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Abstract: In this study, the apparent soil resistivity evaluation is estimated for three-layer soils by four strategies and the
obtained values are compared with experimental measurements done by using the four-electrode method. Different methods
are suggested with the aid of IEEE 80 to estimate the apparent soil resistivity of three-layer soils, in which a grounding system
consisting of a grid with rods is constructed. The effect of the reflection factor on the mesh and the step voltages, the grounding
system resistance and the mesh voltage is investigated. It is concluded that the first three methods are close together, and also
with the experimental findings done by the authors and others the fourth method gives some tolerance with the first three, but it
is in agreement with the experimental measurements. It is concluded also that the reflection factors of non-uniform soil have
significant effects on the apparent soil resistivity, the step and the mesh voltages and the ground resistance. For the verification
of the calculated results, experimental model is used. It is noted that the measured values are slightly high compared with the

calculated values; the reason may be due to the boundary effects of the used model.

1 Introduction

Calculation of the grounding system total resistance is one of the
first steps in determining the size and basic layout of a grounding
system. The soil at the most sites is non-uniform. At first glance,
this may appear difficult to obtain the estimated values of
grounding resistance, step voltage and mesh voltage. The
grounding system resistance depends primarily on the area to be
occupied by the grounding system, which is usually known in the
early design stage.

Calculation of the grounding grid resistance is reported by [1-
3]. Optimum design of the grounding system in a uniform and non-
uniform soils using artificial neural network is presented in [4].
Simplified analysis of electrical gradients above a ground grid is
investigated in [5]. Analytical expressions for the resistance of
grounding systems are investigated by [6—10]. Optimum design of
the substation grounding in a two-layer Earth structure is reported
by Dawalibi and Mukhedkar [11], He et al. [12] and Sun et al.
[13].

Different mathematical expressions and methods to compute the
grounding resistance are suggested by many investigators, several
computer programs based on some of these methods have been
developed by Thabet [14], Phithakwong et al. [15], Gouda and El
Dein [16], Gouda et al. [17] and others [18-21]. According to
IEEE 80 standard [3], the grounding grid resistance must be low
enough to assure that faults currents dissipate through the
grounding grid into the earth, while the ground potential rise on the
earth's surface must be kept under certain tolerances, i.e. step,
touch and mesh voltages have to be in the safety level defined by
the standard [3].

To design the most economical and efficient grounding systems,
it is necessary to obtain an accurate value of the resistivity on the
site. This paper includes different methods to compute the apparent
resistivity of three multilayer soil structures and comparing the
calculated values with the actual field measurements done by
Charlton [21]. Also, the factors affecting the apparent soil
resistivity of multilayer soils are investigated. Such factors for the
evaluation of the grounding system in multilayer soils are:
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i.  The number of layers of soil structure (double and three layers
are considered) and their arrangement.

ii. The thickness of each layer.

iii. The reflection factor between each layer.

The soil composition can be clay, gravel, loam, rock, sand, shale,
silt, stones etc. In many locations, soil can be quite homogeneous,
while other locations may be mixtures of these soil types in varying
proportions. Very often, the soil composition is in layers [19].
Takahashi and Kawase [22] suggested a formula to analyse the
changes of the calculated apparent resistivity of multilayer soils by
using a comparison of soil resistivity-space between electrodes
curves. Optimum estimation of electrical grounding parameters for
a two-layered soil is obtained by Del Alamo [23]. Combined
electrostatic images method to evaluate N-layer apparent soil
resistivity and interpret sounding measurements by Wenner method
is carried out by Lagacé et al. [24]. Slaoui et al. [25] proposed a
method to estimate N-layer soil parameters for the most
economical grounding system. Slaoui et al. [26] suggested a new
method to calculate the apparent soil resistivity of multilayered
soils to determine the electrical grounding parameters of N-layered
soil. A method to estimate soil parameters of multilayered
horizontal soil is estimated by Lagace and Vuong [27] and Salama
et al. [28].

Since the methods deal with the multilayer soils grounding
system are rare and complex; in this paper, models have been
suggested to calculate the apparent soil resistivity of three
multilayer soils, any number of layers can be shortened into two
layers, then it can be reduced to one equivalent layer.

In this paper, the apparent soil resistivity evaluation in the field
is estimated for multilayer soils by four methods and the obtained
values are compared with experimental measurements done by
using the four-electrode method and field measurements done by
Charlton [21]. In this paper also different methods are suggested
with the aid of IEEE 80 to estimate the apparent soil resistivity of
multilayer soils containing grounding system consisting of a grid
with rods. The effects of reflection factor on the mesh and step
voltages and grounding system resistance and mesh voltage are
investigated in this paper.
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Fig. 1 Three layers soil model
(a) Three-layer soil, first and second layers are evaluated as pyq, (b) Three layers soil,

second and third layers are evaluated as pyq

2 Apparent soil resistivity evaluation in the field

The apparent soil resistivity of two layers of soil can be evaluated
using the following formulas that are developed by Sunde [18]:

Pao = Z(Pz —(p=p)- eijs) - (pz —(p,=p)- 372’/5) M

where p,, is the apparent soil resistivity between first and second
layers; p; is the first layer soil resistivity; p, is the second layer soil
resistivity; S is the spacing between probe electrodes of measuring
soil resistivity; d, is the first layer of soil thickness; & is the scaling
factor; and

In(p,/p,) — In(0.0176
i= 812y, 6= n(plpz)Ssn( )

The apparent soil resistivity of three layers soil can be evaluated
using one of the following four methods.

2.1 First method for apparent soil resistivity evaluation

The apparent soil resistivity of three soil layers is obtained by
evaluating initial apparent soil resistivity between the first and
second layers represented by (p,,) as indicated in Fig. 1a using the
Sunde equation (1) [18]. Then, considering the initial apparent soil
resistivity which evaluated between first and second layers (p,,) as
a first layer, and then considering the third layer resistivity as a
second one. Thus, the apparent soil resistivity of the three layers
can be obtained as follows:

Pa=2(ps = (p3 = Pao) - € %) = (s = (p3 = pao) - €7°) )

where p,, is the apparent soil resistivity between first and second
layers; p, is the apparent soil resistivity of the three layers, p3 is the
third layer soil resistivity, d, is the second layer soil thickness; d, is
the first layer soil thickness; and

2

_ In(pa/p5) — In(0.0176)

g=112d+d), 4 33

Calculated values versus electrode spacing of this method are
shown in Fig. 2a using the same parameters as actual
measurements that are reported by Charlton [21]. These parameters
are: the first layer resistivity p; is 59 Q m and its thickness d; = 1.1
m, the second layer of resistivity p, is 104 Q m and has a thickness
of d,=4.6 m and the third layer of resistivity is p3 =35 Q m with
infinite thickness.

2.2 Second method for apparent soil resistivity evaluation

In this method, the apparent soil resistivity between second and
third layers is represented by p,, as indicated in Fig. 15 and it is
calculated by using the equation below:

Puo=2(ps— (ps— p) - €)= (ps = (p, — p,) - €7) 3)

where ps is the third layer soil resistivity; p, is the second layer soil
resistivity; d; is the first layer soil thickness; and j is defined as

_ In(p,/py) — In(0.0176)

j=4612d), 6 35

Then, the resultant apparent soil resistivity of the three layers will
be as follows:

Pa = 2(/)210 - (/)ao - /)1) : e_qs) - (/)ao - (/)ao - /)1) : e—zqs) (4)

where p,, is the apparent soil resistivity between second and third
layers; p; is the first layer soil resistivity; and d, is the first layer
soil thickness

1 /p,) — In(0.0176
g=22d), A= n(p,/ Pag) . Sn( )

The calculated values versus electrode spacing using this method
are given in Fig. 2a. The data used are as that reported by Charlton
[21].

2.3 Third method for apparent soil resistivity evaluation

In this method, according to the modifications done by Seedher and
Arora [29] to obtain the best estimation of two-layer parameters by
using Wenner four pole test data, the apparent soil resistivity of the
three layers is evaluated by obtaining the initial apparent soil
resistivity between first and second layers that are represented by
(pao), and then considering the initial apparent soil resistivity of
first and second layers (p,,) as a first layer and third layer (p3) as a
second layer. Thus, the apparent soil resistivity of three layers will
be as follows.
When (p3) > (pao)

1 1
VS +4(d +d) \Jas+ 4d + do)

Pa= Paot+ 4Pa0Kao - 5 -

®)

+4zVy-s -

C C
\/c +(s/d +d)) \/c + (2s/(d, + dz))ﬂ]

where py is the first layer soil resistivity, p; is the second layer soil
resistivity; ps is the third layer soil resistivity; d; is the first layer
soil thickness; and d, is the second layer soil thickness

(pz - pl)

_ (Ps = Pao)
a0 = s —_
(p+p)

e (p3 + Pao)

V.= Paol—Kao = In(1 = Kyp3))
b= 2n(d, + dy)
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c=x- ‘X, P=2-—x-

)]

x; = 0.393468

ln(&)
Pao
x = 164133, x,=0.136074,

However, when (p3)<(p,,) the finite expression for apparent
resistivity is obtained as follows:

Pa=ps+ ((pao—py) - 267 —e™)) (6)
where

(thn = %) - € 2(s/(dy + b))
d +d,

U=y, —

_ P
Up = X3X4 | — X5
ao

x = 0.673191,
x; = 0.882645,

x, =0.479513,
x; =0.697106

x; = 1.33335,

Calculated values versus electrode spacing of this method are
shown in Fig. 2a by using the same parameters as actual
measurements that are reported by Charlton [21].
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Fig. 2 Results and experimental setup

(a) Actual and calculated soil resistivities. Continuous lines represent the calculated
soil resistivity and dots simulate the actual site measurements reported by Charlton
[21], (b) Experimental setup
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2.4 Fourth method for apparent soil resistivity evaluation

The apparent soil resistivity of the three layers is evaluated by
obtaining the initial apparent soil resistivity between the second
and the third layers as one layer that its apparent soil resistivity is
represented by (p,,) using Seedher and Arora equations [28]. Then,
the first layer soil resistivity (p) is taken as second one. Thus, the
apparent soil resistivity of the three layers will be as follows when

(Pa0) > (3):

Pa=pPi+4p K- s

1
VS +4(d)  as + 4(d1)2]

0
+4zVy - s -

C _ C ]
c+ /@) \ec+@si@d)?

where

(Pao— P1)
Kipp=—""""——=
0 (Pao + 1))

_ Pao(=Kiao — In(1 — K5))

Vo= 25
Ps
=2-x-" ln(—)]
b : Pao
c=x- ln(@)]x3
14
x = 164133, x,=0.136074, x;=0.393468

However, when (p,,) <(p1) the finite expression for apparent
resistivity is obtained as follows:

Pa=Pao+ ((py = pag) - Q€7 — &™) ®
where

(um - xl) . e_XZ(S/dl)
d,

u=u, —

Uy = X3 X, (@)x
m 3 A4 pl 5

x =0.673191,
x, = 0.882645,

x, = 0.479513,
x; =0.697106

x; = 1.33335,

Calculated values versus electrode spacing of this method are
shown in Fig. 2a using the same parameters as actual
measurements that are reported by Charlton [21].

From this figure, it is found that the measured and calculated
results are much closer to each other. More than three soil layers’
apparent resistivity can be obtained by using the same techniques.
The combination of two layers of the soil together led to neglecting
the effect of the current reflection between these two layers, which
leads to an increase in the value of the apparent soil resistivity
comparing with the field measurements as given in Fig. 2a. This
increase varies by combining the first layer with the second or
merging the second and third layers, as well as using Sunde
equations [18] or Seedher and Arora [29] equations in the model
calculations.

3 Verification of calculated results
3.1 Experimental setup

The experimental model used to simulate the multilayer soils
structure contains three tanks; each one has 1.5 m x 1.5 m and the
height of the water in the first one was 0.275 m, the height of the
second tank which is completely filled with water was 1.15 m and
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Fig. 3 Three layers soil model according to IEEE
(a) First and second layers are evaluated as paq, () Second and third are evaluated as

Pao

the third tank has 0.5 m and it is also completely filled with water.
One tank is installed above the other, the top ends of the lower and
the middle tanks are coated with plastic to obtain electrical
isolation between the metallic bodies of the three tanks. Only the
electrical contact between every two mediums (representing the
three layers soil) occurs through the metallic base of the upper
tank. The resistivities of the water in the three tanks are controlled
by sodium chloride (NaCl) salt to be p;=59Qm, p,=104 Qm
and p3=35Qm. The water resistivity of each water tank is
measured by means of a DC probe. The lower tank is connected to
Earth. Wenner method of four electrodes is employed as shown in
Fig. 2b for the resistivity of multilayer soils simulation
measurements. Four copper electrodes with 0.15 m length are used.
A 220V alternating source provided with variac is used to inject
the voltage between the voltage electrodes and the current is
measured between the two current electrodes. To verify the
obtained measurements, the earth tester is used for measuring the
three layers’ apparent resistivity according to Wenner method. The
results are very close to that obtained by voltmeter ammeter
method.

3.2 Experimental results

The electric system resistivity is measured using the four electrodes
method with changing the space between the electrodes (S). The
scale factor for the electrode spacing is considered 1 cm for every
2 m. The measured resistivity is multiplied by the scaling factor of
spacing and simulated layers thickness. The obtained results are
compared with the calculated values by the four methods and the
actual site measurements reported by Charlton [21]. The results are
given in Fig. 2a. From these results, it is noted that the measured
values are slightly different compared with the calculated values,
the reason may be due to the boundary effects of the tank walls
[30]. Another factor affecting the measurement results is the slight
variation in the ionisability of NaCl used to control the water
resistivity in the water tanks. The change in solubility and
ionisability is over several times of water tanks than weaker
electrolytes contained in natural soil used in the field tests that are
done by Charlton [21]. This experimental model and its
experimental results are not carried out before [31]. The difference
between the calculated values of the apparent soil resistivity using
the first three methods and the average measured values in the field
is between 6 and 0.8% depending on the electrode spacing. This

difference increases to 12% compared with the measurements done
by using the suggested experimental model.

4 Apparent soil resistivity of multilayer soils
according to IEEE

According to IEEE [3], the apparent soil resistivity seen by the
ground rods p, is defined as follows:

pa=L(p p)(p.H + p(l, — H)) )

For the case of the rods driven in the same depth as the grid, the
apparent soil resistivity can be calculated as follows:

_ L(p,p,)
P = s =l + p s +h— ) (10)

where p; is the first layer soil resistivity; p, is the second layer soil
resistivity H is the first layer soil thickness /4 is the laying depth;
and / is the length of ground rods.

In this section of this paper, the study is done on three layers
that are reduced to one equivalent layer as follows.

4.1 First method

Calculations of initial apparent soil resistivity between first and
second layers are done using (10) according to IEEE 80 [3] and it
is represented by piy, where p; and p, are the resistivities of first
and second layers, respectively, and H is the thickness of the first
layer as shown in Fig. 3a. Then to obtain the total apparent soil
resistivity of the three layers, the first and the second layers having
soil resistivity pj, are considered as one layer and the third layer
resistivities having resistivity p3 are taken as another layer, the
apparent soil resistivity is estimated by the following IEEE 80
equation:

_ lz(/’lz ﬂs) (11)
Pa= o (H =B+ pols + h— H)))

where pi, is the apparent soil resistivity between the first and
second layers; p3 is the third layer soil resistivity; H' is the
thickness of first and second layers; /4 is the laying depth; and /, is
the length of ground rods.

The reflection factor is defined in this case as

oo Py pi)

h (s + p12) (12)

where pi, is the apparent soil resistivity between the first and
second layer; p3 is the third layer soil resistivity.

4.2 Second method

Calculations are done according to (13) [3] using initial apparent
soil resistivity of the third and second layers that is represented by
P23, where p3 and p, are the resistivities of third and second layers,
respectively; H; is the thickness of the second layer; and H is the
thickness of the first layer as shown in Fig. 3

_ L(p,p;)
5= Gl =) + ol + b= H)) (13)

where p,; is the apparent soil resistivity between the second and
third layers; p3 is the third layer soil resistivity; p is the second
layer soil resistivity; H; is the thickness of the second layer; 4 is
the laying depth; and /; is the length of ground rods.

Then to obtain the total apparent soil resistivity of the three
layers, p,3 is considered as the resistivity of one layer and first soil
layer having resistivity p; is taken as the second layer, the
equivalent soil resistivity is calculated by [3]

IET Sci. Meas. Technol.
© The Institution of Engineering and Technology 2019



_ L(p, p»)
Po= o =) + p 0, + i — H)) (14)

The reflection factor is defined in this case as

(P _ p)
K/I =" -7 7 15

(P +p1) (15)
where p,; is the apparent soil resistivity of the second and third
layers and p; is the first layer of soil resistivity.

5 Effect of reflection factor on the grid system
5.1 Effect of reflection factor on the apparent soil resistivity

To study the behaviour of grounding grid with reflection factor
variation, two multilayer models are used as given in Table 1. One
of these parameters is the apparent soil resistivity. Table 2 gives the
data used to investigate the factors affecting apparent soil
resistivity.

First to explain the effect of the reflection factor on the apparent
soil resistivity in three multilayer soils, model (A) soil layers and
data given in Table 2 are used. The methods explained in item 4 for
calculating the apparent soil resistivity has been employed. The
second layer p, is changed from 20 to 2000 Qm and the
thicknesses of the first layer and also the second layer, each one is
taken as 2 m. Fig. 4a shows that increasing of the reflection factor
decreases the apparent soil resistivity when (pj5 > p3). In this case,
the reflection factor is positive. This is noted also in the case of (p3
>p12) when the reflection factor is negative. It is shown in the
same figure that in case of (p > py3 or p3>pq,y), the apparent soil
resistivity increases with the reflection factor increase.

Similar calculations are done using model (B) data, as shown in
both cases (pj2>p3) and (p3>p1,) the apparent soil resistivity
increases with the reflection factor increase. The same when (p; >
pa3 or when p3>p,) as given in Fig. 4b.

5.2 Effect of reflection factor on the mesh and step voltages

To study the effect of reflection factor on the mesh and step
voltages, models (A) and (B) and grounding grid data given in
Tables 1 and 2 are used. Mesh and step voltages are calculated
according to IEEE 80 equations [3] as follows:

g knks p)

Em =0 271551) (16)
_ (lG ks k3 pa)
Es= 708510 an
1 D>  (D+2hyY h) K; 8
km‘ﬂ['“(mhd T 8pd )T K, "man-1)

11 1 1 nez
KS—;[E'FD—_’_”'FEU -0.5 )]

where i is the maximum grid current that flows between
grounding grid and surrounding Earth during faulty condition; &, is
the geometrical factor; K; is the corrective factor; K is the
corrective weighting factor that emphasises the effects of grid
depth; K;; is the corrective weighting factor that adjusts for the
effects of inner conductors on the corner mesh; /4 is the depth of
grounding grid conductors in m; D is the spacing between parallel
conductors in metres; d is the diameter of the grid conductor in
metres; K3 is the correction factor for grid geometry; p, is the
apparent soil resistivity; /; is the total length of the grid conductors
in metres; and /; is the total length of grounding rods [3].

Fig. 5a shows the step voltage versus the reflection factor using
the data of three layers soil model (A) and the data are given in
Table 2 of the grounding grid. The step voltage as shown in this
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Table 1 Values of two models of multilayer soils

Model Layer Resistivity, Q m Thickness, m
A 1 200 2

2 20-2000 2

3 300 0
B 1 200 2

2 1000 2

3 20-2000 L

Table 2 Data used to investigate the factors affecting

apparent soil resistivity

area 100 x 100 m2
surface resistivity 30000 m
thickness of surface-crashed rock 0.2m
thickness of the upper layer 2m
fault current 6000 A
number of rods 20
length of rods 6m
space between each two conductors 3m
laying depth 0.5m
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Fig. 4 Relation between the reflection factor and apparent soil resistivity
(a) Using the data of multilayers soil models (A) given in Tables 1 and 2, (b) Using the
data of three-layer soil model (B) given in Tables | and 2

figure decreases with the reflection factor increase in both cases
(p12>p3) or (p3>p12). However, when (p; > ps3) or when (p23>
p1) as given in the same figure the step voltage increases with the
increase of reflection factor. Similar calculations are done to obtain
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Fig. 5 Relation between the reflection factor and step voltage

(a) Using the data of three layers soil model (A) and the grounding grid specifications
given in Tables 1 and 2, (b) Using the data of three-layer soil model (B) and the
grounding grid specifications given in Tables 1 and 2

the relation between the reflection factor and mesh voltage as given
in Fig. 5b. As it is noted in this figure, the relation between the
mesh voltage and the reflection factor has a similar characteristic
of the step voltage versus the reflection factor.

Similar calculations are done to calculate the step and touch
voltages using three layers soil model (B) data and the data of the
grounding grid given in Table 2, as shown in Figs. 6a and b the
mesh and step volts increase with the reflection factor increase in
cases of (p12>p3), (p3> p12), (p1 > p23) and when (23> p1).

The voltage profiles of the grid under study in different cases in
three dimensions are given in Fig. 7. The description of each case
given in Fig. 7 is tabulated in Table 3.

As it is noted in Figs. 7a and b, the voltage profiles when taking
the first and the second layers as one layer and the third layer as
another layer have the same profile when the second and the third
layers are considered as one layer and the first layer is taken as
another. The difference is that the case (a) profile voltage values
are higher than that obtained in case (b). The same is noted with
increasing the number of conductors as given in Figs. 7c and d. It is
noted also that increasing the conductor's number gives a smoother
voltage profile.

5.3 Effect of the reflection factor on the ground grid
resistance

To study the effect of reflection factor on the grounding grid
resistance, the data of the three layers soil models (A) and (B) and
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Fig. 6 Relation between the reflection factor and the mesh voltage

(a) Using the data of three layers soil model (A) and the grounding grid specifications
given in Tables 1 and 2, (b) Using the data of multilayers soil models (B) and the
grounding grid specifications given in Tables 1 and 2

also the grounding grid specifications given in Tables 1 and 2 are
employed. The calculations are done by using IEEE 80 equations
[3]

Rl = (p,/x 1)(InQ2L/h ) + kl(ll/\/Z) -K,) (18)

R2 = (p,/2nz LY(An(8L/dy) — 1 + 2k(LINAWn— 1) (19)

R12 = (po/n 1)(AnQL/L) + ki(L/A) — K, + 1) (20)
_ RR, - R},
R¢ = TR 2R, @1

where Rg is the grounding system resistance; R; is the resistance of
grid conductors; R, is the resistance of the ground rods; Ry, is the
mutual resistance between the grid conductors and grounding rods;
p1 1s the soil resistivity encountered by grid conductors buried at
depth # in Q m; p, is the apparent soil resistivity as seen by a

ground rod in Q m; H is the thickness of the upper layer soil in m;
po is the soil resistivity from depth H downward in Q m; /; is the

total length of grid conductors in m; /5 is the average length of a
ground rod in m; % is the depth of grid burial in m; 4’ is defined as
y/dih according to IEEE 80 [3]; 4 is the area covered by a grid of
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Fig. 7 Voltage profiles of the grid under study in different cases in three dimensions
(a), (b), (¢), (d) as given in Table 3
Table 3 Cases description of Fig. 7
Case Description

(@)

p1=200Q m, p2 =50 Q m and p3 =300 Q m; the thickness of the first layer = 2 m, thickness of the second layer =2 m, rod length =6 m,

laying depth = 0.5 m, number of conductors = 15, square grid equally spaced and p12 is taken as one layer with p3 as the second layer

(b)
(©)

same data of the grid and layers as (a), but po3 is taken as one layer with p4 as the second layer
p1=200Q m, pp =50 and p3 =300 Q m, the thickness of the first layer = 2 m, the thickness of the second layer =2 m, rod length =6 m,

laying depth = 0.5 m, number of conductors = 34, equally spaced and p12 is taken as one layer with p3 as the second layer

(d)

same data of the grid and layers as (c), but po3 is taken as one layer with pq as the second layer

dimensions, m?; # is the number of ground rods placed in the grid
area A; and K;, K, are constants related to the geometry of the
system as reported by [3].

Fig. 8a shows the effect of reflection factor on the grounding
grid resistance using the data of model (A) and the grounding grid
specifications given in Tables 1 and 2. It is noted that when p; >
P23, the ground grid resistance increases until reaching to uniform
soil condition (p| =py3), the reflection factor, in this case, is zero.
After that value increasing the reflection, factor leads to a sharp
decrease in grounding grid resistance. Similar results are obtained
when pj; > p3 until reaching to reflection factor equals 0.3, then the
resistance of the grid increases, but after that the grid resistance
decreases. From calculations done by using model (B) data and the
grounding grid specifications are given in Tables 1 and 2, it is
noted as given in Fig. 8 that when p; > pj3 the grounding grid
resistance increases until reflection factor equals —0.3, after that it
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decreases, but when p;, > p3 the ground grid resistance increases
until reaching to pjp =p3, after that it decreases. Fig. 8¢ shows
additional relation between the reflection factor and ground
resistance when p; =200 Q m; p3 is taken 20-2000 Q m and p, =
100 Q m, the thickness of the first layer=2 m, a thickness of the
second layer =2 m and each rod length =6 m.

6 Supporting of calculated results of reflection
factor effects on the grounding grid parameters by
experimental measurements

For the verification of the calculated results of the effect of
reflection factor on the mesh and step voltages and the grid
resistance, the experimental model given in Fig. 2b is modified as
shown in Fig. 8d4. The modified model contains only two identical
tanks. They are filled with tap water. The lower tank is connected
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(a) Effect of reflection factor on the grounding grid resistance using the data of model (A) and the grounding grid specifications given in Tables 1 and 2, (b) Effect of reflection factor

on the grounding grid resistance using the data of model (B) and the grounding grid specifications given in Tables 1 and 2, (¢) Additional relation between the reflection factor and
ground resistance when p1 =200 Q m, p3 is taken 20-2000 Q m and pp = 100 Q m, thickness of the first layer =2 m, thickness of the second layer =2 m and each rod length =6 m,

(d) Modified experimental setup

to Earth. The resistively of the upper and lower water layers are
controlled by adding an amount of NaCl to simulate the two
multilayer soils. Each one of the three-layer models (A) and (B)
given in Table 1 is reduced to two layers model as explained
before. The water resistivities in the upper and lower tanks of the
simulated model are controlled to be in agreement with the soil
resistivity values used in the calculations given in Figs. 5a and b,
6a and b and 8a and b. The water conductivity is measured by
means of a DC probe. A 220 V alternating source provided with
variac is connected with the grounding grid model which is
suspended in the upper tank.

Capacitor (10 F) is connected between the variac and the grid
model to prevent any flow of DC current due to the use of
dissimilar materials.

Two voltmeters are used: one for measuring the input voltage to
the model and the other is connected to a probe for measuring the
voltage distribution on the grid surface. One ammeter is used to
measure the input grid current that simulates the short-circuit
current, as shown in Fig. 84. The grounding grid 100 x 100 m? data
given in Table 2 is simulated with a chosen scale factor of 1/100. In
the opinion of several researchers, the effects of grid conductor
diameter on grid resistance and the earth surface potentials are

8

negligible [30]. The simulated grid conductors are made from
copper having 2.5 mm in diameter. The scale factor of the grid
laying depth and the upper layer thickness is chosen to be 1/100.
Table 4 gives a summary of calculated and measured values of step
and touch voltages and grounding grid resistance as a function of
the reflection factor. It is noted that the measured values are
slightly higher than that calculated. In the author's opinion, that is,
may be due to the boundary effects of the tank walls. Another
factor affecting the measurement results is the slight variation in
the ionisability of NaCl used to control the water resistivity in the
tanks that contain a large amount of water.

7 Conclusion

This paper contains different strategies for calculating the apparent
soil resistivity using Sunde, Seedher and Arora equations.
Comparisons to the field measurements carried out by others and
experimental model measurements done by the authors are done. It
is noted that the first three methods are very close to each other and
also close to the experimental findings. The fourth method gives
some tolerance with the first three when the space between the rods
is <15m, but it is in agreement with the experimental
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Table 4 Summary of calculated and measured values

Figs. 5a and b verification

reflection factor

step voltage, volt, calculated, p12 > p3 or p3>p12

step voltage, volt, measured, p12 > p3 or p3>p12

step voltage, volt, calculated, p1 > p23 or when p23 > p1
step voltage, volt, measured, pq > p23 or when p23 > p14
mesh voltage, calculated p12 > p3 or p3>p12

mesh voltage, volt, measured, p12 > p3 or p3>p12
mesh voltage, volt, calculated, p4 > p23 or when p23 > p4
mesh voltage, volt, measured, p1 > p23 or when po3 > pq
Figs. 6a and b verification

reflection factor

mesh voltage, volt, calculated, p12 > p3 or p3>p12

mesh voltage, volt, measured, p12 > p3 or p3>p12
mesh voltage, volt, calculated, p4 > p23 or when p23 > p4
mesh voltage, volt, measured, p1 > p23 or when p23 > pq
step voltage, calculated pq2 > p3 or when p3>p12

step voltage, volt, measured, p12 > p3 or when p3 > p12
step voltage, volt, calculated, p1 > p23 or when p23 > p1
step voltage, volt, measured, pq > p23 or when p23 > p4
Figs. 8a and b verification

reflection factor

grounding resistance, Q, calculated, p1 > p23 model A
grounding resistance, Q, measured, p1 > p23 model A
grounding resistance, Q, calculated, p12 > p3 model A
grounding resistance, Q, measured, p12 > p3 model A
grounding resistance, Q, calculated, p1 > p23 model B
grounding resistance, Q, measured, p1 > p23 model B
grounding resistance, Q, calculated, p12 > p3 model B
grounding resistance, Q, measured, p12 > p3 model B
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180 250 420 606 700 805 870 1020 —
185 254 427 611 722 809 880 1029 —
30 85 175 200 280 390 480 610 820
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130 270 395 500 600 700 780 — —
140 275 400 520 608 710 790 — —
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measurements. The differences in the measured values in the field
on one side and that obtained by using a laboratory model on the
other side may be due to the boundary effects of the used model.
Another factor affecting the measurement results is the variation in
the ionisability of NaCl used to control the water resistivity. The
change in solubility and ionisability of water tanks is over several
times than weaker electrolytes contained in natural soil used in the
field tests that are done by the others.

It is concluded also that the reflection factors in non-uniform
soil have significant effects on the apparent soil, step and mesh
voltages and ground resistance of the grid. For the verification of
the calculated results, experimental model is used. It is noted that
the measured values are slightly high compared with the calculated
values; the reason as mentioned above may be due to the boundary
effects of the used model.
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