CHAPTER 4

EMPIRICAL FORMULAS FOR TWO LAYER SOIL
RESISTIVITY MODEL AND SCALE MODEL

There is need to develop the empirical formulas to calculate parameters of
design of grounding system using two layer soil resistivity model as discussed
in the previous chapter. These empirical formulas can be used for complete
designing of grounding system. These empirical formulas can be used in the
developed program RPDGS and can be further validated with SES Autogrid

software for case studies.

Scale model is the best method to understand the behavior of any grounding
system which include impact of addition of electrodes, mesh size , length of
electrodes, depth of grounding mesh , resistivity of soil, layers of soils etc.
The main parameters of any grounding system like resistance, step and touch
potential may be computed with the help of these scale models for both

uniform and two layer soil resistivity model.

4.1 Empirical Formulas to Calculate Parameters of Design of Grounding

System in Two Layer Soil Model

Parameters whichneed to be computed for accurate designing of grounding
system in two layer soil model are tolerable (permissible) touch and step

potential, grid resistance, actual touch and step potential.

The steps involved in development of empirical formulas for designin of the

grounding of substation is given below :

1. Study of standards related to grounding system. [1-5].

2. Collection of DATA of different substation of 400 kV , 220 kV and 66
kV related to designing of grounding design.

3. Selection of safety parameters affecting design of the grounding

system.
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4. Study the impact of variation of each parameter in designing of
grounding system

5. Development of Multiplying Factor which can be used with available
formulas to give the desired results.

6. Development of Computer Program RPDGS with the help of
MATLAB GUIL

7. Comparison of results with SES Software for Grounding

i.e.ProAutogrid.

Empirical formulas which can be used to compute the apparent resistivity of two
layer soil model of grounding grid has been developed based on experiments
with different data available. These formulas as shown in table 4.1 are further

used in computer program RPDGS[21-26].

Two constants are used in the available formulas for calculation of grid

resistance of grounding system laid in two layer soil resistivity model i.e.

1. ranZ—; 4.1)
2. rr= l’j—j 4.2)

The other terms used in the empirical formula are given below :
p1 = Resistivity of Layer 1

p2 = Resistivity of Layer 2

pa = Apparent Resistivity

Rg= Grid Resistance
Lr=Total Length of grid conductor

73



Chapter 4: Empirical Formulas for Two Layer
Soil Resistivity Model and Scale Model

Table 4.1 Empirical Formulas for Apparent Resistivity and Grid

Resistance
CASE SUB-CASE FORMULA/ EQUATION
0 P1
2<pl I<mf=< 3 ¢ mf
(NE%ATI/\')/E K) . ll + [(mf) — 1] [1 — eK(0.9h+o.9H)”
p2 <pl p P1
aTr mf 1
(NEGATIVE K) | 3< mf=5 Lt ) - 1) [1 } em]
P P1
2<pl f>5 “ T w7
(NE%ATI/\')/E K) " 1+ [(mf) —1] [1 — eK(4.5h+4.5H)]
. — _
p2 > pl Pa = P2 X |14+ [0r)—1] [1 — eK*mf(1.5h+1.5H)]
(POSITIVE K) | 1<rr< 3 ) ’
. — _
Pa=plxX|1+[(rr)—1]|1— eK*mf(2.1h+2.1H)]
p2>pl 3<rr=5 - |
(POSITIVE K)
-1 B
pz > pl > 5 Pa = pl X111+ [(rr) — 1] 1 — eK+mf (4.5h+45H) l
(POSITIVE K) :
R, = l ! + ! (1 + = )
Resistance | 07 9= P, " 204\ 1+ hJ20/4)
(Ry)
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4.2 Example / Case Study for Designing of Grounding System:

First of all resistivity of soil is measured in all direction with different

electrode spacing and soil model is derived from all these measurements. In

this study six cases of two layer resistivity models are considered with positive

and negative reflection factors as shown in Table 4.2& 4.3 respectively.

Table 4.2Case Studies of Two Layer Soil Model (+K)

CASE NO. p1 (OHM-M) p2 (OHM-M) H (Meter)
RESISTIVITY OF | RESISTIVITY OF HEIGHT OF
LAYER 1 LAYER 2 LAYER 1
1 100 200 3
2 100 500 3
3 100 1000 3
Table 4.3Case Studies of Two Layer Soil Model (- K)
CASE NO. p1 (OHM-M) p2. (OHM-M) H (Meter)
RESISTIVITY OF RESISTIVITY OF HEIGHT OF
LAYER 1 LAYER 2 LAYER 1
4 200 100 3
5 500 100 3
6 1000 100 3

Complete data and dimensions of 220/33 kV Air Insulated Substation (AIS) &

Gas Insulated Substation (GIS) with two layer soil resistivity model is given

below in Table 4.4.
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Table 4.4 Data of Substation for Designing of Grounding System

Length of Grounding Grid (Lx) 70 m

Breadth of Grounding Grid (Ly) 70 m

Number of Ground rods (Lg) 23 no

Length of Ground rod (Lr) 3m

Fault Current (Isc) 10 kKA

Duration of Fault Current (ts) 1 sec.

Duration of Shock Current (t;) 1 sec.

Ambient Temperature 50 degree Celsius

Resistivity of Surface Material (Gravel) 3000 Ohm- m

Height of the Gravel (hs) 15 cm
Conductor spacing (D) 5m
Depth of Burial of Grounding Grid (h) 0.6 m
Diameter of Ground rod of Mild Steel (d) 40 mm
Split factor of SCC 1

Above mentioned data is used to compute parameters for grounding grid
design for high voltage substations. In our study conductor spacing of 5 meter
for designing of grounding system is taken. However, RPDGS can compute
optimum spacing required to meet all the parameters for safe designing of

grounding system.

The output results given by Computer software SES Autogrid Pro for case 1
i.e. GPR, Step Potential and Touch Potential are shown in figure 4.1 (a), 4.1
(b) and 4.3(c) respectively.

76



Chapter 4: Empirical Formulas for Two Layer

Soil Resistivity Model and Scale Model
Sep Volbges (A 20 e [k ]
s==========C GROUNDING  ( SYSTEM INFORVATION SUNMARY ) y====== #
] R Vahee - 47045
B s enmercrmemsmensensercramennenart SOEIGHIL g | e i
Syotem OF WIS /o iiiiiiiiiisisis: Metrie B oas
earth Potential Galculations................. Single Electrode Case
Type of Electrodes Considered...............: Main Electrode ONLY ) Jiw
5011 Type Selectet.....ovvvvvieiisinnennnnt MUIt-Layer Horizontal |
SPLITS/FCOIST Scaling Factor.....ovovvwnenns L0000 1 B
{ - L i § mu
[ i
: L '
MULTI-LAYER EARTH CHARACTERISTICS USED EY PROGRAM ; | i I §
3 1 ¢y
e : I [ 1]
LAYER TYPE REFLECTION  RESISTIVITY  THICKNESS
No. COEFFICIENT  (ofm-meter) — (METERS) o ¢ e
1 &ir  0.00000 0.100000e+11 Infinite X0 &
2 soil -0.999990 100.000 3.00000 e R
3 soil  0.333333 200.000 Infinite 0 2 0 2 0
1
A QTS
CONFIGURATION OF MAIN ELECTRODE
Toach Volages (Al 2 Sy [ S
" ‘ . [ 5
original Electrical Current Flowing In Electrode..: 10000, amperes ] p——
Current Scaling Factor (SPLITS/FCOIST/specified)..:  1.0000 | AT E———
Adjusted Electrical Current Flowing In Electrode..: 10000,  anperes ' Wil il =
Number of Conductors in ETECtrOde.....ovovviviiwnd 33 | BE ;
Resistance of Electrode System.......coovrrnnnnns LOBGE  OPS Ll N < mz
' |
SUBDIVISION s ¢ mu
— i |'|7] I
Grand Total of Conductors After Subdivision.: 468 'g | Sia
0 | ||| L EEE
|| | L
Total Current Flowing In Main Electrode......: 10000,  amperes E | | ! } o
Total Buried Length of Main Electrode........: 269.0  meters X 118 b
i mx
EARTH POTENTIAL COMPUTATIONS | g
4 |

Main Electrode Potential Rise (GPR)...... 1086,  wvolts

Fig 4.1 (a) GPR Computation by Autogrid Software ,(b)Step Potential
Plot by Autogrid Software , (¢) Touch Potential Plot by Autogrid
Software-Case 1

The output results given by developed program RPDGS for case 1 is shown in
figure 4.2 (a) and 4.2 (b) respectively.
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The output results given by Computer software SES Autogrid Pro for case 2
i.e. GPR, Step Potential and Touch Potential are shown in figure 4.3(a), 4.3(b)
and 4.3(c) respectively.
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Fig 4.3 (a) GPR Computation by Autogrid Software ,(b)Step Potential
Plot by Autogrid Software , (¢) Touch Potential Plot by Autogrid
Software-Case 2
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The output results given by developed program RPDGS for case 2 are shown

in figure 4.4 (a) and 4.4 (b) respectively.

INPUT DATA HOOF TR LINES - N0 OF DIST NFUTRAL §

mwstmm{nmm] 100 101795 11.6085

it 500 SIZE 0 GI STRIP (WIDTI - TIRCKAESS) mm I L MxeNy 15015

: Wﬂmmm} IC-IR-LT 20 | @ 2180

_ _ omn et | SAFE | TOLERABLE POTENTIALS

mnmnunmawm ﬂ.TS

‘.' Lra

1% 2864

| wramore 0

- G - -

RESISTIVITY OF SOIL {ohm-m) for desian || 167

NI SPACING OF UESH Dt 5

6896.317 284376

immllmmnuw; 1539.2 680154
s ouck bt s 1544 68 G.GM
Ry e 70 NOT SAFE- REDESIGN

INPUTDATA MO OF TR LIES — HO OF DISTHEUTRALS | - ORESULTS

b v ~ IMPEDANCE (7 %o
100 . A or GR e (mm) wioawsm | 101795 11,6065

UPPER LAYER RESIST (P1} {ohm-m)

mwmmmmﬁwmm—sno ‘SIZEOFQS‘INPMHJ’HI mmrss: [i\: \ Nx - Ny ‘ | 31 H 3 |

 EQUIVALENT DA fm) LC-RALT | wmmr | e [ 446087 |
__/ _ mml lueaaas7| ‘SAFEJ'TOLERABLE POTENTIAL

(EIGHT GRAVEL ‘ 015 ‘

S R e o 5 e
T CURRENT 1 2155 | Vol

‘ B i ‘ ‘ \ ] 4D121302\|0513676

e N - —

‘mmmm“m Mm| ! ” ! |;1E5|5r|wl‘mrmumnmmmm| H 351676 ‘ |GR'“CURRE"T:“9_31 10 ‘ KA

e NG =t o

I
;mnwwmwtmmp—m‘ 2.3 |

, oo ke 3| P o rouchporena sy 420778 13423 |
SIS e v T T
440,403 i

LENTH IN X-DIR (L) —Metre 70 ‘ ACTUAL TOUCH PUEM(GIS]|
RESET
oo | DESIGN IS SAFE

834160 365226

- -

l
\

LENGTH N Y-DIR (Ly}-Hetre

Fig 4.4Complete Design by RPDGS CASE-2 (a) Unsafe , (b) Safe

The output results given by Computer software SES Autogrid Pro for case 3
i.e. GPR, Step Potential and Touch Potential are shown in figure 4.5(a), 4.5(b)

and 4.5(c) respectively.
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Fig 4.5 (a) GPR Computation by Autogrid Software ,(b)Step Potential
Plot by Autogrid Software , (¢) Touch Potential Plot by Autogrid
Software-Case 3
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The output results given by developed program RPDGS for case 3 are shown

in figure 4.6(a) and 4.6(b) respectively.
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Fig 4.6Complete Design by RPDGS CASE-3 (a) Unsafe , (b) Safe

The output results given by Computer software SES Autogrid Pro for case 4

i.e. GPR, Step Potential and Touch Potential are shown in figure 4.7(a), 4.7(b)

and 4.7(c) respectively.

82



Chapter 4: Empirical Formulas for Two Layer

Soil Resistivity Model and Scale Model
!»;unummm
0 -
szmzzzzz=z= QRO UNDING  ( SYSTEN INFORMATION SUMMARY ) peessssesess | N i 8
BB s risyrrssrvmmrsrmssmssrissimmss : Scenariol -
SYSEAOF LS S iisitshiiviniboniiiio o o EETIE L n
arth Potential ClCulations......vevovuvo .t Single Electrode Case { M L, | R
Type of Electrodes Considered...............: Main Electrode oMLY ;l i B
011 Type STCtel, vovvvvvvvnvrvavernnn,d MUTLE-LaYET Horizontal [ 5 ‘
SPLITS/FCDIST SCATNG FACKOF,vovvvsivennt 10000 & L | ¢ o
! £ ol b
1 i LR
z :
) | 0~
MULTI-LAYER EARTH CHARACTERTSTICS USED BY PROGRAM ? l Ll
s - EdE i~
rll LIS B | I l l ‘ L B ll1
Hi
LAYER TYPE REFLECTION  RESISTIVITY  THICKNESS o
o, CORFFICTENT  (ohm-meter)  (HETERS)
LA 0000 0INMEN  Dfinite e £ R B9
1 osofl -0.99980 200000 300000
bosfl 033 10000 Infinite . - 208 W
1 Touk Vg 4.2 S
(ONFIGURATION QF MAIN ELECTRODE 0. =
Mhoirvurn Voo - 1176050
W T
Original Electrical Current Flowing In Electrode..: 10000 anperes I i B s
Current Scaling Factor (SPLITS/FCOIST specified). . 1.0000 bt .:'
Adjusted Electrical Current Flowing In Electrode..: 10000 amperes N LR N < e
Wumber of Conductors in Electrode.....oovvieinst B poaoc
Reststance of ETectrode SYSteN..vvvvrviverinn, 07035 oms OO0 B
g OOCCE ¢ wa
SIEDIVISIO Y 000N N
Grand Total of Conductors After subdivision.: 468 : THRRE H
¢ . NEOCE . R
;o 2 CIOACRY. -
Total Current Flowing In Wain Electrode.....: 10000, amperes ) T
Total Buried Length of wain Electrode........: 1630 neters ] Az B w
L] IlI II:II I
"Ii ¢ s
EARTH POTENTIAL COMPUTATIONS i i g
-40 G L B S S e
Main Electrode potential Rise (6PR)..... 70335 wolts 4 A 0 | 4

XA (METERS)

Fig 4.7 (a) GPR Computation by Autogrid Software, (b) Step Potential
Plot by Autogrid Software , (c) Touch Potential Plot by Autogrid
Software-Case 4
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The output results given by developed program RPDGS for case 4 are shown

in figure 4.8(a) and 4.8(b)respectively.
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Fig 4.8Complete Design by RPDGS CASE-4 (a) Unsafe , (b) Safe

The output results given by Computer SES Autogrid Pro for case 5 i.e. GPR,
Step Potential and Touch Potential are shown in figure 4.9(a), 4.9(b) and

4.9(c) respectively.
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Fig 4.9 (a) GPR Computation by Autogrid Software (b) Step Potential
Plot by Autogrid Software (c) Touch Potential Plot by Autogrid

Software-Case 5
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The output results given by developed program RPDGS for case 5 are shown

in figure 4.10(a) and 4.10(b) respectively.
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Fig 4.10 Complete Design by RPDGS CASE-5 (a) Unsafe , (b) Safe

The output results given by Computer software SES Autogrid Pro for case 6

i.e. GPR, Step Potential and Touch Potential are shown in figure 4.11(a),

4.11(b) and 4.11(c) respectively.
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Fig 4.11 (a) GPR Computation by Autogrid Software (b) Step Potential
Plot by Autogrid Software (c) Touch Potential Plot by Autogrid
Software-Case 6

The output results given by developed program RPDGS for case 6 are shown
in figure 4.12(a) and 4.12(b) respectively.
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Fig 4.12 Complete Design by RPDGS CASE-6 (a) Unsafe , (b) Safe

4.3 RESULTS: Comparison of results obtained from RPDGS and SES
software AutoAutogrid is shown Table 4.5. Touch and step potential are
calculated based on case studies and earth surface calculations of the

substations.
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Table 4.5 Results of Case Studies by RPDGS Software

Case Parameter Results of Results given by % Error
num Developed SES Grounding
ber Program - Software Autogrid
RPDGS
1 1.Ground Potential Rise 11248.00 10866.00 3.52
(GPR) (volt)
2.Mesh Potential- Em (volt) 1062.09 992.69 7.05
3.Step Potential- Es (volt) 507.40 479.30 5.85
2. 1.Ground Potential Rise 23674.00 22305.00 6.14
(GPR) (volt)
2.Mesh Potential- Em (volt) 1539.17 1423.92 8.15
3.Step Potential- Es (volt) 696.90 730.04 4.65
3. 1.Ground Potential Rise 38826.90 36442 6.54
(GPR) (volt)
2.Mesh Potential- Em (volt) 1803.10 1793.79 0.55
3.Step Potential- Es (volt) 947.26 934.08 1.41
4. 1.Ground Potential Rise 7305.14 7033.50 3.86
(GPR) (volt)
2.Mesh Potential- Em (volt) 1229.66 1176.00 442
3.Step Potential- Es (volt) 487.16 466.00 4.50
5. 1.Ground Potential Rise 9186.10 9216.10 3.25
(GPR) (volt)
2.Mesh Potential- Em (volt) 2370.74 2228.59 3.94
3.Step Potential- Es (volt) 730.74 767.18 4.82
6. 1.Ground Potential Rise 11671.90 11491.00 1.57
(GPR) (volt)
2.Mesh Potential- Em (volt) 3751.51 3661.74 2.45
3.Step Potential- Es (volt) 1184.08 1135.84 4.30

4.3.1 Conclusion:

There are three parameters of grounding design i.e. GPR, Mesh Potential (Em)
and Step Potential (Es) calculated by RPDGS which are compared with SES
Auto grid pro.

It is clear from above case studies that the percentage errors (maximum)of

RPDGS software are in the range of 0.55 to 8.15
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4.4  Experiment for Single / Uniform Layer and Two Layer Soil
Model: The Following Experiments [2, 22-25] were Carried Out:

4.4.1 Name and Objective of Experiment: Analysis of potential distribution
of substation using Scale Model for both uniform and two layer soil resistivity
models to calculate the earth surface potential, step potential, mesh potential

and earth resistivity testing by making a model of the substation.
4.4.2 Apparatus Required:

1. 45cm X 45cm mesh made of GI wire (for Uniform Layer Soil Model)
2. 25cm X 25¢m mesh made of GI wire (for Two Layer Soil Model)

(8]

Acrylic sheet model 60cm X 60cm and 40cm X 40cm for substation
Grounding.

Acrylic sheet pot for Water Resistivity Measurement

Water as soil for grounding scale model

Ammeters and voltmeters

Auto transformer.

Power supply.

R N bk

Connecting wires

4.4.3 Different Phases of Experiment:The experiment is performed in 4

phases.

In the first phase, the Resistivity of water which is used in place of soil is

computed.

In the second phase, the Earth surface potential is recorded for the electrode

without any mesh.

In the third phase, the Earth surface potential is recorded for a grounding mat

without any electrode.

In the fourth phase, the Earth surface potential is recorded for grounding mat

with electrodes at corners.
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4.4.4 Important Points of Experiment:

(a) The voltage level is maintained by an auto-transformer. Multi meters are
used at required points to check the voltage level and currents. The readings

are consequently taken.

(b) The experiment is repeated for two layer soil model with two different

cases i.e. positive reflection factor and negative reflection factor respectively.

(c) The resistance offered by different types of grounding conductor like wire /
rod and strip and the formula to compute the resistance are shown in figures

4.13 and 4.14 respectively .

A = area
L = length

Area A

Fig 4.14Basic of Resistance of Any Strip or Rod

(d) The circuit diagram for measurement of resistivity of water is shown in

figure 4.15. Also, the experimental set up for Earth surface potential (ESP)
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calculation of single electrode for uniform layer model is shown in figure 4.16
below:
TEST TUBE—. WATER
‘ z —
’, 1":" :
1 =
A
AMMETER METAL PART

i VOLTMETER
@ SO

N
W

SUPPLY

Fig 4.15 Measurement of Resistivity of Water

(n)
A
Voltmeter
O ©
SUPFLY f;l,‘\,
b
il Water
= Leve|
|
ROD Tank

Fig 4.16 Circuit Diagramfor ESP Calculation of One Rod

(e) The circuit diagram for Earth surface potential (ESP) calculation of

grounding mat for uniform layer model is shown in figure 4.17 below:
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®

eJom

ACIDC Suaply KT\
IR

Water Level

— —Lind

Tank

Fig 4.17 ESP Calculation forEarth Mat (Uniform Soil Model)

(f) The circuit diagram for Earth surface potential (ESP) calculation of single

electrode for two layer model is shown in figure 4.18 below:

£
2
C ) Voltmeter
SUPPLY N
© oo

i|ll—
b

o3 Tarnk

Fig 4.18 ESP Calculation for Single Electrode (Two Layer Soil Model)

(g) The scale model experiment was conducted in the Lab of 220 kV WazirPur
substation Delhi. The picture depicting the experiment preparation process is

shown in figure 4.19 below:
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Fig 4.19 Experimental Setup Preparation

(h) The actual experimental set up for measurement of resistivity of water is

shown in figure 4.20 below:

Fig 4.20Experimental Set up for Water Resistivity Measurement

(i) The plan prepared for measurement of voltage in the experiment at
different locations in different directions i.e. P1, P2 ,P3etc is shown in figure

4.21 below:
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NORTH |
Y SN

ol
™

P1
WEST @ Pn EAST

jol N

SOUTH

Fig 4.21Voltage Measurement Location for Experiment

(j) The experimental setup and measurement method for ESP measurement for

uniform layer model is shown in figure 4.22 below:

Fig 4.22 Experimental Setup for ESP Measurement for

Uniform Layer Model

(k) The measurement values shown by multimeter for ESP measurement for

uniform layer model are shown in figure 4.23 below:
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Fig 4.23 Measurement Values for Uniform Layer Model

Soil Resistivity Model and Scale Model

4.5 Results of Uniform Layer Model: (1) The results obtained for water

resistivity measurement and ESP measurement with single electrode are given

in table 4.6 , 4.7 and table 4.8 respectively.

TABLE 4.6 Resistivity Measurement of Water

. . L W(met | H(meter | Resistivi
V (applied) | I(amp) | R(Resist)ohm (meter) e(r) ( ) (ohm-mt)y
200 0.215 930.23 0.25 0.1 0.1 37'20393023
TABLE 4.7ESP Measurement of Single Rod (L=6mm)
DIRECTION \% I P1 P2 P3 P4
(volt) | (volt) | (volt) | (volt)
South 100 0.085 78.7 | 52.6 | 503 50
West 100 0.085 787 | 57.5 | 559 553
North 100 0.085 765 | 545 | 51.6 50.5
East 100 0.085 825 | 52.8 | 40.8 20.6
AVERAGE | 79.1 | 54.35| 49.65 441

RESISTANCE (ohms) =1176.47
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(2) The Earth Surface Distribution of above case is shown by the graph in

figure 4.24 below.
ESP Distribution
120
V' 100
o
80
L
T 60
A 40
G 2
E
0
0 5 10 15 20

DISTANCE FROM THE ELECTRODE (cm)

Fig. 4.24 ESP Distribution Graph (1)

TABLE 4.8 ESP Measurement of Single Rod (L=10mm)

DIRECTION \% I P1 P2 P3 P4
(volt) | (volt) | (volt) | (volt)

South 66 0.085 57.1 | 433 38.2 373
East 66 0.085 56.8 | 40.8 | 284 16.8
West 66 0.085 57.1 | 43.6 | 419 41.2
North 66 0.085 569 | 414 | 38.6 38.4

RESISTANCE (ohms) = 776.47

(3) The ESP measurement of earth mesh without and with corners electrodes
of different lengths are given in table 4.9, 4.10, 4.11 and table 4.12

respectively.

TABLE 4.9 ESP Measurement for 45X45¢cm Mesh (14 SWG)

w/o Electrodes

DIRECTION \% I P1 P2 P3 P4
(volt) | (volt | (volt) (volt)
)
South 100 0.265 97.8 | 97.7 | 98.2 97.7
East 100 0.265 98.1 | 91.1 | 948 81.7
West 100 0.265 983 | 98.5 | 98.1 99
North 100 0.265 98.5 | 99.1 | 98.5 99.1

RESISTANCE (ohms) = 377.35
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Electrodes at the corners (L=6cm)

DIRECTION \% I P1 P2 P3 P4

(volt) (volt) (volt) (volt)

South 100 0.29 98.34 98.3 98.7 98.3
West 100 0.29 98.9 98.6 98.3 98.3
East 100 0.29 98.2 97.7 95.5 98.3
North 100 0.29 98.3 98.4 98.6 98.9
N-E 100 0.29 98.3 98.1 98.2 98.1

S-E 100 0.29 98.3 98.2 98.1 98.6

S-W 100 0.29 98.4 98.3 98.5 98.6
N-W 100 0.29 98.3 98.4 98.5 98.4

RESISTANCE (ohms) = 344.82
TABLE 4.11 ESP Measurement for 45X45¢cm Mesh (14 SWG) with
Electrodes at the corners (L=10cm)
DIRECTION \% I P1 (volt) | P2 (volt) | P3 (volt) | P4 (volt)

South 100 0.297 98.4 98.4 98.3 98.2
East 100 0.297 98.7 97.6 94.6 93.8
North 100 0.297 98.7 98.4 98.6 98.4
West 100 0.297 98.4 98.2 98.4 98.4
S-E 100 0.297 98.3 98.4 98.3 98.2
S-W 100 0.297 98.2 98.5 98.4 98.6
N-W 100 0.297 98.4 98.3 98.3 98.4
N-E 100 0.297 98.8 97.7 98.2 98.4

RESISTANCE (ohms) = 336.70
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TABLE 4.12 ESP Measurement for 45X45¢cm Mesh (14 SWG) with

Electrodes at the corners (L=12cm)

DIRECTION A% I P1 (volt) | P2 (volt) | P3 (volt) | P4 (volt)
SOUTH 100 0.302 98.6 98.6 98.7 98.7
NORTH 100 0.302 98.3 98.4 98.4 98.5

EAST 100 0.302 98.4 97.7 95.7 92.8
WEST 100 0.302 98.6 98.6 98.6 98.6
RESISTANCE (ohms) = 331.12
4.6 Results of Two Layer Soil Models : (1) The results obtained for
resistivity measurement of water are given in table 4.13 below:
TABLE 4.13 Resistivity Measurement of Water
A% I(amp) | R(resis L W(met H Resisti
(applied) t)johm | (meter) er) (meter) | vity
(ohm-
m)

CASE 1 100 0.646 | 154.80 0.25 0.1 0.1 6.19

CASE 2 100 1.419 | 70.47 0.25 0.1 0.1 2.82

CASE 3 50 9.80 0.25 0.1 0.1 0.39

(2) The ESP measurement of earth mesh without corners electrodes for

uniform soil model are given in table 4.14 and ESP distribution graph is

shown in figure 4.25 respectively.

TABLE 4.14 ESP Measurement for 25X25cm Mesh (14 SWG) w/o

Electrodes for Uniform Soil Model

DIRECTION | V 1 P1 (volt) | P2 (volt) | P3 (volt) | P4 (volt)
South 100 | 1.28 98.6 97.2 97.1 96.8
West 100 | 1.28 98.4 97.5 97.4 97.1
North 100 | 1.28 98.5 97.8 97.4 97.2
East 100 | 1.28 98.2 97.8 97.3 97

RESISTANCE (ohms) = 78.125
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ESP Distribution

101.0

V' 1000

O 490

X .

. 980 \

A 97.0 \.\"ﬁi
G 96-0 T T T T 1
E 0 5 10 15 20 25

Fig. 4.25 ESP Distribution Graph (2)

(3) The ESP measurement of earth mesh without corners electrodes for two
layer soil model (Negative reflection factor) are given in table 4.15 and ESP

distribution graph is shown in figure 4.26 respectively.

TABLE 4.15 ESP Measurement for 25X25¢m Mesh (14 SWG) w/o
Electrodes for Two Soil Model (-K, Reflection factor)

rho1=6.19 ohm-m & rho2=2.82 ohm-m

DIRECTION v 1 P1 (volt) | P2 (volt) | P3 (volt) [ P4 (volt)
South 100 131 98.5 97.6 97 96.8
East 100 131 98.6 97.4 97.2 96.7
West 100 131 97.9 97.4 97.1 96.8
North 100 131 98.1 97.3 97.1 96.9

RESISTANCE (ohms) = 76.33

ESP Distribution

101.0

100.0 l\
99.0

98.0 \

97.0 \.\‘"ﬁi

96.0 T T T T 1

maoPr 4 O

Fig. 4.26 ESP Distribution Graph (3)
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(4) The ESP measurement of earth mesh without corners electrodes for two
layer soil model (Positive reflection factor) are given in table 4.16 and ESP

distribution graph is shown in figure 4.27 respectively.

TABLE 4.16ESP Measurement for 25X25cm Mesh (14 SWG) w/o
Electrodes for Two Layer Soil Model (+K, Reflection factor)

rho1=0.39 ohm-m & rho2=2.82 ohm-m

DIRECTION v 1 P1 (volt) [ P2 (volt) [ P3 (volt) [ P4 (volt)
South 20 3.8 19.2 18.9 18.6 18.1
East 20 3.8 19.3 18.8 18.5 18
West 20 3.8 19.4 18.9 184 18.2
North 20 3.8 19.3 18.7 18.3 17.9

RESISTANCE (ohms) =5.26

ESP Distribution

20.5
20.0
19.5
19.0
18.5
18.0
17.5
0.0 5.0 10.0 15.0 20.0 25.0

mEa P> A O <

Fig. 4.27 ESP Distribution Graph (4)

(5) The experimental setup and measurement method for ESP measurement

for two layer models are shown in figure 4.28 and figure 4.29 below.
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Fig 4.29 ESP Measurement (Two Soil Layer Model)-2

4.7 Conclusion:

Scale model is the best method to understand the behavior of any grounding
system which include impact of addition of electrodes, grounding mesh size
(spacing of conductors), length of electrodes, depth of grounding mesh,

resistivity of soil, layers of soils etc.

All the above parameters can be computed by measurement of ESP as

measured in the experiment for different configurations like single electrode of

102



Chapter 4: Empirical Formulas for Two Layer
Soil Resistivity Model and Scale Model

different sizes, single layer soil model and two layer soil model. The main
parameters of any grounding system like resistance, step and touch potential

may be computed with the help of these scale models.
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