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;Grounding Principles and Practice :

I—Fundamental Considerations on Ground

REINHOLD RUDENBERG

N THIS ARTICLE are considered the
main scientific problems related to the

mo(elecmccuntnu_tothecmh

E
5
"

.whchomorm':poinnmgmundedde-

pends on the behavior of the wire network

~w and the ground, this article is confined to

.the underground flow of the electric cur-

. rents, which is not so easily measurable and

therefore not so well understood as the be-

Ahmdthcunnnumtheaverbead
- petwork.

The earth is a body of three dimensions

'mdmednbeaunﬁdmplmtyof

ﬁwhnwwmbywhschdecmumn
are directed is lost. In the earth

) ﬁmﬁlpmudmtmthe-mspace,

Currents

MEMBER AIEE

This article is the first of five
based on a series of lectures
which was sponsored by the
power and industrial group of
the AIEE New York Section
during the 1943-44 secason.
The behavior of currents flowing
in the earth, as influenced by

the resistivity of the soil, fre-
quency of the current, and
size and shape of electrodes,

is analyzed here.

current if only the cross section is large
enough, and in this respect the earth, by its
great depth, presents no limitations.

Because of the high resistivity, all cur-
rents flowing through the ground suffer a
considerable voltage drop. Therefore we
must break with the popular concept that
the potential of the ground is always zero.
A substantial electric-field strength, or
potential gradient, can develop and this
may affect extended regions of the earth’s
surface. We have to distinguish between
two different zones which will be con-
sidered in detail, namely, the spaces in
proximity to the ground electrodes and the
long path between such electrodes.

The ground under the surface of the
earth is by no means homogenecous, and
this makes a rigorous analysis of the dis-
uibuﬁmdmmdiﬁwlﬁfmim-

Mhﬁqthemhenmguﬁtydthe
conducting body through which electric
currents may pass,

Random changes
_ caused by weather and seasons; by rain,

Mudbymmmm
M%mduw?ﬁmyd

ena in the ground is necessary in order to |
make numerical calculations and to draw
definite conclusions if the electric system” *
from time to time shall not experience techs
nical trouble or cause serious accidents,

Variation of Earth Resistivity. Theub,
sistivity of the soil depends on many p
rameters. It depends on the type of 8¢ “'
and therefore varies with distance as well i
uwithdepth,asindknwdbyl’m ,
Further, the resistivity is much st
below the subsoil water level than abo
Infmzenloxl;umtheurﬁeehyu
winter, it is particularly high. It is
portant, therefore, forgoodgmu‘nd
trodes to avoid the frost limit and to s
the subsoil water plane. Figunz
the variation of resistivity » of a cert:
noxlummred(c)veutlm__”
tent, (J) versus temperature change,
(c)venu:addeduhmpermd ‘
Itunenbyﬂuw&b
that these three parameters affect
eanhreimvitybyma&mct

to develop

for a very
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Figure 1.

; iﬁ[ﬁenpmliblcdectrodeisshown
g uan':ely, a sphcn in the

ﬁmedtheurdl,awcwhnch
Ifa current I flows

he ground, the current density at
‘% from the center of the hemi-
(1)

g to Ohm’s law such a current

8 in the resistivity p of the soil an

@

as line integral of the field
the surface of the conducting
d'ndithothcdistznccx,is

: of o o1 1
23]

ence on distance, are repre-
al nearthetopol‘l"igurcii

d a far distant point with x= o
to equation 3,

(4)
ﬁe resistance expu-u:oeed

Subscil strata under Main Street, Cambridge, Mass.

ground occurs only rarely in practice.

If we consider, for a numerical example,
a hemispherical electrode of radius B=1
meter embedded at the surface of the
carth of resistivity p=10? chm-meter, the
ground resistance of this electrode will be
R= l—-—————m S =16 ohma

27<1m

As the curves in Figure 3 show, this re-
sistance is distributed over the entire half
space; however, the major part of it is
concentrated in proximity to the electrode.

Figure 2. Resis-

10

MOISTURE

If two such electrodes are used through
which the current enters and leaves the

1
|0 0 20 30%-20 20

Field Strength on Surface.
&azi;laddh walking through such a sur-
electric ntial, for example
in the nelgbbarhoosztna faulty tramn'm ;
sion tower, as shown in Figure 5, the body
diverts some current from the earth and
may suffer damage from  the potential ™
gradient. The tower footing carrying acur- &
rent 7 to the ground can be represented for
the present purposes by anequivalent hemi-
sphere of radius B, as shown by the dotted *
line in Figure 5. The ficld strength on the =
surface of the ground is then given by equa-
tion 2 and increases toward the tower toa
maximum value at distance B
ol

2«8 ®) <
With the figures of the former example and .
with a tower current to ground I=100 °
amperes, the maximum field strength at ©
the surface is .

1] -m - -
o A A o 1600 e
2w (1m)* Setar
a remarkably high value. ‘ 1
This field strength produces a currentin
any living creature stepping over the sur-
face. The maximum possible current de-

velops if the internal body resistance is . |

TEMPERATURE

small oompared with the foot resistance on. N
the ground, which is 3
y=—

2xb m p

if b signifies the equivalent radius of the
creature’s foot, For a man’s foot this
been measured in an electrolytic trough
b=T7 centimeters on the average. S
the voltage drop by the body o
throughthemwumebdmmbmh
ngwenbythcveltagehhenoverthe
length s

2riy =g




‘ With&cnumricdvduallmldymd.
e thaenobtunedforamnukingamp

' one meter long at a distance of three meters

from the center of the tower, a body cur-
rent

1m-0.07m- 100 amp

2-Gm) =(.39 ampere

iy=
and this maximum current is certainly
deadly.

3 Measurements by Probes. ~Measurements
. ofground resistance require some considera-

Figure 3. Radial flow of current from
' spherical electrode to ground

tion. Care should be taken that probes or
iliary electrodes, as in Figure 6, are

- auxiliary

. _sufficiently far removed from the spreading-
. out zone of the main current, if the probes
©  arc to mecasure the entire resistance ex-

.perienced by the current. The voltage E
~ will be independent of the distance x be-
" tween the main and auxiliary electrodes

only if x is much greater than both 4 and B.
- By application of equation 3 to both
" _systems of current distribution of Figufe 6
around the hemispheres of radii B and &,

mvu the voltage between the
‘two Thus the total resistance is

* mined from the measured quotient of volt-

‘and current if the dimensions are

-decennined nin éalyby&eqwdmr'd‘

voltage and current and the linear dimen-
sion b of the probe. In this way numerous
measurements have been performed show-
ing that there are very great differences in
the resistivity of the natural soil.

If no specific measurements for a defi-
nite spot of ground are made, the figures of
Table I may be used as average resistivity
over the underground.

Two Parallel Ground Electrodes. If two
clectrodes are arranged mutually within
their spaces of high field strength, as in
Figure 7, they experience mutual influence.
For each of the spheres in Figure 7 the
voltage from the sphere of radius b through
distance y is, by equation 3,

E-pl[!—-{]- | 4
4| b »

Since the voltage is determined by the
difference in the bracket, which depends
only on distances, the voltage can be ex-
pressed by the difference of two potentials,
as on the right-hand side of equation 12.
The potential ¥ of a spherical source of
current in space is therefore

(12)

(13)

and such potentials always superpése if
more than one source is present.

In the center plane between the two
spheres of Figure 7, the potential is there-
fore

ol

Vem2 —
£ w

(14)
if both spheres carry equal currents / to
the ground. On the other hand, at the
surface of either sphere the self-potential is
determined by the radius é, the mutual
potential by the average distance 2z be-
tween the centers of the spheres. The total
potential is therefore

V-E-—-( +—) ::.(H'E}) (15)

Hence the resistance two spheres in
parallel in the ground, carrying together

(16)

The first quotient, by comparison with
equation 5, gives the ground resistance of
one sphere.  The last factor for far-distant
electrodes with z=o becomes 1/;; but for
close electrodes, for cxample, with z=5

becomes '/:(H"/a) =1/e
spheres are mutually i

be computed according to oﬂ!htv
Close clectrodes, however, experience
increase of their ground resistance by m
tual interference.

Depth  Electrode.
spherical electrode buried in depth, G
sidering the arrangement of Figure 8 &
half that of Figure 7, we obtain the re
ance of such a depth clectrode as
that of equation 16, namely,

(an,

Near the surface, for example at z=5/2, we

b 2 %
have (’+§3—/2)-2’ and the resistance

comes the same as with equation 5. Und
the surface the resistance decreases and
greater depth the correction term &,
vanishes, thus cutting the resistance
half.

With a depth electrode the space of b
current concentration is not accessible
creatures, thus the danger of stepping =
the électrode decreases. At any point
the surface, as seen by Figure 8,

x dy

~mgin o =

dx

depth electrode and « the co ne
central angle. Thus the field strength
the surface is

i, _av,
4 dx d) sin & 4
Substituting the potential V, from eq
tion 14, we obtain the field strength at
surface y

Al da ay ..
2r dy

ol sina

2 5

Now, for a near 90 degrees, sin
1/x% whzleformallv&llnﬁﬁ .

a hemisphere,
depth electrode the field
zero and rises linearly for
Atanmgiedewrmhedbﬂn
the field strength is a maximum,

o=

. .
i
valueofcquamnéfotlm _

wale) °()

Figure 8§ dmn
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Muinﬂallt9 into a large

~n of nearly spherical eclements,

th over the length [ of the rod in the
d have a mutual distance

(23)

hed:rgamrrentl/umwthcgmund
'ﬁ\bedutnnccfmmanyclcmcnttoa
t at the surface of the earth and o is
n.lcfmm;mtlwmo(therod the
| diagram in Figure 9 shows that
Yo

o= —

24)

pofu\tml dV of every element is given

mm 13 with current I/n. By sub-
n of the distance y from equation 24,

use of equation 23, the incremental
ential at the surface of the carth be-

yatils_ ol n da
4y 4misina
«lfthclimiﬁngvalucofmglcaisdc-
id by B, as shown in Figure 9, the po-
m&eccnter plane of a rod of

(25)

ﬁf.mzw4w)mﬂ

result would be rigorous if the density
he current emerging from the rod into
carth were uniform over the length,
h actually is only a fair approximation.
electric potential in the symmetry
ofﬂ!drivenmdthmudepcndem
: four parameters, namely: resis-
v .;‘dum«mtlﬂamngmto
i€ rod, its length ! within the ground,
hwhichuedw;y:gwenfora
s ground electrode, and the angle of
i’hamtbcmd‘thcmdand

hpm:ofthepmntoon-
from the lﬁlofthcrod the

the voltage B of the clecirode, Figure 10
shows that for small radius ¢ as compared
tolength [

.

cot ~m—
a

5 (29)

Hence the resistance as quotient of voltage
and current is

2
2ty (3)
While the shape of the rod, determining
the ratio //a, is of minor significance since

(30)

. it forms only the argument of a logarithm,

the length [ of the rod is of major impor-
tance, for the ground resistance is
nearly inversely proportional to the length.

A rod of radius a=2.5 centimeters and
of length /=6 meters, dimensions often
used in practice, driven into moist soil will
present a resistance

10* ohm-m 2.6
i lo"(2.5-10—-)

2x-6m
=2.65-log, 480 =16 ohms

This value equals that for a hemisphere
two meters in diameter,

(a)

J—IOOVG.TS
CURRENT FLOWING IN DEPTH

which is decreasing with both increased =
and B. :
For large distance x, cos 8= {/x, approxi-

mately, and the field strength

pl -8
™ m (”) -
becomes identical with that for a hemi~ ""
sphere. For small x, however, cos =~1,and 8
the field strength :

(35) ¢

becomes much larger than for a hemi-
sphere. This is due to the high concentras 8
tion of the current around the small cir-
cumference of a rod. b,
Along the length of the rod the density =
of the current from rod to earth‘is nearly =
constant over the major part of the length,
but actually increases at the bottom to
about double the value at the center plane,

1AL
DISTRIBUTION

68 VOLTS
SBORRENT IN SURFACE LAYER

JFigure 4. Flow of current between two ground electrodes

Field Strength Around Rod Electrode. On
the surface of the there develops,

according to Figure 11, a field strength
= — e —

F s * €3V
where the angle # is introduced as the
variable. It is correlated to x by

due to the point effect of the end of the
rod, : 3

Simple Forms of Ground Electrodes.  In
similar way the potential and the ground
registance of other forms of electrodes
be derived by superposition of sphérical
cylindrical elements. Table II gives
survey of some simple forms of ground elec-
trode. We see that a flat strip follows a
relation quite like that of a circular rod

and a strip thus is equivalent to a rod
mdldimtueqmlmw‘tbe




mhﬁgdmu&ubmeedm

' density.
* The resistance of a ground electrode
. near the surface of the earth is always twice

& the resistance of that clectrode in greater

depth, because the distribution of the cur-

X Figure 5. Poten~
tial at the surface
of the earth near
a current-carrying

S

(7]

rent through the upper semispace is cut off.

As all the equations show, the resistance
¢ is determined primarily by the largest
' dimension of the electrod¢ and only to a
minor extent by the smaller dimensions,

#  like cross section or thickness. Thus the

surface of the electrode is unimportant and

. only the linear extension matters.

The simplest method for determining
the resistance of a complicated shape of
. ground electrode, as for example the tower
~ footing of a high-voltage line, or of a radio
' antenna, often consists in measuring the
resistance of a scale model of the structure
in an electrolytic trough. Then the resist-
ance of the actual device is lower in the
* ratio of the lincar dimensions and higher
. in the ratio of the resistivities of the

surrounding medium. The radius of the
equivalent hemisphere is always a con-
venient means of comparison.
* Four-Point-Star Electrode.  For some
_ structures frequently used which are com-
posed of several rods or wires, it is conven-
ient to derive analytical formulas. In a
. four-point-star electrode, as.in Figure 12,

" the :e!f-potzngal of every straight wire of
length 2/ is, accordmg to equations 26 and
29’

e ()

This is to be increased by the mutual
between the transverse wires of
cross. Equation 26 gives the potential

(36)

‘of the rod with their higher current.

the crossed wires is
V-Z-—(log.2+1) (39)

The voltage E of every conductor is
given by the sum of the potentials or

’|~§:—{log,(¥)+log.2+l] (40)

and therefore the resistance to ground of
the entire four-point-star electrode is

=il (3) ]

If such a star of wires is embedded near the
surface of the earth at a depth small com-
pared with the length dimension of the
clectrode, the ground resistance is twice
that of equation 41 as indicated in the last
example of Table II.

e br
— =

(41)

Figure 6. Measurement of the resistivity
of the soil

Figure 7. Two

spherical ground

electrodes in
proximity

The value of the resistance of equation
41, by the addition of unity to the loga-
rithm in the bracket, is slightly greater than
for a straight wire of length 4/, This in-
crease is due to the mutual influence of the
current distributions in the ground caused
by neighboring parts of the entire electrode.
With more star wires than four, such in-
fluence ircreases, preventing the resistance
from being reduced in proportion to the
increase of the number of the wires. For
many wires, finally forming a circular disk,
the resistance approaches

]
Re (42)

For average values of the ratio radius to
length of the wire, a comparison of equa-
tion 42 with equation 41 shows that by in-
creasing the number of radial wires to
infinity the resistance reduces to only
R LE N

C. 2 . et
R* M 93 3
hl-z > i-H

of that of the simple four-wire star. “The
gain with increasing number of wires is not

(43)

mum Another

p-nﬂd.

rrmluplednvenmdsconnecndin
is shown in Figure 13.

The potential at

the earth’s surface of every rod again is

given by the general equation 26. The

voltage at each of the electrodes is given by

the sum of all the potentials produced by

the rod considered and all the other rods. =

For rod number one, for example, the =

voltage is

[ B
El-m[lllo& (cot E)+

T (et

The currents of the rods are not yct
determined, but for the sake of nmplidt}
the resistivity of the soil and the length o
all the rods have been taken as unifo

Asnmnycquanonsofthulypcunbefbf S

veloped as there are rods in the electrode, &

the angla f signifying always the angles '

of vision from the bottom of each rod to- 1
ward the top of the rod considered alluqr

by Figure 13. Therefore, for any arrange- &

ment of driven rods a sufficient number ¢
equations is obtained to determine the ¢
tribution of the currents among the i
vidual rods of the electrode.

[

3

The first cotangent of equation 44 rder[

to the rod considered and can be eval
by equation 29. The further cotang
which refer to the other rods, can be
pressed, as shown in Figure 13, by {
ratio of the length { of the rod to a distan

5y, cut off by the angle 8/2 on the dunncq-

S, between the rods. Thus

If the rods are connected by zero re
ance and are located symmetrically

.

mmﬂmfw&&
cquations 44 take '




se the ohmic value is reduced in
ion to the number of par-

il £atio S/I, with the rods close

uu-d a rod electrode

y the angles 8 are small, and there-

¥8 sy3=S,/2, sec Figure 13,
‘thcnumberofmdsnuphwd

ﬁh—hndtcrmwehnvccxpmcd
1oot of the product of the distances

bvdxegeommcmcandmnec

(50)

n of equation 49 with equa-
dnnhelumohevenlorof

ly 8,=45 degrees, and thus
l’crmmpk,xfn-srods,
istic part of equation 47 be-

s-%—ﬁ«:ﬂm-im-mm

If the rods were far apart, §= o, the re-
sistance would be 1¢/;=53 ohms. Thus
threerodimthnparamnoqualmthmr
length experience a mutual influence
which increases their resistance by 32 per
cent.

In order to obtain low ground resistance
in bad soil of high resistivity, it is often
necessary to arrange for quite a number of

L3 Figure 10 (left). Dimensions
of a driven rod

Figure 11 (right).

Field strength on

the surface around
a driven rod

driven rods placed in lines or over an ex-
tended area. In such ground beds, as in
Figure 14, the inner rods carry lower cur-
rents than the outer rods due to the mu-
tual influence of the surrounding rods. In
every case the application of the proper
number of equations 44 gives the correct
solution for the current distribution and
the total ohmic value of the ground re-
sistance. Even unequal lengths of the rods
and different resistivity around the indi-
vidual rods easily can be taken into account.

Depth  Measurement. Frequenty the
resistivity p varies not only from rod to rod
but also with the depth for each rod. In
order to obtain a survey of such variation,
it is useful to measure the ground resistance
during the driving of the individual rods.

Figure 12. Four-point-star electrode in

the ground ;

The ground conductance of a rod, as re-

ciprocal of the resistance, equation 30, is

, 2wl
T ree()

(1)

conductance. with leagthening of the 19
by an element dx is therefore

()
p-log, { =
a
The logarithm is not differentiated since -
it was derived under the condition of con-

stant resistivity and its variation is v
small under any circumstances. Du

dG =

Figure 13. Driven rods in parallel

increment of length dx is, by equation 52, &
2x di 3

p=

Thus p is inversely proportional to the i

derivative ‘of the conductance which is
shown as dashed curve in Figure 16b.
With respect to the resistance R,

and thus the resistivity at the lower end,
dependent on the derivativ® of the resist:
ance curve in Flgurc 16b, is

3 2:) _ut
e, a di
Figure 16a indicates thatamum
uvcumauedtlnoughamtumof ‘
resistivity, a large derivative dn-pugh a
stratam of low resistivity. i
If a rod of radius a=2.5 centimeters
driven step by step into the depth and
length /=6 meters, the resistance is m
ured as R=16 ohms and the derivative 2
dR/di= —0.15 ohm per meter, Mu“
tivity at that depth will be

e
AT loc.(m)ots

By such continuous m’
mm&cmanw

174ohm-m

uummm




: wﬂdlhpbtﬁed‘mhntxmi‘bmﬁ

‘lfapmmdeld:tmdehtobeloaded
‘hﬁn\mﬂy ctevenoveralhortnmc

ng which might evaporate thé mois-
g Thecumtdenmyaboutnsphcm
electrode with radius B cmbedded in

¢ ground varies over the distance x as
I

i

(56)

is indicated in Figure 17, Thereby an
-amount of heat pi? is produced in every ele-
t of volume, which may be consider-
because of the high value of the resis-

2 y. p. - This heat is partly stored in the
b volume elements of the ground, which have
L an average specific heat y~1.75-10¢
ﬁ/u'C (watt-seconds/meter?. degrees cen-
.&'adc), partly conducted from higher to
r temperature within the ground, the

ge heat conductivity being A=1.2

" w/mC (watts/meter-degrees centigrade).
‘Although these two thermal constants of
soil are of major significance, their
values seldom have been measured

- The dxﬂ'enenull equation of the radial
‘heat conduction about a sphere is
@ AP

o e (57)

"It is difficult to obtain a general solution of
 this equation since i varies with . How-
{, ever, we can discuss two interesting phases
‘of the heating, giving particular integrals,

namely the steady state and the short-time

State Heating. For continuous
d currents the time derivative in

A A A W 90
"R ST A Y A Wy
G ST LT A Y W
| A A A

« easily.

The maximum earth temperature at the
electmdcwlﬂu-Bu

et LY
2723\ 4xB

and dependa only on the two constants p
and \ of the’ground and on the linear cur-

(60)

1M 2a

Figure?'15. Increment of ground com-
ductance with length of a rod

- rent density I/B. The admissible current

to ground from the spherical electrode is
therefore

AN e T
I-kBJz-o - /2000
p R

where the right-hand term is obtained by
substituting the resistance R=p/4xB. The
current-carrying capacity of the electrode
is ' thus determined, in addition to the
ground constants, by resistance and tem-
perature rise § only.

Since the heat flow and the current dis-
tribution around electrodes of any shape
follow the same mathematical law, namely
Laplace’s differential equation, the right-
hand expression of equation 61 is valid not
only for spherical electrodes but for any

(61)

RESTMTY
ZMEDIUM "
SHIGHNNN

—MEDIUM—

Figure 16. Measurement of rod resist-
ance against depth

shape of electrode whether it be a rod, a
ring, a disk, or a more complicated form.
Therefore, if the resistance is known, which
differs with the shape, the continuous cur-
rent-carrying capacity can be determined
The voltage at the ground
measured from the metal to a far distant
point is, from the last term of equation 61

E=IR=/20 (e2)
Besides the ground constants E depends

wﬂymmmdnintbmdy .

electrode,

state. wmw%,
ground electrode determines its steady-
state temperature. 'l‘he-eeuuduluqui 3
true for any shape of electrode,

As an example, forﬂ-sodepeueemk
grade in moist soil,

E=4/2-10"-1.2-60 = 120 volts -
This voltage must not be surpassed if that
temperature rise is not to be exceeded. =

The admissible current density at the &
surface of the ground electrode, where the ¢
highest temperature exists, determined for
a spherical electrode from equation 61 i

(63)

Far the former example

1 1.2 :
i-1—- 2660-!.2amperupeuqum
- meter

Thus the current density permitted for
continuous loading of the electrode is fairly
small. The soil surrounding the electrode
must not heat up to 100 degrees centigrade,
since the moisture would then evaporate
completely, and the current would be
interrupted by the enormously increased
resistance. . 4

Short-Time Heating.  For short-time
loading of the ground electrode the second
member of equation 57, the heat-condue * =
tion term, plays only a minor role and thus
may be neglected, . The remaining differ-
ential equation then becomes
ds »

i i

dt

(“)r

The temperature rise thus follows the same

"law as it does with ordinary linear conduc-




i Q fairly high value. For undy
“mdmhigherwmyasbm

enpnnu:themofthenmlm
ery short time, and an explosion of the
pe surrounding the electrode might
; , and is sometimes experienced.
_ The voltage at the electrode with short-
loading may attain a very high value.
e example for moist soil, the voltage is
than in the steady-state example by
. the ratio of the current densities, and there-
‘hummmm
100

1—120 i—-i--IOOOOvo!u

. The initial rise of temperaturc over a
time as given by equation 64 is
shown in Figure 18, The final temperature
rise, with fixed constants of the soil, would
&gimbycquanomw and also is in-
ited in Figure 18. The intéermediate
m mm the complete  differential
S‘7b\nudxﬂiculuodmvcanalyn

the steady-state temperature, sce Figure
18. For this intersection we have, with use
2 of equations 60 and 64 and substitufion in

- the former the current density forthe
i< current

(66)

M-_ !BI.!-! 1’138,_
? 2\ ¥

mum and the minimum dimension of the

For example, for a sphere with radius
B =1 meter the time constant is
1175 10‘

r=

2 1%=0,73-104 sec =8.5 days

'l‘hisilaverylongpeﬁod,duemthevcry
low heat conductivity of the soil, but it Is
completely in accord with test results,

LINEARLY EXTENDED FIRLDS

Buried Long Electrodes.  In the fore-
going discussions there have been con-
sidered only electrodes with constant volt-
age over their length.  However, with the
use of long electrodes such as wires or
strips, cable sheaths, railroad or tramway
tracks, pipe lines, or similar ground elec-
trodes of considerable length, the current
may suffer an ohmic drop due to the inter-
nal resistance r of the electrode before it
spreads out in the resistance R of the
ground. - Figure 19 shows how the total
current. [y enters a ground wire, follows its
length, gradually being attenuated, and
leaving the ‘wire as spatial current i.
There are measured now the wire current {
in amperes, the ground current i in am-
peres per meter, the resistance r of the elec-
trode in ohms per meter, and the resistance
R of the ground in ohm-meters. The
resistance R may vary slightly over the

Table II. Resistance of Simple Forms of Ground Electrodes

Sphere:

[
R=b

Rod:

"':.: o (:")
Swrip:

-t (D)

‘Eqwivnhm rod and strip:
A=W/2

jacent ground resistances R is zero.
fore

e a0
dx
R %4—11 =0

from which tan be obtained the dif
ential equation, for the wire current I}
example,

G- gleo

If we reckon x from the far end of
wire of length I, and write for abb
tion

¥

the solution of equation 69 gives the cur
rent distribution in the wire as E

T

Correspondingly, the ground-current ‘

tribution results from the first equation

a e N o
cosh 8x

Y st
et

The variation of both currents along
length x of the electrode is shown in Fig
19b. :
Near the terminal of a long condy
the hyperbolic distributions have a §
wmmtldeﬁnedbythesubtmt

X-ICJ—E;
) r

If the electrode has a length of more tha
about 3X, tlnpmndmnuuvm




the wire current decreases linearly

th x and the ground current is uniformly

deovul as is_the case with con-
nt-voltage electrodes.

Fotlugevnluuofwuemmanoeror

b 8x= cosh dxm €' /2

herefore, according to equations 71 and
bothaxmnalmd: attenuate expo-
und current is related to the wire cur-

(77)

The resistance R, of the entire electrode
round is given by the ratio of voltage E
‘terminal current o, the voltage being
al to the ohmic drop of the initial
nd current iy across its ground resist-

 example, ‘for MWM of a
cﬂe&rﬁm--zmﬁmmm
{=1 kilometer buried in moist soil close to
the surface of the earth, the ground resist-
ance of each meter of cable, using equation
30, is

» { 10* 10
R-2rh"(c)-21 Iog,( 2-10")
= 170 ochm-meters

This would give a total resistance of the
lead sheath to ground of R/{=0.17 ohm,
if the voltage of the clectrode were kept
constant over the entire length. The
resistance of the lead. sheath is about
r=15:10"* ohms per meter, giving a
space constant

- 170

1.5-10*
and since coth 1,000/337=1, a resultant
resistance of lead sheath and ground

Ry=+/1.5+10"* . 170 =0.5 ohm

=337 meters

Hence the voltage on the sheath will de-
crease over the cable length to nearly zero
and the effective resistance Ry is three times
as great as were this voltage constant.

Separate Conductors Buried in the Earth.
If cross section and conductance of the
electrode are considerable, the currents
may be led to much greater distances.
Such conductors sometimes play a tricky
role, even if they are not directly connected
to any electric system. They collect the
streamlines of current in one region and
carry them into a distant region of the

For;bngpipeinancxt:nded ground .

field, as in Figure 20, an equilibrium
is established between the parallel cur-
rent density i; in the ground and iy in
the pipe extending in the direction of the
streamlines. The field strengths ¢ in soil
and conductor are the same, and since
the current density is field strength over
resistivity, the ratio of the cirrent densi-
tics in electrode and soil is

i n/nn

W oaim om @1

Thus the current densitics are inversely as
the resistivities.

For a steel conductor buried in moist
ground, there must be expected

Foitog . ot

and a still greater ratio if the ia dry.
'I‘hqeintﬁulpigedm centi-
meters cross section can collect current
&ucw“i :

LA

rentwillenter at one end and leave from the .
otherend. The voltage over the length 2/ &
of the pipein the undisturbed ground field =

is -
Ew2e=2lpi

This voltage works on the entrance and %
exit ground resistance of each end of the 5
plpeandptodueancun'emlmtheocnm e
of the pipe, the metallic resistance being
insignificant. Thus, with use of equation- .'
30,

201 2
E=2RI=3" og, (—)

)

Equating equations 82 and 83 gives a pipe
current :

2xl® i
2!

s(3)
related to the current density i in thé un-
disturbed underground field and inde-
pendent of resistivity p. If groups of pars
allel pipes are present instead of a single *
pipe, their geometric mean distance 4. &
rather than the radius @ of a single pipe is =
to be used, see equation 50. %

For example, a pipe of half length /=100 =
meters and radius ¢=10 centimeters will &
collect from a field of current density &
i=10"* amperes per square meter a maxi- .~
mum current :

I=

2»100*

".—-ZWj

g ¢
Figure 21 shows that with such a pipe

the current lines over a circular area are

collected, the diameter D of which can be'
found from b

10~*=0.83 ampere

Thus the diameter of collection is

YT




ground without considering any in-

a
“Eil,

Therefore an alternating return current
in the ground under a long transmission
line will not spread to a great distance, as
direct current does, but will concentrate
on paths in proximity to the transmission
line, as shown in Figure 23. Hence the
distribution of alternating current in the
ground is governed by the laws of skin ef-
fect, laterally as well as in depth. Because

. Short pipe buried in an ex-

tended ground field

oftheh:ghmstiwtyofthenml however,

The solution of this equation is given by
a Bessel function Hj of zero order, With =

n= "2,”2
[

the current density, up to frequencies of ™
about 5,000 cycles per second, is

o

R

o

o
i=sl-H(VG )

where the argument of the Bessel function
depending on distance y is complex, in-

dicating that the distribution of the return
current through the ground occurs ill E
waves. 3
For two instants, 90 degrees duphoed -
in time, the values of the Bessel function
H, are shown in Figure 23, determining
the current density against distance. From =

numerical tables of this Bessel function it
canbedcnvedthatdnecﬂyunduanm, ;
head power line of height y=A=10 M
the current density at 60 cycles per second
mmoutaodofp-ll)’ohm-memhnﬂdy




: / strength in the ground, wizh
~uafeqmdnu91 and92,il -

'5 transmission line, namely for y=4, is
| E=mpoll- Hy(~+/ 5 xh) =

affe il o

* Herein an asymptotic approximation of the
t Bessel function is used for small values of
ﬂlemmplexngumcnt,mﬂnngmaform
whmhhndnnnctnﬂandxmagmrywm-
¢ ponents. The voltage over the ground,
" therefore, is complex, consisting of two
4 perpendlcular vector components, where

" currents under a-c transmission lines

i the real part gives the effective resistance
¢ of the return current

: ‘ R sl = w4110~ 95)

. while the imaginary part determines the
. effective self-inductance

in moist soil of p=10%
Thenhummtmim

mmthmynudy
L=0.9 millihenry per kilometer

or

wL =0.34 ohm per kilometer

This self<inductance of the ground cur-
rent adds to the self-inductance of the line
current, which is also determined by a
well-known logarithmic relation. So is
also the self-inductance of a fictitious re-
turn conductor of diameter 4 and depth D
under the surface, the ohmic and inductive
effects of which may be taken equivalent
to those of the ground return. By com-
parison of equation 96 with the self-induct-
ance of such an ideal return system, the
equivalent depth can be determined. We
see from the last two lines in Table IV
that the equivalent diameter d of a copper
return wire would be of the order of two
centimeters for 50 cycles per second bt
of only 0.2 centimeters for 5,000 cycles
per second. On the other hand, the
equivalent depth D would vary from 800
meters to 80 meters over the same fre-
quency range.

Inductive Interference of Parallel Lines.
If at a distance y a neighboring line runs
parallel to the transmission line with cur-

05716 2om%0 & 2 . 5km
Figure 24. Mutual inductance between
lines with ground return

rent [ returning through the ground, as
nhowangureu and the two ends of
the line are directly or in-
directly grounded, then a voltage develops
ov:rnlengthlofthuhncaccordmgto

cases the resistivity will not be v
overmrfaoeanddcpthofthcmnd
tween and around such transmission li
andthu:anavengemmvityofdlc

ureﬁeldd:ouldbetakenmmlem

High resistivity of the underground in- =

creases the action to a greater distance.

If, for mmplc, a short-circuit cu
I=500 amperes in a power line flows
through an arcing ground to earth and
returns through it to the grounded neutral
of the power station, then, according
equation 97, a telephone line at a distanc
»=1 kilometer, running parallel to ¢
power line over a length /=10 kilomet
and using the ground for return,
suffer a voltage of

E=»-10"7-377-500-10-10%-0. 20=118 volﬂ -

a value which would annihilate any telo-
phone conversation.

e

IMPULSE CHARACTERISTICS

Performance of Driven Rods. 1t may be

askedhowdmelythecurrcntmanehﬂm

trode and the surrounding ground
follow a rapid variation of the voltage.
The best criterion for this is given by the
values of the electric time-constafits an
the natural periods of oscillation.

In Figure 25 the current I impinges ¢
the rod electrode and enters the grou

which in addition to its resistivity
dielectric constant £. Thus in p:
the conductive current 'in thu.
theredevdopucapnunvcur

g




i upndﬁve
,m-mwmma
lance and resistance, and thus a rod
d hnsﬁmcconmm
.
T4r-9.100

C &,thevalueolwhchﬁxcdmaq
> «Ililybeoftheorderot9 in view
of the high value for water.
f!‘orenmple for moist soil

1009 .

m-llo second

which is an extremely small value. For
ck as underground the value is about
¢ The inductive time constant as quotient

(101)

S
»

(102)

It is proportional to the square of the
ength / of the clectrode, and therefore

dependent on this dimension. For
, for a rod of {=6 meters in moist

6'
~F o, = |
108 4x—10""=4.5-10"" second

the same electrode in rock the value is
second.  Both these values are

" resistance and

: Frader s A
mmmmwumu
surge impedance in com-
parison to the value one half, namely,

R p\/_k‘ >/, periodic
VLIE 120w {<'/upuiodic
For the same rod in moist soil
'x w-f 3
‘/5/(: 12006 7.5

(104)

30 that any natural oscillation would be

aperiodically damped. For rock, however,
the quoiient assumes the value 13, indi<
cating that here the driven rod can oacil-
late periodically.

An equivalent diagram is often con-
venicnt to represent the properties of a
circuit element in a simplified form. In
view of the foregoing numerical values
there is no doubt that for low frequencies
a driven rod and all its derived electrodes
can be represented by a lnmped resistance,
as in Figure 26a. This remains true for a
ground ¢lectrode of moderate length up to
high and even very high frequencies.
However, it should be noticed that a

:-n
LS ToweR (X
" %
S
R R c
GROUND

Figure 26. Equivalent circuits of ground
electrodes over wide range of voltage and
frequency
(a). Lotw woltage, low frequency

(b).  High voltage, high frequency
(c).  Ultrahigh frequency

L of the wire in hearys per meter, and the
ground resistance R in ohm-meters. :
Corresponding to the case where the
wire resistance is taken into account, see
Figure 18 and equation 68, the relations

between the currents in the present exam-

ple are




 time #, can be used for constants of
dmkm(")?)andbypmpa-nlecdm

: m,pﬁanawhchdnnpamlmrvu
ﬂ&wel?bmmdmmmethe
front zone of the attenuated propagating
wave of current. Their location can be
derived from equation 107 and is given by

(108)

'naepoinu travel with a velocity
& \R/L 10,

P = -

d 4 x drx

* ‘where R/L is taken from equation 102,
_ both data, however, being hete related to
. the unit length. Heénce the velocity of the

lunhnotmnt but decreases rapidly

(109)

" the soil is so high that it is difficult
otherwise to obtain a low ground resist-
~ance... With a resistivity, - therefore, of
- p=10% ochm-meters, the front velocity of
_ the current wave will be, for example, at
“distance x =10 meters on the wire,

wgg-os +10% meters per second

hlbmnone-tourththcvdocnyof

mbmmmnd’tlmvulueofxmequa
tion 111 and use for R and L of values per
uni derived from equations 30
and 100 for a finite wire, the surge im-
pedance for the terminal of the wire be-
comes f

o= f: 42_’ 10—'10&(21) (113)

Since buried wires usually are embedded
near the surface of the ground, extending
to both sides from the terminal, the value
of equation 30 is doubled for the resistance
here in question.

We consider for an example a wire of
length /=75 meters and of radius a=0.5
centimeter, buried in ground of high re-
sistivity p=10* ohm-meter, and we esti-
mate the time until the steep ascent of the

-}
of

X

by any rigorous deduction, such a simp
fied foundation of the principles of grou
currents appears appropriate from ¢
viewpoint of engineering as well as

the viewpoint of the economic . use

Figure 27, Dimdinpubem.

rent along a buried wire

lightning . current occurs as 6=0.2-10"¢
second. Then the surge impedance for the

- practical start of the current at ¢ =, will be

10107
x-0.2-10¢

and this value decreases hyperbolically
wtthhcreﬁngﬂmulhowninmgum
28b.

The impedance would decrease gradu-
ally to zero, see equation 113, due to the
omission of 0 resistance of the infinite

: )
—— | =184
0.5-10 * o




