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Abstract: Problem statement: The two-layer soil model at low magnitude voltageassumed to be
accurate for the measurement and calculation oé#nth resistance of a combined grid-multiple rods
electrode. The aim of this study is to measure @aidulate the earth resistance of a combined grid-
multiple rods electrode buried in a two-layer samild to confirm the simplicity and accuracy of the
used formulaApproach: Soil resistivity was measured using Wenner founpmethod. Advanced
earth resistivity measurement interpretation teghes which include graphical curve matching based
on master curves and an advanced computer progagedlbon a genetic algorithm are used in this
study. Results: Based on the resistivity data, the earth resistarmlue was calculated using the
formulas obtained from the literature. Measuremaitshe earth resistance of the earthing system
were also conducted using the fall of potentiallmdt Conclusion/Recommendations: A very good
agreement was obtained between the measured andatedl earth resistance values. This research is
the first time ever conducted where the measureith easistance values are compared directly with
the calculated earth values.
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INTRODUCTION since they are too lengthy, but by checking nunadsic
against the results of detailed-numerical methaus a
The main objective of a grounding system is toanalytically, against asymptotes. The formulas are
provide means to dissipate electrical currents thies  suitable for calculation with a handheld calculaamd
ground, in order to ensure the continuity of theveo therefore they are useful tools for an engineethim
supply and the integrity of the equipment and tsuea field.
that a person in the vicinity of the grounded iliateon Nahman and DjordjeVi¢ analyzed the resistance
is not exposed to a critical electrical shock. tdey to  to ground of a wide set of square and rectanguiar g
achieve these targets, the apparent electricadtaesie electrodes combined with multiple rods, buried in
of the grounding system must be low enough to allowuniform and two-layer soils using available exact
fault currents to dissipate mainly through the ldag  computer software. Based updhe results of this
electrode into the groufil analysis, analytical expressions and graphs for
With an increasing number, size and complexity ofelectrodes resistance to ground are provided, wisich
the substation, the earthing system design hasnfeco appropriate for practical application.

more challenging.A few author§® have provided In another research done bythe resistance to
earth resistance formulas for rod beds and multipleearth of square and rectangular grid and combimnied g
electrodes for two-layer soils multiple rods earth electrodes buried in unifornd an

Chow et al.? listed, under one umbrella, the two-layer soils were analyzed for a wide set of
resistance formulas of grounding systems, naméby: t electrodes and soil parameters. Novel approximate
buried grid, the driven rodbed and the combinatitbn expressions for earth resistance were deduced based
the buried grid and rodbed. The formulas wereupon the data obtained by exact computer modeling.
synthesized from rigorous asymptotes; which givesThese expressions and a set of diagrams provided ca
accuracy up to an averaged errob6% the research did be used in the preliminary design stage of suloststi
not require empirical tables or graphs. The validif = earthing systems for assessing the effects of wario
these formulas was verified not by their derivasion earthing system and soil parameters.
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Cheng-Nan and Chien Hsifigcomputed ground p, = 2mma.R Q)
resistances and assessed ground grid safety & thre
161/23.9-kV indoor-type substations in the systeim o\where:
the Taiwan Power Company. For computing the ground, - The apparent soil resistivity
resistance, a method based on two kinds of twor-layea = The probe spacing
models (i.e., grid buried in the lower-layer of thayer
soil, two-layer soil simplified with one-layer stture A set of readings taken for various probe spacing
of the Sverak's and empirical equations) is used ar:egives a set of resistivities. In this study, theil so
compared with the m?thod pr.opo.sed by the one-lay resistivity measurements are conducted at leasettai
model of the Schwarz's equation in IEEE Standard 80double check the measurements. Table 1 shows the
2000 edition in their findings, the ground resis&n ‘

. AN ; measured apparent soil resistivity values obtaifoed
gtt; Lacltnuerg tg ttﬁg ;ﬁ?!ﬁg :Otst'irgﬁlzfs'efglmhtghﬁ Eé the site. The soil resistivity values obtained frimase
P qui ) measurements are then interpreted into two-layér so
to the measured. For assessing the safety groudd gr - . :
S using the master cur/®s and Genetic Algorithm
of the ground potential rise was computed basethen (GA)
calculated ground resistance and is compared \wih t '

minimum touch voltage. It was found that the desi§n Earth resistance of the combined grid-multiple rods

the ground grid at all three 161/23.9-kV indooreyp dectrode (calculation): In order to evaluate the

substations is unsafe under a one-layer model ®f thaccurac between the desianed and measured earth
Schwarz’'s equation for humans with 50 kg body y 9

weight resistance values, two simple earth resistanceuiasn

o : as proposed by Chdtvand Nahma are used.
The present research is to investigate the twerlay Chowet al? presented a formula for a sunken grid

gglréhmpea;grj‘r::;e]z;snt:t;r?év a':::??ig;??ngg:g%geTﬁgse?uggnd rodbed in combination for a two-layered eartie
y ' YSlUCearth resistance formulas for grid and rodbed in

shows that it is adequate to consider a two-lagifer o
. ! o . combination where the rods penetrate the lowerrlaye
the design of earthing system. This is becaushagt are given by:

been proven ffl that a more accurate representation o

the actual soil conditions can be obtained by usirey 1

two-layer soil model. This present research cordirm R, — (2)
the accuracy of the formulas from refereffc@gor the 1 1Y\
calculation of the earth resistance of the combigrédt RT, * E{

multiple rods electrode in two-layer soil. The del
measurements were also conducted and presented in
this research. Close earth resistance results were
observed between the calculations and measurements.

The resistance, fis:

1 m 1

MATERIALSAND METHODS R =p 4\/; L (1_ 2.25@]_p In(l- K) 3)
(0080 1T VA ) T2n(+h,)

Field data: There are two parameters that determine ZTn d,

the performance of earthing systems; soil restgtand

the configurations/dimensions of earth electroder F

the field measurements, the resistivity data isectgéd m

using the Wenner four-point metHd#! In this \_/

method, small electrodes are buried in four smalié$ @

in the earth, all at depth b meter and spaced (in a

straight line) at intervals a meter. A test currént

Ampere is passed between the two outer electrddes, !

potential drop V is measured between the two inner

electrodes using potentiometer or high-impedance T

voltmeter shown in Fig. 1; where R is obtained from

V/I. Based on this resistance value, the average

resistivity of the soil of different spacing can be
calculated using Eq. 1: Fig. 1: Wenner method test circuit arrangement
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Table 1: Apparent soil resistivity

Table 2: Comparison of interpretation results tayel parameters

Probe spacing(m) 1 1.3 16 2
Apparent 282 261 236
resistivity Q.m)

3 4 5 6 8 10

Where:
p2+pl
hoo.2/A,hOh
A k-1
h = —| In(1- k) |—— 5
=2 (191 ©
A= /NA
_ 1
Rt_ 1 1 (6)
o+ =
Ra Feb
_ [ o
R =—2 _g—2> 7
a (I+h0—h)g°N0 (7)
__ b K .P:
R, = —o 41 8
b (h—ho)go NO h(po ( )

where, it is given in Chowt al./?! that for the rodbed in
two-layers earth:

_1 2L, | In2
Oo =" In[ %] 1+71+ @h2)h 9
R
1 |R
F=1+| N, - s 10
R o
Ng= The number of rods:
1
373
Le (1] L
r(\2 LR“‘%
R.. (11)
R, 2ng,
If hOl+h,:
")
21 -K (12)
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192 141 128 120 118 112 111

Graphical method  Computer program
(curve matching) (genetic algorithm)

Top layer resistivity @.m) 340.00 331.33
Bottom layer resistivity@.m)  102.13 108.46
Top layer thickness (m) 1.10 1.08

1
_2n

1

(In l-sz
=

and the multiple reflections of the two-layer earth
effectively changes the F factor of, Mods (Eq. 10)

(13)

| ’
“1-0.9K

changes to £in the two layers eartlr = F
|

where the arrow means the replacement gf Hy

1 LoRgK where K can be calculated using Eq. 4.

Nahmanet al.®! presented a formula for a sunken

grid and rodbed in combination in a two-layered

earth as:

R, =R,C, (14)

Where:
2P, 2 LRj 2400/ A

R,=0.13"= 1-— A 15
’ JA ( 3JA { N, 13)
_(p)

Cc =22 16
(%] 19)

155
X=0.59In( )+ 0.016In(4.2h)(In(\_ A= fo%< (17)
1

x:o.57ln(8—:'J+ 0.016In(L0h)In(N, Ak foF;—Z> - (18)

The calculated earth resistance values using the
formulas fron*® and together with its measured
values are shown in Table 3.

The examined earthing system is a 4-mesh
combined grid-multiple rods electrode in two-layer
earth, as shown in Fig. 4. Soil resistivity valeédoth
layers and thickness of the top layer are shown in
Table 2. The area of the grid isxi® nf. The burial

depth of the grid is 0.5 m. The multiple rodptieis
3m.
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Table 3: Comparison of resistance values of the bioed grid- produced by Orellana and Moorﬁﬁé.yThe individual

multiple rods electrode curves are described in terms of a reflection dciefit
Calculated resistance) Measured K using Eq. 4
resisance o .

Graphical Computer Fall of @ _T_h_e interpretation of a two Iaye_r apparent

Method (curve  program (genetic  potential resistivity graph can be done by superposing Fign@
REfEfencem matching) algorithm) method then shifting it over the master curves of Figk@eping
Chowetal.™ ~ 6.09 6.30 6.23 the coordinate axes parallel, until a reasonabletmia
Nahman and 6.00 6.14

Jordjevié? obtained with one of the master curves or with an

interpolated curve.
RESULTS There are also resistivity data available in the
booklet®, which make up for the master curves. From
There are two parameters that determine thehe analysis, the values of the three parametgmsefu
performance of earthing systems; soil resistivitgd ¢he layer resistivity, p;, lower layer resistivityp, and
configurations/dimensions of earth electrode. A®@ t thickness of the first layer, h are obtained foe th
field measurements, the resistivity data is codldct proposed field site.
using the Wenner four-point method. The earth
resistance was measured using the fall-of-potentiaGenetic Algorithm (GA): The method and formulas
method and found to be 6.Z3. Two methods were adopted in this present study is taken from the
used: first, calculated method based on the forsnularemarkable study by Gonos and StathogUlos
proposed by ChoW# and Nahmaf for the combined
grid-multiple rods electrode; secondly, measuredhea
resistance using the fall-of-potential method. Galhg ey
as shown in Table 3, close results were obtained 1. Pt
between the two methods.

1000.(

€
g

i
°

DISCUSSION

Earth resistance soil resistivity interpretation of two
layer soil model: Many researchefs*? have used the
two-layer earth model as a good compromise between
the simple uniform earth model and the multilayer 01
model. In this research, the representation of non- 01 1 10 10¢
homogeneous soil for earthing system design for the Spacing (m)

two layer soil model is presented. Here the appawih Fig. 2: Measured soil resistivity curve
resistivity data was obtained from soil resistivity

measurements at the proposed site of the earthing ,] &% ™¢ o .
system as shown in Table 1. The soil resistivitiada b K‘lp"p]
interpreted into two layers of soil, using the reast 5]
resistivity curve and Genetic Algorithm (GAY. For "
the purpose of a better understanding on the soil 3
interpretation methods, some details are includeithe
respective research.

[uN
-

Apparentresist vity (

rheafreel

Master resistivity curves. The resistivity values of the
proposed site are plotted against the electrodeirspa 6]
The result is analysed using the Master Curvesravhe i3
the upper layer resistivityn;, lower layer resistivityp, 34 1";3;‘;5—1;;;3;@—
and thickness of the first layer, h obtained at the :]
proposed site using the master curves are obtained
Figure 2 shows a graph of the apparent resistpjiyf o :
the proposed site, plotted against the spacing @& on : : i
logarithmic scale with the same modulus as the enast
curves. Figure 2 is then compared with a set ofig. 3: Theoretical master curves for the wenneayar
theoretical master curves (Fig. 3), computed and (reproduced frofff)
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In this method, the calculation of the parametdrs
a two-layer structure of the earth is an optimizati

problem. For the computation of the three paramseter

(soil resistivity of both layers and thickness loé upper
layer), the minimization of the function, i5 necessary:

N m _ ~c
Fg = z | pul pul | (19)

m
is1 Pai

Where:

f L

pr = The " measurement of the soil resistivity when Fig. 4: Combined grid-multiple rods electrode

the distance between two sequential probes is
ps, = The computed value of the soil resistivity foet
same distance

The soil resistivity is calculated using equations

i g k(5

where, n = 1.x, K is the reflection coefficient, as in
Eq. 1 and:

2
A :]_+(27th
a

(20)

(21)

where, B = A+3.

A comparison of the soil resistivity values foratw
layer earth model interpreted using the curve match
techniqué' and computer based genetic algorithris

shown in Table 2. As can be shown in Table 2, clos

CONCLUSION

In this research, soil resistivity is measured and
interpreted as a two layer soil model. The measergm
was carried out using Wenner four point method.
Advanced earth resistivity measurement interpratati
techniques which include graphical curve matching
based on master curves and an advanced computer
program based on a genetic algorithm were employed
to interpret the measurement data. Based on tlwke s
resistivity values, the earthing system of combiged-
multiple rods electrode was constructed and théhear
resistance was calculated using the formulas oddain
from the literature. Measurements of the earth
resistance of the earthing system were also coeduct
using the Fall of Potential method\ close result is
obtained between the measured and calculated earth
resistance value. This shows that a two-layerraoiel
g@nalysis can be adequate to design for the earthing

results were obtained between these two methods. ThSYStems.

shows that either method can be used to interpeet t

apparent solil resistivity data as a two layer model

Based on the resistivity values obtained from the
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