[Technical Paper# 004 by M. Saad, Earthing System]

Electrical Earthing System

"Design and Requirements of Earthing System as per BS 7430"
"BS 7430 258U ks lllaiall 5 ppenadl”

mt;quqm_e;g._a:ﬂ):jc;;‘
2017 st s Gl sall 1438 (mny 1 (A 5Y) Andall

[o=a ]

Page 1




[Technical Paper# 004 by M. Saad, Earthing System]

s [

M L a4l Jual D 2 m@wuug\‘_,mw}M\J}ww&uaﬁ}‘,)ﬁ;ﬂjw}bmé\nM\
J’_}LA\ “d).u))ad.\c \Jmu\}‘\.‘ddjuybhjé\h\Y\‘d\YU‘-‘\@-u:‘_,‘dcsdu

badl e ile sleall 3aly 35 3 SV 8 Cand) e Cpasigall G Lgdaa il oda ol e 2l {ji_
ERAY

e.\.ma.\ﬂ\_\u\.u\\.:a‘)adudﬂ‘BS J}Sj\‘_énc\_u.uj J.IJS.\S‘\JAUJS.\LJ\LUL\J—

ey el Caiat) QIS g pivinall e el gl clla g & a0 'bﬂu@ﬁ\w\upu\@d%_
)l e g gl g LS 2 3l ) AR1L & pl) Ca o 13

(e slaall G i g anand 58 Lai) g dgale dilia) (ol A ud Jandl 128 —

f s I a5l e Lilo) je e 5 cOlbaed/cila yite gl asa g s 80—

Eng.Mohamad.Saad@Gmail.Com

oull) adly La Jand) 138 A Jaan 0 i) Sl

dala M laaa

[Ua ] Page 2




[Technical Paper# 004 by M. Saad, Earthing System]

- -

dadla

S BY | larill Zemaris N psliall s Layloie s Al pgSH ABUAY| Aoany [,Las
Ol gy Yo o3 Jiailly slapgsH pliad @ects Jothl (o ;IS Ceald b .. oolatn Wi
Jlaaioul B e SH gl di 2 Lo .. 2orils mgSH ABUALY Aol Zaduiall Ly gSI1
cro e laygST ders 1B Lo Iligh .21 Loladl Loy, Loally Adcall 8 A yunall Ll
aglaie 399 )9 (3] BN gl (oo LS L IAT ol pgSILs Bawad! o 331t LS jLlaie]
S Gy Sigd pis (B Aen (po LD (B WL ALy ¢S S g Wig Oluaell ol
0 Ottt Zoba 4303 (10 Lo S Soeails dadi o Bedhuadf (10 jud ST Budusd O - 356!
N ERELR (P P ER Y T VU P PWELL i Py Pl (PR (REOI- [0t

2016 sssdisl 124 2381l - Ay 2l ol oSl Alna | oan sl 28U 0 jacadll

J—ab e ol by e )W el plseaY LA Gt o)
P et B FE < WA (S T RO
D PN ool o L &y alad SLAN L
A6 W Ladll o

Ol Cpand ) anilly Al Sl G Y

"Function Grounding or Service Grounding" & gl i aladl ol -1

" Protective/Equipment Grounding " &sl g -2

- "|[EEE 142: grounding of power systems" ! & sla Lo sa Gue sill Jal¥) Ciy jill

e il JUl dga Gl laal @lld g Gz W) ae cl S 1 alal) Clia gal daatiall Sl 5eSH Loy N e AU (g
&) gmm gmoY) a3 Ll Jela Jim ge uadlS Al Gy 38 o3 eladll Lal T jluse Jiay 4ifl LS 3aaaall dagsl)

Jasll I - Circuit breaker or fuse - ateall dluus s gday laa -adds 5l s3ee DA e 5l yilie (Dl OIS
sadll 3 5 e e el Sl jaan Juad e

[o=a ]

Page 3




[Technical Paper# 004 by M. Saad, Earthing System]

1.3 Purposes of System Grounding

System grounding, or the intentional connection of a phase or neutral conductor to earth, is for the purpose of
controlling the voltage to earth, or ground, within predictable limits. It also provides for a flow of current that will
allow detection of an unwanted connection between system conductors and ground and which may instigate operation
of automatic devices to remove the source of voltage from conductors with such undesired connections to ground. The
NEC [1], prescribes certain system grounding connections that must be made to be in compliance with the code. The
control of voltage to ground limits the voltage stress on the insulation of conductors so that insulation performance can
more readily be predicted. The control of voltage also allows reduction of shock hazard to persons who might come in
contact with live conductors.
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The termlequz‘pment groundinglrefers to the interconnection and grounding of the nonelectrical metallic elements of a
system, Examples of components of the equipment-grounding system are metallic conduit, motor frames, equipment
enclosures, and a grounding conductor. Note that a grounding conductor is a part of the equipment grounding system,
as distinguished from a grounded conductor, which is a part of the power distribution system. The basic objectives of
an equipment-grounding system are the [ollowing:

1)  To reduce electric shock hazard to personnel.

2) To provide adequate current carrying capability, both in magnitude and duration, to accept the ground-fault
current permitted by the overcurrent protection system without creating a fire or explosive hazard to building
or contents.

3) To provide a low impedance return path for ground-fault current necessary for the timely operation of the

overcurrent protection system.
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parameters for structures, electrical equipment and
systems, including:

® BS 7430:2011 Code of practice for protective
earthing of electrical installations

voltage open terminal stations

® |EEE Std 80:2000 IEEE Gulide for safety in AC
substation grounding

® ENATS 41-24 Guidelines for the design,
installation, testing & maintenance of main
earthing systems in substations

The design, specification, inspection and periodic

and recommendations provided by these standards.

® BS 7354:1990 Code of practice for design of high

testing of earthing systems should follow the guidance

A number of national and international standards have b 235811 5 0 BS 7430 -1
been published which define earthing system design A 5e S Aadail) ay il Aalad) Clal LY
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British Standard BS 7430 provides guidance on
earthing of general land-based electrical installations
in and around buildings in the UK, including:

@ Low voltage installation earthing and
equipotential bonding for general, industrial
and commercial buildings, locations with
increased risk, rail systems etc

® The interface between low voltage and high
voltage substations

® Earthing of generators and Uninterruptible Power
Supplies (UPSs) supplying low voltage installations

BS 7430 defines the elements for creating an
appropriate earthing arrangement for a low voltage
installation, including a main earthing terminal,
protective conductors, earthing conductors and
circuit protective conductors, and the use of earth
electrodes to dissipate currents to the general mass
of earth.

Substation earthing

BS 7354, IEEE std. 80 and ENA TS 41-24 reference the
requirements for earthing of substations.

The design and specification of an appropriate
earthing arrangement for substations is essential to
provide a low impedance path for earth, fault, and
lightning currents to earth, and to protect personnel
on site from potentially fatal step and touch voltages.

These standards provide guidance on (but not
limited to):

@® Maximum permitted step and touch voltages
® Methods for calculating earthing system design

® High voltage earth electrode selection, including
type, material & size

® Switching and busbar arrangement

@ Equipotential bonding

|® Insulation co-ordination
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Ref.: http://shop.bsigroup.com/ProductDetail/?pid=000000000030322344

Overview

The standard is relevant in the following sectors: transport, aerospace, auto, railway, built
environment, education and training, finance, healthcare, ICT, industrial (engineering services,
electrical equipment, chemical, materials, food and agriculture, mechanical equipment, R&D, testing,
textiles), services, oil/gas/energy.
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What does the standard cover?

BS 7430 covers earthing system design parameters for structures, electrical equipment
and systems.

It also defines selection parameters for the earthing arrangements and makes clear the
need for careful consideration of various site conditions such as soil composition and
resistivity. Earthing is generally provided for reasons of safety as it protects people
from the risk of electric shock.

How has the standard been amended?

It includes a number of editorial changes which clarify the meaning of the text and
correct values and symbols. It also includes some technical changes to correct and
clarify formulae and equations.
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BS 7430:2011

Code of practice for
protective earthing of
electrical installations

Scope

This British Standard primarily provides recommendations and guidance on
meeting the requirements for the earthing of electrical installations, including:

a) protective earthing of low voltage installations to BS 7671:2008+A1;

b) the interface between LV and HV substations of 11 000/400 V to
BS EN IEC 61936-1:2011 within buildings; and

¢) protective earthing and changeover switch arrangements for generators
supplying low voltage installations.

The earthing of a system or installation is generally provided for reasons of
safety.
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3.5 earthing system

system separately or jointly

[IEV 604-04-02]

arrangement of connections and devices necessary to earth equipment or a

Note: International Electrotechnical VVocabulary (IEV).

Note:

“Grounding” is a term used rather exclusively in North American to indicate a direct or
indirect connection to the planet Earth or to some conducting body that serves in place

of the Earth.

“Earthing” is a term developed by the United Kingdom and part of the British Electrical
Code and is employed in Europe or other countries that employs International Electric

Commission (IEC) standards.

So, The term “earthing” in European or IEC countries is synonymous with the term
“grounding” in North America.
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3.1 earth grid

earth electrode in the form of two overlapping groups of buried, parallel,
horizontal electrodes, usually laid approximately at right angles to each other,
with the electrodes bonded at each intersection
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3.2 earth potential
electric potential with respect to the general mass of earth which occurs in, or
on the surface of, the ground around an earth electrode when an electric
current flows from the electrode to earth
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3.4 earth resistance
resistance to earth of an earth electrode or earth grid
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3.2
earth electrode
conductive part, that may be embedded in a specific conductive medium in electric contact with the earth

[[EV 195-02-01, modified]
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3.3

earth fault

fault caused by a conductor being connected to earth or by the insulation resistance to earth becoming
less than a specified value.

[IEV 151-03-40 (1978)]
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3.5
earth potential rise, EPR
voltage between an earthing system and reference earth
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3.7

earthing conductor
conductor that provides a conductive path, or part of the conductive path, between a given point in a
system or in an installation or in equipment and an earth electrode

[IEV 195-02-03]

NOTE: Where the connection between part of the installation and the earth electrode is made via a disconnecting link, disconnecting

switch, surge arrester counter, surge arrester control gap etc., then only that part of the connection permanently attached to
the earth electrode is an earthing conductor.

3.17
(local) earth

part of the Earth that is in electric contact with an earth electrode and the electric potential of which is not
necessarily equal to zero

NOTE: The conductive mass of the earth, whose electric potential at any point is conventionally taken as equal to zero.

[IEV 195-01-03, modified]

3.10 (effective) touch potential
voltage between conductive parts when touched simultaneously

NOTE The value of the effective touch voltage may be appreciably influenced by
the impedance of the person in electric contact with these conductive parts.

[IEV 195-05-11, modified]

.12 step voltage
step potential

voltage between two points on the earth’s surface that are 1 m distant from
each other, which is considered to be the stride length of a person

[IEV 195-05-12]

3.20
PEN (Protective Earth Neutral) conductor
conductor combining the functions of both protective earth conductor and neutral conductor

[IEV 826-04-06, madified]

NOTE: In a MEN system, this is the conductor connected to the star point of the transformer which combines the functions of both
protective earth conductor and neutral conductor.

Protective multiple earthing (PME). An earthing arrangement, found in TH-C-58 systems, m which the supply
neutral conductor s used to connest the earthing conductor of an installation with Earth, in accordance with the
Electricity Safety, Quality and Continuity Regulations 2002 (see also Figure 3.9), |
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depends on the "earth resistivity p'* as well as the "electrode geometry".

The electrical properties of earthing depend essentially on two parameters:
[]Earthing resistance

[1Configuration of the earth electrode

Earthing resistance determines the relation between earth voltage Ve and the earth
current value. The configuration of the earth electrode determines the potential
distribution on the earth surface, which occurs as a result of current flow in the earth.
The potential distribution on the earth surface is an important consideration in
assessing the degree of protection against electric shock because it determines the
touch and step potentials. These questions are discussed briefly below.
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The earthing resistance has two components:

[ |Dissipation resistance Rp, which is the resistance of the earth between the earth
electrode and the reference earth.

[ IResistance RL of the metal parts of the earth electrode and of the earthing
conductor.

The resistance RL is usually much smaller than the dissipation resistance Rp. Thus,
usually the earthing resistance is estimated to be equal to the dissipation resistance
Rp. In the literature, ‘earthing resistance’ usually refers to the dissipation resistance.

L iad o )Y ASLE] A gl dad gl Al | daidiall cilas il 3 dlege Reactance J) dad et ik sala

it is assumed that the earthing impedance Zeis equal the dissipation resistance Rop,
which is in turn assumed to be approximately equal to the earthing resistance, R
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Fig. 8. The ground rod injects
current into the surrounding vol-
ume of soil.
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3.2 earth potential
electric potential with respect to the general mass of earth which occurs in, or
on the surface of, the ground around an earth electrode when an electric
current flows from the electrode to earth
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An important concept as to how efficiently grounding electrodes discharge electrons
into the earth is called “the zone of influence”, which is sometimes referred to as the
“sphere of
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influence”. The zone of influence is the volume of soil throughout which the electrical

potential rises to more than a small percentage of the potential rise of the ground
electrode, when that electrode discharges current into the soil.

The greater the volume, compared with the volume of the electrode, the more efficient
the electrode. Elongated electrodes, such as ground rods, are the most efficient. The

surface area of the electrode determines the ampacity of the device, but does not

affect “the zone of influence”. The greater the surface area, the greater the contact with

the soil and the more electrical energy that can be discharged per unit of time.

Ref# Furse company

Diameter of rod

One common misconception is that the diameter of the rod has a drastic effect on
lowering earth resistance. This is not true! As the graph shows, you only lower the
resistance value by 9.5 per cent by doubling the diameter of the rod (which means
increasing the weight and the cost of the rod by approximately 400 percent!)

Thus the rationale is; Use the most economical rod that soil conditions will allow
you to drive. This is one of the ways to ensure that you don’t waste money on
over-dimensioned rods.

Resistance %

100_
80—
60_
40—

1 1 1 1 1
1/2”' %H 1u 11/4!; 11/2n 13/4;: 2H

Rod diameter

Effect of electrode diameter on resistance
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"Use multiple electrodes in parallel and spaced apart a minimum of 2.2 times the rod
length"

Ground Saturation

The statement that rods should have a separation, “greater than the sum of their
lengths apart,” originates from theory, and the fact almost all ground rods will saturate
the soil to which they connect. A ground rod connects to localized, irregularly sized,
three-dimensional electrical clumps. Depending on the soil make-up (layering, etc.),
the volume of earth a ground rod can dump charge into can be generalized as the
radius of a circle equal to the length of the rod at the circle’s center. This is known as
the sphere of influence of the rod. The sum of the driven depths of two rods should be,
theoretically, the closest that ground rods can be placed. Anything closer will cause the
soil (clumps) connected in common to saturate even faster.

Incorrect Spacing
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The interaction between the grounding electrode and the earth, which is a three-
dimensional electrical circuit

Earth
Surfaceof electrode

ground BIAL £

Current flows out *, i
in all directions S e

Broadly speaking, ‘earth resistance’ is the resistance of soil to the passage of electric
current. Actually, the earth is a relatively poor conductor of electricity compared to
normal conductors like copper wire. But, if the area of a path for current is large
enough, resistance can be quite low and the earth can be a good conductor. It is the
earth’s abundance and availability that make it an indispensable component of a
properly functioning electrical system.
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The effect of shape on an electrode resistance is related to the current density around
the particular electrode considered. To obtain a low overall resistance the current
density should be as low as possible in the medium surrounding the electrode. This
may be achieved by making the dimensions in one direction large by comparison to the
other two; thus a pipe rod or strip has a much lower resistance than a plate of equal
surface area.

The earthing resistance R of an earth electrode depends on the earth resistivity p as
well as the electrode geometry.
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In order to achieve low values of R the current density flowing from the electrode metal
to the earth should be low, i.e. the volume of earth through which the current flows
should be as large as possible. Once the current flows from metal to earth it spreads
out, reducing current density. If the electrode is physically small, e.g., a point, this
effect is large, but is very much reduced for a plate where spreading is only effective at
the edges. This means that rod, pipe, or wire electrodes have a much lower dissipation
resistance than, for example, a plate electrode with the same surface area. Moreover,
it is well documented in the literature that dc- and ac-induced corrosion increases with
current density. Low current density extends electrode life.

[L ] Page 19




[Technical Paper# 004 by M. Saad, Earthing System]

¢ ol ) qulad da glia dad Gilus 4348
el a8 73 g g im UEY AliAal) g1 g3 e glie loan A daseadil g1 3 saill o JSAIL LS
"Hemisphere Electrode" 5 S caai J<& e (s

Surface Area of a Sphere = 411r?
Surface Area of a Hemisphere/ Electrode = 21r?

A basic model of the earth electrode configuration, used for illustrating the fundamental electrical properties,

is a hemisphere embedded in the ground surface (Figure 3).

e

1

AV

0,5

Figure 3 — lllustration of a notional hemispherical earth electrode, showing parameters required to calculate
the earthing resistance and potential distribution on the ground surface (with p = const):
r—electrode radius
x — destination from the centre of the electrode
ar, as — touch and step distances respectively
V™ — relative value of the potential distribution
AV*, AV*s — touch and step voltages respectively.

1 —electrode radius r 3
x — destination from the centre of the electrode N

at, ds — touch and step distances respectively
V* — relative value of the potential distribution

AV*;, AV*g —touch and step voltages respectively.||
¥ | I

T
i
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dR = 22— dx (2)

272

The resistance of the hemisphere-earth electrode is given by:

R—i OOE:L (3)

2w r  x2 2mr

oot 38 il U o (a8 alad e slie s Al (s il s 25l e ) 2 gl o p ) s
R=p/(211r) "Resistance of Hemisphere Rod"
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Differences between Grounded and Grounding systems

. Grounded system refers to a system where a conductor is grounded and is
intended to or may carry current in the normal operation. The neutral on a wye system
Is a prime example of a grounded conductor.

. The grounding conductor system is not intended to carry operational current in its
design. This path is intended to carry unwanted and fault currents for protection.

What is “Effectively Grounded”?
The 2005/2008/2011 National Electrical Code defines effectively grounded as:

“Intentionally connected to earth through a ground connection or connections of
sufficiently low impedance and having sufficient current-carrying capacity to prevent
the buildup of voltage that may result in undue hazards to connected equipment of
persons."
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9 Earth electrode systems

9.1 General

Earthing of either a system or equipment involves the provision of a connection
to the general mass of earth; this connection should have a resistance not
greater than that required to operate safety mechanisms to isolate the
electricity supply from a fault situation, and be capable of carrying the
maximum expected fault current. The value of resistance required might not
always be amenable to an automatically set value.

Therefore, the various factors which affect the resistance to earth and fault
current capacity of the buried conductor, designated the earth electrode, should
be considered. This should include the size and shape of the earth conductor,
the resistivity of the soil in which it is buried and the connection of the system
to it. It is also essential to consider the current density at the surface of the
earth electrode and the ground potentials in its vicinity.

s 3 La )kl LS ol Y=Y =¥
J—ad e 5,36 dy ¢S A6 Y Alas 0,55 Leie L) ga pllad) jon
i e el 3l S0 olall a3 Pt &g e § I
S N il Jal Ak gdes jlew Gk 8 didall L

However, the NFPA and IEEE have recom-
mended a ground resistance value of 5.0 ohms
or less.

The NEC has stated to "Make sure that system
impedance to ground is less than 25 ohms
specified in NEC 250.56. In facilities with sen-
sitive equipment it should be 5.0 ohms or less.”
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9.2.2 Soil treatment

In high resistivity locations or on rocky ground where long term performance is
required, it may be considered necessary to utilize a conductive concrete to
improve earth contact resistance around an earth rod or strip (tape) where
applicable. There are commercially available materials to achieve this effectively,
but care should be taken to understand how they work during installation to
ensure that they remain in contact with the rod or strip and do not shrink or
swell away after drying out.

Chemical treatment of soil has environmental implications and should not be
considered as a long term solution in order to meet a specified level of
resistance, apart from the risk of corrosion to the earthling system. Coke breeze
should also not be used due to its highly corrosive nature.
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USE A GROUND ENHANCEMENT
MATERIAL

Several materials are available to lower the resistance of the
installed rod electrode. They are placed around the rod
which has beef installed in an augured hole. Although they
have a resistivity higher than the metal rod. their resistivity
is lower than the surrounding soil. This. in effect. increases
the diameter of the rod. Following are some of the
materials commonly used as ground enhancement materials
along with their resistivities:

concrete : 3000 to 9000 ohm-cm (30 -90 ohm-m)

bentonite (clay) : 250 ohm-cm. (2.5 ohm-m) (Shrinks and
looses contact with both rod and earth

when it dries)

GEM™ : 12 ohm-cm (0.12 ohm-m) or less.
(Permanent, sets up like concrete and
does not shrink or leach into soil)

[o=a ]
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The ReS|stance of a conductor depends on the atomic structure of the material or its
Resistivity (measured in Ohm-m or Q-m), which is that property of a material that
measures its ability to conduct electricity

px L
14
where o, Resistivity ({2m) of the conductor material
L Length of the conductor (m)
A C T0SS secrfon{.rf A.re{.r (m )
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9.3

Solil resistivity

NOTE 1 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.

Table 1 gives examples of resistivity only; these figures are very general and
should not be used to replace actual measurements made at the proposed site.
They may be used to give an indication of the difficulties that one might face in
preparing an adequate design at the chosen location. The effective resistivity is
also controlled by the mineral salts in the ground and the level of moisture
content, which is why it should be remembered that readings taken long after
installation can vary considerably from the original test results.

Soil temperature has some effect on the upper layers of strata, but is only
important under frosty conditions; therefore any part of an electrode system
which is less that 0.5 m below ground level should not be considered to be
effective.

NOTE 2 Table 1 is only to be taken as a general guide. Earth resistivity is essentially
electrolytic and affected by the moisture content and the soil’s ability to retain
moisture plus the chemical composition and concentration of beneficial salts
dissolved in the water. Columns 2 and 3 relate to most of the British Isles, but
column 5 is more specific to marshy flats around river estuaries
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BS 7430:2011 BRITISH STANDARD
Table 1 Examples of soil resistivity in &m
Type of soil Climatic condition
Normal and high rainfall, Low rainfall and Underground
i.e. > 500 mm/year desert waters (saline)
conditions,
i.e.< 250 mm/
year
Probable Range of Range of values Range of
value values encountered values
encountered encountered
1 2 3 3 5
Alluvium and lighter clays 5 A) A 1-5
Clays (except alluvium) 10 5-20 10-100 1-5
Marls (e.g. Keuper marl) 20 10-30 50-300 —
Porous limestone (e.g. chalk) 50 30-100 — —
Porous sandstone (e.g. Keuper 100 30-300 — —
sandstone and clay shales)
Quartzite, compact and 300 100-1 000 — —
crystalline limestone
(e.g. carboniferous sediments,
marble, etc.)
Clay slates and slatey shales 1000 300-3 000 1 000 upward 30-100
Granite 1000 — — —
Fissiles shales, schists, gneiss and 2000 1 000 upward — —
igneous rocks
A Depends on water level of locality.
-

_d
e 1 4xlia Jsh V1 (e canSe daslia o 4l de il A ladl)

Earth resistivity p (specific earth resistance) is the resistance, measured between two opposite faces, of a one-

metre cube of earth (See Figure 1). The earth resistivity is expressed in Qm.

Figure 1 —Diagram illustrating the physical sense of earth resistivity p.

Earth surface potential, Vx, is the voltage between a point x on the earth’s surface and reference earth.
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Table 22.2 Range of soll resistivity

Type of soil Average resistivity
Qm

Wet organic soil 10

Moist soil 10°

Dry soil 10°

Bedrock 10*

Based on I[EEE-80

.

w | . s o
Types of earth electrodes and their resistance ;L gia qluwa g (ag Ll iad) g gi)
calculation
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An earthing system should be of the highest integrity and of robust construction to
ensure that it remains safe and will not endanger the health and safety of persons or
their surroundings.
oadaiall a3yl cld dadaSl Lad 4 485 ) oS3l Y axall s BS7430 2581 13
The majority of the formulae presented in this subclause relate to low frequency
currents and high frequency examples are not included; it is therefore important to
recognize this issue if a long horizontal tape or bare cable is being considered for
producing a low earth resistance, even though the impedance will ultimately be limited
to a final value (see Figure 14).
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Earthing systems should consist of copper conductors, copper clad or austenitic steel
rods of appropriate dimensions (see 9.8 for more detail), cast iron plates, or steel piles
used individually or connected together in combination to form a single local earth
electrode system.
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The formulae which follow are all based on homogeneous soil conditions, so in n:ost
practical situations only give a reasonable idea of the problems (within 15% accuracy)

that might exist if the strata is such that the resistivity changes at different levels.
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It may be considered necessary to apply numerical methods which are more complex
than the formulae given below and software is available to carry out the more detailed
calculations.

The results from the formulae below are within 10% to 15% accuracy and may be
assumed to be sufficient for guidance on what might be the outcome of a given design.
However, onsite resistivity testing should always be carried out prior to carrying out an
earth system design and installation.
Unpnall 4 i) 3 -elaal) s g 68 ol Ll w553 48k e a5 A glia e "Gy i) i (S5 530
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The effect of shape on an electrode resistance is related to the current density around
the particular electrode considered. To obtain a low overall resistance the current
density should be as low as possible in the medium surrounding the electrode. This
may be achieved by making the dimensions in one direction large by comparison to the
other two; thus a pipe rod or strip has a much lower resistance than a plate of equal
surface area.
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Figure 14 Impedence to earth of horizontal earth electrodes buried in homogeneous soil
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What is “Grounding Electrode”?

The grounding electrode is any one of the building or structural elements that is in
actual physical contact with the earth, such as: see the following figure (Fig.5)

Metal Underground Water Pipe.

Metal Frame of the Building or Structure.
Concrete-Encased Electrode.

Ground Ring.

Rod and Pipe Electrodes.

Plate Electrodes.

Other Local Metal Underground Systems or Structures (such as piping
systems and underground tanks).

No abkownNPRE
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Connections
made within 5 fi
of point of

entrance of pipe

fig (5): grounding electrode Types
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The following is based on BS 7430
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The formulae which follow are all based on homogeneous soil conditions, so in most

practical situations only give a reasonable idea of the problems (within 15%

accuracy) that might exist if the strata is such that the resistivity changes at different

levels.

9.3 Soil resistivity

NOTE 1 The resistance to earth of a given electrode depends upon the electrical

soil, which is rarely the case in practice, where the different layers of strata will
affect the distribution of current passing through the electrode.

resistivity of the soil. Most first approximation formulae are related to homogenous

9.5 Types of earth electrodes and their resistance calculation

9.5.1 General

to ensure that it remains safe and will not endanger the health and safety of
persons or their surroundings. The majority of the formulae presented in this

included; it is therefore important to recognize this issue if a long horizontal
tape or bare cable is being considered for producing a low earth resistance,
even though the impedance will ultimately be limited to a final value

(see Figure 14).

Earthing systems should consist of copper conductors, copper clad or austenitic

steel piles used individually or connected together in combination to form a
single local earth electrode system.

The formulae which follow are all based on homogeneous soil conditions, so in
most practical situations only give a reasonable idea of the problems (within

are more complex than the formulae given below and software is available to
carry out the more detailed calculations. The results from the formulae below
are within 10% to 15% accuracy and may be assumed to be sufficient for
guidance on what might be the outcome of a given design. However, onsite
resistivity testing should always be carried out prior to carrying out an earth
system design and installation.

An earthing system should be of the highest integrity and of robust construction

subclause relate to low frequency currents and high frequency examples are not

steel rods of appropriate dimensions (see 9.8 for more detail), cast iron plates, or

15% accuracy) that might exist if the strata is such that the resistivity changes at
different levels. It may be cnsidered necessary to apply numerical methods which
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. Plates ca i g o1 -1

EEHHATED EDGES PROVIDE MORE STRAIGHT EDGES
E

DGE SURFACE

Earth plates are used to attain an
effective earth in shallow soils
with underlying rocks or in
locations with large amounts of

" buried services. They can also
provide protection at potentially
s dangerous places e.g. HV
switching positions.
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Plates, if used, should be installed as small units of not greater

than 1.2 m x 1.2 m connected in parallel vertically and at least 2 m apart. The
minimum ground cover should not be less than 600 mm and ideally the
surrounding soil should be damp. Connections to the plate should be by copper
conductor, welded, riveted or otherwise attached with material that will not
cause corrosion at the joint. The finished joint should be covered with a heavy
coat of bitumen. The connecting strip to the above ground disconnection point
should be fully insulated to avoid electrolytic action

Note: Serrated edges provide more edge surface

Reference Nominal size (mm) Included Material Weight (kg)
AT-050J 500 x 500 x 2 AT-020F Copper 4
AT-116H 1000 x 500 x 2 AT-020F Copper 8
AT-117H 600x 600x 1,5 - Copper 5
AT-118H 600 x 600 x 3 - Copper 10
AT-119H 900x900x 1,5 - Copper 1
AT-120H 900 x 900 x 3 - Copper 22
AT-121H 500x 500 x 3 - Galvanized steel

AT-122H 1000 x 500 x 3 - Galvanized steel
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The approximate resistance to earth of a plate R in ohms (Q) may be calculated from:

Plates

The approximate resistance to earth of a plate R in ohms (Q2) may be calculated
from:

PR=242 @
PR=—4/— N
4 A

where:
p is the resistivity of the soil (assumed uniform), in ohm metres (Qm);
A is the area of one face of the plate, in square metres (m?).

BS_7430_2011+Al 2015
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The minimum ground cover should not be less than 600 mm and ideally the
surrounding soil should be damp.

Connections to the plate should be by copper conductor, welded, riveted or otherwise
attached with material that will not cause corrosion at the joint. The finished joint
should be covered with a heavy coat of bitumen.

The connecting strip to the above ground disconnection point should be fully insulated
to avoid electrolytic action Where the plate is placed in a cut out slot, e.g. in a chalk
bed near the surface, the slot should be big enough to allow at least 300 mm thickness
of soil or other conducting low resistivity medium cover around the whole plate. This
requires careful assembly during installation to ensure that the bottom of the plate is
resting in the medium used and not on the chalk or high resistivity substrata.

NOTE For conventional sizes, the resistance is approximately inversely proportional
to the linear dimensions, not to the surface area, i.e. a 0.9 m x 0.9 m plate has a
resistance approximately 25% higher than a 1.2 m x 1.2 m plate.

Note:
The use of earth plates as electrodes reduces the resistance of earthing in stony
grounds, as it increases the area of contact between the electrode and the ground.
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Figure 5.2 - Plate Elecurode  Cross Sectional elevation
Consider a circular plate electrode of radius 7. lying on the surfce of the carth of
homogeneouse resistivity p . Making the assumtions that all currents coming out from
below the plate are vertical and all current coming out from the edges go out radially
rom the edge, the resistance of an elemental arca of thickness Jvat distance xis
uiven by,
SXIAN .
AR = P (5.4)
T+ 23 +r17)
Thus to obtain the total Electrode Resistance,
cop [ 1.4028 1.4028
R=| - Iy
S 2ar | x+04436r  x+1.1272r
P, 04430r ' p_, 11272
= 1 = n—
42950 x+1.12727 ), 4295 04436
al
=t (5.5)
4.0r
Let's consider the arca of the plate to be A, Now A = ar,
Hl,"l' o
r= \l_ (5.0)
7
Therelore substituting (5.6) in (5.3).
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Since approximations are used in the calculation, it would have yielded a higher valuc
than the answer from equation (5.7). So, the following equation is conveniently used

as the Electrode Resistance of a circular plate.
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The interaction between the grounding electrode and the earth, which is a three-

dimensional electrical circuit

Zone (or Sphere) of Influence

Sphere of Influence

GRAEBS

BIRT

Copper
Diriven Rod

Volume Formula

5m L3

3

WHERE:
V = volume of soil in the sphere of influence
L = the length or depth of electrode

An important concept as to how efficiently grounding elec-
trodes discharge electrons into the earth Is called “the zone of
influence”, which is sometimes referred to as the “sphere of
influence”. The zone of influence is the volume of soil
throughout which the electrical potential rises to more than a
small percentage of the potential rise of the ground electrode,
when that electrode discharges current into the soil. The
greater the volume, compared with the volume of the
electrode, the more efficient the electrode. Elongated
electrodes, such as ground rods, are the most efficient. The
surface area of the electrode determines the ampacity of the
device, but does not affect “the zone of influence”. The
greater the surface area, the greater the contact with the soll
and the more electrical energy that can be discharged per
unit of time.

The formula for calculating the volume of soil is shown.

A simpler version is used when the above formula is modified
by rounding 1 (pi) down to 3 and cross canceling to get the
formula:

V=5 L®

Thus, a single 10-foot driven rod will utilize 5,000 cubic feet
of soil, where as a single 8 foot rod will utilize about half the
soil at 2,560 cubic feet.

[ ]
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Diameter of rod

One common misconception is that the diameter of the rod has a drastic effect on
lowering earth resistance. This is not true! As the graph shows, you only lower the
resistance value by 9.5 per cent by doubling the diameter of the rod (which means
increasing the weight and the cost of the rod by approximately 400 percent!)

Thus the rationale is: Use the most economical rod that soil conditions will allow
you to drive. This is one of the ways to ensure that you don’t waste money on
over-dimensioned rods.

Resistance %

100_—
80—
60_
40—

1 1 1 1 1 1 1
1/2”' 3&;1 1u 11/4r: 11/2u 13/4u 2”

Rod diameter

Effect of electrode diameter on resistance

[o=a ]
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BS 7430 255U lida Alslaal)

9.53

Rod electrode

The resistance of a rod R, in ohms (Q) may be calculated from:

-y SL) 1
= om| C%\ g

where:
p is the resistivity of soil, in ohm metres (Qm);
L is the length of the electrode, in metres (m);
d is the diameter of the rod, in metres (m).

NOTE Change of diameter has little effect on the overall value of resistance, and
the size is more governed by the mechanical strength of the rod to withstand being
mechanically driven when deep earth rods are required e.g. to depths of 20 m or
more.

BS 7430 2581 (e Jia

Resistance of one vertical electrode is given by:
p 8L
ol y)
where:
R is the resistance of single rod or pipe, in ohms (Q);
L is the length of rod, in metres (m);
d is the diameter of rod or pipe, in metres (m);
p is the soil resistivity in ohm metres (Qm).
If:
[ =2.4m;
d =0.016 m: should be 400
p= 1}9/51/
R = 400/2w2.4[loge(8x2.4/0.016)-1] Q = 162 Q

[ ]
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5323 Rod/pipe type electrode
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Figure 5.3 - Rod Electrode —Cross Seetional elevation

Let's consuder a rod clectrode of radius # and length £, Let’s assume that the current

How outwards from the vertical section 1s hornizontal and from the lower ]‘L"”th}hi"'ifi”

cnd 15 radial outwards. Consider an clemental area at distance ¥ . now the resistance of

the elemental area s,

[ ]
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f= [ P I ey
D27l x(x+1) )

VAT
2xl oyl

2l I+
o

Generally [ == so.

2 /
A
2l

R=

follows.
|- { 3] iy
= A ‘In 'J—]
2xl L
Where.

L - Buried Length of the Electrode in s

o - Diameter of the Electrode in 7

The above equation (5.11) for the Resistance of a Rod Electrode is given in BS7430 as

(5.10)

(53.11)

Earth rod
The earth electrode resistance R, of a earth rod is
calculated using:

RA=p—E ‘In !

2 - 1 r

R, earth electrode resistance in Q
pe Specific earth resistance in Qm
| Length of the earth rod in m
r  Radius of the earth rod in m

Note:

Lgaladin) San Aanall Aalaal) 032

Pg

[

[ ]
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Parallel connection of aligned rods:

Lo Al o gliall ol g ¢ ASuall A0 Ao gliall Jaliid @lld g 5 51l e G g QUaBY) e e gemna Jua 55 a3
ol e Al sall adly) aae &=

A number of rods may be connected in parallel and the resistance is

approximately reciprocal to the number of rods employed, so long as the
separation is outside of the resistance area of each rod.

die 45f JaaBig - yie 3aad gl cadadll gk - g Al gall CalaY) ey 2 e glaal) Gad il rza gy N SN
B iy SN Ao glaall dad il (3 10 ge AUaEY) axe 32l

BRITISH STANDARD BS 7430:2011+A1:2015
Figure 14a  Effect of inter electrode spacing on combined resistance
80
Two rod electrodes
3m long = 15.9mm diameter
0+
a
E
g
a
60 T
s 050 fmmmm e ———
g
&
40 I f I I I
0 5 10 15 20 25 30
Electrode spacing, m
NOTE 2 Using a 15.9 mm diameter rod of 3 m depth, there is little gain in overall
resistance beyond 10 m spacing (see 9.5.4 for parallel connection of aligned rods).
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Parallel connection of aligned rods:

&858l el e Calins a5 BS 7430 2011+A1 2015 laay Lk ¢unas Al s 400 dliledll 5

b LS Al ol <Y

9.5.4 Parallel connection of aligned rods
I» The resistance R, in ohms (Q) of n vertically driven rods set s metres (m) apart
may be calculated from:
Ri= l - i[I::::g.?(ﬂ) -1+ E]
n 2wl d s
where:
p is the resistivity of soil, in ohm metres (Qm);
L is the length of the electrode, in metres (m);
n is the number of rods;
s is the spacing between rods, in metres (m);
A is a group factor where:
A=2) (1++1)
2 n,
For larger values of n, 4 can be approximated by:
. ZIOQEL?SM .
2.718
Lgalading) caini! o W3 ) gi g Lgdotmti a3 AN A 40D Al g
9.5.4 | connection of aligned r
n vertically driven rods set s metres apart may
wihara: ﬂ
w is the resistivity of soil, in ohm metres (Qm);
ﬁ“oc is the length of the electrode, in metres (m);
© BSI 2011 = 37

[ ]
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—_—
|BS 7430:1998|

Ry

where
R
s
P
A

The combined resistance of rod electrodes in parallel
R, expressed in ohms ({2), can be obtained from the
following equation:

1+
n

in which a = P

2nRs

is the resistance of one rod in isolation, in ();
is the distance between adjacent rods, in m;
is the resistivity of soil, Q m:

is a factor given in Table 2 or Table 3;

Table 3 — Factors for electrodes arranged

in a hollow square

Number of electrodes (n)
along each side of the
square

Factor »

O o =1 & Ut = W

2.71
4.51
5.48
6.14
6.63
7.03
7.36

7.65

[o=a ]
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‘Jagall g Jolsl) daglia Gilua -3
Strip or round conductor electrodes

(‘_,.hk.u.u.d\ Gh.ud\ (54) J.«AJAS\ 9 (@JA\AS\ éhs.d\ ‘5.:) J.\lﬁ\ A.AJH.A ul.ua MIA (.93 .\A:wﬁ UL\S\ u\hl.a..db

9.5.5 Strip or round conductor electrodes

NOTE This subclause deals only with a straight run of strip or round conductor.
For other layouts see 9.5.6 to 9.5.8.

© The British Standards Institution 2015 « 39

35SV 35Sl ells e (alias a5 BS 7430 2011+A1 2015 sy lida s Al a 200 dsladl)
AL

BS 7430:2011+A1:2015 BRITISH STANDARD

The resistance R, in ohms (Q) of a strip or round conductor may be calculated

from:
2
Re = ot Ioge(xhd)
where:
p is the resistivity of soil, in ohm metres (Qm);
L is the length of the strip or conductor, in metres (m);
h is the depth of the electrode, in metres (m);
d is the width of the strip or the diameter of the round conductor, in
metres (m);
K has the value 1.36 for strip or 1.83 for round conductor.

When two or more straight lengths, each of length L in metres (m) and a
separation distance s metres (m) are laid &1 parallel to each other and
connected together at one end only the combined resistance may be calculated
from the following equation:

Rh=FR,
where:
R, is the resistance of n conductors in parallel, in ohms (Q)
R, is the resistance of a single strip of length L, calculated from the

preceding R,, equation, in ohms ().
F has the following value:
For two lengths, F = 0.5 + 0.078(s/L)—°:3%7
For three lengths, F = 0.33 + 0.071(s/L)®4%8
For four lengths, F = 0.25 + 0.067(s/L)-0-451
Provided that 0.02 < (s/L) < 0.3.
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Grounding Mesh (Earth Grid)

L V) A Ly
e Laaaale 45 haall QUREY) (g (e sana (o (S " ) e 4l e (SuBl) (S oy o (S
SR e ae 500 Gae Ao gy, adalil Bl sie (s Lela 5 iy Sl 5, 8 AV
3.1 earth grid
earth electrode in the form of two overlapping groups of buried, parallel,

horizontal electrodes, usually laid approximately at right angles to each other,
with the electrodes bonded at each intersection

¢ meshed electrodes, usually constructed as a grid placed horizontally at a shallow depth under the

ground surface

Lpladiay)
Aalle 3eUS a4l el a )y i) o JElI Cildane Gy )l (& Gl (e g il 138 padig L Llle

:;\.AJM\MQLJEM. L
sl 5l Juai 35 ¢ 3 Sl Cillaaall Jil gl agl 1 aan 4 (5S5 Le Llle 480 4 5lia (8 |EEE-std80 U Lk
Bl Gldasdll 4

14.1 Usual requirements |IEEE std80

A good grounding system provides a low resistance to remote earth in order to minimize the GPR. For most
transmission and other large substations, the ground resistance is usually about 1 Q or less. In smaller distri-
bution substations, the usually acceptable range is from 1 Q to 5 Q, depending on the local conditions.

1 glial) dad s Adslaa g (3

ol 50 KI5 S0 Y ale Bac llia i,V ASE e slie sl
BS 7430 2011+A1 2015 -1

|EEE-std80 -2

Al Al any 5 & suiagall e A 5,88 ey BS 7430 2011+A1 2015 258 oj Legin (3l
CASual oy ls Gee Jlea) Ala 8- Ay 8 A laad il 5 luall

Lol a8 g s sall 7 il aaian I ¢ sl Gl 2 s Jea¥) 8 o IEEE-std80 25<) Laiw
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9.5.6 Mesh

The resistance of a mesh (grid) R_ ohms (Q) may be calculated from:

Ly 1s the total buried length of conductors in m

unit length basis.

p P
Rm:°-443\:;—; i BS 7430 2011+A1 2015
where: 0443 = (Sqrt TT)/4
p is the resistivity of soil, in ohm metres (Qm);
A is the actual area covered by the mesh, in square metres (m?);
L is the total length of strip used in the mesh, in metres (m).
Pt p
R, = 4*\|'IIA + I |[EEE std80 (51)
where

In the case of a grid rod combination in uniform soil, a combined length of horizontal conductors and ground
rods will yield a slightly conservative estimate of Lz, because ground rods usually are more effective on a per

_P |z P
R, = T\ + T (22.12)
where
P [ _ : .
T \I"x = ground resistance at the surface of the soil

(L) of the conductors _
= station ground resistance in £2

P = average resistivity of soil in Qm
This will depend upon the condition of the
soil and its moisture content. This is why it is
usually high where the moisture content is less
than 15% of the weight of soil. The variation
in soil resistivity is, however, low when the
moisture content exceeds 22%.

A = area of the grounding grid

and D
— = ground resistance of the total buried length
L
R,

[ ]
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.
- Ll

Figure 7 - Examples of meshed earth electrodes explaining the method of
calculation of the equivalent radius r, in equation (11), for two forms of the
earth electrode: nearly similar to a square (a) and a long rectangle (b)

dr, s I
“ \n
where r, is equivalent radius. \
e15 €9 , S = Area
-
Meshed electrodes are used mainly in earthing systems of large areas, for example electrical power
substations. The grid of the whole electrode is usually constructed so that it corresponds to dimensions of
the installation and ensures a favourable, approximately uniform, surface earth potential distribution. The
earthing resistance of meshed electrodes can be calculated using the following simplified equation:
R= P +£ (11)
4r, Iy
where 1, is equivalent radius. A
a) b) A
r
L] -
r=(5/m)"*
S=be+b{c-¢)
b b
b
d L]
P
e
A A r
< v ™~ L]
: r=(b+cy/m B
¥
c

[o=a ]
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Table 9—Typical grid resistances
Parameter soil Sub1 Sub 2 Sub 3 Sub 4 Sub 5
texture sand and gravel sandy loam sand and clay sand and gravel soil and clay

Resistivity (£2-m) 2000 800 200 1300 28.0
Grid area (ft%) 15159 60 939 18 849 15759 61479
Buried length (ft) 3120 9500 1775 3820 3000
R, (calculated Q) 257 4.97 2.55 16.15 0.19
Rg (measured €2) 39.0 4.10 3.65 18.20 0.21

rdsaally 2 a8 ) Alall Jlie 2all

p=800 & A=5661.42m2 & L= 2895.6 metres

300 - 8300 _ 4 aa=
— =4.98761...
1 V356614 78956 9876
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800 [ = 800 _ 4 0o

| + = 4.93761 ..
1 V 56614 23956 J876
Steps
800 = 800

1 V56614 78056

Divide the numbers: EEIIE =200

300
0661 41 99056

2004 == 55514 71132

00 _ nom
800 _o7628. .
SRosg O 08

= A[]-[:l‘]Ir

=4.71132... +0.27623. ..

=4.095761. ..

Add the numbers: 471132 +0.27628... = 4.98761. .

[ ]
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Sverak [B132] expanded Equation (51) to take into account the effect of grid depth

1 1 1
R, =p|l—+ 1+ 52
. p[lr o ( WY )} |IEEE std80 (52)

where
h is the depth of the grid in m

For grids without ground rods, this formula has been tested to yield results that are practically identical to
those obtained with Equation (56) of Schwarz [B128], described in 14.3.

o AUl al) e (3t Al sl 5 sl 5 im Hl5 il e g a3 Y 3l amas‘ga&ﬂsgmmu\ s34
La S8 b Al Schwarz At
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14.3 Schwarz’s equations

Schwarz [B128] developed the following set of equations to determine the total resistance of a grounding
system in a homogeneous soil consisting of honzontal (gnd) and vertical (rods) electrodes. Schwarz's
equations extended accepted equations for a staight horizontal wire to represent the sround resistance, R,
of a god consisting of crisscrossing conductors, and a sphere embedded in the earth to represent ground
rods, 5. He also infroduced an equation for the mutual ground resistance B, between the grid and rod bed.

IEEE
Std 80-2000 IEEE GUIDE FOR SAFETY

Schwarz used the following equation introduced by Sunde [B130] and Rildenberg [B127] to combine the
resistance of the grid, rods, and mummal sround resistance to calculate the total system resistance, R,

R —RIRI_R':" 53
: = R +R._IR, 53)

Ry ground resistance of grid conductors in 0
Ry ground resistance of all ground rods in 2
Ry, mumal pround resistance between the group of grid conductors, Ry, and group of ground rods, Ry

Ground resistance of the grd

2L, k- L ]
. [mf_,“” L e _f, (54)
J'I:-Li. v Mﬁ |
where
] is the soil resistivity in ©-m
L. is the total length of all connected prid conductors in m
a is 4/a- 2k for conductors buried at depth b in m, or

is a for conductor on earth surface in m
is the diameter of conductor in m

A is the area covered by conductors in o’
ky, ky are the coefficients [see Figure 23(a) and (b)]

(=1
- a

Ground resistance of the rod bed

r 4L 21‘
=P = !
- ZnuxLR_m{. b ]

uﬂ—l ?| (55)
where

L, is the length of each rod in m

2b  is the diameter of rod in m

ng  mumber of rods placed in area A

Mumal ground resistance between the grid and the rod bed

- 2L,
R, = ~11%m{ L:‘J

1t 1] (56)
A 4

The combined ground resistance of the grid and the rod bed will be lower than the ground resistance of
either component along, but still higher than that of a parallel combination.

Schwarz compared the results of his equations to previously published theoretical work and to model tests o
venfy the accuracy of his equations. Since they were published in 1934, Schwarz’s equations have been
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IEEE
IM AC SUBSTATION GROUNDING Std B0-2000

maodified by Eercel [B92] to provide equations for constants &y and &, and further expanded to include the
use of equartions in two-layer soil (Waham and Salamon [B113][B1147]).

1,40
1.35 M,
‘N\
1.30
ﬂ‘w
o 125
E 1.20
= 115
7] T
8 110 [~
(a)
o5 f—N SN
1.00 \-.., =
0as \\
0140
L85
i 2 34 4 5 & 7 B
LENGTH-TO-WIDTH RATIO
CURVEA — FORDEPTHh = 0
¥a = -00d4x + 1.4
CURVEB — FORDEPTH h = 1/10+/AREA
¥g = -0.05x+ 1,20
CURVEC — FOADEPTHh = 1/8 +/AREA
¥e ® -D05x+ 1,13
10
65 A Lt
" 6.0 -‘;-.d"—'
- -
= &5
# 80
= pt
5 a5
40
as (b

1 2 i 4 5 B T B
LENGTH-TO-WIDTH RATIO

CURVE A — FOR DEPTH h
¥Fa = 015x+ 550

CURVE B — FORDEPTH h = 1/10 /AREA
ra -~ 0.10x » 488

CURVEC— FORDEPTHh = 1/6 /AREA
¥o = =0.08x » 4.40

1]

Figure 25—Coefficients k, and k; of Schwarz’s formula:
(@) coefficient Ky, (D) coefficient k;

Copyright € 2000 IEEE. All rights raesrved. a7
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9.5.7 Resistance of an electrode encased in low resistivity material,
e.g. conducting concrete
The resistance of a backfilled electrode R, in ohms (Q) may be calculated from:
1 8L 8L
Rb=ﬁ (p = pc) |09e5 —1|+pc |Ogeg — 1
where:
BS 7430:2011+A1:2015
p is the resistivity of soil, in ohm metres (Qm);
P is the resistivity of the conducting material used for the backfill,
in ohm metres (Qm);
L is the length of rod, in metres (m);
d is the diameter of the rod, in metres (m)
D is the diameter of the in-fill, in metres (m).
[ ,01] Page 57
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9.5.8 Miscellaneous electrodes

NOTE There are many configurations that can be set out under this heading, but a
few of those which one is most likely to try first in order to achieve the required
value are included especially when dealing with deep reinforced piles, etc.

Figure 15  Miscellaneous electrode configurations

a) Three rods at the vertices of an equilateral triangle ;! b) Two strips set at right angles to each
ittt ieietel ittt ettt | RSNSOI i
~F
mT =
~
-
¢) Three strips set at 120° meeting at the star point all ~ d) Four strips set in a cruciform

of equal length [ ———— —— —— —— —— —— —

e) Vertical electrodes arranged in a hollow square
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9.5.8.1 Three rods at the vertices of an equilateral triangle

calculated from:

) R 1 p | 8L 1 2L
.'-‘\'| = —_—— 0 —_— JE— +_ .l
e~ 3 om0 0%

The resistance R, in ohms (Q) of three interconnected rods set out at the vertice
of an equilateral triangle [see Figure 15a)] of side s metres length may be

d s
where:
p is the resistivity of soil, in ohm metres (Qm);
L is the length of rod, in metres (m);
d is the diameter of rod, in metres (m);
s is the length of one side of the equilateral triangle, in metres (m).

9.5.8.2 Two equal length conductors set at right angles to each other,
meeting at one corner

set at 90° with one corner touching [see Figure 15b)] may be calculated from:

P
= —lo [
‘ 2wl ge xhd

where:

p is the resistivity of soil, in ohm metres (Qm);

L is the total length of strip or round conductor in metres (m);
h is the depth of burial in metres (m);
d

is the width of the strip or the diameter of the round
conductor in metres (m);

K has the value 1.21 for strip or 0.813 for round conductor.

The resistance R, in ohms (Q) of two strips or round conductors of equal length

9.5.8.3 Three equal length conductors set at 120°, meeting at the star point

The resistance R in ohms (Q) of three star arranged strips or round conductors
of equal length [see Figure 15¢)] may be calculated from:

P is the resistivity of soil, in ohm metres (Qm);

L is the total length of strip or round conductor in metres (m);
h is the depth of burial in metres (m);
d

is the width of the strip or the diameter of the round
conductor in metres (m);

K has the value 0.734 for strip or 0.499 for round conductor.

[ ]
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9.5.8.4 Four equal length conductors set in a cruciform

The resistance R_, in ohms (Q) of four strips or round conductors of equal length
set out in a cruciform [see Figure 15d)] may be calculated from:

Ro= " log| £
= —10 —
T omL Je rxhd

where:

is the resistivity of soil, in ohm metres (Qm);
is the total length of strip or round conductor in metres (m);

is the depth of burial in metres (m);

Q o> ~

is the width of the strip or the diameter of the round
conductor in metres (m);

K has the value 0.219 for strip or 0.133 for round conductor.
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9.5.8.5 \Vertical rods in a hollow square

P The resistance R, of rods set out in a hollow sguare [see Figura 15e)] may
be calculated from:

1 +da)
HT-.'}T=Hr|I :|
I'.
where:
I
a —]
2whs
R, is the resistance of one rod, in oms (£2);
i is the factor in Table 2;
o is the resistivity of soil, in ohm metras {(m);
5 is the spacing of rods, in metres (m);
Fo N is the number of rods used as electrodes (sea the note to
Table 2). &1

Table 2 Factors for vertical electrodes arranged in a hollow square

Number of electrodes (n) along the | Factor i Number of electrodes (n) along the Factor i
side of the square side of the square

2 2.1M 9 7.65

3 451 10 7.90

4 5.46 12 8.22

5 6.14 14 867

7] 6.63 16 8.95

7 7.03 18 9.22

a8 7.30 20 9.40

NOTE The number of electrodes N around the square is 4(n — 1). &

! NOTE Table 2 may also be used for electrodes arranged (n a rectangle, where n
]
Is given by n = ?l , where N Is the total number of electrodes. Provided that the

length to width ratio of the rectangle does not exceed 2, the error will be smaller
than 6%. &l

Aad¥) o 5Ss O Ja_pdy (Jdainnal) JS3N 53) sl Joan (oaia )¥) A0 A glia il 22355 9.5.8.5 Alaladll
Adalrall 238 aladin] (e yie 50 g2 Y (el sie 100 dshll S 58 M ¢ 2 (g2 Y (Laall ) Jshall)

9.5.8.8 Mains water supplies and water pipe work generally

The use of water mains for earthing purposes is not recommended. In older
systems where a still existing metallic pipe was used for an earth connection, an
alternative means of earthing should be installed. In many cases discussion with
the electricity supplier should help to deal with this issue.
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9.5.8.9 Service pipes

In general, metallic pipes, e.q. for gas, oil, compressed air, or drainage, should
only be bonded to the protective conductors but not used for the sole means of
earthing. Where, in an existing installation, a service pipe has been used as the
sole earth electrode, an alternative means of earthing should be provided.
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Function Grounding Or Service Grounding Sl ) Gyl Ak
-dadia

Functional earthing Connection to earth necessary for proper
functioning of electrical equipment.

3¢l 53 muall ) Mal) gl (63 muall e L 5 e Anthy Gpems G Mgl GE" dsas O psbeall (e -
.adaiall
Ll i3 VOt 2305 Juasal ) sga o Jsii Lesie Slhia | " V1" a5 ieall i 5 sgal) (i (8 as sl -
(Lokd) VoIt 230 (s 43l (i Y1 5 Jaa sall 138 (0 VoItmeter Lixa s 13)
Hence, if we connect a voltmeter between a live part (e.g. the phase conductor of, say,
a socket outlet) and earth, we may read 230V; the conductor is at 230V, the earth at
zero. The earth
provides a path to complete the circuit.

P ! P
Ormmmmmes ceemen O
/ Remember:

sy 11 that the accepted lethal level of shock
ransrormer - -

ov current passing through a person is only

S S . (v) 50 mA or 1/20 A
! !
% 7/Eanh U
— ] - oV
(@)

¢ Voltmeter J) (s Ladd Linda g ol 13la
Dse O Sl G Y1 (N AR e el Sl Sl 05K 430 Cus A jeS Aedeal (et ) 138 (i jaian bk
agall yladl LYl i ad el e 50 (e ST s

Circuit- leal) A5 Jils e Jory Lea 3 S A 50 el s sa Sl Sl 58 @bl JUdl &
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the following explanation based on BS 7430 & IEE
6.2 Earthing of installations

Most installations are part of either a TN system or a TT system, and in both
types of installation the exposed-conductive-parts of all the electrical equipment
of an installation should be connected by means of circuit protective conductors
to the main earthing terminal. The earth fault loop impedance should be
sufficiently low for the protective device (fuse, circuit breaker, RCD) to operate

in the required time in the event of a fault to earth.
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Earthing Arrangement Hierarchy:
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1¥ Letter 2™ | etter

Connection of
Source exposed - conductive -
parts to earth

F 1 T Earthed N via Neutral
OR

| isonatea Independently

Earthed
Earthing Arrangement

FOR TN
SYSTEMS
ONLY

3" and
4" letters

Defines the

Earthed Neutral Il T

Combinati T
Systems (TN) Independent Isolated Neutral and_
Earths Earth Conductors

Separate
S e

c Combined
OR

TN'C TN‘S TN-C-S cs Combined in Supply,

Separate in Installation

Figure E2.1 Earthing arrangement hierarchy,

i | [Figure E 2.2 Earthing arrangement lettering code.

T Terre (French for earth) and meaning a direct connection to earth
N neutral

C combined

S separate

When these letters are grouped they form the classification of a type of system.
The first letter in such a classification denotes how the supply source is earthed.
The second denotes how the metalwork of an installation is earthed (exposed-
conductive-parts).

The third and fourth indicate the functions of neutral and protective conductors.

N glall Jlaa B (3okl) o3a padiedi La T alg T & TT ellail 7 58 b Lad g
IT system (isolated neutral)
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| : No intentional connection is made between the neutral point of the supply source

and earth.

T: Exposed- and extraneous-conductive-parts of the installation are connected to an

earth electrode.

Neutral Exposed conductive parts
Isolated or Earth

impedance-earthed

Fig. E8: IT system (isolated neutral)

ZLRE

PE

t b ks
Q&,&JlL}ITrMwﬂﬁd@ﬂglﬁwlejjr%sﬁiblf\f_ﬁ

bl

Generally an IT system would be chosen in locations such as medical centres and
mines where the supply has to be maintained even in the event of a fault, and
where the connection with earth is difficult (for example a mobile generator).

TT system (earthed neutral)

T : System has a direct connection of the supply source (Neutral) to earth.
T: Exposed- and extraneous-conductive parts of the installation are connected to an

earth
electrode.

Neutral Exposed conductive parts

} |

Earth Earth

T

Rn

4=

Fig. E3: TT System

L1
L3
PE

Supply source
transformer

—0 O ‘
y Two-core overhead line )
— 0 O0—1 Installation
B
—0 OE==30

0 I
NS

L

Neutral earth
electrode

Figure 8 TT system

T*‘O—-v-—-——E

: ™. Consumer's
earth electrode

In the TT system the earth fault loop impedance is generally high as the fault path
includes the earth electrode resistance of the supply and the earth electrode
resistance of the consumer’s installation.

TN-S & TN-C-S dualiyy o sliall Jaa o Labasin) Y1 ga g dibiadl ae) 5ils TN pllail £ 58 b e
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l HE E ] | earthed concentric
t —0 O—==="7"" seea)l)ofda
l Combined protective and neutral |
= = | {PEN) conductor throughout |
system
| n | |
i S —o-——=oy
| | s
| | : I TN-S
| I \ | : (see a)2)of 4.3
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| | | | TN-C-S
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consumers terminals only
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R
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see a)3) of 4.3
N L ({ )3)
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NOTE For simplicity single-phasze only 1s shown.
Figure 1 — TN svstems
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4.2.3.2 TN-S system

In a TN-S (Figure 1) the Neutral and Protective conductors should be kept
separate throughout the system and the source is solidly earthed.

TN-5 Separate neutral and earth throughout

L, L
$ ]
2 R
li -L‘"‘\—.LZ_] Equipment

4.]—3_; ®
N N [ |
Consumer
Supply Supply Cables Terminals Installation

Figure E 2.4 TN-S system earthing.

A TN-S system has a particular disadvantage that in the event that the protective
conductor becomes open circuit, there is no indication that a fault has occurred and
installations can unknowingly be left without an earth. In the event of an earth
fault all of the exposed-conductive-parts within a consumer installation may be
raised to a hazardous potential. Earth fault protection devices will not operate as
there will be no flow of current to earth.

O i AUAIS TN-S aUall) aladin puda g £ g e Ciliual ga (s Jlia L Laidg

1.2 SUMMARY

A.  This Section includes complete installations to earth every source of energy and to provide

protective earthing and equipotential bonding, based on the TN-S system arrangement,
including:

Transformer neutral earthing.

Main earthing terminals or bars.

Exposed conductive parts of electrical equipment.
Extraneous conductive parts.

Generator neutral earthing.

=

» FEuropean standards (see EN 50174-2 § 6.4 and EN 50310 § 6.3) recommend the TN-S system which causes the fewest EMC
problems for installations comprising information-technology equipment (including telecom equipment).
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4.2.3.3 TN-C system

In a TN-C system (Figure 2) the neutral and protective functions should be

is solidly earthed.

combined in a single conductor (PEN) throughout the entire system. Multiple
connections to earth are recommended along the PEN conductor and the source

TN-C Combined N/E conductor used throughout
L L

®

L J

L2 Equipment

o .
N  PEN N  PEN

== — = -é— ®
+
Consumer
Supply Supply Cables Terminals Installation
Figure E 2.3 TN-C system earthing.

The need for multiple earth connections is because if the neutral becomes
voltage in the case of single-phase connections and a value up to line to earth

the load is unbalanced.

open-circuit for any reason, the exposed-conductive-parts will rise to line to earth

voltage in the case of three-phase connections, depending on the degree to which

[ ]
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4.2.3.4 TN-C-S system

In a TN-C-S system, (Figure 3) the neutral and protective functions should be
combined in a single conductor (PEN) from the source (solidly earthed) up to the
consumers intake. Multiple connections to earth are recommended along the
PEN conductor. Within the consumer’s installation the neutral and protective
conductors should be kept separate.

TN-C-S (PME) Combined N/E in supply, separate in installation

PME Variant: Multiple earths in supply (Protective Multiple Earthing)
R L . L
[ ]
L2 Equipment
oL } .
N N [
- * =
Consumer
Supply Supply Cables Terminals Installation

Figure E 2.5 TN-C-S system earthing with PME.

The TN-C-S system is also known as a “protective multiple earthed” (PME) system.
The PEN conductor, which is referred to as a combined neutral and earth (CNE)
conductor, is earthed at the source and extremities of the distribution mains and
points in-between; hence the reference to multiple earthing. Multiple earthing of
the CNE conductor ensures that if the conductor becomes open-circuit for any
reason, exposed-conductive-parts remain connected to earth; under such conditions
the supply voltage between the installation line and neutral conductors is
substantially reduced and consumers will experience unacceptable voltage variations.
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Protective earthing requires exposed-conductive-parts (of electrical equipment, likely to
become live in the event of a fault) to be connected (by protective conductors) to the
main earthing terminal of the electrical installation.
In the event of a fault, sufficient current will flow around the earth fault loop to cause
the operation of the fault protective device (fuse, circuit breaker or RCD) and

disconnect the fault.
4laal) JulS Bala

Aluminium or copper-clad aluminium conductors should not be used in contact with soil
or in damp situations and in any case should not be used to make the final connection
to an earth electrode.

The cross-sectional area of an earthing conductor and the type of support should be
chosen so as to carry without danger the greatest earth fault currents and leakage
currents likely to occur having regard to thermal and electromechanical stresses. It
should be sufficiently robust to withstand mechanical damage and corrosion.

[as per BS 7430 clause 9.7]

1Aglaal) JiAs g1 i
i)Y o2 G Lalall aae Camy 5 dala A1V A Lgie IS5 ¢ ) sl GO ) iy 300 dles JAS 5 dlaad) S
It should be remembered that the following are all types of protective conductor:
o Circuit Protective Conductors (CPC);
* Protective Bonding Conductors;

 Earthing Conductors.

It is important to establish and use the correct terminology; earthing conductors
are often confused with CPCs.

Ref.. Guide to the Wiring Regulations 17th Edition IEE Wiring Regulations (BS 7671:
2008), Electrical Contractors’ Association
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Equipment

1 CPC 6 Exposed-Conductive-Part (Steel Column)
2 Exposed-Conductive-Part 7 Earthing Conductor
3 Main Earthing Terminal 8 Earth Electrode
4 Protective Bonding Conductor 9 PEN Conductor
5 Exposed-Conductive-Part (Water Pipe) 10 Point of Source Earthing
L1 7
L2
La
N 9
0 - -
3 Supply  —

Installation ——— 5

Figure E 3.1 Various earthing and bonding conductors and components.
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Protective Conductors:
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Conductors (CPC)
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Protective Earthing Conductor
PE conductors must be:

- Insulated and coloured yellow
and green (stripes)

- Protected against mechanical
and chemical damage.

- Not include any means of
breaking the continuity of the
circuit (such as a switch,
removable links, etc.)

- Connect exposed conductive
parts individually to the main
PE conductor, i.e. in parallel,
notin series,

I
2

Protective Bonding
Conductors
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Note:
It should be noted that bonding conductors should not be sized using these methods
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Table 3 — Maximum conductor temperatures for different types of insulating compound

Maximum conductor temperature
Insulating compound °C
Normal Short circuit
operation (5 s maximum
duration)
Polyvinyl chloride (PVC/A)

Conductor cross-section <300 mm?2 70 160
Conductor cross-section >300 mm2 70 140
Cross-linked polyethylene (XLPE) 90 250
Ethylene propylene rubber (EPR and HEPR) 90 250

as per [IEC60502-1]

dmsj\LJA)X\A.ILJJAJ‘;\S‘J;M\uijJAJJSJ;M\J@J}f}@jh@ubd\)ﬂ\ﬂu‘)‘m 2
Al 1 “"ul\.d\
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The short circuit capacity of a current carrying component of a cable is determined by
the following factors:

1. The temperature prior to the short circuit, generally taken to be that corresponding
with the maximum conductor operating temperature under normal conditions.
2. The energy produced by the short circuit, a function of both the magnitude and
the duration of the current.
3. The limiting final temperature, generally determined by all materials in contact
with the conducting component.
[Ref.: Power Cable Catalogue, Nexans company, 2012 edition]
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In order to prevent overheating of the protective conductor during a fault, the

crosssectional area of a protective conductor(s) shall be not less than that determined

by the following two methods:

6.6 Protective conductors

Figure 6; in any particular case, the function intended should be correctly
identified, because this determines which of the numerous requirements
prescribed in BS 7671:2008+A1 are applicable.

COMMENTARY ON 6.6

BS 7671:2008+A1 requires that all protective conductors are suitably protected
against mechanical and chemical deterioration and electrodynamic effects.

Two methods are given for determining the cross-sectional area required for a

method it is calculated using the “adiabatic equation” of BS 7671:2008+A1,
Regulation 543.1.3:

The generic term "“protective conductor” embraces the specific types shown in

protective conductor. In the first the cross-sectional area is related empirically to that
of the associated line conductor (see BS 7671:2008+A1, Table 54.7) and in the second

All protective conductors are required either to:

@ comply with the adiabatic equation of Regulation 543.1.3,

T

S= 7

, Or

@ meet the cross-sectional area requirements of Table 54.7.
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The adiabatic formula as follows:

NI2¢ . Nt
S= ot alternatively arranged as S = T
,"\n"lt
§=—
where:
/ is the average fault current, in A rm.s.;
t is the fault current duration, in s.

S'is the nominal cross-sectional area of conductor in mm?.
(S = Round up to the nearest standard conductor size)

k is a factor taking account of the resistivity, temperature coefficient
and heat capacity of the conductor material, and the appropriate
initial and final temperatures.

The value of K is calculated as per the following formula:

where:
T, is the initial temperature, in °C;
Ia+p T is the final temperature, in °C;
k=K~ [loge 2 * ’
Th+p K and g have the values given in Table 8.
Table 8 Values of K and g
Metal K p
A/mm? (r.m.s.) °C
Copper 226 254
Aluminium 148 228
Steel 78 202

=
B = reciprocal of temperature coefficient of resistivity at O °C for the conductor °C]
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Example:
I= 20KA & t= 1sec & Cable= copper & T1 30°C & T2= °250C.

k=K loge:iﬁ = 226 /logez;'(ir;;;:= 171.16 A/mm?

: Wt (20x1000)V1
~ k  171.16

= 116.85 mm? = 120 mm?
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Material B ("O)* |
Copper - 2345
Aluminium 228
Lead 230
Steel 202
[I[EC 60364-5-54, APPENDIX A]

T1 & o Juis) 4iyph euin g Jglains 1N T & T2%08 JLGS) 6 s (0 il il 3 e 2] >
Sl = 8l 4 T2
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it is bare and exposed to touch, that its temperature should not exceed 70 °C.
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Table 5 Earth fault current densities for 1 s duration for earthing conductors with initial conductor
temperature of 30 °C
Type of joint® Maximum U R.M.S. current density, k

Welded Brazed Bolted  Soft temperature® Copper Aluminium Steel

soldered | ocs 0391 A/mm? A/mm?

v 700 254 — 91

v 600 252 — 87

v 500 9 228 — 82

v v 450 220 — 79

v v 400 211 — 76

v v 350 201 — 73

v v 300 190 125 D 69

v v v 250 176 116 64

v v v 200 E) 159 105 58

v v v v 150 F) 138 91 50

v v v v 100 — — —

A A tick (v)indicates that the type of joint is suitable for use at temperatures up to and including the value
indicated.

8 It should be verified that a material likely to be in the same location as the conductor will not be damaged or
present a fire risk at the temperature selected.

9 At temperatures in excess of 200 °C the conductor should be visible throughout its length, have ceramic or
metallic supports (or an equivalent) and there should be no risk of organic materials being in contact with or
adjacent to the conductor. Temperatures higher than 500 °C are not recommended.

D) The mechanical strength of conducting quality aluminium is seriously reduced at higher temperatures.
E) For normal conditions where the conductor is not visible throughout its length.

F) Certain building materials likely to be adjacent to the conductor may present a fire risk if 150 °C is exceeded.

1dsma S aladia) Ala & T2 dad Lid)

Jsaall e aldie Y (€ay ¢ 3 S0 i piadll a3l lada J gl 5ale Jead 508 a50a 3 T2 Al ()5S o cany
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' Table 3 — Maximum conductor temperatures for different types of insulating compound |

Maximum conductor temperature
Insulating compound °C
Normal Short circuit
operation (5 s maximum
duration)
Polyvinyl chloride (PVC/A)

Conductor cross-section <300 mm?2 70 160
Conductor cross-section >300 mm2 70 140
Cross-linked polyethylene (XLPE) 90 250
Ethylene propylene rubber (EPR and HEPR) 90 250

as per [IEC60502 1]
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Totp oor |1 [ (200+254) )
k=K~ [loge 2264 | Fh‘r( _
\/og (T1+ﬂ) _ x (105 +254) 1095
S =20000/109.5 = 182.64 mm sq.

corrosion tolerance = 10% ; S= 182.64*1.1 = 200.9 mm sq
Choice = 240 mm sq. cable.

sk \What if T1 = 60°C

k=K \/ |oge(Tz+’8 ) 226 fﬂ( (200 +254) )
n+p) {7V U (60+254) ) | _ 13703

S =20000/137.23 = 145.7 mm sq.
Corrosion Tolerance = 10% ; S= 145.7*1.1 = 160.31 mm sq
Choice = 185 mm sq. cable.

Now, to check B correct value 234.5 instead of 254, as per IEC 60364-5-54
Freekkkak T1=105°C & T2=200°C & t=1 sec. & | =20 KA

226, / ;h.,( (200 +234.5)
(105 +2345)

K= =112.256

S =20000/112.256 = 178.164 mm sq.

corrosion tolerance = 10% ; S=178.165*1.1 = 196 mm sq

Choice = 240 mm sq. cable.

*xkkxkkkk T1=60°C & T2=200°C & t=1 sec. & | =20 KA

226 ;h-,(: (200 +234.5)
|V (60+2345)
S =20000/140.94 = 141.9 mm sq.

corrosion tolerance = 10% ; S=178.165*1.1 = 156.1 mm sq
Choice = 185 mm sq. cable.

=140.94
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k is a factor taking account of the resistivity, temperature coefficient and heat capacity of the conductor
material, and the appropriate initial and final temperatures. For common materials, the values of k are

shown in Table 43.1.

TABLE 43.1 -

for disconnection times up to 5 seconds

Values of k for common materials, for calculation of the effects of fault current

Conductor
insulation

Thermoplastic

Thermosetting

Mineral insulated

90

°C

70

*C

90 °C o0 °C

Thermoplastic
sheath

Bare
unsheathed)

Conductor
Cross-
sectional area

q
< 300 mm-

= 300 mm?

< 300 mm?

= 300 mm?

Initial
temperature

90

°C

70

°C

60 °C

0°C

105 °C

Final
temperature

160 °C

140 °C

200°C

160 *C

250°C

Lopper
conductor

k=100

k=141

k=115

k= 135/115%

Aluminium
conductor

k=066

k=68

k=094

Tin soldered
joints in
copper
conductors

k=100

k=103

k=100

* This value shall be used for bare cables exposed to touch.

NOTE 1: The rated current or current setting of the fault current protective device may he greater than the current-carrying

capacity of the cable,
MNOTE 2: Other values of k can be determined by reference to BS 7434,

Sy K dalall 4 e Jsaaall JEE/BS7671 2580 52 5a sall Jlsaall ) 5uds ol SV Glef 2 &1 of aai
3580 5 Sl K Y Qg ¢ Aad) Aabaalls LS K Gl 85k o 4yl Juadl o) 2ddal)
Cim e s A sraally Lial o jliiall Va8 Biahy Yl 585 T1=30° C e e 4w & IEE/BS7671

35S0 83 g gl K il J ghasl (38 yis Ll o shaall Ji5 iy (0 (15 50° C J o 38 45l 1 ja s 3
L |IEE/BS7671
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APPENDIX A

METHOD FOR DERIVING THE FACTOR k IN SUB-CLAUSE 543.1.1

The factor. k is detemﬁned from the formula

B+2 — 0.
k= |/ () 08
920 B+91
where:

Q. = volumetric heat capacity of conductor material [J/°C mm?]

B = reciprocal of temperature coefficient of resistivity at 0 °C for the conductor [°C]
geo = electrical resistivity of conductor material at 20 °C [Q mm]

@; = initial temperature of conductor [°C]

O = final temperature of conductor [°C]

Material B (C)* 0, (0/°C mmd)** 020 (@ mm)* Lo (B +20)
890
o 2345 345 x 103 17.241 x 10-8 226
Aluminium 228 25 x 1038 28,264 x 10-6 _ 148
Lead 230 145 x 10-3 214 x 109 42
Steel 202 38 x 103 138 x 10-8 78
* Values taken from IEC Publications 28, 111 and 287 (Table III).
\ ** Values taken from ELECTRA, 24 October 1972, p. 63.
o (3+20)x 10712 /8, + 0
LA ) ln(f _ ) (i)
Pan Hr + 3
The constants used in the above formula are given in Table 6L
Consider the k value for copper conductors with 70°C p.v.c. in Table 43A
of BS 7671, o, =3.45x 105 [ =2345, py =1.7241x 107°, 6, = 160,
#; = 70° then from equation (ii):
i 3.45 x 10°(234.5 + 20) x m-”l 160 + 234.5
= n
1.7241 x 107¥ 70 + 234.5
= 114.79
the value given in Table 43A.
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TABLE 54.2 -
Values of k for insulated protective conductor not incorporated in a ceble and not bunched with cables,
or for separate bare protective conductor in contact with cable covering but not bunched with cables

whiere the assumed initlal bemparature is 30 "C

Inzulation of protective conductor or cable covering

Materizl of conduetor 700 ap °C ag °C

thesmoplastic themmoplastic thermosetiing
Copper 14371 33% 143/135% 176
Aluminium G548 o3/E8* &
Stexl a2 32 o4
Assumed initial temperature eC e ineC
Firal temperature 160 =C 140 =20 16 *CII40 O 250°C
* Above 300 mm?

TABLE 54.3 -

Values of k for protective conductor incorporatad in 2 cable or bunched with cahles,
where the agsumed initial temperature is 70 *C or greater

Insulation material
Material of conducior 70eC of) e
thermaplastic thermoplastic thermosetting
Copper 115/103% Ui 143
Alwminium ToGa* GRISTE a4
Assumed mitial lemperaiure Tec Ol = @ =
Final temperature 160 2140 °C* LA 20140 =0 a0
* Albonve 100 mim®
TAEBLE 54.4 -
Values of k for protective conductor as a sheath or armour of a cable
Insulation material
bdaterial of conductor 0 °C 0 50 a9
thermoplastic thermoplastic thermosetting
Aluminium a% 85 "3
Ziael 51 A6 4h
Lead kL 23 23
Assumed initial temperature a0 = C B0=C B0 °C
Fimal temperature 200°C 200 200°C
TAELE 54.5 -

Values of k for steal conduit, ducting and trunking as the protective conducter

[nsulation meterial

Material of protective conductor 0 e a0 =0 o e
thermoplastic ihermoplastic Lhermosetting
Steel conduit, ducting and trunking 47 44 58
Azsumed initial temperature sec [Tk G =,
Final temperaturs 16020 1 &6 o il

[oma ]
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TABLE 54.6 -
Values of k for bare conductor where there is
na risk of damage te any neighbouring material by the temperatures indicated
The teimpesatures indicated are valid only where they do not impair the quality of the connections

Conditions

Material of conduetor Visible and in Mormal conditions Fire risk
restiicted areas
Copper 128 159 138
Aluminium 125 105 ol
Steel 32 H] 50
Assumed initial temperature - e 300 30=C
Final temperature
Copper conductors 500 =°C 2000 150
Aluminiurm conductors 300=C 00 °C 15050
Steel conducions 0070 200 #C 150 *C
543.1.4 Where it is desired not o calculate the minimum cross-sectional arey of & protective conductor in

eccordines with Regulation 543.1.3, the cross-sectional srea may ke determined in accordanee with Tabla 54.7,

Where the applicition of Table 54.7 produces a non-standard size, a conductor having the nearest larger standard
cross-sectional area shall be used,

TABLE 54.7 -
Minimum cross-sectional area of protective conductor
in relation to the cross-sectional area of assaciated line conductor

Minimum eross-sectional aren of the corresponding protective
Crogs-sectional aren of line comductor
conductor If the profective conduetor is of If the protective conducter is not of
5 the same material as the line the same material as the line
conductor conductor
] {mm?) {mm®)
S 16 s LI
kz
165535 16 LINPRT
ka
5= 35 3 ki 5
2 kz 2
where

ki is the value of k for the line conductor, selected from Table 43,1 in Chapter 43 aceording 1o the materials of
both conductor and insulation.

k2 is the value of k for the pratective conductor, selected from Tables 34,2 to 6, as applicable.

[ ]
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TABLE 43.1 -
Values of k for common materials, for calculation of the effecis of fault current
for disconnection times up to 5 seconds

Thermoplastic

Thermosetting

Mineral insulated

Conductor

insulation 90 °C 70°C 90 °C 60°C

Thermoplastic
sheath

Bare
{unsheathed)

Conductor | <300 mm? | > 300 mm? | £ 300 mm? | > 300 mm?
cross-
sectional area

temperature

Initial 90 =C 70°C 90 °C 60 °C

10°C

105 °C

temperature

Final 160 °C 140 #C 160 °C 140 °C 250°C 200°C

160 °C

250°C

conductor

Copper k=100 k=286 k=115 k=103 k=143 k=141

k=115

k= 135/115%

Aluminium k=66 k=57 k=76 k=68 k
conductor

= [.)4 k £ (]3

joints in
copper
conductors

Tin soldered | k=100 k= 86 k=113 k=103 k=100 k=122

% This value shall be used for bare cables exposed to touch.

capacity of the cable.

MOTE 2: Other values of k can be determined by reference to BS 7454,

NOTE 1: The rated current or current setting of the fault current protective device may be greater than the current-earrying

http://www.doc88.com/p-9465604933939.html

BS 7454:1991+A1:2008, IEC 60949:1988

[l
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3 Calculation of adiabatic short-circuit current

The general form of the adiabatic temperature rise formula which is applicable to any initial
temperature is:

Iipt = K?S%In (g}%ﬁ)

where:

Inp = short-circuit current (r.m.s. over duration) calculated on an adiabatic basis (A)

t = duration of short-circuit (s)
K = constant depending on the material of the current carrying component (As/mm?): see Table I
K = [0 (B+20) x 10712
Pao
S = geometrical cross-sectional area of the current carrying component (mm?): for conductors specified in [EC 228 it is
sufficient to take the nominal cross-sectional area
0; = final temperature (°C)
0; = initial temperature (°C)
B = reciprocal of temperature coefficient of resistance of the current carrying component at 0 °C (K): see Table I
In = log,
0. = volumetric specific heat of the current carrying component at 20 °C (J/K.m?): see Table I
pop = electrical registivity of the current carrying component at 20 °C (Q0.m): see Table I

6.5 Wire braid

The wire braid is considered to have a cross-sectional area equal to the number of wires in the braid
multiplied by the area of an individual wire. § is taken as twice the diameter of a braid wire.

Table I
Material K (Astmm?)? B (K)P 0, (JIK.m%° Pap (Q2.m)°
a) Conductors
Copper 226 234.5 3.45 x 108 1.7241 = 10#
Aluminium 148 228 2.5 % 106 2.8264 x 10®
b) Sheaths, screens and armour
Lead or lead alloy 41 230 1.45 % 108 21.4 x 10°%
Steel 78 202 9.8 % 106 18.8 x 10%
Bronze 180 313 9.4 % 106 35 % 104
Aluminium 148 228 9.5 % 106 284 % 105
#Values obtained from formula in Clause 3.
b Values taken from [ IEC 60287-1-1. 1
“Values taken from Electra No. 24, October 1972, p. 91.

Table 5 gives recommendations for maximum likely fault current temperatures for bare earthing
conductors, according to the environmental conditions and the type of connections used. For a
conductor covered to provide corrosion or mechanical protection, or an insulated conductor, it
should be borne in mind that the maximum temperature might be limited by the covering or
insulating material.

The current densities k in r.m.s. amperes per square millimetre, for a 1 s duration, are given in
Table 5 for copper, aluminium and steel conductors assuming an initial temperature of 30 °C.
The corresponding conductor cross-sectional area S in square millimetres is given by:

Recommended fault current capacities, for 1 s and 3 s durations, for a selection
of standard sizes of copper and aluminium strips are given in Table 6 and Table 7.
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For other durations the fault current capacity | in amperes r.m.s. may be calculated from one
of the following equations:

Table 5 Earth fault current densities for 1 s duration for earthing conductors with initial conductor 1
temperature of 30 °C
Type of joint® Maximum u R.M.S. current density, k
Welded Brazed Bolted Soft temperature® Copper Aluminium Steel
soldered | °Cs 0391 A/mm? A/mm?2
v 700 254 — 91
v 600 252 — 87
v 500 Q 228 — 82
v v 450 220 — 79
v v 400 211 — 76
v v 350 201 — 73
v v 300 190 125 D 69
v v v 250 176 116 64
v v v 200 B 159 105 58
v v v v 150 F) 138 91 50
v v v v 100 — — — J
Table 7 Earth fault currents (in kA) for aluminium strip earthing conductors
a) 1 s duration
Size of conductor Maximum conductor temperature
mm x mm 150 °C 200 °C 250 °C 300 °C
20 x 3 5.5 6.3 7 7.5
25 x 3 6.8 7.9 8.7 9.4
25 x 6 13.7 15.8 17.4 18.8
50 x 6 27.3 31.5 34.8 37.5
60 x 6 32.8 37.8 41.8 45
80 x 6 43.7 504 55.7 60
a) 3 s duration
Size of conductor Maximum conductor temperature
mm x mm 150 °C 200 °C 250 °C 300 °C
20 x 3 3.2 3.6 4 4.3
25 % 3 3.9 4.5 5 5.4
25 x 6 7.9 9.1 10 10.8
50 x 6 15.8 18.2 20.1 21.7
60 x 6 18.9 21.8 241 26
80 x 6 25.2 29.1 32.1 34.6
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Table 54.7 of BS 7671 Minimum CSA of protective conductor in relation to the cross-
sectional area of associated line conductor.

Cross-sectional area of line If the protective conductoris | If the protective conductoris

conductor S (mm?) of the same material as the not the same material as the
line conductor (mm?) line conductor (mm?

S<16 S kyk, xS

16<S5<35 16 k,/k, x 16

S>35 S/2 k,/k, x S/2

k, is the value of k for the line conductor, selected from Table 43.1 in Chapter 43 according to the
materials of both conductor and insulation.
k, is the value of k for the protective conductor, selected from Tables 54.2 to 54.6 as applicable.
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TABLE 43.1 -
Values of k for common materials, for calculation of the effects of fault current
for disconnection times up to 5 seconds

Thermoplastic Thermosetting Mineral insulated

Conductor
: ; Thermoplastic Bare
insulation 90 °C 70°C 90 °C 60 °C P

sheath (unsheathed)

Conductor | <300 mm? | > 300 mm? | £ 300 mm? | > 300 mm?
Cross-
sectional area

Initial 90 “C 70°C 90 °C 60 °C T0°C 105 °C
temperature
Final 160 °C 140 °C 160 °C 140 °C a50°C 200°C 160 °C asne°C
temperature
Copper k=100 k=86 k=115 k=103 k=143 k=141 k=115 k=135/115%
conductor
Aluminium k=066 k=57 k=76 k=68 k=094 k=93
conducior

Tin soldered | k=100 k= 86 k=115 k=103 k=100 k=122
joints in
copper

conductors

A This value shall be used for bare cables exposed to touch.

NOTE 1: The rated current or current setting of the fault current protective device may be greater than the current-carrying
capacity of the cable.

NOTE 2: Other values of k can be determined by reference to BS 7454,

c.s.a. of phase Minimum c.s.a. of Minimum c.s.a. of
conductors Sph (mm?2) PE conductor (mm?2) | PEN conductor (mm?2)
Cu Al
Simplified Spn < 16 Spp @ Spn® | Spn®@
method (V) 16 <S;ps25 16 16
25 <Sp=35 25
35 <S5, =50 Spn /2 Spn 12
Spn > 90 Spp /2

(1) Data valid if the prospective conductor 1s of the same material as the line conductor. Otherwise, a correction factor must be applied.

(2) When the PE conductor is separated from the circuit phase conductors, the following minimum values must be respected:
m 2.5 mm? if the PE is mechanically protected
m 4 mm?2 if the PE is not mechanically protected.

(3) For mechanical reasons, a PEN conductor, shall have a cross-sectional area not less than 10 mm? in copper or 16 mm?2 in aluminium.

ACx95+ 1SCX50(E) & 4Cx16+ 1SCx16(E) & 4Cx10+ 1SCx10(E) :Jls
In addition to conforming to the thermal constraints described above, the
earthing conductor should have a cross-sectional area of not less than 4 mm?
where protection against corrosion only is provided or 2.5 mm?2 where
mechanical protection is also provided.
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To properly design a grounding system, the earth resistivity must be measured.
Several methods can be used to measure earth resistivity: the four-point method, the
variation

in-depth method (three-point method) and the two-point method. The most accurate
method and the one that ERICO recommends is the four-point method.

WS Jea iy A= A sie Clilus e s [=led sha g " shall b g Gl Gy )l cans e o 55 3y lall 5 S8
al Jga

Ao sliall A Cla (S AN Y abaall aladinly 438 SLall L) dad IS5 485 jaa Jaludll agal) dad of Cus g
e il

BS7430 J & LS %50 25 Y) Jegr 4 Lty lilnalls e fan jpia S Y) Gl Joka o Cus
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4maR
\Y L= a 3 =2maR

1+ -
Jaz+41? JaZ+l?

neglecting the value of "I", then;

p =27maR
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IFigure 13 Measurement of earth resistivity
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10.2.2 Soil resistivity — Wenner test

In a technique developed by Dr Frank Wenner of the U.S. Bureau of Standards
(now NIST); it was demonstrated that provided the electrode depth B is small
with respect to the spacing, the electrodes the average soil resistivity p to a
depth a in Qcm may be found from:

p=2maR
where:
n is the constant 3.1416;
a is the distance between the electrodes in cm; and
R (V/A, see Figure 20) is the reading obtained from the Earth tester in

ohms (Q).
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Figure 18 Measurement of earth resistivity

oruo—(4)
O,

Key
1 Current source
A Ammeter

Vo Voltmeter

/1rf

-3

S S S S /Uf/f/ /U/ /s
| |

a a

Four equally spaced test spikes should be driven to a depth of up to 1 m, the
depth not exceeding 5% of their separation a (see Figure 18). It is important to
ensure that their resistance areas do not overlap. Current should be passed
between the two outer electrodes and the resistance R may be found as the
ratio of the voltage between the inside electrodes to the current conducted
through the outside electrodes.

The resistivity found applies to soil depth a, so by repeating the measurement
with different values of a, the average resistivity to various depths may be
found and the results indicates whether any advantage is to be gained by
installing deeply driven electrodes in order to reach strata of a lower resistivity.

EXAMPLE

If the distance a between electrodes is T m the constant for the test setup is
calculated as (2 x 3.14 x 100) cm = 628 cm.

If the instrument reads 40 Q the earth resistivity is (40 x 628) Qcm = 25 120 Qcm.

It should be noted that environmental conditions such as temperature have an
impact on earth resistivity with a corresponding decrease in resistivity as
temperature rises.

[o=a ]
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WENNER method

pw —_ 2 T[ d RS-ES

e Test Probes (Pins) Placed in a Straight Line at
Intervals “a” Driven to a Depth “I7 (“I” <
0'1)}0)})

e Assume
Follows:

HI)/

= 0 and Formula is Simplified as

0 =2maR

e The Formula Provides the Average Soil

Resistivity (Apparent Resistivity) of the Soil to
Depth “a”
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e Set of Readings Is Plotted Against Spacing
Indicates Distinct Layers of Different Soils or
Rocks and Gives an Idea of Their Respective
Resistivities and Depths

Wenner’s or Four Pin Method

300 \
| 1
250 L S S— _H_’,____ S| | —
|
—_—t
| —+—Apparent Resistivity Pa |

T I (SRR | S RS DT P
£
E /
=
Q
2150 f4——p el L
2
K
w
L]
[

100 +— <N P S —

50 4——— - =

0 ' e ,l_ - - : — et . ; —-
0 5 10 15 20 25 30 35 40 45
Probe Spacing (m)
[o=
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' Schlumberger-Palmer Arrangement

EARTH SURFACE

|5 4

Schlumberger-Palmer Arrangement

~

e |f the Burial Depth of the Probes “/” is Small
Compared to Their Separation “c” and “d” the
Apparent Resistivity Can be Calculated as
Follows:

R
=mc(c+d)—
p=mlctd)

e With Large Value of (d/2c+d) the Variations of
Measured Resistivities Due to the Surface
Irregularities Are Reduced to Minimum, Yielding
More Accurate Measurements
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