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Abstract

Soil resistivity and grounding system resistance play key roles in designing earthing systems,
safe operation of electric power systems and lighting protection systems. Also, it is beneficial
in evaluating the degree of corrosion of underground pipelines.

Most of the researches contributed to this area are based on horizontal 2 layers and horizontal
multi layers, but the results are still misinterpreted with the presence of vertical layers.
Therefore, the knowledge of the ground structure and determination of soil resistivity with the
vertically layered soil are critical in the overall design of the earthing systems in terms of
safety, reliability and cost.

In this research, three vertically layered soil models were proposed including two vertical layer
soil, three parallel vertical layer soil and three perpendicular vertical layer soil. Then a set of
equations were derived to determine the apparent soil resistivity for each soil model using the
method of images and Wenner four-point method. The results were further analyzed using
MATLAB and compared with field measurements to check the accuracy and efficiency.

The results show that the apparent soil resistivity of vertically layered soil was affected by the
direction of electrodes array and the distance between measuring electrodes and interface
between the vertically layered soil.

Keywords: vertically layered soil, vertical layer soil apparent resistivity, method of images,
grounding, earthing, wenner method, multi layered ground, multilayer soil
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CHAPTER 1
1. INRODUCTION

1.1. Background

An excellent grounding system guarantees the safe operation of electrical power
systems, lightning protection systems and prevents dangers from extreme ground

potential and ground fault.

When it comes to designing a high-performance grounding system soil resistivity plays
an important role. There are various methods and models employed in measuring soil
resistivity and most of them are based on uniform, horizontal two-layer and horizontal

multi-layer soil models.

Uniform and horizontal two-layer model yields significant benefits in economy,
accuracy and safety, [1] but it only identifies the surface layer to about 1 meter. The
horizontal multi-layer model provides more accurate information with the presence of

lower soil layers.

All these soil models are based on horizontal layers, but the real ground is a mix of
horizontally and vertically layered soil and the results are still misinterpreted with the

presence of vertical layers. Few examples for the vertical soil are,

1. Sites adjacent to the rivers and lakes
2. Areas with slopes
3. Sites with manmade boundary walls and large buildings

4. Filled lands with different types of soil

So, it is important to understand the characteristics of apparent soil resistivity of the

vertically layered soil to minimize the errors in designing grounding systems.
1.2. Objectives of study

Analyze the apparent ground resistivity with the presence of vertical soil layers and

propose an accurate method to calculate the apparent resistivity.



1.3. Motivation

This study would help in understanding the soil structure of an area and the
characteristic of apparent soil resistivity with the presence of vertically layered soil.
This will be helpful for the grounding system engineers to minimize the errors and
work on more accurate earthing systems which improves the safety and reliability of

the installation.

1.4. Methodology

Major activities of this research can be summarized as follows.

1. Understand the different soil models of the vertically layered of soil
Three different vertically layered soil models are studied in this research.

a. Two vertically layers
b. Three parallel vertical layers

c. Three perpendicular vertical layers

The research can be expanded to more complex structures, but in practical it is quite

rare to find vertical soil models than these three cases.
2. Prepare a model/equation to calculate the apparent soil resistivity

By referring the international research papers, the method of images is identified as
the most suitable way to build up an accurate and equivalent model to analyze the

apparent soil resistivity of vertically layered soil.
3. Further analyze the behavior of the model using a simulation software.

It is important to analyze the models with a simulation software to understand the soil
resistivity changes in one layer with respect to the other vertical layers. In this research
MATLARB is used to analyze the mathematical model and have a clear picture of the

changes of the soil resistivity.
4. Verify the model/equations with field measurements

The results of the mathematical model are compared with field measurements to check

how accurate the model is.



CHAPTER 2

2. LITERATURE REVIEW

The international standards related to earth resistivity, grounding systems, earthing of
electrical installations as well as many international research papers are based on
uniform and horizontally layered soil. But the real ground is layered in horizontally,

vertically or has a mix of horizontal and vertical layers.

Few examples for the vertical soil layers are lands adjacent to the large water volumes
such as sea, rivers and lakes, manmade boundary walls, a base of a building or lands
with slopes. Only a few studies were carried out to investigate the apparent resistivity
of vertical soil layers, but most of them limited to two vertical soil layers and are not

verified with field data.

IEEE standard, BS standard and a few other research papers are analyzed in this
literature review to identify a proper method to analyze the apparent soil resistivity of

vertically layered soil. The research papers are annexed to the Appendix - C

1. IEEE Guide for Measuring Earth Resistivity, Ground Impedance, and Earth Surface
Potentials of a Grounding System IEEE Std 81™-2012 (Revision of IEEE Std 81-
1983)

Werner four-point method has been suggested as a good method for measuring the
apparent resistivity. Also, the standard discusses the apparent resistivity of
homogeneous and horizontal two layered soil. But it doesn’t include anything related

to multi-layer horizonal or vertical layered soil.
2. BS 7430:2011 Code of practice for protective earthing of electrical installations

Werner four-point method has been suggested to measure the earth resistivity. But it
doesn’t mention anything about the soil layers. But the standard states “The resistance
to earth of a given electrode depends upon the electrical resistivity of the soil. Most
first approximation formulae are related to homogenous soil, which is rarely the case
in practice, where the different layers of strata will affect the distribution of current

passing through the electrode.”[3]



3. Study of Soil Resistivity Measurements in Vertical Two-Layer Soil Model.

Author(s): Mohamed Nayel, Boyang Lu, Yu Tian, Yingzhen Zhao, Department of
Electric and Electronic Engineering Xi’an Jiaotong-Liverpool University, Suzhou,

China

An expression is proposed to estimate the soil resistivity of two vertically layered soil
based on the method of images and Wenner four-point method. According to their
analysis the apparent resistivity depends on the spacing between the electrodes,
between the first electrode and the interface between the two layers and the direction

of electrodes array.

But there is no suggestion on how to expand the analysis for more than 2 vertical
layers. Also, they haven’t checked the validity of the results against the practical data

or the results of a software simulation.
4. A simple formula of grounding grid resistance in vertical two-layer soil.
Author(s): Xiaobin Cao, Guangning Wu, Shenglin Li, Weiming Zhou, RuiFang Li,

In this research an equation is developed based on the simulation done by CDEGS
software package. The equation is not verified with practical data and only prepared
based on the simulated model. Also, this equation can be applied only for the

grounding grids.

5. Analysis of Linear Ground Electrodes Placed in vertical Three-Layer Earth
Author(s): Predrag D. Rancid (IEEE member), Zoran P. Stajic', Bojana S. ToSid
Faculty of Electronic Eng. of NE, Srbija, SR Jugoslavija, Djordje R. Djordjevid,
Faculty of Civil Eng. of NiS, Srbija, SR Jugoslavija

Three vertical layers of soil has been analyzed in this research, but the mathematical
model is extremely hard to understand. The research paper further states that it can be
used to get the grounding impedance including resistance, reactance and equivalent

capacitance.

By considering the above standards and research papers, the method of images is the
most suitable way to build up a mathematical model to calculate the apparent soil

resistivity of vertical layers of soil.



CHAPTER 3
3. VERTICAL LAYER SOIL MODELS

The soil has a complex structure and is hardly uniform or homogeneous. Most of the

time it is either horizontally or vertically layered or it is combination of both.

After analyzing several geographical areas three soil models were identified to
continue the analysis of the vertically layered soil. These models can cover almost all
the practical situations and the locations can be similar to these models or a

combination of models.

1. Two vertical layers
2. Three parallel vertical layers

3. Three perpendicular vertical layers
Few examples are

1. Sites adjacent to the rivers and lakes
2. Areas with slopes

3. Sites with manmade boundary walls and large buildings

4. Filled lands with different types of soil

Figure 3.1: A site next to a large water volume



Figure 3.2: A land with slope

3.1. Identified soil models

3.1.1. Two vertical layers

Layer-1

Figure 3.3: Two vertical layers



3.1.2. Three parallel vertical layers

~N
~N

/
Layer -1 / layer-3

/
[ I
I I
I I
I I
I I
I I
I I
I I

I I
Figure 3.4: Three parallel vertical layers

3.1.3. Three perpendicular vertical layers
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Layer -1
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Figure 3.5: Three perpendicular vertical layers



CHAPTER 4

4. CALCULATIONS

“The method of images” is considered to propose an accurate and equivalent model
for the vertically layered soil. Based on the model developed, Wenner four-point

method is used to derive a set of equations to calculate the apparent resistivity.
4.1. Method of images

Method of images is a technique for solving problems related to electrostatics,
magnetostatics and electromagnetic fields in cases where there are reflecting

boundaries.

The image theory for electrostatics states that a given charge configuration above an
infinite grounded perfect conducting plane can be replaced by the charge configuration

itself, its image, and an equipotential surface in place of the conducting plane.

+0
©

— Electric field lines

e

i r |

Grounded —/ j__ g

metal sheet

o ——

Figure 4.1: The image theory for electrostatics



The image theory for magnetostatics states that the field between a magnetic dipole

over a superconducting surface can be replaced by the magnet and its symmetric one.

Figure 4.2: The image theory for magnetostatics

4.2. Wenner method

Wenner Four Pin Method is one of the best methods to measure the apparent resistivity
of large volumes of undisturbed earth. [1] It is developed by Dr. Frank Wenner, US
Bureau of Standards in 1915.

In this method four auxiliary probes are installed in the earth. The outer electrodes are
current electrodes and inject the current to the earth. The inner electrodes measure the

voltage drop due to resistance of soil when current passed between the outer electrodes.



S

S

Figure 4.3: Wenner method with equally spaced test probes

A current [ is passed between the outer probes, and the potential V between the inner
probes is measured using a potentiometer or high-impedance voltmeter. Then, the
apparent resistivity p in the terms of the length units in which a and b are measured is
_ 4maR
p= 2a a
1+ -
Vaz + 4b2  Va? + b?

in practice, the electrodes are usually placed in a straight line at intervals a, driven to

a depth not exceeding 0.1a. Then, we can assume b = 0 and the equation becomes

p = 2maR
p=2ma;

4.3. Calculation for two vertical layer soil

This soil model has two vertical layers with different soil resistivities. The probes are

buried in the layer 1 as shown in the figure 4.4.

10



Figure 4.4: Electrode arrangement on two vertical layer soil

Image distribution of the two-vertically layered soil is shown in Figure 4.5.

LAYER -1

Figure 4.5: Image distribution of two vertical layer soil

a = Electrode spacing (Meters)

d 1= The distance between the 1% electrode and intersection (Meters)
B = The direction of probes array (Degree or Radian)

p1= Soil resistivity of layer 1 (Ohm.meter)

p2= Soil resistivity of layer 2 (Ohm.meter)

— P2—P1

= Reflection ratio between layer 1 and 2
p2tp1

1
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The voltage of the probe 2 is equal to the sum of the potentials due to the injecting
current at probe 1 and sinking current at probe 4. The same is apply for the voltage of

the probe 3.

To simplify the calculation a voltage measuring probe which is located in x (Meters)

distance from the current probe is considered.

Potential due to the injecting current at probe 1

Figure 4.6: Image arrangement to calculate the potential due to the injecting current

at probe 1

12



Ipy N kilp

falx) = 2mx  2m\/(2d; + x cos )% + (x sin B)2

Potential due to sinking current at probe 4

(k) .

LAYER -2 LAYER -1

Figure 4.7: Image arrangement to calculate the potential due to the sinking current at

probe 4

(=Dp, N ki(=Dps
2mx 2m\/(2d, + (6a — x )cos B)? + (x sin )2

F,(x) =

Voltage at electrode 2 = Potential due to the injecting current in electrode 1 +

Potential due to the sinking current in electrode 4
V, = Fi(a) + F,(2a)

Voltage at electrode 3 = Potential due to the injecting current in electrode 1 +

Potential due to the sinking current in electrode 4

Vs = F1(2a) + F;(a)

Thus, the voltage difference between electrode 2 and 3
V, — V3 = [Fi(a) + F,(2a) — {(F,(2a) + Fy(a)}]

V,— V3= [F1(a) + F,(2a) — F,(2a) — F, (a)]

13



I kql (=D
VZ—V3:[&+ 1101 : P1+
2ma  2m/(2d;+acos )2+(asinB)? am
ki(=D)p1 _Ips kilpy _ (Dps
2m,/(2d,+4acos )2+(2asin )2 4ma  2m/(2d;+2acos B)2+(2asin )? 2ma
ki(=)p1 ]
2m/(2d,+5aco  )Z+(asinB)?
_ palrl k1 1 kq
VZ_V3__[_ 7 : 2z ogq 7 : z
2ma  ,/(2di+acos )2+(asinp) 2a /(2d;+4aco )2+(2asin )

1 kq + l_l_ kq
2a  \/(2d,+2acos B)?2+(2asin )2 a J(2d1+5a cos B)%+(a sin §)?2

]

The apparent resistivity can be expressed as
Pa = 2maR = 2na7

Therefore, the apparent resistivity in two vertical layer soil can be expressed as:

2na 1.1 k 1
pa = 2maR = == x 2= : . -
I 2ma  \/(2di+acos B)?2+(asinB)?  2a
= - — = - -+
J(@di+4aco )2+(2asinpB)? 2a J(@2di+2acos B)2+(2asin )2 a

k1
J(@di+5aco  )2+(asinB)?

]

k1 k1
J(@di+acos )2+(asinB)?  /(2di+4acos B)2+(2asin )2

1
Pa = api[-+

J(@di+2acos B)2+(2asin )2 J(2d1+5a cos B)%+(a sin §)?2

14



4.4. Calculation for three perpendicular vertical layer soil

This model has three perpendicular vertical layers with different soil resistivities. The

probes are buried in the layer 1 as shown in the figure 4.8.

Figure 4.8: Electrode arrangement on three perpendicular vertical layer soil

15



Image distribution of the three-perpendicular vertical layer soil is shown in Figure 4.9.

LAYER-3

// 7
LAYER-2 ’ d d 7 LAYER -1

Figure 4.9: Image distribution of three-perpendicular vertical layer soil
a = Electrode spacing (Meters)

d ;= The distance between the 1% electrode and intersection between layer 1 and 2

(Meters)

d ,= The distance between the 1% electrode and intersection between layer 1 and 3

(Meters)

B = The direction of probes array (Degree or Radian)

x = The distance between current source and voltage measuring point(Meters)
p1= Soil resistivity of layer 1 (Ohm.meter)

p>= Soil resistivity of layer 2 (Ohm.meter)

p3= Soil resistivity of layer 3 (Ohm.meter)

, = 222PL = Reflection ratio between layer 1 and 2
p2tps1

, = B27P1 — Reflection ratio between layer 1 and 3
pP3tp1

16



The voltage of the probe 2 is equal to the sum of the potentials due to the injecting
current at probe 1 and sinking current at probe 4. The same is apply for the voltage of

the probe 3.

To simplify the calculation a voltage measuring probe which is located in x (Meters)

distance from the current probe is considered.
Potential due to the injection current at probe 1
ks

k1k2[ [ ]

LAYER -3

LAYER -2

Figure 4.10: Image arrangement to calculate the potential due to the injection current
at probe 1

F _ Ips kilpy k2lpy
1(0) = 2 —= in )2 2
2mx 27r\/(2d1+xcos[>’) +(xsin ) 2nJ(2d2—x51n )2+(xcosfB)
kika1py
2m,/(2d, —x sin B)2+(2d, + x cos §)2
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Potential due to the sinking current at probe 4

.(-quzl) P(-kzl)

LAYER -3

'@En\“*\**\‘*

da

g P i
&
LAYER -2 | LAYER -1

Figure 4.11: Image arrangement to calculate the potential due to the sinking current

at probe 4
_ (=Dps ki(=Dp1
F() = 2mx + 2m/(2d;+6acos f—xco )Z+(xsin )2
ka(=Dp1 kika(=Dp1

+
2m\/(2d;—6asinf+xsi  )2+(xcos )2  2m/(2dy+6acos B—xcos B)2+(2d; — 6acos  xsin )2

Voltage at electrode 2 = Potential due to the injecting current in electrode 1 + Potential

due to the sinking current in electrode 4
V, = Fi(a) + F,(2a)

Voltage at electrode 3 = Potential due to the injecting current in electrode 1 + Potential

due to the sinking current in electrode 4

V3 = F(2a) + F,(a)

18



Thus, the voltage difference between electrode 2 and 3
V, = V3 = [Fi(a) + F;(2a) — {(F,(2a) + F;(a)}]

V, — V3 =[F(a) + F,(2a) — F;(2a) — F;(a)]

1 kql kyl
VZ—V3=[p1 11p1 : + .2P1 +
21 2m/(2d,+a cos B)2+(asin )2 2m,/(2d,—asin B)2+(a cos B)?
kik2Ipy (=Dp1 k1(-Dp1
. . +
2m/(2d;—asin £)2+(2d+ a cos )2 4ma 2my/(2dy+4aco )2+(2asin )2
ka(=Dp1 + kika(=Dp1 _
2my/(2d;—4asin B)2+(2acos B)2  2m+/(2d,+4acos B)2+(2d, — 6acos  2asin )2
Ipy kilpy _ k21py _
4ma 2my/(2d,+2a cos £)2+(2asin B)? 2m/(2d;—2asi  )2+(2acos )?
kikalpy _(=Dps ki(=Dps _
2m/(2d;—2asin £)2+(2d 4+ 2a cos B)? 2ma 2m./(2d,+5a cos )2 +(a sin §)?2
ka(~D)p1 _ kika(~Dp1 ]

2my/(2d;—5asinB)2+(acos )2  2m/(2d;+5acosB)2+(2d; —6acos  asinf)?

_y, =Pl k1 k2
Vo— V3= 2m ta + J(@2di+acos B)2+(asin §)2 + J(2d;—asin B)2+(acos )2 +

kiky 1 kq
J(@2d;-asin )2+(2d;+acosB)?2  2a J(2d;+4acos B)2+(2asin )2

ko kika
J(@d,—4asinB)2+(2acos )2 ./(2d,+4acosB)2+(2d, —6acos  2asin )2

1 P1 _ ko _
2a J(@di+2aco )%+(2asin )2 J(@d;—2asin B)2+(2acos )2

J(@2d,—2asin B)2+(2d,+ 2acos )2 + a + J(@2di+5acos B)2+(asin )2

k2 n kiks ]
J(@d;—5asi  )2+(acos )2 /(2dy+5acosB)2+(2d; — 6a cos B+ asin f§)2

The apparent resistivity can be expressed as

%4
Pg = 2maR = 27ra7
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Therefore, the apparent resistivity in three perpendicular layers of soil can be

expressed as:

2na pll 1 k]_ k2

Pa = ZmaR = e X 2 g+ J(@2di+acos B)2+(asin §)2 + J(2d,—asin B)2+(acos )2 +
kik, _ i _ k4 _
J(@2d,—asinB)2+(2d,+acosB)2  2a J(@2di+4acos B)2+(2asin )2
ka kik; _

J(@d;—4asi  )2+(2acos )2  ./(2dy+4acosB)2+(2d; —6acos  2asin )2

1 P1 k>
2a J(@di+2acos f)2+(2asinB)2  ,/(2dy—2asi )2+(2acos )?

k1k2 1 kl

J(@d;—2asin)2+(2d,;+2aco )2 + a /(2d;+5acos f)2+(asin B)?

ko + kik; ]
J@d;-5asi  )2+(acosB)?  \/(2d;+5acosB)2+(2d; — 6acos  asin )2

J(2di+acos )2+(asinf)?  /(2dy—asin )2+(acos B)?
klkz _ kl
J(@d;—asinB)2+(2d,+acos )2 ,/(2d,+4acos B)2+(2asin )2

1
Pa = apy =+

k2 kiky
J(@d;—4asinB)2+(2acos )2  /(2d;+4acosB)?+(2d,—6a cos f+2asin f)?

k1 kZ
J(@di+2aco )%2+(2asinB)?  ,/(2d;—2asi )2+(2acos )2

klkz kl

J(@d;—2asinf)2+(2d;+2aco )2 + J(@di+5aco  )Z+(asinp)?
ko + kika ]
J(@d;—5asi  )2+(acosB)? J(@2d,+5acos B)2+(2d,—6a cos B+asin )2
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4.5. Calculation for three parallel vertical layer soil

This soil model has three parallel vertical layers with different soil resistivities. The

probes are buried in the first layer as shown in the figure 4.12.

—— e\ ———— — — —

Layer -1 // Layer - 3

| 1
I I
I |
I |
I I
Figure 4.12: Electrode arrangement on three parallel vertical layer soil

Image distribution

(ko)1 TP Pl Kk i | D Tkl Kk, ThikoP (KPP (k1P
dd = d | d

LAYER-2 LAYER-1 LAYER-3

Figure 4.13: Image distribution of three-parallel vertical layer soil
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a = Electrode spacing (Meters)

d ;= The distance between the 1st electrode and intersection between layer 1 and 2

(Meters)

d ,= The distance between the 1% electrode and intersection between layer 1 and 3

(Meters)

B = The direction of probes array (Degree or Radian)

x = The distance between current probe and voltage measuring point(Meters)
p1= Soil resistivity of layer 1 (Ohm.meter)

p,= Soil resistivity of layer 2 (Ohm.meter)

p3= Soil resistivity of layer 3 (Ohm.meter)

1 = P2ZP1 — Reflection ratio between layer 1 and 2
p2tp1

2 = B37P1 — Reflection ratio between layer 1 and 3
p3tp1

The voltage of the probe 2 is equal to the sum of the potentials due to the injecting
current at probe 1 and sinking current at probe 4. The same is apply for the voltage of

the probe 3.

To simplify the calculation a voltage measuring probe which is located in x (Meters)

distance from the current probe is considered.
Potential due to the injection current at probe 1

Refer Appendix — A for the image distribution of the injection current at probe 1

KT'K3 'ips
2my/(2nd,+2(n—1)d,+ x cos B)2+(xsi )2

Ip o
Fi(x) = ﬁ*‘ Y=t

K1'K3'1py
2m/(2nd,+2nd,+ x cos  )2+(x sin )2

Yn=1

KT 'K}py
2my/(2(n—-1)d,+2nd,—xco  )2+(xsin B)?2

K1'K31py
2my/(2nd,+2nd,— x cos )2+ (x sin §)2

Y=t + et

Potential due to sinking current at probe 4

Refer Appendix — B for the image distribution of the sinking current at probe 4
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_ (Dps o KTKZ ' (-Dps
F(x) = 2mx + Xn= 2m/(2nd,+2(n—1)d,+ 6a cos f—x cos B)2+(x sin §)?2

Zoo KI'KZ (=Dp1
"=15n [(2nd; +2nd,— x cos f)2+(x sin )2

Zoo KT K3 (=Dp1
=11 /(2(n—1)d,+2nd,— 6acos  xcos B)2+(x sin f)2

Zoo KI'KZ (=Dp1
=121 [(2nd; +2nd,+x cos B)2+(x sin )2

Voltage at electrode 2 = Potential due to the injecting current in electrode 1 + Potential

due to the sinking current in electrode 4
V, = Fi(a) + F,(2a)

Voltage at electrode 3 = Potential due to the injecting current in electrode 1 + Potential

due to the sinking current in electrode 4

V3 = Fi(2a) + F,(a)

Thus, the voltage difference between electrode 2 and 3
V, = V3 = [Fi(a) + F,(2a) — {(F;(2a) + F;(a)}]

Vo, — V3 = [Fi(a) + F,(2a) — F;(2a) — F,(a)]

_ lp1 © KTK} 'Ips
Vo—Va=[—+ X3, e
2ma 2m./(2nd, +2(n—1)d,+ a cos B)%2+(asin f)

Zoo K1'K3'1py
"=1n/(2nd; +2nd,+ a cos B)%+(asin )2

3o KT 'K31py
n=1 2my/(2(n—1)d, +2nd,— acos B)2+(asin )2

Zoo KI'K}'py (=Dp1
n=1

+
2m./(2nd; +2nd,— a cos B)2+(asin )2 ama
3o KT'K? 1 (=Dps +
n=1 2 : 2
2m/(2nd,+2(n—1)d,+ 4acos )2+(2asin )

Zoo KK (=Dp1
=1 on/(2nd, +2nd,— 2a cos f)2+(2a sin )2

yoo KT 'K} (=Dp1 n
=1, /(2(n—1)d, +2nd,— 4a cos f)2+(2asin f)2

3 KI'K3'(=Dps _Ips
n=1,n [(2nd, +2nd,+2acos f)2+(2asin )2  47ma

Zoo KT'K3 py _
n=1,n /(2nd;+2(n—1)d,+ 2acos )2+(2asin f)2
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g KFiFips _
n=1

2m+/(2nd,+2nd,+ 2a cos )2 +(2asin )2

Zoo KT 'K}py _
n=1

2m/(2(n—1)d; +2nd,— 2acos B)%+(2asin §)2

]

KT'K31py
2my/(2nd,+2nd,— 2acos )2+(2asin )2

Yn=1

_Ipi 1 o KKy~
VZ - V3 Py + ZTL:l 2 : 2
2m ta J(@ndy+2(n—-1)d,+ a cos B)2+(asin B)

5o ik 43 KKy
n=1 [(2nd,+2nd,+ acos )2+ (a sin f)2 n=1 [(2(n-1)d,+2nd,— a cos f)2+(asin f)2

KK 1

[ee]
zn:l\/(an1+2nd2— acosB)2+(asinB)?  2a

KI'kR—1 KI'K}

(o 0] [ee]
Zn:l\/(an1+2(n—1)d2+4acos )2+(2asin )2 Zn:lJ(an1+2nd2—2acos )2+(2asin )2

yioo KTk} _
n=1 [(2(n—1)d,+2nd,— 4a cos f)2+(2asin )2

KK} 1

[00)
Znzl\/(anl+2nd2+2acosﬁ)2+(2asin )2 2a

KRt

[00)
Ln=1 J(@nd;+2(n—-1)d,+ 2a cos §)2+(2asin )?

yoo KT'K3
n=1 J(@nd;+2nd,+ 2a cos §)2+(2asin B)?2

yioo KTk} _
n=1 [(2(n—1)d,+2nd,— 2a cos B)2+(2asin f)2

KiK'

[e9) 1
= + -+
Zn_l\/(an1+2ndz—2a cos )2+(2asin )2 a

s KpRg iye Kk
n=1 [(znd,+2(n-1)d,+ 5a cos f)Z+(asin )2 n=1 [(2nd,+2nd,— a cos f)2+(asin f)2

5o K 4 3o ik
n=1 [(2(n—1)d,+2nd,— 5a cos )2+(asinf)2 n=1 [(znd,+2nd,+acos )Z+(asinf)2

]

The apparent resistivity can be expressed as

Pa = 2maR = 2na7
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Therefore, the apparent resistivity in three parallel layers of soil can be expressed as:

2ma _ Ipy (1 KKyt
pa=2maR == x 224 ¥, == ,
I 2w ta J@ndy+2(n—-1)d;+ acos B)2+(asi )2
KnKn Kn—lKn
255, iy, i .
J(@ndy+2nd,+ a cos )2+(asin §)2 J@(Mm-1)d,+2nd, - a cos B)2+(asin B)>2

KJ'K} KIKkR1

2 Xn=1 J(@nd,+2nd,— a cos )2+ (asin )2 ~ Zn=1 J(@nd{+2(n-1)d,+ 4acos )2+(2asinB)?

o KT'K3
2 anl -
J(@nd,+2nd,— 2a cos f)2+(2asin §)?2

3o KT 'K}
n=1 [(2(n—1)d,+2nd,— 4acos )2+(2asin )2

2 ZOO_ KILK;
n=1 J(2nd,+2nd,+2a cos §)2+(2asin )2

5o KKy~
n=1 [(2nd,+2(n-1)d,+ 2acos )2+(2asin p)2

yioo K1k}
n=1 [(2(n—1)d,+2nd,— 2a cos f)2+(2asin )?

s KKy
n=1 [(znd,+2(n-1)d,+ 5a cos B)2+(asin §)2

Zw K:’l”’_lKén ]
n=1 J@2Mm-1)d,+2nd,;- 5acos )2+(asinB)?2

— pafit ¥ Kprg? N
Pa = P1 a n=1 [(2nd,+2(n-1)d,+ a cos f)2+(asin f)Z

-1
K1 K3 KK

2 Yin=1 J(@ndi+2nd,+ a cos )2+ (asin §)2 + Lne V(2(n-1)dy+2nd,— acos )2 +(asin )2

KK KPgy—1

2 Xn=1 J(@nd;+2nd;— acos B)2+(asin )2 ~ Zn=1 J(@nd;+2(n—-1)d,+ 4acos )2+(2asinB)?

o KI'K3
2271:1
J(@ndy+2nd;—2acos )2+(2asin )2

- Ky
n=1 [(2(n—1)d,+2nd,— 4a cos B)%+(2asin B)?

2 ZOO_ K?Kg
n=1 [(2nd,+2nd,+2a cos )2+ (2asin )2

-1
oo KT'K3
n=1 [(znd,+2(n-1)d,+ 2acos )%+(2asin B)?

yioo KT KT
n=1 J@2Mm-1)d,+2nd,— 2a cos f)2+(2asin )?
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KPRt

Yn=1 J(@nd;+2(m-1)d,+ 5acos )2+(asinp)?

KL ~'KE

|

Ln=1 J@nm—1d;+2n

d;—5acos )%+(asinp)?
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CHAPTER 5
5. ANALYTICAL RESULTS

The formulas derived in the previous chapter are further analyzed by using the
MATLAB. The study is helpful to understand the behavior of apparent soil resistivity
with the existence of vertical soil layers and enable one to determine the how the soil

is layered in a specific geographical area.
5.1. Two-vertical layer soil
Case - 1

Apparent resistivity (pa) vs distance between the electrode 1 and the interface (di)

when
p1 (Resistivity of layer 1) = 100Q.m
p» (Resistivity of layer 2) = 1000Q2.m

B (The direction of electrodes array) = 0 Radian

I
|
|
|
|
|
|
|
|
Ia

/
Layer -2 = 1000(}rﬁ1 Layer- 1= 100Q.m

Figure 5.1: Electrode arrangement in two vertical layer soil
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102 \

1015 | Mg

pa(Qm)

101 | L

100.5 + s

100 z +
d1(m)
Figure 5.2: Apparent resistivity (pa) vs distance between the probe 1 and the interface

(d1) when p; = 100Q.m, p, = 1000Q2.m and § = 0 Radian

The probes are located in the layer 1 with low resistivity as shown in the figure 5.1.
With the increase of space between the first probe and the interface between the two
layers the apparent resistivity gets decrease as shown in the figure 5.2. This indicates
the decrease of the effect of the layer 2 of high resistivity.

Case - 2

Apparent resistivity (pa) vs distance between the electrode 1 and the interface (di)
when

p1 (Resistivity of layer 1) = 1000Q2.m
p- (Resistivity of layer 2) = 100Q.m

B (The direction of electrodes array) = 0 Radian
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Layer-2= 1000.57(

Layer-1=1000Q.m

Figure 5.3: Electrode arrangement in two vertical layer soil

1000

995

990

985

980 |

975

pa(Qm)

7o

960-/

955

965 /

950
5

Figure 5.4: Apparent resistivity (pa) vs distance between the probe 1 and the interface

10 15
d1(m)

20

(d1) when p; = 1000Q.m, p, = 100QQ.m and S = 0 Radian

29



The probes are located in the layer 1 with high resistivity as shown in the figure 5.3.
With the increase of space between the first probe and the interface between the two
layers the apparent resistivity gets increase as shown in the figure 5.4. This indicates

the decrease of the effect of the layer 2 of low resistivity.
Case - 3

Apparent resistivity (p.) vs the direction of probes array () when the electrodes are

located in the low resistivity layer.
p1 (Resistivity of layer 1) = 100Q.m
p2 (Resistivity of layer 2) = 1000Q2.m

d 1(The distance between the first probe and the intersection between layers) = Sm

/
Layer -2 = 1000(3311 Layer- 1= 100Q.m

Figure 5.5: Electrode arrangement in two vertical layer soil
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Figure 5.6: Apparent resistivity (pa) vs the direction of electrodes array (f) when
p1 = 100Q.m, p, =1000Q.m and d ;= 5m

The probes are located in the layer 1 with low resistivity as shown in the figure 5.5.
With the increase of the direction of the probes array the apparent resistivity gets
increase as shown in the figure 5.6. This indicates the increase of the effect of the layer

2 of high resistivity.
Case - 4

Apparent resistivity (pa) vs the direction of electrodes array () when the electrodes

are located in the high resistivity layer.
p1 (Resistivity of layer 1) = 1000Q2.m
p- (Resistivity of layer 2) = 100Q2.m

d 1(The distance between the first probe and intersection between layers) = Sm
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Layer -2 = 1000.57( Layer - 1 =1000Q.m

Figure 5.7: Electrode arrangement in two vertical layer soil

960
940 S~
920 LY

é 900 | \

o
880 \

860 [ \

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

B (Radian)

Figure 5.8: Apparent resistivity (pa) vs the direction of electrodes array () when
p1 = 1000Q.m, p, =100Q2.m and d ;= 5m
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The probes are located in the layer 1 with high resistivity as shown in the figure 5.7.
With the increase of the direction of the probes array the apparent resistivity gets
decrease as shown in the figure 5.8. This indicates the increase of the effect of the layer

2 of low resistivity.

5.2. Three perpendicular vertical layer soil

)

Figure 5.9: Electrode arrangement in three perpendicular vertical layer soil
Case — 1

Apparent resistivity (pa) vs distances between the electrode 1 and the interfaces (di)

and (d2) when the direction of electrodes array () = 0 Degrees
Resistivity of soil layers are considered as follows.
p1(Resistivity of layer 1) = 100QQ.m

p2(Resistivity of layer 2) = 1000Q.m

p3(Resistivity of layer 3) = 20Q.m
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Figure 5.10: Apparent resistivity (pa) vs distances between the electrode 1 and the
interfaces (di) and (d2) when p;= 100Q.m, p, = 1000Q.m, p3=20Q.m, (§) =0
Degrees
Case —2

Apparent resistivity (pa) vs distances between the electrode 1 and the interfaces (d;)
and (d2) when the direction of electrodes array (f) = 45 Degrees

Resistivity of soil layers are considered as follows.
p1(Resistivity of layer 1) = 100Q.m
p2(Resistivity of layer 2) = 1000Q.m
pz(Resistivity of layer 3) =20Q.m
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Figure 5.11: Apparent resistivity (pa) vs distances between the electrode 1 and the
interfaces (di) and (d2) when p;= 100Q.m, p, = 1000Q2.m, p3=20Q.m, () =45

Degrees

Case — 3

Apparent resistivity (pa) vs distances between the electrode 1 and the interfaces (d1)

and (d2) when the direction of electrodes array (f) = 90 Degrees
p1(Resistivity of layer 1) = 100Q.m
p2(Resistivity of layer 2) = 1000Q.m

p3(Resistivity of layer 3) =20Q.m
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d2(m) d1m)

Figure 5.12: Apparent resistivity (pa) vs distances between the electrode 1 and the
interfaces (di) and (d2) when p;= 100Q.m, p, = 1000Q.m, p;=20Q.m, (8) =90
Degrees

5.3. Three parallel vertical layer soil

Layer - 1 //

I
Figure 5.13: Electrode arrangement in three parallel vertical layer soil
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Case — 1

Apparent resistivity (pa) vs distance between the electrode 1 and the interface between

layer 1 and layer 2 (d1) when the direction of electrodes array () = 0 Degrees
p1 (Resistivity of layer 1) =4000Q.m
p» (Resistivity of layer 2) =20Q.m

p3 (Resistivity of layer 3) = 100000Q2.m

3950 . . . T S —————
3900 | P
3850 | P
3800 | /

G 3750 f /
3700 |

3650 /

3600 r/

f
3550 1 A A A L A
5 10 15 20 25 30 35 40
d1(m)

Figure 5.14: Apparent resistivity (pa) vs distance between the electrode 1 and the
interface between layer 1 and layer 2 (d1) when p;=4000Q.m, p, =20Q.m, p3=
100000Q.m, () = 0 Degrees

Case — 2

Apparent resistivity (pa) vs distance between the electrode 1 and the interface between

layer 1 and layer 2 (d1) when the direction of electrodes array (f8) = 45 Degrees
p1 (Resistivity of layer 1) =4000Q.m
p2 (Resistivity of layer 2) = 20QQ.m

p3 (Resistivity of layer 3) = 100000Q2.m
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Figure 5.15: Apparent resistivity (pa) vs distance between the electrode 1 and the
interface between layer 1 and layer 2 (d1) when p;=4000Q.m, p, = 20Q.m, p;=
100000Q.m, (f) = 45 Degrees

Case — 3

Apparent resistivity (pa) vs distance between the electrode 1 and the interface between

layer 1 and layer 2 (d1) when the direction of electrodes array (f8) = 90 Degrees
p1 (Resistivity of layer 1) =4000Q.m
p2 (Resistivity of layer 2) = 20QQ.m

p3 (Resistivity of layer 3) = 100000Q2.m
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Figure 5.16: Apparent resistivity (pa) vs distance between the electrode 1 and the
interface between layer 1 and layer 2 (d1) when p;=4000Q.m, p, = 20Q.m, p;=

100000Q.m, (f) = 90 Degrees
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CHAPTER 6
6. FIELD MEASUREMENTS

Several field measurements had done to check the validity of the model and the

formulas derived for vertically layered soil.
6.1. Field measurement — 1

A flat play ground near to the Bolgoda River is selected for the first field
measurements. It has a large open space with nearly uniform soil surface and located

next to the Bolgoda River.

Figure 6.1: Selected area for the field measurement - 1
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Figure 6.2: Selected area on the map

Earth resistance measurements were taken by Megger® DET4TD2 digital earth
resistance meter and it supports Wenner 4 probe method.

Figure 6.3: Digital earth resistance meter - Megger® DET4TD2
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Case — 1

Measurements were taken by changing the distance between the probe 1 and the

boundary between the ground and the river. The readings are shown in the table 6.1.

Table 6.1: Resistivity measurements

@ Dl:;znfﬁeblfxﬁz';:;(enf)mbe ! Resistivity (©.m)
5 4712.3
10 4932.2
15 5748.9
20 6220.2

As shown in the figure 6.4 the apparent resistivity gets increase with the increase of
space between the first electrode and the interface. The ground has a higher resistivity
than the river water and this is similar to the case 2 discussed in the subsection 5.1 of

Chapter 5. The same graph is shown in figure 6.5 for easy comparison.

6500.0

m
D
o
o
o
o

Resistivity (Q.

5 10 15 20
D1(m)

Figure 6.4: Apparent resistivity (pa) vs distance between the electrode 1 and the
interface (di)
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Figure 6.5: Apparent resistivity (pa) vs distance between the electrode 1 and the
interface (d1) when p_1=1000Q.m, p 2 = 100Q2.m and = 0 Radian - MATLAB

simulation

Case — 2

Measurements were taken by changing the angle of the electrode array. The readings

are shown in the table 6.2.

20

Table 6.2: Resistivity measurements

Direction of the electrodes array (f3) Resistivity (£2.m)
(Radian)
0 4712.3
0.393 4021.1
0.785 4335.3
1.353 4335.3
1.571 3267.2
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As shown in the figure 6.6 the apparent resistivity gets decrease with the increase of
the direction of the electrode array. The ground has a higher resistivity than the river
water and this is similar to the case 4 discussed in the subsection 5.1 of Chapter 5. The

same graph is shown in figure 6.7 for easy comparison.
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Figure 6.6: Apparent resistivity (pa) vs the direction of electrodes array (f3)
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Figure 6.7: Apparent resistivity (pa) vs the direction of electrodes array () when
p1 = 1000Q.m, p, = 100Q2.m and d = 5Sm — MATLAB simulation

44



Case — 3

The electrode array moved parallel to the interface and the readings are shown in the
table 6.3 and figure 6.8.

Table 6.3: Resistivity measurements

Distance(m) Resistivity parallel to the interface
(Q2.m)
0 3267.2
5 3298.6
10 3455.7
15 3392.8
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Figure 6.8: Apparent resistivity (pa) parallel to the interface
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6.2. Field measurement — 2

A flat ground above a boundary wall is considered for the second field measurements.
The area has a uniform soil structure and due to the space limitation only a few

measurements was taken by changing the angle of the electrode array.

Figure 6.9 : Selected area for the field measurement - 2

Earth resistance measurements were taken by Kyoritsu® 4105A digital earth

resistance meter.

Figure 6.10: Digital earth resistance meter - Kyoritsu® 4105A
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Measurements were taken by changing the angle of the electrode array. The readings

are shown in the table 6.4.

Table 6.4: Resistivity measurements

Direction of the electrodes array () T
(Radian) Resistivity (£2.m)
20,785 (-45) 304.1
20.982 (-56.25) 308.2
-1.178 (-67.5) 315.1
11374 (-78.75) 313.0
-1.5708 (-90) 319.2

The instrument makes earth resistance measurement with fall of point method.
Therefore, following equation is used to convert the resistance values to into resistivity
values. This formula is developed by Professor H. R. Dwight of the Massachusetts
Institute of Technology for single ground electrode systems. [2]

- ()

R = Resistance in ohms of the ground rod to the earth (or soil)
L = Grounding electrode length

r = Grounding electrode radius

p = Average resistivity in ohms-cm

As shown in the figure 6.11 the apparent resistivity gets decrease with the increase of
the direction of the electrode array. The sol has a lower resistivity than the air and this
is similar to the case 3 which is discussed in the subsection 5.1 of Chapter 5. But the
angle was measured in other direction, so another MATLAB simulation has done

considering the average resistivity of the soil and shown in the Figure 6.12.

47



320.0

315.0

310.0

Resistivity (Q.m)

305.0
300.0

-2 -1.5 -1 -0.5 0
Angle(Radian)

Figure 6.11: Apparent resistivity (pa) vs the direction of electrodes array (f)
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Figure 6.12: Apparent resistivity (pa) vs the direction of electrodes array (f) —
MATLAB simulation
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CHAPTER 7

7. CONCLUSIONS AND RECOMMENDATIONS

7.1. Achievement of objective and research outcome

The objective of the research is “Analyze the apparent ground resistivity with the
presence of vertically layered soil and propose an accurate method to calculate the
apparent resistivity” The methodologies to achieve the objective were proposed and

validated in the previous chapters.
Research outcomes can be summarized as follows:

1. Three different vertical layer soil models were identified as follows.

a. Two vertical layers

b. Three parallel vertical layers

c. Three perpendicular vertical layers

2. The model developed by using the method of images and Wenner four-point method
satisfied to solve the apparent soil resistivity of vertically layered soil.

3. The apparent soil resistivity depends on the direction of the electrodes array and the
space between the first probe and the interface between the layers.

4. Field measurements approved the results of the mathematical model.
7.2. Limitations of the study
Limitations of this study are listed below with the proposals for further studies.

1. Only a few field measurements were taken due to the non-availability of an earth
resistance meter. But, more field measurements are required to check and improve the
accuracy and efficiency of the model. It is easy to do the measurements with a digital
earth resistance meter which supports Wenner 4 probe method.

2. The model was not being able to simulate using an Electromagnetic Simulation
Software due to the complexities of the software packages, limitations of the trial
versions and the cost related to purchase a license. It is suggested to simulate the model
using an Electromagnetic Simulation software like Ansys Maxwell, CDEGS and
compare the results with the mathematical model and field measurements to improve

the model developed in this research.
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3. This research only discusses about the vertically layered soil, but the real ground is
a mix of horizontal and vertical layers. This study can be extended to get an accurate

figure for the apparent resistivity by considering both horizontal and vertical layers.
7.3. Applications and recommendations

The study is helpful to understand the behavior of apparent soil resistivity with the
existence of vertical soil layers and enable one to determine the how the soil is layered

in a specific geographical area.

Also, it gives a good presentation of the soil to build more accurate grounding systems

to increase the safety and reliability while minimizing the cost involve.

The designers can locate the earthing systems away from rivers, lakes and hills to

minimize the effect of the resistivity changes due to the vertical layers.
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APPENDICES

Appendix A - Image distribution of the injection current at probe 1 in
three parallel vertical layer soil



Appendix B - Image distribution of the sinking current at probe 4 in
three parallel vertical layer soil



Appendix C — Research papers



