contradictorily from a structure of vertical two-layer soil.
Such variants include soil resistivity in each soil layer and
thickness of the first soil layer or each layer in multilayer soil
structure. The location of the grounding system is another
critical aspect that needs to be addressed. If the grounding
system is positioned in the horizontal soil layer as a whole,
the thickness and resistivity of the first layer may impact
the nature of the grounding system. Conversely, if a ground-
ing system is installed in a vertical soil layer, the ratio of
grounding area placed in medium either low soil or high
soil resistivity will determine the efficiency of the grounding
system. Hence, only direct measurements would be able to
produce an accurate estimation of the soil resistivity and soil
layering structures [14]-[16].

A common prevailing view is that the most dangerous
conditions have resulted from conditions where the soil resis-
tivity is high. The grounding of electrical systems focuses
mainly on safety which includes the avoidance of threats of
electrical shock to human life. Thus, a design of the ground-
ing system needs to be planned, evaluated, and managed to
achieve this vital objective [17]-[20]. Current grounding grid
designs which are well described in standards and guidelines
are based on homogenous soil conditions [15], [21]-[23].

Most of the safety assessments and design procedures of
the substation grounding system are incorporating homoge-
neous soil conditions as the input to the calculation of safety
threshold values. A detailed review of the grounding system
behaviors in homogeneous soil conditions has been published
in [24]. Although there is extensive research on grounding
behavior in uniform [4], [5], [25] and two-layer soil; top
layer depth of two-layer soil [14]; the number of grounding
meshes [26]; length of ground rods in two-layer soil [27];
algorithms [3], [6], [28] and reflection factors [29], [30] there
is still no complete analysis currently available which com-
prises the impact of grounding grid dimensions, the number
of ground rods and the impact of grid depth as the grid
design varies in two-layer soil on grounding grid behav-
iors and safety. Most of the investigations were based on
many assumptions and different physical approaches, which
resulted in many equations developed over the last few
decades. Practicality, this concern has caused several issues
to the power utility when designing the substation grounding
systems owing to the complexities of parameters, variation
in grid design and soil conditions to be considered. The
present work provides an alternative approach to illustrate
the problem geometry, with the aid of Current Distribution,
Electromagnetic Interference, Grounding, and Soil Structure
Analysis (CDEGS) software, which allows the selected grid
design to reflect on the output or criteria to be achieved
i.e. the safety and the performance aspects. Besides, there
is no side by side comparisons and discussions have been
done to date between two-layer and uniform soil structures.
These side by side comparisons demonstrates the difference
of grounding behaviors and safety level when a grounding
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grid is placed in two-layer soil compared to uniform and if
the procedures for grounding system designing in current
standards and guidelines would be safely applicable when
a grounding grid system is to be placed in a two-layer soil
structure.

For example, a large grounding system that is unsafe in
high resistivity uniform soil might be safe when it is buried
in the high resistivity top layer of a two-layer soil structure.
This might be due to the presence of a longer rod in the
low resistivity bottom layer. Then again, there are also con-
straints to use longer rods in a two-layer soil structure. This
paper, therefore, explores the effect of various parameters
of the grounding design, such as the grid size, mesh size,
the number and length of vertical electrodes attached to the
main grounding grid, and the grid depth buried in different
soil environments. Such studies are critical for assessing the
grounding behavior and protection level in uniform and two-
layer soil structure.

Besides, this paper also analyzes and compares the effect
on the grounding performance of top soil layer height and
surface layer resistivity. It is crucial to evaluate the nature
of the soil so that an appropriate grounding system can be
planned and designed.

II. INPUT PARAMETERS & METHODOLOGY

A. SUBSTATION GROUNDING DESIGN PARAMETERS

The power frequency response of 50 Hz is calculated for
grounding grids of different design and compared between
uniform soil and two-layer soil model with high (1000 2m)
and low (100 m) resistivities. The thickness of the top layer
of the soil is Sm. The grids were centrally energized with
a fault current of 30 kA. To initiate the grounding design
parameters analysis, the grounding grid sizes are first varied
from 30 m x 30 m to 130 m x 130 m with mesh size main-
tained at 10 m x 10 m for all grounding grids.

Then, the mesh sizes are varied from 5 mx5mto21.7mx
21.7 m while the grid size is maintained at 130 m x 130 m
which is referred from the size of a typical Main Intake
Substation 132/33/11 kV in [31], [32]. The grid is buried
in the depth of 0.5m into the soil. At this stage, there are
no additional vertical grounding rods attached to the main
grid as demonstrated in Fig. 1 below. Fig. 1 below shows a
130 m x 130 m grounding grid with a 10 m x 10 m mesh size.

130m

130m F

FA Ly
L7 Ly 1om
10m

FIGURE 1. 130m x 130m grounding grid with 10m x 10m mesh size.
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Once the analysis on grounding grid sizes and mesh sizes is
completed, several vertical rods are now attached to the main
grounding grid. The grounding grid size is 130 m x 130 m
with a 10 m x 10 m mesh size. The number of vertical rods
is varied from 4 rods to 16 rods arranged along the grid’s
perimeter. Fig. 2 below shows the positions of 16 vertical rods
attached to the main grounding grid. Each rod measures 2 m
in length. The final stage of analysis was on the variations of
the length of rods. The length of 4 rods was varied from 2 m to
6 m as shown in Fig. 3 while other system parameters are sim-
ilar to the previous simulation on the variation of the number
of rods. The summary of the grounding design analysis with
grids buried 0.5m into the soil is shown in Table 1 below. Each
design is classified into different case numbers.

mvertical rod 44 / / / [ Jl L /[

/ /
/ / / ¢ ’ / / /
7 Curent njection
point

/

FIGURE 2. Positions of 16 vertical rods attached to the main grid.

Uniform soil Two-layer soil
oy 77 - 77 }0.5"1
Grounding grid I Top layer (p1)
. il 2m 2m 5m
Verticalrod~"| p1  f| 4m D1 am
6m 0 6m
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D3 D3

Bottom layer (p,)

e e, ] ——m et

FIGURE 3. Visual representation of the lengths of vertical rods in uniform
and two-layer soil.

B. SOIL STRUCTURE

The soil influences the grid safety threshold parameters (grid
impedance, step, and touch voltages) through soil resistivity
where it determines the flow of fault current from a ground
electrode to the surrounding soil. If an inadequate grounding
system design is installed in a high resistive soil, the fault
current dissipation through the system will cause higher grid
impedance, touch and step voltages. When the soil resis-
tivity is less than 300 ©2m, the consequences of frequency
can be omitted. However, for soil resistivity above 300 Qm,
the frequency effect becomes significant. It is recommended
to consider the consequence of frequency when the soil resis-
tivity falls in the range of 300 Qm to 700 Qm [33], [34],
which is considered as medium resistivity. Nevertheless, the
impact of frequency is compulsory above 700 2m. Therefore,
the soil resistivity in this paper is assumed as 100 Qm for low
resistivity and 1000 2m for high resistivity.
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TABLE 1. Analysis of grounding design parameters with a grid depth at
0.5m into the soil.

Design Parameters Case number

Grounding grid size

30m x 30m Al
50m x 50m A2
130m x 130m A3
Grounding mesh size

Smx Sm B1
10m x 10m B2
16.3m x 16.3m B3
21.7m x 21.7m B4
Number of electrodes

4 rods C1
8 rods C2
13 rods C3
16 rods C4
Length of electrodes

2m Dl
4m D2
6m D3

Uniform (100Qm)  Uniform (10000m)

0.5m—[ T7 777777 777772777

[
Groung grlﬁ
p =100Om p =10000m

I e R e

FIGURE 4. Uniform soil.

Top (1000m) Top (1000Qm)
0.5m _[ Vo7 7 FA7 777077
Ground grid Sm
Top layer (ps) p1=1000m p;=10000m
Bottom layer (p2)
pr=10000m p2= 1000m
N B

FIGURE 5. Two-layer soil structure.

Uniform soil in this paper consists of low resistivity
(100 ©2m) and high resistivity (1000 2m). For the two-layer
soil model, the top layer thickness of the soil is S5Sm with
1000 2m resistivity for Top (1000 2m) and 100 2m for Top
(100 2m) while the lower layer thickness is at infinity depth
with 100 Qm resistivities for Top (1000 2m) and 1000 @m
for Top (100 2m) as in Fig. 4 and 5 below.

C. SAFETY THRESHOLD FOR STEP AND TOUCH VOLTAGE

The safety threshold for step and touch voltage is calculated
as in (1) and (2) based on IEEE 80-2013 [1] for the body-
weight of 50 kg. Egep is the step voltage in V, Eqouen is the
touch voltage in V, Cs is the derating factor of the surface
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FIGURE 6. Illustration of grounding grid's depth buried into the soil.

layer, ps is the resistivity material of the surface layer in Qm,
and t; is the period of shock current period in seconds.

E (1000 + 6Cs p5) 0.116 (1
50 = Ps).—F—
step. sPOs ﬁ
0.116
Etouchso = (1000 + 1.5C ps). —— 2

Vis

The safety threshold is 945 V and 353 V for step and
touch voltage respectively in uniform soil with low resistivity
(100 2m). For uniform soil with high resistivity (1000 Q2m),
the threshold value is 1130 V and 400 V for step and touch
voltage respectively. The threshold value for grid impedance
is considered as 5 2 according to IEEE 80-2013 [1] and
Malaysian Utility standard [31]. For touch voltage, the graphs
show the maximum touch voltages which are at the corners of
profile boundaries shown in Fig. 7(b). The safety evaluation is
done by considering a radius about 3 m from the fault location
(inside the red circle).

Section III below analyzes the behavior and safety of dif-
ferent parameters of the grounding design in different soil
conditions. This assessment is done by evaluating the grid
safety threshold parameters (grid impedance, step, and touch
voltages). In this paper, a grounding grid is considered safe
when all three safety threshold parameters mentioned above
have complied.

IIl. RESULTS & DISCUSSIONS

A. INFLUENCE OF DESIGN PARAMETERS ON
GROUNDING BEHAVIOR AND SAFETY

1) GRID SIZE

The results show the values of impedance, touch, and step
voltage for different grid sizes in various soil conditions.
Fig. 7(a) and Fig. 7(b) show the examples of step and touch
voltage plotting using CDEGS simulation software. At the
corners of the grid, the step and touch voltages are seen as
the highest. It is noticeable in Fig. 8, Fig. 9, and Fig. 10 that
the grid impedance, step, and touch voltages respectively
have similar patterns where the magnitudes decrease as the
grid size increases. Generally, the grid sizes are highly depen-
dent on the area chosen to install the grounding system.
A reduction of 77 % can be seen for grid impedance in 130 m
x 130 m grid size compared to a 23 % of reduction in
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FIGURE 7. Safety voltages for 130 m x 130 m grounding grid. (a) Step
voltage (b) Touch voltage.

Influence of grid size on grid impedance

18
16
14
c1
@10
g8
26
Ea
: -
o
30mx30m 50mx50m 130mx130m
AL A2 A3
Grid size (m?)

M Impedance Uniform(1000m) ™ Impedance Uniform(1000Qm)

Impedance Top(1000m) Impedance Top(10000m)

FIGURE 8. Graph of grid impedance in various soil conditions for
increasing grid sizes.

130 m x 130 m grid sizes in a two-layer soil structure with
a top layer of high resistive.

Conversely, the percentage of step voltage reduction is
the highest; 57% for 50 m x 50 m in two-layer soil with a
high resistive top layer compared to uniform soil, where the
percentage of step voltage reduction is almost similar (51 %
for 50 m x 50 m) in both high and low soil resistivity. The. The
similarity between low resistivity and high resistivity uniform
soil could be due to the absence of external factors such as soil
layers and varying soil resistivity between layers.
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Influence of grid size on step voltage

80000
70000
__ 60000
2 50000
gﬂ 40000
5 30000
= 20000 I
e m - =
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® Uniform(100Qm) = Uniform{1000Qm) Top({100Qm) Top(1000Qm)

FIGURE 9. Graph of step voltage in various soil conditions for increasing
grid sizes.

Influence of grid size on touch voltage

300000
250000
S 200000
[
20 150000
=
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M Uniform{100Qm) M Uniform(1000Qm) Top(1000Qm) Top(1000Qm)

FIGURE 10. Graph of touch voltage in various soil conditions for
increasing grid sizes.

The findings demonstrate that when the top layer is
more resistive than the bottom layer, the grid impedance
in two-layer soil is lower than that of the same grounding
system in uniform soil with high resistivity. This is due to
the uniform dispersion of current density all over the ground-
ing conductors. In contrast, when the bottom layer is more
resistive than the top layer, the grid impedance is higher in
two-layer soil than that in uniform soil with low resistivity
due to higher current density at the perimeter of the grounding
system.

The grid size does not have a significant impact in terms
of behavior when it is placed either in uniform soil and a
two-layer soil structure with different resistivities. But the
size of a grounding system does influence the grounding
system’s security. A grounding system has to be large so
that the impedance will be below tolerable value. But still,
a large grid does not guarantee a safe condition when it is
placed in high resistivity uniform soil or a two-layer soil
structure. Table 3 shows the overall safety evaluation of the
grounding system which complies with all three tolerable
values. It can be seen that all three sizes are unsafe in
uniform soil and two-layer soil structure regardless of soil
resistivity. Additional amendments are therefore required,
such as reducing the size of the mesh or attaching ver-
tical rods to the primary grounding grid to create a safe
grounding grid.
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TABLE 2. Variations of grounding grid depth for each grounding design
Parameters.

Depth of Grounding grid size Case number

grid buried

0.5m Al-1 & A3-1

0.8m 30mx 30m & 130mx  A1.1 & A3-II

1.5m 130m AL & A3-111
Grounding mesh size

0.5m B2-1 & B4-1

0.8m 10mx 10m & 21.7m x B2-1I & B4-11

1.5m 21.7m B2-1II & B4-1I
Number of electrodes

0.5m Cl-1 & C4-1

0.8m Cl1-1I & C4-11

1.5m 4 rods & 16 rods CI-I & C4-1I
Length of electrodes

0.5m DI-1 & D2-1

0.8m D1-II & D2-11

1.5m 2m & 4m D1-II & D2-11I

TABLE 3. Safety evaluation of a grounding system for different grid sizes.

Grid size Uniform soil

Uniform

Two-layer soil

Uniform Top Top
(1000Qm)

(1000Qm)
30m x 30m

50m x 50m

2) MESH SIZE

This section analyzes the influence of different mesh sizes
on a 130 m x 130 m grounding grid. A similar pattern to
different grid sizes can be observed in this section for different
mesh sizes in Fig. 11, Fig. 12, and Fig. 13. As the mesh size
gets bigger, the impedance, touch, and step voltage increase.
As shown in Fig. 7(a) as well as Fig. 7(b), the maximum
values for step and touch voltages can also be seen near the
corners of the grid.

Influence of mesh size on grid impedance

4

o -I -I -I -I

10m x 10m 16.3m X 16.3m
Mesh size (m?)

w

Impedance (Q)
- N

5m x 5m 21L.7mx 21.7m

m Impedance Uniform(1000Qm) = Impedance Uniform(1000Qm)

Impedance Top(100Qm) Impedance Top(1000Qm)

FIGURE 11. Graph of grid impedance as mesh sizes increase in different
soil conditions.

37501



IEEE Access

N. Permal et al.: Impact of Substation Grounding Grid Design Parameters

% of Step Voltage Increment
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o
5mx5m 10m x 10m 16.3m x 16.3m 21.7mx21.7m

BL B2 B3 B4
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% of Step Voltage Increment Top(1000Qm)
% of Step Voltage Increment Top(100Qm)
% of Step Voltage Increment Uniform(1000Qm)

———% of Step Voltage Increment Uniform(1000m)

FIGURE 12. Graph of percentage increment for step voltages as mesh
sizes increase in different soil conditions.
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% of Touch Voltage Increment Top(1000m)
% of Touch Voltage Increment Uniform(1000Qm)

e % of Touch Voltage Increment Uniform{100Qm)

FIGURE 13. Graph of percentage increment for touch voltages as mesh
sizes increase in different soil conditions.

The percentage of step voltage increment of impedance,
step, and touch voltages in uniform soil with a high resis-
tivity is similar to the uniform soil with low resistivity. For
example, a 9 % step voltage increment can be seen for
10 m x 10 m mesh size. An increment of 1 7% can be seen
for grid impedance in 10 m x 10 m grid size compared to
15 % of the increase in 21.7 m x 21.7 m mesh sizes in a
two-layer soil structure with a top layer of high resistive. The
percentage grid impedance increment from 10m x 10m till
16.3 m x 16.3 m mesh sizes are small and start to drop after
16.3 m x 16.3 m mesh size for all soil conditions. This shows
that the mesh size has reached its effective size. As explained
in [35], [36] an effective size is achieved when an increase
in grounding design parameters does not give a significant
improvement of the corresponding grounding impedance.

Similar to grounding grid size, the mesh size of a grounding
system also does not have a major impact in terms of behavior
when it is placed either in uniform soil and two-layer soil
structure with different resistivities. But the mesh size of a
grounding system does influence the safety of a grounding
system.

All the mesh sizes have an impedance below the tolerable
value regardless of soil conditions; uniform soil or two-layer
soil with different resistivities but the step and touch voltages
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differ for each soil condition. An overall safety evaluation can
be seen from Table 4 where only a 130 m x 130 m grounding
grid with 5 m x 5 m mesh size is safe in uniform soil with
low soil resistivity. Therefore, further modifications need to
be done so that the grid is safe for all soil conditions.

TABLE 4. Safety evaluation of a grounding system for different mesh
sizes.

Mesh size Uniform soil Two-layer soil
Uniform Uniform Top Top
(100Qm) | (1000Qm) | (100Qm) (1000Qm)

Safe

10m x 10m
16.3m x 16.3m
21.7m x 21.7m

3) NUMBER OF RODS

This section analyzes the influence of a different number
of vertical rods on a 130 m x 130 m grounding grid with
10 m x 10 m mesh size where it was unsafe as in Table 4.
In this analysis, 2 m length of vertical rods is placed on
the grounding’s periphery. Fig. 14 and Fig. 15 show the
graph of the step and touch voltage reduction percentage of
a different number of rods in different soil conditions. The
magnitudes decrease for all soil conditions when the rods
are added. In step voltage, there is a substantial reduction
when the rods are increased from 4 to 13 rods (10.5 %)
and not much difference is seen when the rods are increased
from 13 to 16 rods (0.95 %) in low resistivity top layer soil.
Compared to two-layer soil, the percentage of reduction when
adding vertical rods in uniform soil is much smaller. This
could be due to the influence of soil layers and the resistivity
of the neighboring soil layer on the current dispersion through
vertical rods which is absent in uniform soil.

% of Step Voltage Reduction

20

Percentage(%)

4 8 13 16
a c2 No.of.rods a c4

——% of Step voltage Reduction Uniform(100Qm) % of Step voltage Reduction Uniform(1000Qm)

% of Step voltage Reduction Top(1000m) % of Step voltage Reduction Top(10000m)

FIGURE 14. Graph of percentage reduction for step voltage as the vertical
rods’ number rises in different soil conditions.

Even though the safety parameters’ magnitudes reduce as
the number of rods increases, a sufficient number of rods
is needed to make a grounding system safe. From Table 5,
it is observed that a grounding system with an additional
more than 13 vertical rods is safe in low and high resistivity
uniform soil and low resistive top soil layer in a two-layer soil
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% of Touch voltage Reduction Top(1000m)
% of Touch voltage Reduction Uniform(1000Qm)

s %, of Touch voltage Reduction Uniform(1000m)

FIGURE 15. Graph of percentage reduction for touch voltage as the
vertical rods number rises in different soil conditions.

TABLE 5. Safety evaluation of a grounding system for a different number
of vertical rods.

Number of Uniform soil
rods Uniform

Two-layer soil

Uniform Top Top
(100Q2m)

(1000Qm) (1000Qm)

structure. Whenever there is a limitation on grounding size,
adding a sufficient number of vertical rods to the grounding
grid would help in dissipating fault current away from the
earth’s surface, where peaks of step and touch potentials are
lessened. Besides, the number of rods that are required is also
dependent on the length of rods used which will be discussed
in the next section iv. To make the grounding system safe in
a two-layer soil structure with a top layer of high resistive,
the length of rods used should be longer.

4) LENGTH OF RODS

Fig. 16, Fig. 17, and Fig. 18 show that an increase in
impedance, step, and touch voltage can be noticed at the
6m length for two-layer soil with a low resistivity top layer.
This is due to the influence of the high resistive bottom soil
layer as the vertical rods passed beyond the two-layer soil

Influence of Length of Rods on Grid Impedance

4 [
3.5 1
3 1
=25 1
8 2 !
2 1
£ 15 I
E :
05 |
0 [

Zm 4m soil boundary 6m

b1 D2 D3

Length of rod (m)
== |mpedance Uniform(1000Qm) Impedance Uniform{1000Qm)
Impedance Top(100Qm) Impedance Top(1000Qm)

FIGURE 16. Graph of impedance for increasing length of vertical rods in
different soil conditions.
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Influence of Length of Rods on Touch Voltage

40000
35000
30000
25000
20000
15000
10000
5000
o 1

2m 4m

D1 D2

Length of rod (m)

Voltage (V)

' 6m
soil boundary D3

s Touch voltage Uniform(100Qm) Touch voltage Uniform({1000Qm)
Touch voltage Top(100Qm) Touch voltage Top(1000Qm)

FIGURE 17. Graph of touch voltage for increasing length of vertical rods
in different soil conditions.

Influence of Length of Rods on Step Voltage
12000
10000

8000
6000
4000
2000

Voltage (V)

2m 4m ' 6m

soil boundary
Length of rod (m)

m—Step voltage Uniform(100Qm) Step voltage Uniform(1000Qm)
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FIGURE 18. Graph of step voltage for increasing length of vertical rods in
different soil conditions.

TABLE 6. Safety evaluation of a grounding system for different lengths of
vertical rods.

Length of Uniform soil Two-layer soil
rod Uniform Uniform Top Top
(100Qm) (1000Qm) (100Qm) | (1000Qm)
2m Safe
4m Safe
6m Safe

boundary at 5Sm. When the length of the rod is long enough to
penetrate the high resistive bottom soil layer, its resistivity
influences the behavior of the grounding system where it
will increase the grid impedance, touch, and step voltage.
The high resistivity bottom layer causes more current flow
towards the lower resistivity in the top layer thus increas-
ing the grounding impedance touch and step voltage. From
Table 6, it can see that longer rods are only useful when it
is used in two-layer soil with less resistivity bottom layer as
more current will disperse through a longer rod which makes
the grounding system to be safe.

B. INFLUENCE OF GRID BURIAL DEPTH

ON GROUNDING BEHAVIOR

In determining the protection of a grounding system, particu-
larly in the two-layer soil model, the depth of the grid buried
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Influence of grid burial depth on impedance
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FIGURE 19. Graph of impedance for increasing grid burial depth in
different soil conditions for 30 m x 30 m grid size (10 m x 10 m mesh size).
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FIGURE 20. Graph of grid impedance for increasing grid burial depth in
different soil conditions for 130 m x 130 m grid size (10 m x 10 m mesh
size).

in the soil also plays an important role apart from varying
the design parameters of a grounding grid, such as expanding
the grid size, reducing mesh size, adding more vertical rods
with a longer length. The grid burial depth is normally in the
interval of 0.5 m to 1.5 m or 2.0 m to 2.5 m in some cases
according to [1].

The reduction for impedance for smaller grid size
(30 m x 30 m with a mesh size of 10 m x 10 m) is notice-
able which is about 19 % compared to bigger grid size
(130 m x130 m with a mesh size of 10 m x 10 m) which is
only 8 % as in Fig. 19 and Fig. 20. For uniform soil, as the
grid depth increases, the impedance reduces and a substantial
drop in impedance can be seen for uniform soil with high
resistivity. The first layer height of two-layer soil for this
analysis is 1 m. A similar pattern of behavior can be found
when the topsoil layer varies which will be explained in the
next section C. For two-layer soil, the impedance increases as
the depth increase after the soil boundary in the low resistive
topsoil layer because the high resistivity bottom layer causes
more current flow towards the lower resistivity in the top layer
thus increasing the grounding impedance.

Alternatively, increasing the grid’s depth in high resis-
tive top layer soil decreases the impedance value until the
boundary of two-layer soil. The impedance value after the
soil boundary is similar to that in uniform soil with low
resistivity. A similar pattern as in different grid sizes can also
be observed for different mesh sizes as shown in Fig. 21.

Fig. 22 and Fig. 23 displays a similar behavior for both
the number of rods. There is no large reduction that can be
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FIGURE 21. Graph of impedance for increasing grid burial depth in
different soil conditions for 21.7 m x 21.7 m mesh size (130 m x 130 m
grid size).
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FIGURE 22. Graph of grid impedance for increasing grid burial depth in
different soil conditions for 4 vertical rods.
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FIGURE 23. Graph of grid impedance for increasing grid burial depth in
different soil conditions for 16 vertical rods.

seen for increasing the grid depth in high and low resistivity
uniform soil. For two-layer soil with a low resistivity top
layer, the impedance reduces significantly when the depth
increases to 0.8m and started to increase when it reaches
the soil boundary at 1 m for 4 rods. For 16 rods in Fig. 23,
a similar pattern with a lower magnitude of impedance can
be observed. The reduction rate is smaller after 1.5 m grid
depth for both numbers of rods.

Compared to varying rod numbers, grid sizes and mesh
sizes, the rod length in different grid burial depth is crucial
in determining the grounding behavior and protection in
two-layer soil structure. Similar to Fig. 22, the reduction is
not obvious for both lengths of rods in high and low uniform
soil. The analysis compared 30 m x 30 m and 130 m x 130 m
grounding grids to analyze the influence of the combination
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of grid size and length of the rod as the depth of burial
increases.

As can be seen in Fig. 24, the impedance reduces at 0.8 m
depth and start increasing as it nears the boundary at 1m for
a smaller grid (30 m x 30 m) with short rods (2 m). For 4 m
rods, the impedance almost constant before the soil boundary,
and start increasing after passing through the boundary as
in Fig. 25. As mentioned earlier, the impedance increases as
the depth increase after the soil boundary for the top layer
with lower resistivity because the high resistivity bottom layer
causes more current flow towards the lower resistivity in the
top layer thus increasing the grounding impedance.

Influence of grid burial depth onimpedance (30m x

30m)
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‘s Impedance (2m) Uniform(1000m) Impedance (2m) Uniform(10000m)
Impedance (2m) Top(1000m) Impedance (2m) Top(10000Qm)

FIGURE 24. Graph of impedance for increasing grid burial depth in
different soil conditions for 2 m rod length (4 rods) ina30 mx30 m
grounding grid.
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Impedance (4m) Top(1000Qm) Impedance (4m) Top(1000Qm)

FIGURE 25. Graph of impedance for increasing grid burial depth in
different soil conditions for 10m rod length (4 rods) in a 30 m x 30 m
grounding grid.

For a larger grid (130 m x 13 Om) placed in a low resistive
top soil layer as in Fig. 26 and Fig. 27, more reduction can
be seen for shorter rods (2m) compared to longer rods (4 m)
before the soil boundary because of the position of shorter
rods in low resistivity top layer. Although the 4m rods are
in the high resistive bottom layer, the large grid size with
increasing grid depth helped to reduce the grid impedance.
After a certain depth, for example, 1.5 m, there is no many
changes in the impedance value.

As no noticeable decrease in impedance resistance is
accomplished by increasing the depth, this depth may be
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FIGURE 26. Graph of impedance for increasing grid burial depth in
different soil conditions for 2 m rod length (4 rods) ina 130 m x 130 m
grounding grid.
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FIGURE 27. Graph of impedance for increasing grid burial depth in
different soil conditions for 4 m rod length (4 rods) ina 130 m x 130 m
grounding grid.

taken as an indicator of the optimum depth of the grid burial.
This analysis shows that the length of the rod is dominant in
determining the grid’s impedance when a grid is small while
grid size is dominant in determining the grid’s impedance
when the length of the rod reached a high resistive soil layer.

C. INFLUENCE OF SOIL TOP LAYER HEIGHT ON
GROUNDING IMPEDANCE

The information on soil properties is important before design-
ing a grounding system. The behavior of the grid is not only
affected by the soil resistivity in each layer but also by the
top layer height. This analysis is important as a piece of
knowledge to predict the impedance pattern which would
help in deciding on the length of additional vertical rods based
on the topsoil layer height.

In a two-layer soil model, the findings described in the
previous section are based on the top layer soil height of Im.
The bottom soil influences the grounding impedance value
when the height of the top layer is sufficiently small in a
horizontal two-layer soil model. The grounding impedance
varies within a range determined by a lower limit corre-
sponding to the low resistivity uniform soil model and an
upper limit corresponding to the uniform soil with high soil
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Influence of top layer soil height on grid
impedance
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FIGURE 28. Dependence of grid impedance on the top layer height for
different grid sizes.
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FIGURE 29. Influence of depth of grid in different top layer soil height
on-grid impedance.

resistivity when the height of the top layer is changing. The
grid impedance of a grounding system placed in a 3 m top
layer height with low resistivity is lower than the grounding
system placed in a top layer height with high resistivity and
vice versa for a top layer height of 7 m. These two variation
curves might cross at some point (same impedance value)
regardless of grounding size, as demonstrated in Fig. 28 and
Fig. 29. A smaller (30 m x 30 m) grid has a smaller cross
point at 3m topsoil layer height compared to a bigger grid
(50 m x 50 m) with a larger cross point at approximately 6 m
topsoil layer height.

Fig. 30 shows that there is a significant reduction or
increase that can be seen when the depth of the grid buried
is similar to the height of the soil top layer. For example,
if the soil top layer height is 1.0 m with low resistivity,
it would be best not to exceed the grid burial depth more than
1.5 m because the impedance value will increase from 9.6 Q2
to 12.22 Q. In a two-layer soil structure, the soil boundary
plays an important role in determining the behavior of a
grounding system which also corresponds to the depth of the
grid buried. It is suggested that a grounding system should be
buried in a low resistivity medium (within a soil boundary for
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FIGURE 30. Influence of depth of grid in smaller top layer soil height
on-grid impedance.
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FIGURE 31. Graph of allowable step and touch voltages and step and
touch voltages for different surface layer resistivity in low resistivity top
layer soil structure.

low resistivity top layer and after the soil boundary for high
resistivity top layer) to reduce the impedance.

D. INFLUENCE OF SURFACE LAYER RESISTIVITY ON
GROUNDING BEHAVIOR

Surface layer material resistivity is one of the critical core
parameters for the secure, economical, and reliable design of
the substation grounding grid. Generally, a thin coating of
surface material such as crushed limestone, granite, asphalt
with a very high resistivity is used for covering the substation.
Oftentimes, surface layer thickness (hs) of 0.10 m to 0.15 m
is used [1]. The analysis is done for 3 different surface layer
resistivity (1000 €m, 3000 2m, 5000 2m) with 0.15 m of
layer thickness. Fig. 31 illustrates the influence of material
resistivity of the surface layer on acceptable touch and step
voltages and grounding behavior in the top soil layer with
low resistivity.

It indicates that the allowable limits of safety voltages
increase as surface resistivity increases, whereas the ground-
ing behavior for all surface resistivities is the same. There
is no impact on grounding behavior as the surface resistivity
differs. Similar behavior can also be observed for uniform soil
with high and low resistivity and two-layer soil structure with
high resistivity top layer. Increasing the surface resistivity
helps further in reducing the need of using additional num-
bers and length of vertical rods to enhance grounding safety.
According to the analysis, the magnitudes of allowable step
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and touch voltage in low resistivity uniform soil are similar
to low resistive topsoil layer in two-layer soil structure and
an identical pattern is also observed at high resistive uniform
soil and high resistive topsoil layer in two-layer soil structure.

IV. RESULTS VALIDATION

As the results presented in this paper are purely based on
the CDEGS simulation software, it is important to val-
idate the results to ensure their reliability and accuracy.
In CDEGS, there are various modules available to analyze
different grounding, electromagnetic, and transient problems.
The results produced by each computation module in CDEGS
is tested to ensure its accuracy and validity complied for vari-
ous cases documented internally, and numerous fundamental
cases that are available on electronic media. These cases in
each module are retested before releasing a new version.
The results are authenticated by comparing them through
well-documented publications and reports with previously
obtained results. These validation reports and publications
can be accessed through [26].

V. CONCLUSION

A typical safety threshold parameter evaluation includes the
impedance of the substation grounding grid, touch, or step
voltage under faulty conditions. However, owing to the com-
plexity of site topology, often the chosen or available area for
substation design is a non-uniform soil type. It is well-known
and commonly understood that most of the investigations
were based on many assumptions and different physical
approaches, which resulted in many equations developed over
the last few decades based on uniform soil. Thanks to the
advancement of the technology, the design, and research on
grounding systems have gone through years of knowledge
discoveries, with the availability of computer-aided software
specifically for grounding system studies such as CDEGS,
which allows the engineers to understand several aspects of
designs that influence safety and performance of the sys-
tems. The efficiency and safety of grounding systems are
understood to be closely linked to soil characteristics. In this
paper, the soil resistivity was defined and compared between
uniform and two-layer earth structures. These comparisons
are important so that the behavior and safety of a grounding
system can be predicted earlier where it will provide engi-
neers with primary knowledge and valuable instructions to
design a substation grounding system that is safe for both
public and working personnel. In terms of behaviors, there is
no significant impact on the grounding system when the grid
sizes, mesh sizes, and several vertical rods change in different
soil resistivities. Increasing grid sizes and the number of
rods and reducing mesh sizes would help the grid to be safe
by reducing the impedance, step, and touch voltages under
threshold values. But, grounding grid depth and the length
of vertical rods, play an important role in minimizing grid
impedance to some extent. The length of the rod determines
the position of the rod in the soil layer in which the corre-
sponding soil resistivity influences the grounding behavior
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as the depth varies. Besides, it can be concluded that when
a grid is small in size, the length of the rod is important in
determining the grid’s impedance while for a larger grid size
is dominant in determining the grid’s impedance when the
length of the rod reached high resistive soil layer.

Although impedance, step and touch voltage magnitude
in high resistivity uniform soil is higher compared to low
resistivity soil, the percentage of reduction of these grid safety
threshold parameters is similar between high resistivity and
low resistivity uniform soil because there are no other external
factors such as the soil layers and different soil resistivities to
reduce or increase the parameters’ magnitudes. This shows
that there is a linear relationship between grid design param-
eters and grid safety threshold parameters in uniform soil but
in two-layer soil, the safety parameters are only linear up to a
certain extend. For example, the impedance of a grounding
grid reduces linearly in uniform soil as the depth of the
buried grid increases, but the impedance decreases linearly in
two-layer soil before it exceeds the boundary of the soil. After
the soil boundary, the impedance magnitude depends on the
soil resistivity under which the grid is buried. This condition
is also applicable for grounding design parameters such as the
number of rods, length of rods, etc.

This proves that there will be a major error if the presence
of non-homogeneous soil condition is not being considered in
the substation grounding design analysis. Another important
parameter to consider in a two-layer soil structure is the
topsoil height. A grounding grid positioned in a two-layer
soil with a high resistivity top layer would have a lower
impedance value when the depth of the top layer is signifi-
cantly smaller. This would be an advantage by not requiring
any additional vertical rods attached to the grounding grid if
it has complied with the safety threshold parameters. On the
other hand, a large height of the top layer with high resistivity
will have a high impedance value. Therefore, it would require
longer vertical rods attached to the grounding grid so that
the longer rods would penetrate the low resistivity bottom
soil layer and disperse more current into the soil to make the
grounding system safe.

In terms of safety evaluation from Table 3, 4, 5, and 6,
no similar grounding system is safe in all soil conditions. For
example, even though the grounding behaviors improve as
grid size increases, a larger grid that is safe in low resistivity
uniform soil, is not safe in a two-layer soil structure with a
top layer of high resistive. According to the results, it can be
concluded that a 130 m x 130 m grounding grid is not safe
for the mesh size is either 5 m x 5 m or 10 m x 10 m without
any additional vertical rods. Therefore, additional vertical
rods are needed to enhance the safety of the grounding grid.
At least 13 vertical rods with 2 m length are needed for the
grounding rods to be safe in all soil conditions except for
a two-layer soil structure with a top layer of high resistive.
If only 4 rods are chosen, the length of rods needs to be at
least 6 m length for the grounding grid to be safe in uniform
soil with low resistivity and a two-layer soil structure with
a top layer of high resistive. Thus, a detailed analysis of the
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soil condition needs to be carried out for critical substations,
where at least 2 layers of soil structure need to be identified.
Assuming the soil where a grounding system will be installed
to be uniform would cause a major error and risk the ground-
ing’s safety level.
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