ANEXO 13

METODO ELECTROMAGNETICO DE LAS IMAGENES.
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Resistances to Ground

Formulas for practical use in the calculation
of the resistances from giounding coaduc-
tors of various forms to the earth are given
in this paper and their use illustrated by
examples. The accuracy of the formulas
varies considerably, as discussed in the
paper, but is sufficiently good that the
methods should be helpful to those whose
work involves problems of grounding.

By
H. B. DWIGHT

FELLOW AJZE

Messachusetts lnatitute of
Technalagy, Cambridge

Ai\:' ELECTRICAL CONNECTION
i the ground requires consideration of the engineer-
ing problem of obtaining the lowvest number of ohms
ta ground for a given cost. This probienm involves
the need of formulas for comparing different ar-
rangements of ground conductors. A collection of
such formulas for d-c resistance is given in this paper,
with some discussion as to their relative accuracy.
1n order to compare 2 arrangements of conductors,
it 45 usual to asswme that they are both placed in
earth of the same uniform conductivity. It is well-
Luown that there is usually considerable wvariation
of earth conductivily i tlie vicinity of ground con-
duectors, but that effect is a separate problem.

CvrLixprical CoONDUCTOR

A very comunon type of ground connector is that
of a vertical ground rod. Such a rod is an isolated
cylinder and the flow of electricity from it into and
threugh the gronnd is calculated by the same expres-
sions as is the flow of dielectric flux from an isolated
charged cylinder. That is, the problem of the
resistance to ground of the ground rod is essentially
the same as that of the capacitance of an isclated
cylinder whose length is very great compared to its
radius. The following formula for the latter case
has been given by E. Hallén:* sl

€_ 1, L2274l 217353 110360
LA 4nz 8a? W T
where

M = log, (2L/a}

21 = length of the isolated cylinder in centimeters

@ = radius of the cylinder in centimeters

¢ = capacitance in absolute electrostatic units, or statfarads
log, denotes nataral logarithin
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By taking unity divided by this series, an expres-
sion is obtained which is more comvenient for the
present purpose, and which is more rapidly con-
vergent, to a slight extent, as follows:

1 _ 0.177A3 05519
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This formula has been checked, and close agree-
ment found, by a successive approximation calcu-
latinon? in which uniform distribution of charge is
first assumed and then other distributions of charge
are successively added, so as to keep the potential
of the eylinder the same throughout. The formula
has been checked also by Dr. F. W. Grover® by a
successive approximation method using mechanical
integration.

An approximate method of calculation which is |

used for a great many shapes of conductors is the
average potential method of Dr. G. W. O. Howe !
This consists in assuming uniform charge density
over the surface of the conductor and calculating
the average potential. Then the approximate ca-

pacitance is taken as equal to the total charge ~

divided by the average potential. This method is
correct within 2 or 3 parts in 1,000 for a long straight
antenna wire, and within less than 1 per cent for a
the preportions of a gronnd rod. How-
ever, an estimate of its accuracy should be made for
each shape or combination of conductors with which
it is used, beecause in some cases it gives an error of

mnrlicad e o
Ly BlalvALa W

several per cent. For example, it gives a value of

1/ for a thin round plaic wlick is § por et (6o
high (sce the paragraph following equation 35).

Assuming a uniform charge density g per eenti-
meter along the cvlinder, on its curved surface, the
potential at F (figure 1) because of the ring dv is,
by cquation 6§, page 153, reference 10,

‘{_r_j‘i”rli__.g d’("g-ﬁ_ 1)+‘__—|
a r R r:

2

where #? = a? + 3% and y is the distance from I° to
the ring.
Integrate cquation 2 from » = 0 to L — x and

also from 0 to L + x, obtaining the potentiul at P

resulting from the parts of the cylinder to the right .

and left of P. Then multiply by dx/L and inte-
grate from x = 0 to L, giving the average potential
af the cylinder resulting from uniform charge den-
sity on its curved surface, as follows:

Le(r_ L
: Li\6s 1028

iy B
1+0.33L

Vor _ ¥

4L a 1 1
e Tt g
2 log = + L(2+3+1 +*

28
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If, as is often done, only the first term of equation
s used, the result is

1 1 2L + \/a’ + 4L7 b ] ‘/ aT)
ot gl L iR iy B SN Pl (s)
¢ L ( 1 2L =3

which, when expanded, becomes

11 4L a at et

2 (Iog. T 1+oss =006 - + 0002 ) (6)
It may be seen that equation 6 does not have the

right coefficients for terms in /L and so equations 6

and 5 should not be used. For long cylinders of the

proportions of wires or vertical ground rods, the

I
bo— % —p] —] ﬁ—dg

= Fig. 1 (above). Cylindrical
conductor
L
S
®
i
: :
Tl b .
“F Fig. 2 (left). Two rods
Gy connected in parallel

—mms in a/L and its powers are of very small effect
and may be omitted, thus giving the practical for-
mula

L (T -
c L\ ®e T m

This gives an error of less than one per cent in prac-
tical cases of resistance to ground. The error is due

to the approximation inherent in the average poten-:

tial method and if a more accurate formula is de-
sired, equation 1 should be used. The small error
in equation 7 cannot be avoided by including terms
in a/L or by using more complicated expressions in
logarithms or inverse hyperbolic functions such as
equation 5 or its equivalent forms.
The foniula
LR
cTL® @
‘hich is based on the capacitance of an ellipsoid of
ievolution of the same diameter and length as the
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cylinder, has a larger error than equation 7, and
should not be used. Logarithms to base 10 may be
used, by noting that log, p — 2.303 logy, p.

The method of changing a formula for capacitance
into one for resistance to ground, or through the
ground, may be found by considering the simple case
of 2 parallel plates whose distance apart is small and
the effect of whose edges may be neglected.

If cach of the 2 plates has an area of B square
centimeters and if the charge density on one is ¢ per
square centimeter and that on the other —g per
square centimeter, the number of lines of diclectric
flux through air from one plate to the other is 4=gB.
The wvolts per centimeter in the space between the
plates is equal to 4xg, the density of the lines, and
the potential difference V between the plates is
4rgs, where the separation of the plates is s centi-
meters. Then

|

|

I
—
£l
I

For the flow of electricity between the same plates
when they are embedded in earth of resistivity »
abohms per centimeter cube, the resistance between
the plates in abohms is

ps -

R—-B

{10y

Thus in this case,

14

B —
dxC

#ig Gy
where C is in statfarads. I p is in ohms per centi-
nmicter cube, R will be in ohms. Equation 11 shows
merely the relation between the units and has noth-
ing to do with the geometry of the flow of dielectric
flux aud current which iu equations 5 and 10 is
represented by the letters /5. Equation 11 applies
to any conductor or combination of conductors
(sec reference 11, appendix III, page 2109).

The resistance of a buried straight wire of length
2[. centimeters, no part of which is near theé surface

of the ground, is given by equations 7 and 11 and isl

2 AL (12}
R (IO"‘ a 1) '

A vertical ground rod which penetrates to a depth
of L centimeters must be considered along with its
image in the ground surface. The voltage and the
shape of current flow are the same as for a com-
pletely buried cylinder of length 27 centimeters,
but the total current is half as much, making the
resistance twice as great. Therefore, the resistance
to ground of a vertical ground rod of depth L centi-
meters 15

R= A (lug, 4—{- o l\ (33)
2 g J

In general, if C includes the capacitance of the
images of a conductor or conductors in the earth,
the resistance to ground is

T (14)

|'O
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Vertical ground rods are widely used, sometimes
in large groups, because they can be driven in place
with little or no excavation and because they are
likely to reach permanent moisture and earth of good
conductivity.

1'w0 GrOUND RODS IN PARALLEL

Let 2 ground rods of radius a4 centimeters be as
shown in figure 2, and let them be electrically in
parailel. Find the air capacitance € of the 2 rods
and their images, that is, of 2 cylinders sach of
length 2L. Let the cylinders have a uniform charge
of g per centimeter. The potential at a point on one
cylinder at a distance x from its center, caused by
a dy on the other cylinder, is

__gdy
Vst oyt

The potential at x caused by the other cylinder is
obtained by integrating this expression from 3 = 0
to L. — x and from ¥ = 0 to . + x. The average
potential on one cylinder caused by uniform charge
on the other is then obtained by multiplying by
dx/L and integrating from x = 0 to L, and is

oL + V& 3Lt

5

w2 log, (15}
A

|

. ) (16}

For small values of 5//., 1t is

ag |t 4f'_1+L_._.'_.._ _::_ 17)
e 2L " i6k: thmL

Add the average potential of the cylinder caused
by its own charge,

an =2-_;(Iog. 4{ - 1)

(18}
[

Divide by 4¢L, the total charge on the 2 cylinders,
thus obtaining the value of 1/C for the pair of ground
rods and their images. Then, by equation 14, the
resistance to ground of the pair of rods is
e 2 (et -1 o 2 VE T AL
4rl a 5
3 st 4L

- R
2L T gp )
) (20)

3‘
i ) (21)
A short alternative calculation for equation 20,
which is found by trial to be good for spacings of
20 feet or more, is to replace each ground rod by a
half-buried sphere which is equivalent in resistance

(19}

or, for large values of s/L,

_r 4L el L2 2L
R_e;,.-L(]”E‘a I)+4ﬂ(l P i

or, for small values of s/L,

¥
16L2

p 4L 4L 5
L | P e e O A0
L ( e TR i

R =
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to one isolated ground rod. This procedure can be
illustrated by a numerical example. The resistance
to earth of a ground rod.of */;-inch diameter and
10-foot depth, by equation 13, is

»

= e 158
5ol X 6155

The hemisphere which is buried and its image
above the ground surface make a complete sphere
whose air capacitance as an isolated conductor is,
by & well known propesition, equal to its radius
A in centimeters. By equation 14, the resistance
to ground of the hemisphere is

R
2z4

Then the radius of the hemisphere which is
equivalent to the isolated ground rod is, by equation
13,

L L s
A

log, — =1
a

Here, A and L may be both in centimeters or both
in feet and so A = 10/6.155 = 1.625 feet.

The capacitance of 2 equal spheres at a distance s,
center to center, connected in parallel, is readily
calculated when s is not small and the charges can
be assumed uniformly distributed around the spheres.
By symumetry, the spheres will carry equal charges.
Let each charge be g.  The potential of the surface
of each sphere is

o+

and
LA 1
e~ zla¥s)

where the dimensions are in centimeters. Then

g 1
R g
-lr(."f-i_:)

This is the same as using the first term of the second
part of equation 20.

From numerical examples, it is found that the
results of equations 19 and 20a differ by about 0.5
per cent for 20-foot spacing between 2 ground rods,
and by a few per cent for 10-foot spacing.

(20a)

Grovps or GroUND Robs

The potential of a rod caused by its own charge
and the charges of several other rods can be found
by using equation 16 or 17 several times. Similarly,
the potential of the surface of a sphere caused by its
own charge and the charges of a number of other
spheres is
E _i_ gz + 2‘ + R
A 3= k21
where for an approximate caleulation g, gs, g;, ete.,
may be assumed equal.

1321



_. For somewhat better accuracy, the values of ¢
for the rods near the center of the group may hbe
taken a little lower than the values for the rods near
the outer parts of the group, by an amount sufficient

to make the potential of each rod the same. Thus
the values for the outer parts may be taken equal to
g, and others to 0.95¢, 0.9g, ete., according to judg-
ment and to the test of equal potentials. %

In order to design groups of ground rods for trans-
mission line towers, stations and substation grounds,
etc., and to decide on the best number and spacing
of rods, it is desirable to be able to compare various
groups of rods, assuming uniform conductivity of the
soil. Accordingly, sets of curves are given in figures
3 to 6. From them it is possible to estimate how
many rods and how much area will be required for a
certain number of ohms to ground in a given locality,
from measurements on a few temporary test ground
rods. ;s

The basis of comparison is the resistance of one

olated ground rod of */s-inch diameter and 10-foot
~depth. By means of figure 3, the resistance of single

rods of various depths can be found and, if desired,

the resistivity of the soil. In figure 4 the conduc-

tivity of 2, 3, and 4 rods is given in terms of the

conductivity of isolated rods, and in figure 5 results
are shown for lirger ers of rods.

In Agure 6 the information is presented in different
[orn, and the lowest resistance that can be obtained
iromm a given area is shown. This information is
often of value as it may be the means of preventing
the  wasteful
attempt of put-

weran i
Lilis

feet, that is, 100 by 100 feet, the spacing will be
20 feet. Figure 6 shows that the resistance is 1.3
times the resistance of an infinite number of rods in
the same area. Therefore, no matter what the
resistance in ohms may be or what the uniform
conductivity of the ground may be, if it is desired
to have less than 75 per cent of the resistance with
36 rods there is no use in putting more rods in the
area of 10,000 square feet but it will be necessary
to use a larger area.

Iigure 6 shews also that if there are more than
10 rods 10 feet deep, there is no use in having closer
than 10-foot spacing.

It is generally desirable not only to utilize the
ground area effectively, but to make effective use of
the rods, inasmuch as they represent a considerable
cost. If one wishes the rods to be at least 60 per
cent as effective as they would be if isolated, that is,
to have at least 60 per cent of the conductivity of
isolated rods, it may be seen from both figures 5
and 6 that it is necessary to use over 20-foot spacing
for 16 rods in a square arca, about 30-foot spacing
for 25 rods, and over 40-foot spacing for 49 rods.

The curves of figures 5 and 6 are based on uniform
distribution of ground rods in squarc areas, as shown
in figure 7, the boundary of the area running through
the cuter reds.  Although the curves are computed
for square areas, they give an estimate for rectangular
arcas. The curves cannot be used for a part of a
group of rods nor for a group wnich is near other
groups, but a reading from the curves is to apply to

350,000

ting additional

ground rods in

an area which

could not give

the desired low

300,000

resistance even

if an infinite - i :
aumber of rods IR SR RN

b

__sere used. For

250,000

instance, if 306

N

ground rods are

distributed as

N
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SPACING — FEET

Fig. 4. Ratio of conductivity of ground rods in
perallel to that of isolated rods
Ground rods are 3/, inch in diameter, 10 feet deep; 3 rods

on equilateral triangle, 4 rods on square
A—Two rods E~—Three rods C—Four rods

2+ area which contains all the ground rods in the
_-igity.

Tn the calculation of cases involving more than
4 reds or the spheres which were substantially
equivalent to them, equal charges wuie assuted for
the spheres. The potential of a corner spherc was
caleulated and that of an innermost sphere and the
average taken, thus approximating the Howe average
potential method. For a small number of spheres
this was checked and guod agreement obtained by
computing the actual charges by simultaneous equa-
tions. For a large number of ground rods, the results
shown in figures 5 and § arc approximate,

The effect of the buried wires used to connect the
ground rods together was not included in the com-
nutations for the fizures which have been described.
1f the conductivity of each ground rod be assumed to
be increased by the same percentage by the connect-
ing wires, the latter will have little effect on the
comparison of different groups of rods made by
means of the curves.

oURIED HorrzoNTal WIRE

In some cases, connection to the earth is made by
means of a buried horizontal wire. The image of
this wire in the ground surface requires the use of
equation 19 or 21 where, in this case, the length of
the buried wire is 2/. centimeters and the distance
from the wire to its image is s centimeters, which is
twice the distance from the wire to the. ground
surface. If the image were not taken into account,
a scrious chznge in the result would often ensue.
Example. Length of No. 4/0 wire, 200 feet; depth, 10 feget: p,
200,000 ohms per centimeter cube. R = 57.0 ohuns

Two PARALLEL Buriep WIRES

The resistance to ground of 2 parallel buried wires,
including the effect of their images in the ground

JECEMBER 1936
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L w = 33 <0 20 &0 0 B0

NUMBER OF GROUND RODS

Fig. 5. Ratio of canductivity of ground rods in
parallel on an area to that of isolated rods

tumbers on curves are spacings in feet

surface, is caleulated by the same method as for 4
ground rods at the corners of a rectangle. The
average petential of one of the wires caused by its
own charge, cquation 18, is to e added to the average
potential caused by each of the other wires. Thus,
one item is to be computed by equation 18 and 3
itens by cquation 15 or 17, using 3 valucs of 3.
The sum. divided by the total charge of the 4 wires,
S8ql.. is 1/C and then equation 14 can be applied.

Example. To find: the resistance to ground of 2 wires, 100 feet
long, 0.46 inch in diameter, 7 feet apart, and 10 feet below the
surface of the ground, the resistivity of the ground being 206,000
ohms per centimeter cube. The wires are connected in parallel,
electrically.

Tatential of o wire catsed by its own charge, by eguation 18 16.51 ¢

Potential by equation 15 or 17 fors = 7 484 ¢
Potential by equation 15 or 17 for 5, = 20 200 g
Potential by equation 15 or 17 for 52 = 21,19 2899
Potential 27.23 ¢

Total charge = 4 X 1200 » 2540 X ¢ = 12190 ¢

1 2723
¢~ 1z190
200, KK 27.23
R = oo S = 71.1 ohms

2.C 2% X 12,190
RIGHT-ANGLE TURN OF WIRE

If the buried wire forms a right angle each arm
of which is L. centimeters in length the depth below

1323



*he ground surface being 5/2, the resistance to ground
including the effect of the image wires is

P 2L 2L
R = -—|log, — +log. — — 02373 +
dr L a 5

02148 o 0.1085 = — 0.0424 5 (22)
; 01085 7 — 00428 T

where @ is the radius of the wire.

Example. Length of each arm of No. 4/0 wire, 100 feet; depth,
10 feet; o, 200,000 ochms per centimeter cube., R = 59.4 ohims

THREE-POINT Star

If there are 3 buried wires of length L which meet
cach other at 120 degrees, the resistance to ground
including the effect of images is

2 2z
= r.%n (mg, :L +log, = + 1071 — 0.209%‘ ¥

£t gt
0,248 T 0.054 oo (23}
Lxample.
10 feet; o, 200,000 ohms per centimeter cube.

Length of each arm of Moo 470 wire, 100 feet; depth.
R = 43.9 ohms

Four-PoiNT StaR

¥ 2f. ar
o L1 .
R = STL (Iu;-,'. —a‘ + log,e ' 2012 —
2 4
et S oo s —owstt ) e
i L R,

fxample. Same values of dimensions as for 3-point star, K =

37.3 ohnes

Six-PoINT STar

» 2L 2L :
Rw — | logy — + log, — + 6851 —
121L(Og‘a+ﬂgs+
5 ol 5 5t
3.128 i + 1.758 i 0.400 it ) (25)
Evample. Same values of dimensions as for 3-point star, R =
81.1 ohms

E1cHT-POINT STAR

l 2L 2L

s -/ e g, — 1088 —

R B (Iug > + log - + 10.98
_ 5 52 L
.51 1—; -+ 3.26 E - 117 ..f-_‘ 2

. ) {26)

Example, R =

28.2 ohums

Same values of dimensions as for 3-point star.

Equations 22 to 26, being simple power series,
save considerable time in computing numerical
results.

If L. i3 in centimeters and p in ohms per centimeter
cube, X i5 in ohms. Also, if L is in inches and p in
ohms per inch cube, K is in ohms. Inside the hrack-
ets, only ratios of dimensions occur.  The numerator
of each fraction must be in the same units as the
denominator of that fraction. Note that s is the
distance from the wire to the mnage, and is twice
the distance from the wire to the ground surface.

In order to estimate relative accuracy, the poten-
tial of the wire at various distances from the center
of a 4-point star was plotted and compared with the
potential distribution of a round plate. The poten-

T
14

e
¥
T

AT

Fig. 6. Ratio of

the resistance of a
number of ground

rods in parallel

distributed  over

an area to the

resistance with an

infinite number of

rods

Ground rods are /4

inch in diameter, 10
feet deen

———— Aress in
square feet

..... Spacings

in feat

¥ — = — = Effective-

40 50
NUMBER OF GROUND RCDS DISTRIBUTED OVER AN AREA
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tial distribution in the 2 cases showed approxi-
mately the same amount of deviation from the
average potential, Accordingly, it can be concluded

on another equal wire which meets it at one end at
angle § is given by the simplified expression

that the resistance of stars of wire obtained by ¥, = 2gleg, (1 + rosec (8/2)] (27)
Table I—Approximate Formulas Including Effect of Images
. O Grevnd Flod g ol / . 4L 1 .
Length L, radivs a ATy F kl“"' 1)
Two Ground Rods P P L2 2L
o = = — ] ] - oy i g 0 v
&> L = drL ( VB 1) ¥ L T as 5 5t (20}
Two Ground Rods 4L 4L ¥ 5* 5
L] LRE v St et ey N L — L —
s<L e ("’g‘ R e T T T T ) 2D
Buried Horizontal Wire P 4L L, 5 st 34
Length 24, depth 5/2 £ A (Iog. £ + log e at ofn T 16L2 + A1004 " ) (1)
Right-Angle Tum of Wire oL 2L e oy e S L AE oy
L Langth of ariv L, depth /2 R = s log, : + lng,':"- — 0.2373 + U_."Hf_}}ﬂ -+ (10533 I (00424 L—' - (22)
Three-Point Star ] 2L 5 52 5t %
. o SR N e _ 2 98 1 posy —
/L‘_ Lengta of arm L, depth 5/2 Rios Gl (]U e + lose 5 ek 0200 L 0 Lt e 2 ) &)
ok il g= i liog 2 pnen Bownpmcron Sy ool =g 24
Length of arm L, depth 5/2 e e + log, g mner T i e TR T T URRE e (z4)
! Six-Polit Star gl Bk 2L TN . \
= Pl i 851 — 3.125 — 53 — = G40 — ..
>|< Length of arn L, depth 5/2 R 192l kh"** 2 ¥ lem 8851 — 3135 L + 1758 - 30 I ) (25)
Eight-Point Star I 2L 2L 5 52 5t
T =t g — 8B o B
% Length of arm L, depth 5/2 R w.,;,(h'g‘ a T log s 1008 -=591 £ 3.26 a L7 Fact e (26)
Ring of Wire g a0 .
> o -
O Diameter of ming 0, diameter R o= -i?h lag, ? + log. —) (29}
of wire d, depth 5/2 l N
Buried Harizontal Strip ’ AL 2% - zok AL 5 2 ot b
] Length 2L, seci by &, R = log, — e b loge—— = b 4 o — Tee e e 31)
cgiéi‘h sz}zwaci:: B 4<L k B T aarep T ARSI | !
Bured Horizontal Round Plate r I 7 at 33 at
= & ol - S { ]
@ Radius o, depth /2 Rem b s (1 gt ) (32), (36)
Buried Vertical Round Plate ° I 7 a! 99 at
Radius e, depth s/2 Rt (“ 245 32050 ek

equations 23 to 26 is an approximation within several
per cent.

In deriving the formulas for stars of wire, the
average potential on one branch caused by its own
charge is computed and added to that caused by
each of the other branches and the images. The
total potential, divided by the total charge of all the
branches and their images, gives 1/C and then
equation 14 is used.

For these computations, the formulas in appendix
2 of reference 3 are used. In this connection, the
average potential of one wire caused by the charge
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If 6 should be extremely small, the radius of the wire
would need to be brought into the computation,
and equation 27 would be inapplicable.

Buriep RiNG OF WIRE

The capacitance of an isolated ring of round wire
is given by
1_ 2, 8D
E7 D"
where the diameter of the ring, ) centimeters, is

(28)
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Fig. 7. Distribution of ground rods used
for calculating the curves

much larger than the diameter of the wire, d centi-
meters. The resistance to ground of a deeply buried
ring is then R = p/4=C as in equation 11.

The capacitance of a ring and its image at distance
s is given by

! B} e 4
& T p e g T

(29)
where s is considerably larger than d and also con-
siderably smaller than D.'* The resistance to
ground of . buried horizontal ring, taking the effect
of the ground surface into account, is then R =
p/2xC as in cquation 14. Note that s is twice the
distance from the ring to the ground surface.

Buriep Strir ConDpUCTOR

The capacitance of an isolated strip conductor,
whose length 2L centimeters is large compared with
its width @ centimeters or its thickness b centimeters,
is given by

1.1 (m, L, Fff-;’.“"’)
c L " a 2(a + &)?
For a deseription of the derivation, see equation
27 of reference 2. The thickness b should be less
than about /g of the widtli a.
In most cases, the effect of the image should be
included, as follows:

(30)

1 1 4L a® — wab 4L
¢ =apllese ¥ o tlese T -1 4
P T 2 b ;

5 52

of et
where s is the distance in centimeters from the strip
to the image, that is, twice the distance to the
ground surface. The resistance to ground, when
equation 31 is used, is R = p/2«( as in cquation 14.

Rounp Prate

The capacitance of a single isolated thin round
plate is given by ¥
1,571

1 n
e e e
where ¢ is the radius of the plate in centimeters,

It is of interest 1o chow that the average potential
method, if used in this case, produces an error of
8 per cent, giving a value of 1/ which is § per cent
too large. Expressions for the potential caused by
a ring carrying uniform charge density are given in
reference 10, pages 11 and 153. From these is ob-
" tained the average potential of a thin round plate
of radius ¢ centimeters caused by a uniform charge
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density ¢ per square centimeter in the form of 3
serics whose sum is

2mga 1 B o BT
an=T(2+_+ +4’Xﬁ’)<8+“') (33)

The sum of this slowly converging series can he
found by comparing it with the series

4 4 X6

T (|

5 A bmd 2o g (34)

Multiply the terms within the brackets of equa-
tion 33 by 0.401723 to make the eleventh terms of
equations 33 and 34 alike. It is found that 1/C or
Ves/wa’q is slightly greater than 1.69721/a. Multi-
ply the terms within the bracket of equation 33 by
0.329595 to make its tenth term equal to the eleventh
term of equation 34 and all its succeeding terms dis-
tinctly less than the corresponding terms of equation

Fig. 8. Auwverage potential on a round plate caused
5'; an equal p|ate

suallal olome
A Seme plane 2 Paralle! planes

a — radius of plates in centimeters

34. It is found that 1/C is less than 1.70169a.
The difference between the 2 limiting vaiues is 0.27
per cent and an inspection of the series shows that
the value of 1/C by the average potential method
is much nearer the smaller limit than the larger, and
so is nearly equal to

1.6972

a

(35)

The true value of 1/C is, however, by equation 32,

The average potential method, therefore, gives a

- : S
value of 1/C for a thin round plate which is 8 per
cent too high.

This result has been confinmed by Dr. F. W. Grover
by a method using mechanical integration, which
gave
Vee 16966

watg a

There is a connection between the error caused by
the average potential method and the amount of the

ELeCcTRICAL ENGINEERING



variation in potential over the conductor caused by
uniform charge distribution. The potential of the
center of the plate resulting from uniform charge
. distribution is 2rag, using the formulas of reference
10. However, the average value is

97
=2 X wxalg = 1.007meq
a

Thus, the potential of the center is scen to be 18 per
cent higher than the average potential. This com-
patatively large percentuge siay acoeount in seme
degrec for the 8 per cent error in the case of a round
plate, resulting from the use of the average potential
method. In the case of the cylinder of the length
considered in this paper, the potential of the middle
point was 4.7 per cent higher than the awverage
potential (sce reference 2) and in that case the
average potential method was shown to give a very
nearly correct value of 1/C.

Two Rounp PLATES IN ParaLLEL PLANES

The potential caused by
at points not near the plate,
series on page 134 of reference 10. Integrating that
serics over the surface of a second disk having the

ume axis and the same length of radius as the first,
the average potential on the second disk caused by
the charge on the first 18

0 T a' | sial
Ve = =1 —
s (1 12 s? " 4} st )
where Q is the total charge in statfarads on the first
disk, e is the radius in centimeters of both plates,
and s 35 the distance in centimeters between the
2 plates.

a charged round plate,

(36)

is given by the last.

This power series should not be used uniess the
Jast term is quite small and so the largest value of
a/s for which it is uscful is ahout 1/,.  Since cqua-
tion 36 gives the average potential, it is not a precise
caleulation for capacitance or resistance. However,
the order of its precision may be estimated by finding
the potential at the center of the second disk, which
is (/s) tan™' (a/s) (see the series on page 154 of
reference 10}.

Where s = 2a, the potential at the ceuter is 4
per ceat greater than the average notential, and for
larger values of the separation s the discrepancy is
smaller. It may be remembered that for one iso-
lated round plate the potential of the center was
18 per cent more than the average potential, and the
error in the value of capacitance was 8 per cent.
In the case of the calculation for one isolated ground
rod of average proportions the potential at the
middle of the cylinder is 4.7 per cent greater than
the average potential, and the error in the capaci-
tance is less than 1 per cent.? It may be concluded
that the use of average potential gives the same order
of accuracy in the case of equation 36 as in the case
of a long cylinder.

Values of aV/Q calculated by equation 36 are
plotted in figure 8. This curve has been extended
to apply to small values of 5 by taking the average
values obtained by using the 2 series on page 154,
reference 10, to compute the potential at the rim
and at the center of the second disk caused by the
charge on the first disk. This process is shown to
give good results by comparing it with equation 30
for s/a between 2 and 4. The potential at the rim
is equal to the potential at the center when 5 = 0.
More accurate values for the curve of figure 8

could be computed by dividing the circular arca into

g EEER

4

B
RATIC &/n

Fig. 9. Capacitance of a rectangular plate

Dimension o in centimeters; C in statferads

DeceMBER 1936
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-bands, computing the potential for each band, and
averaging, this being a process of mechanical inte-
gration. However, no matter how carefully this
might be done, the result would be subject to the
error inherent in the average potential method.

It may be seen from 'equation 36 that when the
separation is large, the potential on one plate caused
by the other is given closely by

Pose (37)
5

which is the same as assuming that the charge is
on the surface of a sphere, or concentrated at a
point. For example, when s/a = 5, the result of
equation 37 is 2 per cent larger than that of equation
36 and the value of (/s itself is only 13 per cent of
the potential of an isolated plate to which it is to
be added. Accordingly, equation 37 can usually
be used for the images of the buried plates, which
are at distances 5; and 5, center to center,

‘Where the 2 round plates are connected in parallel,
then in the capacitance problem the plates and their
images all carry charges equal to . By symmetry,
the potential is the same for them all, and is made
up of the following 4 items which are added to-
gether.  First, the potential, =(Q/(2q), given by
equation 32, caused by the plate’s own charge;
second, the potential given by equation 536, caused
by the other coaxial bured plate which lies in a
vertical plane parallel to that of the first plate;
third, the potential Q/s;, caused by the plate’s
image, where 5 is the distance in centimeters from
the center of the plate to the center of the image,
that is, 5, is twice the distance to the surface of the
ground; fourth, the potential Q/s., caused by the
other image.

The sum of these 4 jtems is equal to V and the
capacitance of the 4 platesis given by 1/C = V/{(40).
Then the resistance to ground of the 2 buried plates
connected in parallel is R = p/{2=C) by equation 14.

Where the 2 round plates are connected in series,
in the resistance problem current flows from cne
to the other through the ground and in the capaci-
tance problem one plate carries a charge Q and the
other —Q. The images carry charges ¢ and —0,
cach being of the same sign as the charge directly
beneath it. Equations 11 and 14 are still used to
change from the capacitance problem to the re-
sistance problem.

Two RoOUND PLATES 1IN THE SAME PLANE

Where the 2 plates of radius ¢ in centimeters are
in the same plane, the average potential on one
resulting from the charge on the other is

7 al

24 5%

Vo f—-’(z + (38)

In this case, there is more error in the use of
average potential than in equation 36, for when
sfa = 2, the potential at the center diffcrs from
the average potential by 19 per cent. As in other

* cases, if the term in a®/s? is negligibly small com-
pared to I, the simple expression (J/s may be used
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and the error resulting from the use of average
potential is negligible.

REcTANGULAR PLATES

The capacitance of an isolated thin rectangular
plate, a centimeters by & centimeters, according to
the average potential method, is given by*

JL =2 liog( a +—._._._,\/a‘ i + ! iog, é_—+ ‘\/a’ o -+
c @ b b a

LIS W o o
3b? Aot Facht

The potential of the center of a square plate is
18 per cent greater than the average potential, and
this difference is 15 per cent for a rectangle whose
length is 5 times its width. Accordingly, the cor-
rection for the average potential method found for a
circular plate will apply, and 8 per cent should be
subtracted from the value of 1/C given by equation
39 for a square or nearly square plate, and almost
as much should be subtracted for a rectangular
plate of length about 5 times the width. The full
lines of figure 9 show wvalues caleulated by equation
39 and the broken lines show estimated corrected
values (see the paragraphs following equation 32 of
reference 2).

A formula for the average potential of a rectangular
plate caused by 2 uniformly distobuted charge on
a similar plate in the same plane can be given but
it is not short and it is subject to the errors inherent
in the average potential method. It scems better
to replace the rectangular plates by circular plates
of the same area and on the same centers, and to
use equation 36, 37, vr 83 fur the effect of one plate
on another.
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Measurements and Computations of the Performance of
Grounding Systems Buried in Multilayer Soils

F. Dawalibi, Senior Member
Safe Engineering Services & technologies Itd.
1544 Viel, Montreal, Canada, H3M-1G4

ABSTRACT

The resistances and earth surface potentials of two Florida
Power Corporation electric substation grounding systems buried
in soils with multiple horizontal layers weré computed and
measured at various phases of their installation. i.e., starting
from a one mesh grid to the final design consisting of many
regular meshes. Soil resistivity at each site was measured and
interpreted to obtain equivalent two-layer and multilayer earth
structures. It is shown that good agreement is obtained between
the measured and computed values if multilayer earth structure
models are used in the computations. Poor agreements are
achieved when uniform soil models are considered.

KEYWORDS: Measurements,  Computer
G ding, Touch P ical;

Modelling,  Multilayer  Soils,

1.0 INTRODUCTION

Computerized grounding analysis in uniform and two-layer soil
types became widespread in the eighties, mainly because of the
enhanced accuracy, speed and flexibility afforded by the use of
modem computers. Several publications [1-5] have discussed
the analytical methods used when uniform and two-layer soils
are involved. Other publications [7,8] have examined in detail
computerized results of ground system performance in uniform
and two-layer soils. There are a few papers which compare
analytical results with measured ones obtained in scaled-down
two-layer models [8,9] and in the field where the earth
structure can be approximated by uniform or two-layer models
[10.11].

Although the first author has been modelling grounding
systems in multilayer soils for several years at his company and
has often been involved in studies conducted by other power
utility engineers', he is not aware of any publications available
in the open literature which discuss and compare
computer-generated results with field measurements involving
multilayer soils. The field tests presented in this paper are of
particular interest because they were performed on substation

91 WM 037-2 PWRD A paper recommended and approved
by the IEEE Substations Committee of the IEEE Power
Engineering Society for presentation at the IEEE/PES
1991 Winter Meeting, New York, New York, February
3-7, 1991. Manuscript submitted August 29, 1990;
made available for printing January 3, 1991.

N. Barbeito, Member
Florida Power Corporation
St. Petersburg. Florida 33733

grids which were tested at different stages of construction.
Ground potential rise (GPR) and touch voltages are of
particular interest. This paper fills this gap in the literature, at
least for horizontally layered soils, and illustrates the case of
vertical stratification using the example of a simple ground grid
buried in a soil with three arbitrary vertical layers.

2.0 ANALYTICAL CONSIDERATIONS

Analysis of grounding systems in nonuniform earth has been
discussed in sufficient detail for two-layer soils |1-11] (see also
IEEE Guide #80 (12] for an extensive list of references). There
have been only a few publications dealing with the subject of
soils with more than two layers [13,14]. The methods
described in these publications however, have been developed
for HVDC toroidal electrodes and have used a brute-force
approach based on the method of optical images where a
sufficient number of images are computed in order to achieve
the desired accuracy. These methods appear practical only on
supercomputers capable of performing several hundreds of
megaflops per second. On slower computers, the methods
which are normally used to reduce computation time fall into 3
categories:

I- Those based on the method of images, where the
depths of the layer interfaces are a multiple of a base

layer.
2- Those based on convolution and linear filter
theories.
3- Those based on direct numerical integration.
The first method was introduced by Stefanescu and

Schlumberger in 1930 [15]. It has since been refined by
geophysicists (see for example, Mooney and Orellana [16] and
Flathe [17]) and has been used extensively in resistivity
analysis problems. It was adapted to power system problems by
Dawalibi [10,18] in the early eighties. Although there has been
a recent publication dealing with the subject of soil resistivity in
multilayer earth (see Takshashi and Kawase [I19] and the
discussion at the end of their paper), the theory underlying the
basic principles is well known and will not be discussed here
despite the fact that the power system engineering community is
usually unfamiliar with this work. It is believed that the open
literature (see for example Keller |20]) contains detailed
information for the reader interested in this subject. Once those
techniques are mastered, it is a relatively easy task to proceed

U These studies have been conducted since 1986 by North-American wiilities
nusing the MALY saftware code referenced in IEEE Guide #80 {12/

0885-8977/91301.00©1991 IEEE
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from the point source analytical expressions to those involving
straight ground conductor segments. The methodology is the
same as that used for two-layer soils, except that one has to
account for multiple infinite series of images of the conductor
segment at each location whereas only one infinite series of
images is expected for two-layer soils. The technique follows
that developed by Oslon et al [21]. We are also aware of an
unpublished paper by Delici et al which used this technique.
The numerical results presented in this paper for the case of
multiple horizontal layers are based on this technique of
subdividing the soil into layers with thicknesses equal to a
multiple of a base value.

‘The second method is based on more recent work introduced
by Ghosh [22] in the early seventies. It is extensively used for
interpreting soil resistivity measurements in multilayer soils.
This is the method used in this paper to examine soil resistivity
measurements at the two FPC substations. Research work is
presently in progress at SES to implement this fast and
powerful "point source” method to the case of conductor
segments buried in multilayer soils.

The third method is the subject of a companion paper [23] and
will not be discussed here. It is worthwhile to note that this
method has the potential of dealing with multilayer soils and
curvilinear conductors at the same time. It does require,
however, more elaborate analytical expressions and more
computation time than the preceding methods.

3.0 FIELD MEASUREMENTS

Earth resistivity measurements were conducted before and after
the installation of the grounding systems at FPC Bayridge and
West Davenport Substations. The grounding systems were later
installed in progressive steps starting first with the outermost
loop and then adding conductors until the final design
consisting of small square meshes was completed. Both the
GPR and mesh voltages were measured at the end of each
construction step. The measurements were not carried out
initially with the knowledge that later, computer model results
were to be compared with the field values. For that reason, the
position of earth surface potential measurement observation
points and the exact location of the ground conductors as
installed by the contractor were not determined with great
accuracy, It is estimated that the error on those positions is on
the order of 10 to 15%. The measured and computed results
are described hereafter.

Field tests were performed on substation ground grids isolated
from the power system neutral paths. Resistivity tests were
performed using the Wenner configuration. Resistance tests
were performed based on the Fall-of-Potential technique. The
grids were energized at 120 V ac with a portable generator and
with the return current probe installed 1,000 feet away from
the grid. Mesh voltages consisted in the measured difference
between the ground grid GPR and the local soil potentials.

3.1 BAYRIDGE SUBSTATION

Figure 3.1 shows the initial, intermediate and ultimate shapes
of this non rectangular substation grounding grid. The final

e s
Bayridge 1 _Bayridge 7
TOF VEEW OF CONDUCTOR NETWORK
Bsyridge 3 Borridge &
Figure 3.1 Bayridge Substation Grid During Various Stages of

its Construction

Bayridge (Multilayer)

S
& 1
E i
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5 ] Computed
d% 102 | Valnes (1989 mubleyer)
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19 ¢ 19 10 2 K

Inter-Electrode Spacing (feet)

Figure 3.2 Measured and Computed Soil Resistivity at
Bayridge Substation

grid consists of about 450 regular square meshes (about
10'x10") [24]. The origin of the coordinate system used in the
computer modelling is the lower left hand comer. The origin
of the first 3-D profile in Figures 3.3 and 3.4 is at (-50,-50).

Resistivity measurements were carried out inside and outside
the substation area, before and after grid construction
respectively (in 1988, then in 1989). The field results are
shown in Figure 3.2, This figure also shows computation
results based on a two-layer soil structure and a six-layer
structure, as defined in the first part of Table 3.1. Two other
variations of these soil models were examined also. They will
not be discussed in this paper.

The two-layer earth structure model was determined from the
1988 resistivity measurements which exhibited an anomalous
reading at the 100 foot spacing. This reading was discarded
during the interpretation of the field resistivity results. The



six-layer model is based on the most recent measurements
which were conducted in order to resolve the uncertainty in the
apparent resistivity at spacings larger than 50 feet. The
measurement  traverse  however was located outside the
substation area. The new information from the multilayer soil
model suggested the lower bottom soil resistivity of the
alternative two-layer soil model.

The substation GPR and mesh (touch) voltages were computed
based on both earth structure models for each one of the four
grid configurations tested during the construction stages. Table
3.2 summarizes the salient results obtained from the
measurements and computations. Figures 3.3 and 3.4 are 3-D
views of the earth surface touch voltages which exist above and
in the vicinity of the substation grid for Stages I and 3 of the
construction. These plots are based on the six-layer earth
structure model.

RODEL LAYER | LOCATION | LAYER THICENESS | LAYER RESISTIVITY
TYPE NO. {Peet) (Ohm-m)
2 Layers 1 Top 4.46 3720.0
2 Bottom - 560.0
1 Top 6.10 4520.0
2 Central 9.2 278.0
€ Layers 3 Central 10.4 T64.0
4 Central 358.2 1491.0
5 Central 1.8 B18.%
6 Bottom - 100.0
1 Layers 1 Top 6.57 3380.0
Alternative 2 Bottom - 200.0
Table 3.1 Best Fit Soil Structure Models at Bayridge
Substation
GRID TWO-LAYER ALTERNATIVE | RULTILAYER HEASURED
SHAPE MODEL 1-LAYER HODEL RODEL VALUEE
BAYRIDGE 1 16.60 13,95 18.38 14.8
BAYRIDGE 2 1p.91 8.15 11.4 HAA
BAYRIDGE 3 B8.34 5.63 B.54 6.2
BAYRIDGE 4 5.77 3.1 5.25 2.95
GROUND RESISTANCE = GPR [ CURRENT
THO-LAYER ALTERHATIVE HULTILAYER
GRID HODEL 2-LATER WODEL HODEL. VaLUES
SHAPE |CORMER |CENTER (CORNER |CENTER (CORNER |CENTER |CORMER |CENTER
MESH HEEH HESH HESH HESH WESH HESH WESH
-
BATRIDGE 1| &1 83.5 &7 94.5 &8 95.5 H/A 94
BATRIDGE 2| 7O 52 87 €3 83 (1] LEY H/A
BATRIDGE 3| 64 &2 83 &6 k3 55 as %
-
BATRIDGE 4| 231 13 40 24 37 2 41 31

TOUCH VOLTAGES (in % of

% Comer Mesh Coordinates: X = 5.7, Y = 4.7
© Comer Mesh Coordinates: X = 36 .Y = 52°
# 23% measured is the sverage of 4 mesh valves near the grid center. A fifih mesh
voltage was also d, but was suspic high and i the avernge
value 1o 33% when included with the 4 other values,

Center Mesh Coordinates: X = 1087, ¥ = |18

Table 3.2 Ground Grid Performance Results at
Measured and Computed Results

Bayridge:
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Touch Voltage (% reference GPR)
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Distance from Orign of Profile (Ft)

Figure 3.3 Touch Voltages (Bayridge, Stage 1)

It is clear from the preceding results that very good agreement
exists between measured and computed results. Although soil
resistivity results based on a six-layer earth model match much
better the measured resistivity values than the two-layer model,
the two-layer earth structure results still provide excellent
agreement with observed ground grid performance. This is
probably due to the fact that the six-layer model reflects soil
structure characteristics outside the substation site while the
two-layer model refers to the soil immediately surrounding the
grounding grid. It is worthwhile noting at this point that it was
not possible to derive a uniform soil model which would match
both the GPR and earth potentials simultaneously. For
example, a uniform soil assumption would result in a center
mesh touch potential on the order of 60%, a value quite
different from the 94% which was measured. Note that the
two-layer computed value of 83.5% is still less in agreement
with the measured value than the multilayer computed value of
95.5%.

Note that there is a large degree of uncertainty on the resistivity
value of the bottom soil resistivity because the two-layer
resistivity measurement traverse did not extend far enough.
Values of 100 and 660 ohms-meters were determined from the
multilayer and two-layer soil models, respectively. Because the
multilayer traverse extended up to 100 feet, the bottom layers of
the multilayer model were the basis for an estimated 200
ohm-meter altermative two-layer bottom soil resistivity.

g
S 800

La

2 400

[} 100 20 0
Distance from Origin of Profile {F1)

Figure 3.4 Touch Voltages (Bayridge, Stage 3)
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These observations suggest the altemative two-layer soil model
at the end of Table 3.1. This model provides excellent
agreement with the measured resistance and fouch voltage
values. It is clear however that without the indications provided
by the field measurements, only visual inspection of the
resistivity curves suggests that further measurements at larger
spacings are needed to remove the uncertainty on the

vesistivities of the lower layers (determination of the asymptotic
value).

Finally, all measured resistance values are probably slightly
below the exact values because the potential probe was placed at

about 40% (i.e., 400") from the total distance to the retum
probe [6].

3.2 WEST DAVENPORT SUBSTATION

Figure 3.5 shows West Davenport substation ground system
with all ground conductors installed. Field measurements were
conducted first when only the perimeter ground wire was
installed, then after installation of the remaining horizontal
conductors and finally after driving four 100" ground rods at
each comer of the grid. Note that one of the ground rods was
driven in increments of 5 to 10 feet and resistance
measurements were made as discussed below.

- 00—

AL

Top Yiew E—il. ]

Figure 3.5 West Davenport Substation Grid: Final Stage of its

Construction
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Figure 3.6 Measured and Computed Apparent Soil Resistivity
at West Davenport Substation

The field and computed earth resistivity values are shown in
Figure 3.6. Good agreement was obtained between the
measured results and those calculated assuming a two-layer
model and two five-layer models with the characteristics listed
in Table 3.3.

SOIL TYPE LAYER |RESISIVITY| LAYER
NO. (Ohm-m) THICKNESS
(Feet)
TWO-LAYER 1 3257 33.3
MODEL
2 157 -
MULTILAYER 1 3100 3.3
MODEL
NO. 2 4000 10
1
3 3000 23
4 4000 10
5 15 -
HULTILAYER 1 3100 3.3
MODEL
NO. 2 4000 10
2
3 3000 23
4 1400 10
5 124 -

Table 3.3 Best Fit Multilayer Model at West Davenport
Substation

Table 3.4 summarizes the salient results obtained from the
measurements and computations. Figures 3.7 and 3.8 are 3-D
plots of the earth surface potentials which exist at the substation
during a fault,

GRID THO-LAYER | ALTERNATIVE |MULTILAYER|MEASURED
SHAPE MODEL |HULTILAYER |MODEL 42 VALUES
MODEL 41
DAVENPORT 1| 31.9 15.0 34.9 12.3
DAVENPORT 2| 17.2 20.3 20.3 17.0
DAVENPORT 3 2.5 1.5 2.4 2.9
100’ RODS

GROUMD RESISTANCE = GPR /| CURRENT

THO-LATER WODEL |HULTILATER HULTILAYER
GRID HODEL #1 MODEL. #2

HEASURED VALUES

SHAPE |CORNWER |CENTER |CORNER| CENTER|CORNER |CENTER |CORMER |CENTER
MESH MESE HESH MESHE [HESH HESE KESH * |MESH
D.AV!TWR‘! 63 92 45 85.6 46 B6: &b 86
T| 44 40 b &6 30 45 16 Wik
2
DAVENPORT| 26 a2 23 27 22 5 F2] H/A
3
100 RODS

© Center Mesh Coordinates: X = 108", Y = 108"
* Comer mesh value is the average of the four cormer mesh values

Table 3.4 Ground Grid Performance at West Davenport:
Measured Values and Computed Results



Potential Profile (% reference GPR)
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Figure 3.7 Earth Surface Potentials (West Davenport, I Mesh)

Potential Profile {% reference GPR}

/] 40.0 800 120 166
Distance from Origin of Profile (Ft)

Figure 3.8 Earth Surface Potentials (West Davenport,
Complete Grid)

Excellent agreement exists between the measured and computed
values of substation ground resistance. It is worthwhile noting
that both field measurements and computations indicated that
the ground rods are highly effective in reducing the ground
resistance only when more than 40 feet of each ground rod is
driven in the soil: with four 25 foot long rods. the resistance
drops marginally from 20.3 ohms (no rods) to 18.7 ohms. This
is consistent with the soil structure model.

Note that the first corer ground rod was driven into the soil in
increments of 5 feet initially and then in increments of 10 feet.
The ground resistance of the rod was measured at each
incremental step. For example, the resistance of the rod when
driven 5 feet deep was 1815 ohms. It was 1852 ohms at 15 feet
and about 2000 ohms at 20 feet: the resistance increased
because of looser contact with the low resistivity top layer due
to vibrations when driving the rod. The resistance dropped to
668 ohms at a 30 foot depth and to 56 ohms at a 40 foot depth.
It then decreased gradually to reach 14 ohms at a 100 foot
depth.
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Good agreement is obtained between measured and computed
touch voltages. Note however that the measured values
represent the average values determined at the four comers.
Because a portion of the West Davenport substation area was
backfilled with a lower resistivity material than the virgin soil,
differences on the order of 2 to 1 were observed for the
measured touch voltages at the comers. Such differences could
be approximated using vertical layers, as shown in the example
in the next section.

Another cause of uncertainty in the measurement of touch
voltages originates from the difficulty to determine accurately
the location of an observation point with respect to the buried
ground conductors,

3.3 VERTICAL LAYERS

As noted in the preceding paragraph. touch voltages are
predominantly dependant on the local soil resistivity.
Consequently, vertical discontinuities in the soil resistivity
distort earth surface potentials. This is quite evident in Figure
3.10 which shows the earth surface potentials along the profile
illustrated in Figure 3.9. This last figure presents an example
grounding system located on the interface between two vertical
layers of a 3-layer soil.

Vertical layers can also be useful to study grounding problems
involving dams, beaches, lakes and valleys as well as modelling
geological faults.

CONCLUSIONS

Resistivities, ground resistances and touch voltages have been
measured at two different substations. Field results reveal that
because soil structures are highly nonuniform at both locations,
it is not possible to select a uniform soil as a satisfactory model
for predicting ground grid performance. A multilayer soil
model however, yields accurate computation results.

Profile shown
in Figure .10
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Figure 3.9 Grounding System Buried in a Vertically Layered
Soil
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Figure 3.10 Distortion of Potential Profiles Due to Resistivity
Discontinuity Across Vertical Layer Interfaces

Computations also indicate that vertical discontinuities have a
noticeable impact on earth surface potentials and touch
voltages. Measurements at locations where backfill was

introduced (e.g., at the West Davenport substation) confirm
this observation.

Finally. this work demonstrates clearly that precise and
reasonably wide resistivity measurement traverses are
indispensible to accurately predict ground grid performance in
nonuniform soils. Long traverses are required to establish the
asymptotic value of soil resistivity at depths on the order of
grounding grid dimensions.
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Discussion

D. W. Jackson (R. W. Beck and Associates, Wal[ham‘ MA): The usc of
the term ** vertical layer™ is misleading and confi . The root

or simply “‘fault’’ is often used by geophysicists to designate an abrupt
variation of resistivity in a horizontal direction.

The West Davenport site was on a small hill, thus requiring a partial fill
for leveling. This resuited in a ** vertical layer'’. Viewed from the side of

of the word is to lay flat. The inherent meaning of the word is cswnuallv
horizontal, though there may be sloped layers, tapered layers or up-turned
layers. It would be desirable to adopt 2 more generally descriptive term.
For this purpose a ** vertical discontinuity™* or a **horizontal non-uniform-
ity"" might be used, since horizontal layers of differing resistivities consti-
tute vertical non-uniformities. The practice of soil resistivity measurement
and description is lacking a good descriptive term for the vertical interface
between two soil masses with differing characteristics.

D. N. Laird {Los Angeles Department of Water and Power): This paper
is valuable to the Industry in that it combines detailed field meas.
with calculated values based on two-layered and multi-layered soils.

In Figure 3.2 it appears that the two-layer computed values match fairly
closely to the 1988 measurements. Which set of resistivities and layer
thicknesses are used in the two-layer computed value?

How many soil resistivity measurements did the authors take in 1988 at
Bayridge and how many more in 1989,

The difference between West Davenport 2 and 3 is the addition of four
100-foot-long ground rods. The paper shows that the measured resistance
was lowered from 17 ohms to 2.9 ohms, which is 5 1/2 times lower!,
however the corner mesh GPR only changed from 26% to 24% GPR. Can
the authors give some calculation of the total GPR at West Davenport 2
and West Davenport 3 and show the effect of the lower resistance at West
Davenport 37

F. Dawalibi, N. Barbeito: The authors would like to thank the discussers
for their comments.

The authors agree that the term ** vertical layer'’ can be confusing. It is,
however, widely used and is consistent with the ‘‘horizontal qualifier
used to define the more usual type of layering. The term ** vertical fault’

the substation, the line of sight would traverse two soil masses positioned
next to eachi other. The interface between the two is a vertical surface and
therefore suggests use of the term ** vertical layer™.

The 1988 resistivity test was performed within the substation grid area
before the wires were installed. The 1989 resistivity test was performed
just outside the grid area after the substation was in service, The additional
test in 1989 was required to obtain deeper soil information for increased
computer modelling accuracy: the soil resistivity at depths of 70 m or
more would otherwise have remained uncertain because the 1988 measure-
ments did not extend far enough.

The resistivity values used in the calculations are indicated in Table 3.1.
The alternative 2-layer model is based on interpretation of the 1988
two-layer soil measurements, cxcept that the bottom soil resistivity has
been replaced with an average value based on information extracted from
the 1989 multi-layer results. Since soil resistivity at large depths (greater
than 50 m) is not sensitive to varying weather conditions, the 1989
resistivity information is considered an accurate source for establishing an
equivalent bottom layer resistivity.

The mesh voltage at the comer mesh, expressed as a percentage of the
grounding system GPR, decreased from 26% to 24%. Each of these
percentages, however, applies to a different GPR value. The measured
mesh voltage, when expressed as an absolute value, was reduced from 9.8
volts to 2.0 volts by the addition of the four ground rods. Table 1 of
Reference 1 below lists the actual field measurement.

Reference

1. ). Lazzra, N. Barbeito, *‘Simplified Two Layer Model Substation
Ground Grid Design Methodology,” IEEE Paper No. 90 WM 131-3
PWRD.

Manuscript received June 12, 1991,
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BEHAVIOUR OF GROUNDING SYSTEMS IN MULTILAYER SOILS:
A PARAMETRIC ANALYSIS
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ABSTRACT: An extensive parameiric study of grounding
grid performance in multilayer soil structures has been car-
ried out for the first time. Various praciical cases have
been examined and the corresponding grounding grid resis-
tances, current distributions, earth surface potentials and
touch voltages have been presented and compared for dif-
Serent soil structures. The results presented in this paper
provide a benchmark for future work in this domain. They
also illustrate praciical situations, such as frozen or par-
tially frozen soil conditions, which has remained an open
question to daie, in which the multilayer structure of the soil
must be considered if a safe grounding system design is to
be achieved.

Keywords:
safety, grounding, foot resistance, frozen soil, resistivity

1. INTRODUCTION

Grounding grid performance, which can be measured
in terms of ground resistance, touch voltages and step vol-
tages, is heavily dependent on soil structure. Although two
layer soil models can represent the real soil structure in
some cases, the use of multilayer soil models is unavoidable
to accurately model most soil structures. Some representa-
tion of the soil structure is usually taken into account at the
time a grid is designed. However, the top soil characteris-
tics can vary significantly even after the grid is installed.
For example, the resistivity of surface soil can increase by
as much as two orders of magnitude when the soil freezes
and it is also sensitive to the moisture content of the soil
[1,2]. The same is also true for crushed rock and concrete.
The behaviour of grounding systems in soils in various
states of freezing has remained an open question to date.
Therefore, it is desirable to study the effect of top soil resis-
tivily variations on the performance of grounding systems
of various types.

An exiensive parametric analysis of grounding grids
in uniform and two-layer soils has been carried out by
Dawalibi and Mukhedkar [3]. The comparison between
measured and computed current densities in buried ground
conductors in uniform and two-layer soils was made a
decade ago [4]. Foot resistances in two-layer and mul-
tilayer soils have been studied [5,6] and some measure-
ments and computations related to grounding systems
buried in muliilayer soils are also available [7]. In this
paper, a detailed parametric analysis of grounding networks

93 WM 122-2 PWRD A paper recommended and approved
by the IEEE Substations Committee of the IEEE Power
Engineering Society for presentation at the IEEE/PES
1993 Winter Meeting, Columbus, OH, January 31 -
February 5, 1993. Manuscript submitted August 25,
1992; made available for printing January 6,1993.

in multilayer soil (more than two layers) is carried out for
the first time. In particular, we focus our attention on the
effects of multilayer soil structure variations on the perfor-
mance of several grounding grid configurations. In the latter
part of this paper, the effects of soil freezing and thawing
are discussed.

2. BRIEF DESCRIPTION OF THE ANALYTICAL
APPROACH

The numerical results presented here are based on the
method of images for multilayer soil following the tech-
nique developed by Oslon and Stankeeva [8]. See also
Dawalibi and Barbeito [7] for a discussion on various mul-
tilayer analytical approaches (and successful comparison
between measured and computed results) and Chow et al.
[9] for a theoretical discussion on an algorithm to accelerate
computations involving multilayer soils. For a given mul-
tilayer soil, a base thickness value is found and all layer
thicknesses are expressed as a multiple of this base value.
It should be noted that in [8], only the case of a point
current source located on the earth surface is analyzed.
When the source is at a certain depth, the authors of [8]
states that the base value is the overall measure (largest
common divisor) of all the layer thicknesses and the depth
of the current source. In this case it is impossible to analyze
other sources such as a vertical or slant line current because
different points on the line source have different depths.
However, by rearranging the starting point for the image
generation, it is relatively easy to select a base value which
is independent of the depth of the current source. Hence, an
expression for the potential due to a point current source
buried at any depth in a multilayer soil is obtained. Subse-
quently, the potential due to a current leaking out from a
short conductor segment can be obtained by direct integra-
tion, For a grounding network, the current distribution has
to be determined first. The commonly used technique is the
Method of Moments, which requires, in this case, the subdi-
vision of conductor network, choosing basis functions and
setting up and solving a set of linear equations.

It should be noted that the method of images
described in [8] and used by the authors is different from
that proposed in [10,11], which requires the generation of a
large number of images to achieve a satisfactory accuracy.
Indeed, because the layer thicknesses are a multiple of a
common base value, the image generation process used to
conduct the parametric analysis in this paper is considerably
simpler and more efficient. Also, once the images are gen-
erated, they are used in determining both the current distri-
bution and the earth potentials. Hence the computation
time is quile recasonable, i.e., usually 2 to 10 times that
required for a uniform soil.

0885-8977/94/504.00 © 1993 IEEE



3. PARAMETRIC ANALYSIS

In this analysis, four representative multilayer soil
structure models are considered. The first model consists of
a low resistivity layer sandwiched between two high resis-
tivity layers. The second model consists of a high resistivity
layer sandwiched between two low resistivity layers. The
third model consists of a high resistivity surface soil gradu-
ally decreasing in resistivity with increasing depth. The
fourth model consists of a low resistivity surface soil gradu-
ally increasing in resistivity with increasing depth. Table 1
presents all the parameters of these four soil structures. In
these models, all the layer thicknesses are assumed equal
for simplicity. Nonequal thicknesses are as casily handled
as shown in the practical examples in Section 4.2.

Model Layer Resistivity Thickness
(€2-m) (meters)

1 2000 30
(a) 2 100 3.0

3 1000 oo

1 50 3.0
®) 2 1000 3.0

3 100 oo

1 1000 20

2 750 20
©) 3 500 20

4 250 20

5 150 20

6 100 o

1 100 20

2 150 20
(d) 3 250 20

4 500 2.0

5 750 20

6 1000 oo

Table 1 Layer Characteristics of Soil Structures Studied

The grounding grids modelled in this study are the follow-
ing:

S1 - 20 m x 20 m square one-mesh grid;

S4 - 20 m x 20 m square four-mesh grid;

§16 - 20 m x 20 m square sixteen-mesh grid;
S64 - 20 m x 20 m square sixty-four-mesh grid.

3.1. Current Distribution in Grounding Networks

The current density distribution (current per meter of
conductor length leaking into the earth) is plotted for dif-
ferent scenarios in Figures 1, 2, 3, 4 and 5. Grid types S1,
54 and 516 were studied in this part of the analysis. The
current injected into the three types of grids was maintained
proportional to the total conductor length in each grid, ie.,
4 x 100 A = 400 A for S1, 6 x 100 A = 600 A for 4, and
10 x 100 A = 1000 A for S16. Hence if the current were
distributed uniformly in all conductors, the current density
would be 5 A/m. Figures 1 and 2 show the cwrent density
functions when an S1 grid is buried in soil models (a) and
(b), respectively, at different depths. It can be seen that
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except for one curve, all the curves are rather flat, which
implies that the current distribution is fairly uniform. In
Figure 1, the curve with the lasgest variation represents the
current density when the grid is buried 4.5 meters deep. In
Figure 2, the curve with the largest variation represents the
current density when the grid is buried 1.5 meters deep. In
both cases, the grid is buried in the low resistivity layer and
the current density is larger at the conductor ends than in
the middle. This is because the current tends to flow
laterally away from the grid center rather than downwards,
due to the presence of a high resistivity layer beneath the
low resistivity layer. When the grid is in the high resistivity
layer, the opposite is true, though in this case the variation
of the current density along each conductor is relatively
small. When the burial depth of the grid becomes very
large, the current density is almost uniform in both soil
structures because the influence of the top layers is very
small and the square loop behaves much like a circular loop
would.

o
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4.5 . . ; v
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Figure 1 One-Mesh Grid Curmrent Density in Soil Model

(a) at Various Grid Depths.
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Figure 2 One-Mesh Grid Current Density in Soil Model
(b) a1 Various Grid Depths.
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Figure 3 shows the current density along a center
conductor and a perimeter conductor of an S4 grid buried at
various depths in soil model (a). It can be seen that at
nodes of the grid, the current density is low. The current
density along the center conductor is generally lower than
that along the perimeter conductor. It is interesting to see
that when the grid is buried in a low resistivity layer, the
current density along the center conductor is the lowest
while that along the perimeter conductor is the highest. This
again indicates that the current tends to flow laterally rather
than downwards when the grid is in the low resistivity
layer. Figure 4 shows the current density along a perimeter
conductor of an S16 grid buried at different depths in soil
model (b). The ripples in the current distribution are due to
the presence of several nodes in the grounding grid.

p,=2000Q-m |3m Z:Grid depth

as
Pz= 10002-m | 3m
E
.3
]
[1)]
T
5
E25) as5mn,
O NS B
0.5 —
0 5 10 1 20

Distance along conductor {(m)

Figure 3 Four-Mesh Grid Current Density in Soil Model
(b) at Various Grid Depths.
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o

Current density (A/m)
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0o 5 10 15 20
Distance along conductor (m)

Figure 4 Sixteen-Mesh Grid Current Density in Soil
Model (a) at Various Grid Depths.

In Figure 5, the current density along a conductor of
an S1 grid buried at various depths in soil model (d) is
presented. Since the resistivity increases with increasing
depth, the variation in curmrent density with depth is
expected and is explained by the foregoing discussion, The
current density functions corresponding to small grid depths
have larger values at the extremities than in the middle. As
the grid depth increases, the current distribution curves
have larger values in the middle than at the extremities and
little variation occurs. When the grid is very deep, the
current density distribution is close to that of a ring elec-
trode which is uniform because of symmetry.

A= 100Q-m|2m
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Figure 5 One-Mesh Grid Cument Density in Soil Model
(d) at Various Grid Depths.

3.2. Earth Surface Potentials and Touch Voltages

Figure 6 shows the earth surface potentals due to
four different grids buried 0.5 meter deep in soil model (c)
with 1000 A injection current. The increase in the number
of conductors in the grid increases the minimum earth
potentials above the grid and makes the earth potentials
more evenly distributed. The ground potential rise (GPR) of
the grid also decreases because the ground resistance is
decreased. As a result, the touch voltages decrease, Figure
7 shows the touch voltages corresponding to Figure 6. The
earth surface potentials due to an S16 grid buried in soil
model (b) at different depths are shown in Figure 8. In a
uniform soil, the increase of the grid depth results in a
simultaneous decrease of the grid potential rise and the
earth surface potentials [3], while in the multilayer case,
this is not always true, The increase of the grid depth will
always result in a decrease of the earth surface potentials.
The grid potential rise, however, can increase or decrease
significantly, depending upon whether the grid is in a high
or low resistivity layer. The three curves with the highest
magnitudes in Figure 8 correspond to grid depths of 0.1 m,
0.5 m and 1.5 m, respectively. The grid is in the top low
resistivity layer in thesc three cases. The differences in the



magnitudes of the earth surface potentials in these three
cases are also relatively small. The GPRs in these three
cases are: 2.65kV, 257kV and 2.51kV, respectively.
Again the differences are small, as expected. The earth sur-
face potential curve corresponding to the grid depth of
4.5m is substantially lower than the curves comresponding
to the depths of 0.1m, 0.5m and 1.5m. The GPR in this
case is 6.15 kV, much higher than for the smaller depths.
As a result, the touch voltage increases markedly. The
touch voltage curves corresponding to Figure 8 are shown
in Figure 9.

S1é

i

Potential profile magnitude (kV)

0
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Distance from origin of profile (m)
Figure 6 Earth Surface Potentials Due to Various Grids in
Soil Model (c).
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Figure 7 Touch Voltages Due to Various Grids in Soil
Model (c).
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Figure 8 Eanth Surface Potentials Due to an S16 Grid in
Soil Model (b) at Various Grid Depths.
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Figure 9 Touch Voltages Due to an S16 Grid in Soil
Model (b) at Various Grid Depths.

3.3. Ground Resistances

Ground resistances for grid types S4 and S16 buried
at various depths in different soils are presented in Tables 2
and 3. It can be seen that the resistance values are greatly
dependent on the layer in which the grid is located. When it
is located in a low resistivity layer, the ground resistance is
low. In the case of uniform soil, when the depth of a grid
increases, the ground resistance decreases. In the case of
multilayer soil, this is not always true, even if the change of
grid depth is confined within one layer. Consider the case of
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grid type S4 buried in soil model (a), for example. The
ground resistance value is 14.63 Q when the depth of the
grid is 7.5 meters and 16.16 Q when it is 15 meters. The
resistance value keeps increasing even when the depth of
the grid is 50 meters. The reason for this behavior is that as
the grid depth increases, the influence of the low resistivity
layer decreases. When the grid is deep enough so that the
influence of the low resistivity layer is negligible, we expect
the resistance value to reach a maximum and then begin to
decrease. This is confirmed by the resistance calculation for
the case when a grid of type S4 is buried in soil model (a) at
a depth of 100 meters. The resistance is 13.86 2, which is
smaller than that for the case when the depth of the grid is
50 meters, in which case the resistance is 16.32 Q.

In Table 3, the ground resistance value decreases
rapidly with increasing grid depth in the case of soil model
{c) because of the low resistivity of the deeper layers. The
ground resistance value increases with increasing grid depth
in the case of soil model (d) because the resistivity values
are higher in the deeper layers. We also expect a maximum
ground resistance value at a certain depth and the resistance
will decrease with increasing grid depth after this critical
depth has been attained.

Ground Resistance ()

Grid Type: $4 | Grid Type: S16
oo () | Lags Soil Model
(a) (b) (a) (b)

15 T | 2446 | 257 | 19.40 | 2.51

45 2 799 | 867 | 786 | 6.15
7.5 3 1463 | 213 | 1223 | 191
15.0 3 16.16 | 185 | 13.86 | 1.63
50.0 3 1632 | 166 | 14.05 | 143

Table 2 Ground Resistances of S4 and S16 Grids Buried at
Various Depths in Type (a) and (b) Soil Structures.

Ground Resistance (£2)
Grid Type: S4 | Grid Type: S16
Depth (m) | Layer Soil Model
© (d) (© (d)

1.0 1 12.95 7.01 10.48 6.86
3.0 2 9.03 7.24 7.24 6.98
5.0 3 6.06 8.01 487 7.50
7.0 4 3.70 9.99 3.12 8.85
9.0 5 267 | 1224 234 | 1047
15.0 6 1.97 1548 1.75 13.16
50.0 6 1.67 | 16.21 1.45 13.94

Table 3 Ground Resistances of $4 and $16 Grids Buried at
Various Depths in Type (c) and (d) Soil Structures.
It should be noted that the large depth values provide

computation results for scenarios involving conductors
buried in the various layers of a multilayer soil, while giv-

ing a clear indication of the asymptotic trends due to wide
variations in some key parameters, The trends will remain
similar, although not identical, if the grid depths and the
layer thicknesses are divided by a constant. If, in addition,
the grid dimensions are also divided by this constant, all
results will still apply if they are multiplied by the constant.

4. PRACTICAL CASES

In this section, we will examine the behaviour of
grounding system resistances, foot resistances and touch
voltages in several practical situations which involve mul-
tilayer soil structures.

4.1. Frozen Soil

When the temperature is below freezing, the resis-
tivity of the soil close to the earth surface increases rapidly
as the temperature drops. A soil which is initially uniform,
with a resistivity of 100 Q-m, may exhibit a multilayer
structure with the resistivity of its top layer as high as
10000 Q-m, when it freczes. Table 4 lists the layer
thicknesses and resistivities of two representative frozen
soil structures corresponding to a soil which is uniform,
with a resistivity of 100 £-m when no freezing has
occurred.

Model Layer Resistivity Thickness
(€-m) | (meters)

1 2000 0.2
2 1500 0.2
(e) 3 1000 0.2
Winter 4 500 0.2
5 250 0.2
6 100 o
1 100 0.2
2 500 0.2
(f) 3 1000 0.2
Spring 4 500 02
5 250 02
6 100 oo

Table 4 Two Soil Structures Corresponding to Frozen
Condition of 100 £2-m Uniform Soil.

Model (e) simulates the soil in mid-winter and model
(f) in early spring. Consider a 20 m x 20 m 16-mesh grid
buried at at depth of 0.45 meter with a 1000 A fault current
injected into the grid. Figure 10 shows the resulting earth
surface potentials along a profile traversing the grid, for soil
models () and (f) and for a uniform. soil with a resistivity
of 100 Q-m. It can be seen that the earth surface potentials
for soil models (e) and (f) are much higher than for the uni-
form soil. Figure 11 shows the touch voltages for the three
soil models along the same profile. The touch voltage and
the foot resistance are key elements for the calculation of
body currents. From Figure 11, it can be seen that the touch
voltages over the grid area in Cases (¢) and (f) are about 10
times higher than in the case of the non-freezing uniform
soil (i.e., over 2200 volts versus 220 volts).
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Figure 10 Earth Surface Potentials Over a 16-Mesh Grid in
Soil Experiencing Varying Degrees of Freezing.
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Figure 11 Touch Voltages Over a 16-Mesh Grid in Soil
Experiencing Varying Degrees of Freezing.

The foot resistances calculated using the Thevenin
equivalent impedance method described in [5], the touch
voltages in the grid area of the earth surface and ground
resistance of the grid for the three soil models are listed in
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For soil model (), although the tuch voltage
increases by a factor of 11, the foot resistance increases
even more (by a factor of 19 in this case). A different pat-
tern is displayed by soil model (f), for which the foot resis-
tance increases only slightly while the touch voltage
increases by a factor of 10. This raises the question of
safety in this situation. The addition of ground rods will
increase the safety and robustness of the grounding system
design, as will be seen in the following. Note that the
ground resistances also change for the frozen soil in both
cases.

Let us now consider the case when an S16 grid with
ground rods as shown in Figure 12 is buried in soil struc-
tures given in Table 4 and in a 100 Q-m uniform soil. The
ground resistances and touch voltages are listed in Table 6.
It can be seen that the addition of ground rods reduces the
touch voltages for the cases of soil models (e) and (f) by
half. The ground resistances for the two cases are also sub-
stantially decreased. By contrast, the addition of rods has a
smaller effect on the grounding grid performance for the
case of uniform soil.

2L 77 A
L S LS S
AW A A
& F
I | |Bm
o —
Figure 12 A 16-Mesh Grid with Ground Rods.

Ground Touch
Model Resistance Voltage
(€2) (volts)
Uniform 2.16 180
(e) Winter 3.55 1080
(f) Spring 335 1100

Table 5.

Ground Foot Touch
Model Resistance | Resistance | Voltage
Q) «) (volts)
Uniform 231 1562 220
(e) Winter 573 2928.5 2380
(f) Spring 499 2149 2200

Table 5 Variations in Grid Resistance, Foot Resistance
and Maximum Touch Voltage as a Function of
Degree of Soil Freezing.

Table 6 Grid Resistances and Touch Voltages for the Case
of a Grid with Ground Rods.

4.2. Frozen Soil with Crushed Rock Covering Layer

Three different soil models are shown in Table 7.
Soil model (g) represents a uniform soil of 100 Q-m
covered by a 0.2 meter thick layer of crushed rock with a
resistivity of 1000 Q-m. Soil model (h) represents the same
soil during mid-winter freezing, which increases the resis-
tivities of the gravel and the top 0.5 meter of surface soil by
a factor of 10 and the next 0.5 meter of soil by a factor of 2.
Soil model (i) represents the soil during early spring when it
has started to thaw. Here, only the crushed rock layer has
thawed, while the surface soil remains frozen as in model
(h).



Model Layer Resistivity Thickness
(€2-m) (meters)
® 1 1000 02
2 100 oo
1 10000 02
(h) 2 1000 0.5
3 200 0.5
4 100 )
1 1000 0.7
@) 2 200 0.5
3 100 oo

Table 7 Parameters of Three Soil Structures Modelled in
Various States of Freezing with a Crushed Rock
Covering Layer.

The grid ground resistances, foot resistances and
maximum touch voltages for the three soil models shown in
Table 7 are presented in Table 8. When the resistivities of
both the crushed rock and the top soil increase (i.e., winter
conditions), the touch voltage increases by a factor of 10.5,
while the foot resistance increases by a factor of 10. As a
result, safety is almost not affected. On the other hand,
when the resistivity of the crushed rock remains constant
while that of the top soil increases due tw freezing (ie.,
early spring conditions), the touch voltage increases by a
factor of 8 and the foot resistance increases by only 20%. In
this situation, a grid design that is satisfactory in winter and
in summer may become unsatisfactory in early spring. The
presence of ground rods will typically increase the safety
and robustness of the grounding system design as can be
seen in Section 4.1.

Layer Resistivity Thickness
{£2-m) (meters)
1 50 0.05
2 1000 0.2
3 100 oo
Table 9 Soil with Crushed Rock Layer Covered by Thin
Layer of Mud.
The corresponding results are shown in Table 10,
““Ground Foot Touch
Resistance Resistance Voltage
€2) [(9)] (vols)
228 219.8 270

Ground Foot Touch
Model Resistance Resistance Voltage
(€2) (€) (volts)
@®) 2.30 1306.8 240
(h) 4.51 13053.1 2520
[0)) 448 1580.8 1930

Table 8 Variations in Grid Resistance, Foot Resistance
and Maximum Touch Voliage as a Function of
Degree of Soil Freezing, with Crushed Rock
Layer Present.

43. Crushed Rock Surface with a Thin Layer of Mud

High resistivity crushed rock is widely used in prac-
tice in order to increase foot resistance. However, the resis-
tivity of the crushed rock may decrease due to contamina-
tion, as discussed in [6]. Here we consider another scenario
in which the crushed rock is covered by a thin layer of
water or residue such as mud or clay. When a thin layer of
mud is on top of soil model (g) in Section 4.2, the soil
model shown in Table 9 results.

Table 10 Grid Ground Resistance, Foot Resistance and
Maximum Touch Voliage Resulting from Soil
with Crushed Rock Layer Covered by Thin Layer
of Mud.

1t can be seen that the touch voltage increased as
compared to the case of soil model (g) in Section 4.2 and
the foot resistance decreases markedly from 1306.8 Q 10
219.8 . This results in a significant rise of body currents
(typically, a 100% increase).

5. CONCLUSIONS

An extensive study of grounding grid performance in
different multilayer soils has been carried out. Various
practical cases have been examined and the variations of
grounding grid resistance, current distribution, earth surface
potentials and touch voltages have been presented and com-
pared for different soil structures. The results presented in
this paper can be used as a benchmark for reference in
future studies in this area. Examples have also been
presented showing how the safety performance of a ground-
ing system is influenced by various types of freezing and by
the presence of low resistivity top soil layers caused by rain.
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Discussion

D. L. Garrett and F. J. Latham (Southern Company Services,
Birmingham, AL): The authors have provided a useful analysis
of the effects of using a multi-layer soil instead of two layers.
Mr. Dawalibi’s earlier work on parametric analysis of grids in
two-layer soils can be used as a basis to show the magnitude of
effect the multi-layer model might have. We believe the results
of this paper will be very useful, even for those not using a
computer program with this capability, to evaluate the impact of
frozen soils and substation surfacing material.

To see just how much impact the multi-layer model might
have, we analyzed some of the examples in the paper using a
two-layer soil model, with the two soil resistivities chosen based
on the values of the multi-layer soil model. The results showed
that sometimes the impact of the multi-layer model was small,
while for other cases it was quite significant,

Some of the results for our two-layer models are shown here:
Figure 1 —p, =2000 Q- m, p, =100 2 —m, h=3m, Z =
1.5m (Ignore bottom resistivity, grid in upper, high resistivity
layer)

current density at conductor extremes
current density at conductor middle

= 4.85(A/m)
= 505 (A/m)

For this case, the two-layer model compares well—the bottom,
high resistivity layer had little effect.

Figure 1 = p, =2000 0 —m, p, =100 Q- m, h=3m, Z =
4.5m (ignore bottom resistivity, grid in lower, low resistivity
layer)

current density at conductor extremes =5.15 (A /m)
current density at conductor middle  =4.96 (A /m)

For this case, the comparison is not as good—the bottom, high
resistivity layer has more of an effect becausc it bounds the low
resistivity layer.

Figure 8 — p, =50 Q — m, p, = 1000 Q — m, h = 3m (ignore
bottom resistivity)

For Z = 1.5m (in top layer)—potential at edge = = 4.31kV
potential at center = 5.35kV

The calculated GPR is 5,508 volts,

For Z = 4.5m (in middle layer)—potential at edge =~ = 4.12kV

potential at center = 5.3kV
The calculated GPR is 11,165 volts.
For Z = 7.5m (in bottom layer)—potential at edge = 3.83kV
potential at center = 4.68kV

The calculated GPR is 12,757 volts.

These results seem to indicate that the grid is significantly
affected by lower soil resistivity above or below a grid located in
a thin, high resistivity layer. Although the potential as a percent
of GPR is not that much different, the absolute value is signifi-
cantly different. Would it have been more appropriate to ignore
the middle layer?

Table 2—grid S4, p, = 100 @ — m, p, = 1000 & ~ m, h = 6m
(assume top resistivity same as middle layer)

For Z = 1.5m (in top layer) —R=6150
For Z = 4.5m (in middle layer) -R= 6080
For Z = 7.5m (in bottom layer) -R=1420 0
For Z = 15m (deeper in bottom layer) — R = 16.58 )

The most error occurs when the grid is in the ignored layer, as
the two-layer model under estimates the resistance for these
cases. Once the grid is in the high resistivity layer, the effects of

different resistivity layers above it appear to have negligible
affect.

The discussors would like the authors to comment on the
following:

For soil models like a or b (three layers), can the bottom layer
be ignored without significant error if the grid is in the upper
two layers?

For soil models like ¢ or d (five layers), can some kind of
average or median values (i.e., {}, = 150, £2, = 750, H = 6 for
soil model d} be used to model a two-layer soil without
significant error?

Manuscript received March 1, 1993,

F. P. DAWALIBI, J. MA, R. D. SOUTHEY:  The authors wish
to thank the discussers for their discussion of the paper. Their
comments emphasize the inaccuracies which arise when using
simplified two-layer soil models instead of multilayer models. In
some cases, the inaccuracies are small, while in other cases they
are significant.

Question 1 of the discussers refers to the elimination of the
bottom layer in soil models like (a) or (b). In most cases, this
simplification will cause significant error, while in some cases, the
error will be tolerable. For example, when the grid is in the middle
layer of soil model (a), ignoring the bottom layer will lead to
significant errors in the grounding resistance. When the grid is in
the top layer of soil model (b), the error introduced by ignoring the
bottom layer will be less significant, especially when the middle
layer resistivity is extremely high. Ignoring the middle layer in this
soil model when the grid is in the top or middle layer, however,
will lead to considerable error (in answer to the question in the
middle of the discussion). One other factor to consider is the size
of the grounding system. The effect of the bottom layer on the
performance of a grounding system is heavily dependent on the
size of the grounding system with respect to the total thickness of
the layers above the bottom layer. Generally, if the size of the
grounding system is small compared to the total layer thickness,
the effect of the bottom layer is small. When the size of the
grounding system is large compared to the total layer thickness,
the effect will be substantial. It should also be noted that a
simplified soil model can sometimes give acceptable results for
one electric quantity (e.g., grounding resistance) but not for
another (e.g., touch voltage).

The answer to Question 2 of the discussers is yes; because in
this case the resistivity is monotonically increasing or decreasing,
a two-layer soil model can give approximate results without
significant error. The accuracy of an equivalent two-layer soil
model depends not only on the real multilayer soil itself but also
on the size and location of the grounding system, as mentioned
above. For example, if a grounding grid is very large, the bottom
layer should carry a larger weight in the equivalent soil model. The
suggested two-layer soil model p;=150Q-m, h=6m and
p2 =750 Q-m for soil model (d) should be a good approximation
for a small or medium sized grid. However, for a large grid whose
dimension is many times the total layer thickness, the resistivity of
the bottomn layer should be higher than 750 Q-m.

Manuscript received March 31, 1993,



