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SUMMARY

The grounding system of the subsurface should ensure the safe and reliable
operation of power systems, and guarantee a human being’'s safety in the
situation of grounding fault in the power system. The safety of power
apparatus in the subsurface can be reached by decreasing grounding
resistance and grounding potential rise of subsurface. The optimal design of
grounding systems for subsurface can ensure the equalization of the potential
distribution of the ground surface above the grounding system, and can
obviously improve the safety of the grounding system.

This thesis deals with the 2-dimensional reconstruction of the earth’s
resistivity distribution based on DC resistivity data. This task represents a
nonlinear and ill-posed minimization problem with many degrees of freedom.

In this work, techniques for regularization and controlling of this problem

are described and classified. The system of equations as resulting from the
application of the Gauss-Newton minimization can be solved efficiently. The
characteristics of the four reconstruction algorithms such as Gauss—-Newton,
TSVD(truncated singular value decomposition), SIRT (simultaneous iterative
reconstruction algorithm), and TLS(truncated least squares) algorithm are
compared and analyzed.
Furthermore, a modified FEM scheme is used to test several widely—used
resistivity arrays, namely Wenner, Schlumberger and dipole—dipole. The
electrode arrangement of the arrays is described and the characteristics of
above three array types are compared and analyzed.

The proposed methodology has been proposed according to which, after
carrying out a set of soil resistivity measurements, one can compute the
parameters of the multi-layer earth structure using a genetic algorithm(GA).
The results provided by the GA constitute the indispensable data that can be

used in circuital or field simulations of grounding systems. The methodology



allows to proceed toward a very efficient simulation of the grounding system
and an accurate calculation of potential on the ground surface.

Methods of error estimation, forward modeling and the calculation of the
Jacobian matrix for DC resistivity data are developed. Procedures for
appropriate parameterization and inversion control are pointed out by studies
of synthetic models. Different inversion and regularization methods are
examined in detail. A linearized study is used to compare different data sets
considering their efficiency.

Finally the inversion methods are applied to field data. The described
optimization strategies are realized in practice, which increases the economic
relevance of two dimensional data acquisition. The structure of the subsurface
1s imaged in detail for several applications in the fields of cavity detection,
archaeology and the investigation of ground falls. The resolution analysis is

successfully established to appraise the obtained results.
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Table 2 Variations of soil resistivity with moisture content

Moisture Dry Std. Wet

Type of soil [10%] [20%] [50%]
Loam with salt[ £2m] 25 5.0 15
Loaml[ £2m] 30 10-20 5.0
Clay[£2m] 500 300 50
Sand, Clay Mixtures[2m] 300 130 50
Sandstorm[ £2m] 1,500 300 70
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Table 3 Variation of resistivity with temperature in a mix of sand
and clay with moisture content of about 15% by weight

Temperaturel C] Typical value of resistivity[2m]
20 72
10 99
O(water) 138
O(ice) 300
-5 790
-15 3,300
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Fig. 24 Arrangement of model blocks (a) Wenner array, (b) Schlumberger
array, (c) dipole-dipole array

)
© . 0 . 2
0 5 o 3 b

!
i

Bt
IS o
o o o

|

—

nnnnnnnnn

nnnnnnnnn

75 100 125
(I‘Ial)a naint

Fig. 25 Forward response errors of electrode arrays (a) Wenner array, (b)
Schlumberger array, (c) dipole-dipole array

,52,



2) AFE AEeold A

7h A= og Az

9% Tz A TZAAN 152 AFE 10[0m], 25 AFE 1000[2m]e] =
o 2T 12~14 Aole] AALE sehn e S AL, 24 dols 11~
AimlAkel o] HiH e AAE Fol MAG A Tx PF AEHlAL 7
Aok, Z7ke] AFujde] e REe AAse] Fpow Tu Y= ANL F
date] ZAg Axe e wwsA Hn, A 544 Wenner %<l

A5 M AL 54 doly £RJIEE AREsal, dipole-dipole Wi e] ¢ 7H

A\

ot
o

2o =4 doly ¥AEZE AE3HA ¥ o224 Wenner 8] o]y Schlumberger
el A neE A e ks E3eA Heol 37FA wid Tl 7PY W 99
oz FAo] o]FolPge &  9lil, ol dipole-dipole HiH el F5-7t &=

o2 & F At AlEHAS A4 dAF

el mE A FREDAM AFE dolget zlofd tid dHolHE dAst

3 Gauss-Newton ¢igl&S o83 IAiks S8t dix]4+x Edd st
gdeks EA3A Y. Fig. 260 Z+zte] A=ufde] sk 9= S s e}
HA=d, 93714 Fig. 26(d)= dipole-dipole ¥ Lol ne 4= 262 AA3 H

o
!
x
2L
S
2
uy

= 0, I[m] A= 26, 27[m]e] HolH EQJET} 32571 =&

Fig. 26 Forward responses (a) Wenner array, (b) Schlumberger array,
(c) dipole—dipole array(n=10), (d) dipole-dipole array(n=25)

,53,



04
A —&—Layer-1 003 —0—layer1
—6— Layer2 ’ —8—Laer2
03] tayer-3 ——Lapr3
—— Layer-4 002 tayer4
02 ——Layerh — Lagrs
{ \ Layer-6 =001 ——Layerf
= ——Layer-7 = < —— Layer-7
Z01 = , w ~ 4
z —7—Layer8 = E S 41 2 aﬂF Lajer
B 8 —& Layer9 P S nZ NS 2 S SIPI
——Ttayer10 4 i+ Layer-10
01 001 \ /
9. 002
05 25 45 65 85 105 125 145 165 185 205 225 245 265 05 25 45 65 85 105 125 145 165 185 205 225 245 265
Electrode position Electrode position
(a)
04 tayeet 04 —o—Layer-1
—B—Layer2 '( —6— Layer-2
03 / \ tayers 0.35) ——Layer3
02 : tw; 03 ——tayers
’ / \ Y Laye; —— L ayer5
ayer-
,«?0"' / \ TayerT = (; Layer-6
= l £N \ —7—Layerd = —— Layer-7
2 0 = - a9 E 5) LCayer8
;_0 . \ { —4— Layert0 204 A Layerg
d \ ] —— Layer1 005 —< Layer10
02 S —%— Layer-11
0
03] 0,05
04 04
04
05 25 45 65 85 105 125 145 165 185 205 225 245 265 05 25 45 65 85 105 125 145 165 185 205 225 245 265
Electrode position Electrode position
(b)
04
04 —o— | ayer.d —6— Laye-1
—8— Layer2 —B— Layer2
03 —x— Layer-3 03 tayers
’ —— Layer4 \ T Layerd
—+— Layer-5 0 Loy
02 —— Layer-§ - Layer
= o 3 = —6— LayerT
£, Layer7 Z \ —7— Layer
20 GErs | 2 01 Tayed
> Z —&— Layer-9 & F\l Jp —4 Layer10
0 . —<—Layer-10 0 SSESSESSSQRRRas EE == 7 hdmatLul
—%— Layer-11 = S
01 7
01
02
0.
05 25 45 65 85 105 125 145 165 185 205 225 245 265 05 25 45 65 85 105 125 145 165 185 205 225 245 265
Electrode position Electrode position
(c)

Fig. 27 Sensitivity of electrode arrays in central position (a) Wenner array,
(b) Schlumberger array, (c) dipole-dipole array

14AFo] QAo AALEE Fo Z}2be] A=
A RS AASI, Gauss-Newton €8] FS ©]
Fig. 27¢] Ye LT

Aake] A3E Wlaskls W Wenner W] A5 Aol AAEAAN SHrbd )

,54,



gl o] ¢

Aol )

7} ooe

] vEbd =7 7] o

A} A &

KeX
=

2]

Electrode number

10

AN

A
)
%%
il

i

\\

W
J

/

7

/

Electrode number

Depth(m)

(a)

(Wruyo)innsisey

Electrode number

Depth(m)

25

25

20

20

15

(b

A}

15

(bh-Mm)

1300 (ohm-m

13900 (ohm-m

=4

=1

2

rhq 2

Electrode number

10

rhd

rnQ

0.58

1.16

2.38

Wudeq

9

6.2

(b)

Electrode number

10
T

2

7
)
7

Electrode number

o

Depth(m)

20
T

15
T

)

=10 (ohm-

rho

rhg 2+ 1000 (ohmm)

3.5

(c)

Fig. 28 Design of model and inversion result in 2-layer earth model

(a) Wenner array, (b) Schlumberger array, (c) dipole-dipole array

e EEE

=

o

i) 3

_z_o
(ap]

e

2)

+

100

-
1

10[02m], HAAZGE p,

bl e,

S

KN
T

HAAZE py

| Wenner ®j<¥-&

9]

ol

]

Zlo
0~1.1[m], 1.1~3.1[m], 3.1~5.1[m]e]aL, Schlumberger <&

a7

1000[2m]o =

=
P

0~1.16[m], 16~

KN
T

,55,



3.0[m], 3.0~6.2[m]°]™, dipole-dipole ¥W§ &2 0~1.06lm], 1.06~3.5[m], 3.5~5.7

o}
=

F th# =S Gauss-Newton

3|
pud

thew, A7

AAE

afo] thA R Ello

[m]Z A

Fig. 29°] e At

Electrode number

10

25

20

15

Electrode number

Depth(m)

Electrode number

Depth(m)

IV WY T,
o o . | 3o <
8888 8¢e
N 39 © ¥ «
(Wwwyo)nnsisay = (wo)nisisoy
N2
= QF
= £ =
o~ C T i~ £l !
q L t = - j=|
£ £ = - = =
E c Q £l £ a
< 3 ~ ol [TIE 5 |
=) F O &
5 Q = Q)
D 2] o o [« g
~ ~ ~
| Iml b 1 1l 1l
- q ™ i . N 2|
5] 0 Ewl ]9 o g
£ = 2 [Tk < =
)
°
£
]
Qo
w S
ol
oW - ® N = ) - o® © © o) N
v ¢ Q0 g I 0 0 = @ < ©
o < o o - o
(Wypdeq (wideq

(b)

[T T T T TTAR
/A
I~~~
o ———y |
[T T T T4
[T T T
:
\m
\
\

/i

i
/)

/

/

7
)

Z2 U

7

NI

..I..n!\\\ \\\\
/)

l

7

i

o

——
Ry
—H
R

NN
i

(Wwo)yngsisay

\\
|
\\
j
\\
/
(

l
A S
/
A o
\\1
f
) 2
b
/)
%5
)
/

/
fh
I
1
i
i
i
i
/e

m\

Electrode number

o

Depth(m)

25

20

100 (ohrmm-m

1000 (ohnn-m

15

rho[TE10[(ohmEmp)

rho (2

rho|3

Electrode number

10

5.7

(c)

Fig. 29 Design models and inversion results in 3-layer model (a) Wenner

array, (b) Schlumberger array, (c) dipole-dipole array

_z_o

9~ 180l A ¢

/gx

10[02m]=

KeR
T

of A ARE p

,56,



E pyi 1000002m], SAHS 9~18 el o] AAGE pi= 100[02m], =

5}

A

o &

z1 o]
0~0.275[m], 2 & 0.275~5.1[m], Schlumberger | <

belet.

S

QA= 18~27AF0l 2] UIAAEE p, = 1000[2m]o=2 27

0~0.289[m], 2 =& 0.289~6.21[m], dipole-dipole ¥ ¢ 7

A}

tol A 2=

S

0.531[m], +24%F2 053~57Im]& A7

0~

I X2 DS Gauss-Newton

A7

o

LHER 2L

3091

Electrode number

10

25

20

15

/)

Y
)

g7y
4

J

Q

J

/
l

0
N

)

0

Electrode number

Depth(m)

Flectrade niimher

Depth(m)

o OO0O00000O0
CROY¥NO®OTFAN
N+~
(Wuyo)nsisey — (Wwwyo)ynnsisay
B
9 o
bt (=3
S 4 il =
| Lo
< g
o4 o £ 0
=& Q
=
£ 5
[ =B =
N o
¥ S B mis L&
T W © — o ¢
1 o =
b o g o PES 9
£ o c 3 EE =3
== _._F_._VO
=l
© =4
Q (@]
O ~ o 4
n
i i3
W= ™ g
o g [ Q<!
t =Y
o wn - o N - )] - o o © Q ™ [}
0 - Q0 5 ) 1o 0 - 0 <
=} - o o - N
(wpdeq (w)deq

6.2

(b)

Electrode number

10

O 00 00000
Q00 00 00O
ONOWLTON

(wwuyo)ynpsisey

Electrode number

Depth(m)

25

0o

0

rho|4!
(ohm-n

2

15

10D
n)

hm-|

rho|1£10

rho|3
(0h

=100

(ohm-n

rho|2!

o -
053

1.06

218

2781
3.5

(wpdeq

4.5

57

(c)

Fig. 30 Design models and inversion results in vertical 3 layer model

(a) Wenner array, (b) Schlumberger array, (c) dipole-dipole array

,57,



iv) A=ajdoel sk RMS Qx#4

zyzko]l g xR e gk RMS 24} #4424 3E Fig. 319 YEMH AT, Wenner
Hj o

257 RMS 227k 7bd AA Jersom 335 2] x| rde] 7§
dipole-dipole B & o] E} HFujdeo] v Hjd oz 27} =),

10
N —E— Schlumbegerana
—4— Wennefarray
—G— n'r ! ',, le-amra:
g )
=10
e
5 —
;\
\A\\—x; ~
—
0
10
1 {15 2 25 3 35 4 45 5 55 6
seperation
(a)
2
10
N —E— Schiumbegerana
—4— Wennefarray
= n'r | ',, le-amra:
-, \
=10
2
] =
—
i 2 A
]
0
10
1 15 2 25 3 35 4 45 5 55 6
seperation
(b)
2
10
N —E— Schiumbegerana
—4— Wennefarray
—G— n'r ) ',, le-arra:
g )
=10
e
5 —
I ~
I S, .
y
0
10
1 15 2 25 3 35 4 45 5 55 6
seperation

(c)

Fig. 31 Relative RMS errors of several layer models (a) 2-layer model, (b)
3-layer model, (c) vertical-layer model

,58,



oA |

]

o %

ki3

Wenner Hj¥ & Al-&

-
1

qo=z thA

iyS

=
=

HAAEAAE

Wenner

el

Wenner Hj

=
3

=

e EEL

bl o,
) 2%

S

o

St

°

ANAT} 7Y FA

0]
pul

sttt Fig. 33

W Ao 2 Gauss-Newton &1

SIPARS

£ ghel W e,

Bl 2t} Gauss—Newton <&
™ TSVD, TLS ¢

1

[
Aol v}

_Z_O
(AN

%

X

ol
Nm

}

0]
yul

Fig. 34°] “eERH A

s

=

2 3}

}

L

2 53

J

A
N

St

o

bol o

ol A

il

Gauss—-Newton

A A A ol A

ez

17} #1725 of of

EE

Fig. 33

S|

15 o
HA

LHER AT

o
A

kel
T

m

_z_o
o

™

o}
=

Gauss—-Newton

_z_o

—~
fite)

™

—
fite)

,59,

HAAZES] dshrh .



— 1 JD 1
(0
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Fig. 34 Inversion results of various algorithms in 3-layer model
(a) Gauss-Newton, (b) TSVD, (c) SIRT, (d) TLS
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apparent resistivity (ohrm.m

Table 5 Results of the application of the GA

o [m] Case 1 Case 2
2 Layer 3 Layer 2 Layer 3 Layer
pL2m] 679.5 669.1 1179.2 1552.6
pol£2m] 2454.8 1641.6 5255.6 5436.9
psL£2m] - 2491.5 - 776.3
hy[m] 1.58 1.55 0.67 1.03
hy[m] - 0.32 - 20.08
Error F, 0.127 0.096 0.207 0.166
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Fig. 46 Earth resistivity tester

Table 6 Specifications of earth resistivity tester (MiniSting)

Apparent resistivity, resistance, voltage(SP),

Measurementgiedey induced polarization(IP), battery voltage

400[kS2] ~ 0.1[ms2]

Measuregieglrange 0-500[ V] full scale voltage autoranging

Measuring resolution Max 30[nV], depends on voltage level

Output current 1-2-5-10-20-50-100-200-500[m.A]
Input impedance >200 M12]
Power supply 12/24[ V] DC external power
Dimensions Width 255[mml], length 255[mml, height 123 [mm]

Hog 2RSS oA Hu ZAAFAY AT o7t ImlQ) SAAT 1497} 15
W Abol9] 145X A4S 1179 Hlo)H & HE3sMA ® o) Schlumberger <ol 7 9
Fdsy dA9HFel P =3 P,=4% o
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Fig. 53 Data and forward responses in line 3 (a) Wenner array,
(b) Schlumberger array, (¢) dipole-dipole array
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Fig. 54 Inversion results of Wenner array in line 1 (a) Gauss—-Newton,
(b) TSVD, (c¢) SIRT, (d) TLS
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Fig. 57 Inversion results of Schlumberger array according to depth position in
line 1 (a) Gauss-Newton, (b) TSVD, (¢) SIRT, (d) TLS
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Fig. 58 Iinversion results of dipole-dipole array in line 1 (a) Gauss-Newton,
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Fig. 59 Inversion results of dipole—dipole array according to depth position in
line 1 (a) Gauss-Newton, (b) TSVD, (c¢) SIRT, (d) TLS
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Fig. 63 Inversion results of Schlumberger array in line 2
(a) Gauss-Newton, (b) TSVD, (c¢) SIRT, (d) TLS
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Fig. 64 Inversion results of Schlumberger array according to depth position in
line 2 (a) Gauss—Newton, (b) TSVD, (c) SIRT, (d) TLS

,87,



iii) Dipole-dipole M€ =723} &4]

Dipole-dipole Wl &S AM&3 54 HolHE 47HA] &daglss AEste] A4t
S 5383 AFRE Fig. 65 o Jelldoh Autdor 4Fo) X A E

40~631[02m] B9 A AFER ilo] ofFolx ot 135 1lm] o] 59 thA
=

& 1000[2m]7t HE S QA TXE Ho

[
X0,
i
o,
X
of\i
=
w
(@]
2
)
z,
2

A E Bolal o Gauss—Newton G2 A9 = A=+
=]
n

1 4
= WAATES 7H FHE Holi Jdow tE dugFe o

rd
o
~
y o

Fig. 660l zlofol thdh thAAF

=
WA A ZFE] wobA= FHE YERHIL Utk

o
=

20 25 5 10 15 20 2%
= — - n s

40 ;X 100 158 251 398 631 1000 1585 2512 4 63 100 158 251 308 631 1000 1565

100 158 251 308 831 1000 1585 40 63 100 158 21 308 & 1000 1585 2512

(c) (d)

Fig. 65 Inversion results of dipole-dipole array in line 2 (a) Gauss-Newton,
(b) TSVD, (¢) SIRT, (d) TLS

,88,



gl
Spmmre il
£ 200 e LN
<2 S ORI
}“31000 \(\Qﬁi‘sﬁ\\\\\\\&&\‘. Z
1.08 4= ’\\»\ " 20
Depth(m) 0183 "o Electrode position

0.1
Depth(m) 0 Electrode position

Fig. 66 Inversion results of dipole—dipole array according to depth position in
line 2 (a) Gauss-Newton, (b) TSVD, (¢) SIRT, (d) TLS

iv) 234 20149 FuE]FE] i RMS A4
Fig. 67 o dFulde] w2 Avjga 71w duelZo] ulgd RMS QA&
YEH AT, Wenner Hi9 el 4% TLS ¢ae]+3 Gauss-Newton ¢ilg]Fo]
RMS 227} wHA vepyk o Schlumberger ¥l €3} dipole-dipole Hlg® <] 7

9 Gauss-Newton &irg]Zo] 7F @& RMS 2372 e LT,

o

—#— Gauss Newton
13 —&—SRT

10
Tis
—&— Tsvd
0\\

seperation

(a)

,89,



SVa

Hs

\ RT

\ — [Gaus newton

i

S -
B —
10 — —
B e S —o— 4
0 2 4 6 8 10 12 14 1€
seperation
(b)
—2— Gaugs Newton
—— SIRT
—Ts
10°—4 —Ts
\
— 1\
£ [\
s Y
® )
\1\‘?\* S
10’ - ' -

0 2 4 6 8 10 12 14 16 18 20
seperation

(c)

Fig. 67 RMS errors of several algorithms in line 2 (a) Wenner array,
(b) Schlumberger array, (c) dipole-dipole array

B3t AIAE Fig. 68 o HEFAT Hubxog 3o thA= AFEo] 40~
398[02m] AEe] WAAFER JAko] o] FojH ot st 1lm] o] %9 =
1000[2m]7F d+= =2 tA72E5 dEb L vk AAISl 300002m] Hx=e]
Az o] A jF, Gauss-Newton ' 4be]l -9 Zo] 1[m] o] A e ol
, kel A =2 WAATES UENY vE o

al
Y Fe AN SFe 4% we AYER bt gtk
g

,90,



40 63 100 158 251 398 831 1000 1585 63 100 158 251 398 631 1000 1585 2512

L L Il L
63 79 100 126 158 200 251 316 398 501 631
(c)

Fig. 68 Inversion results of Wenner array in line 3 (a) Gauss-Newton,
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Fig. 76 Measured grounding resistance of copper rod

Table 7 Comparison between the ground copper rod and plate

Copper rod[ ] Copper plate[ ]
1lm] | 2[m] | 3[m] | 4[lm] | 5[lm] | 1[m] | 2[m] | 3[m] | 4[m] | 5[m]

Min 104 | 1179|1275 139 |164.7| 70.5 | 842 | 94 | 105.3|120.7

Max 108.5| 122.3 | 132.5 | 143.7 | 199.3 | 72.4 | 864 | 96.3 | 107.8 | 1234

Mean 105.8 | 119.6 | 129.4 | 140.8 | 156.4 | 71.61 | 85.48 | 95.32 | 106.8 | 122.3

Median | 105.8|119.6 | 129.4 | 140.8 | 156.4 | 71.7 |85.55| 95.4 | 106.9 | 122.4

mode 105.7]119.3 | 129.7 | 141 | 156 | 72.3 | 86.2 | 96.1 | 107.7 | 123.3
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Fig. 79 Analysis of grounding resistance variation for forward (a) rod,
(b) plate, (c) rod with reduction agent, (d) plate with reduction agent

Table 8 Comparison between the copper rod and

copper plate

Copper rod[ £2] Copper platel £2]

1[m] | 2[m] | 3[m] | 4[m] | 5[m] | 6[m] | 1[m] | 2[m] | 3[m] | 4[m] | 5[m] | 6[m]

Min 71.8 1 90.7 | 98.3 | 104.4|109.8 | 119.7| 65.6 | 845 | 92.1 | 98.2 | 103.5|113.5
Max | 73.3 | 925 | 100.3|106.4 | 111.8 | 121.8 | 66.8 | 85.9 | 93.7 | 99.8 | 105.2| 115.2
Mean | 72.47{91.54]99.23 | 105.3 | 110.7 | 120.7 | 66.19 | 85.16 | 92.84 | 98.94 | 104.3 | 114.3
Median | 72.5 | 91.65| 99.3 | 1054 | 110.8|120.8 | 66.25| 85.2 | 929 | 99 |104.4|114.3
mode | 71.8 | 92.2 | 984 |104.5|109.8 | 119.8| 65.7 | 84.5 | 92.1 | 98.2 |103.6|113.5
Copper rod with reduction agentl (2] |Copper plate with reduction agent[(2]

1[m] | 2[m] | 3[m] | 4[m] | 5[m] | 6[m] | 1[m] | 2[m] | 3[m] | 4[m] | 5[m] | 6[m]

Min 643 | 829 | 905 | 965 |101.9 | 111.8| 57.7 | 745 | 816 | 875 | 97.7 | 102.5
Max | 656 | 845 | 922 | 98.3 | 103.7|113.7| 59.1 | 76.1 | 83.4 | 89.2 | 94.6 | 1044
Mean |64.91 |83.63|91.25|97.32 | 102.7 | 112.7 | 58.33 | 75.23 | 82.42 | 88.28 | 93.56 | 103.4
Median | 65 | 83.7 | 91.3 | 974 | 102.8|112.7| 584 | 75.3 | 82.5 | 88.35|93.65|103.5
mode | 654 | 84.2 | 90.5 | 96.6 | 101.9 | 111.8| 58.8 | 745 | 81.7 | 875 | 94.2 | 102.6
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Fig. 80 Grounding resistance variation for reverse direction (a) rod,
(b) plate, (c) rod with reduction agent, (d) plate with reduction agent
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Fig. 81 Analysis of grounding resistance variation for reverse (a) rod,
(b) plate, (c) rod with reduction agent, (d) plate with reduction agent

Table 9 Comparison between the copper rod and plate (reverse.)

Copper rod[ 2] Copper platel £2]

1Im] | 2[m] | 3[m] | 4[m] | 5[m] | 6[m] | 1[m] | 2[m] | 3[m] | 4[m] | 5[m] | 6[m]

Min | 869 | 95.7 |101.5]107.1 |116.6|113.3| 80.1 | 889 | 94.7 |102.2|109.8 | 126.5

Max | 888 | 97.8 |103.6|109.2|118.9|135.9| 81.6 | 90.6 | 964 | 102 |117.7|128.7

Mean |&3.01]96.91|102.7|108.3|117.9|134.9|80.92| 89.81 | 95.61 | 101.2|110.8 | 127.9

Median | 83.05|96.95 | 102.7 | 108.3 | 118 | 1349 | 80.9 | 89.8 | 95.65|101.2|110.8 | 127.8

mode | 88.8 | 97.7 1103.5]109.2 11881359 | 81.6 | 90.5 | 96.3 | 101.9|111.6 | 128.7

Copper rod with reduction agent[£2] |Copper plate with reduction agent[ 2]

1Im] | 2[m] | 3[m] | 4[m] | 5[m] | 6[m] | 1[m] | 2[m] | 3[m] | 4[m] | 5[m] | 6[m]

Min | 783 | 87.3 | 93 | 98.6 |108.2]1249| 59.1 | 72.1 | 79.2 | 854 | 95.6 | 112.7

Max | 799 | 89 | 948 100411011272 609 | 74 | 81.1 | 874 | 97.7 | 1151

Mean | 79.28 | 83.26 | 94.06 | 99.66 | 109.3 | 126.3 | 60.2 | 73.27| 80.32| 86.58 | 96.89 | 114.3

Median | 79.35| 88.3 | 94.1 | 99.7 | 109.3 | 126.3 | 60.25| 73.3 | 80.35|86.65|96.95|114.3

mode | 79.9 | 889 | 94.7 11004 |110.1 1271 | 60.9 | 74 81 | 87.3 | 976 | 115.1
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Table 10 Grounding resistance difference comparition of fine and rain day

Status Fine day Rain day Distance value
Distance[m] resistance[ {2] resistance [{2] [£2]
1 164.9 152.8 12.09
2 175.2 162.4 12.79
3 182.2 169.3 12.89
4 187.6 174.4 13.19
5 190.4 177.1 13.30
6 193.7 180.3 13.39
7 195.5 182.1 13.40
3 197.7 184.2 135
9 199 1855 13.5
10 200.9 187.4 13.5
11 202.8 189.2 13.60
12 204 190.3 13.69
13 205.4 191.8 13.59
14 206.9 193.2 13.70
15 208.9 195.3 13.59
16 22! 198.5 13.69
17 215.2 201.6 13.59
18 224 210.1 13.90
19 236.3 220 16.30
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Table 11 Grounding resistance difference comparition of fine and snow day

Resistance
. LY 111 | 21| 30m 1| a0m |50 6tmd | 70m1 | 801 | 90 [100m1 110 1201 130
[Hour}
1 20 | 20.1 12021204 | 206 | 205 | 205 | 206 | 206 | 204 | 205 | 20.8 | 20.7
2 1731174 | 175|176 | 176 | 17.7 | 177 | 17.7 | 177 | 17.7 | 178 | 177 | 17.7
3 1751176 | 177 | 178 | 179 | 179 | 179 | 179 18 18 18 18 179
4 1751177176 | 178 | 179 | 18 | 179 18 18 18.1 18 181 | 18.1
5 177177 | 177 | 179 | 18 18 18 181 | 181 | 181 | 181 | 182 | 18.1
6 177 178 | 178 | 179 | 18 | 181 | 18 181 | 182 | 182 | 182 | 182 | 183
7 177 | 178 | 179 | 181 | 18 | 181 | 182 | 181 | 182 | 182 | 183 | 182 | 18.2
8 178 | 179 | 18 | 181 | 182 | 181 | 182 | 182 | 183 | 183 | 183 | 184 | 183
9 179 1 179 | 181 | 181 | 182 | 182 | 182 | 183 | 183 | 183 | 184 | 184 | 18.3
10 1791 18 [ 181|182 | 183 | 182 | 183 | 183 | 184 | 184 | 184 | 185 | 184
11 18 18 | 182 | 183 | 182 | 183 | 184 | 184 | 184 | 184 | 185 | 184 | 185
12 18 18 | 182 1183 | 183|183 | 184 | 185 | 184 | 185 | 185 | 185 | 185
13 18 | 183 1183|182 | 183|184 | 183 | 184 | 184 | 185 | 184 | 185 | 185
14 181 | 181 | 183 | 183 | 183 | 184 | 185 | 184 | 185 | 185 | 186 | 185 | 186
15 182 | 182 | 184 | 184 | 184 | 185 | 185 | 186 | 185 | 186 | 186 | 186 | 186
16 184 | 184 | 186 | 187 | 187 | 187 | 188 | 189 | 188 | 189 | 189 | 189 | 189
17 68 | 69 | 7.1 71 72 | 71 7.2 7.3 7.3 7.3 7.3 7.4 7.3
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