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Abstract. The calculation formulas for various types of earth grounding systems (EGR) have been
determined by considering them as a single entity; consequently, the specific components of length and
cross-section of the dispersion resistances are not distinctly identified within the calculation structures
already proposed in standards and regulations. In many situations, however, which deviate from the
idealized assumptions regarding the soil-conductor considered when establishing the calculation formulas
for the dispersion resistances of EGR, the cross-sections and even the lengths of these resistances could be
estimated with sufficient precision to determine the dispersion resistance values. Thus, the contact surface
between the metallic parts-consisting of electrodes and EGR connecting conductors—could constitute a
calculation basis for the ground conductor cross-section; it must be determined how this cross-section
behaves when the current through the EGR traverses the soil (which possesses a different resistivity than
the electrodes and connecting conductors) along a path that should remain as close to the surface as possible
due to the skin effect, while bypassing any insulating obstructions along the way. The question "what is the
path of the fault current through the soil?" arises, immediately followed by another regarding the role of the
operational and protective EGR. This paper supports, through explanations, arguments, formulas, and
numerical results, the evaluation of EGR dispersion resistances by distinctly determining their length and
cross-section. This is proposed as a method for sizing EGR when conventional methodologies do not yield
results that align with measurements taken at completed sites

measurements, only three variables practically remain -
(¢, ne, a). Thus, the function to be studied is:

1 Introduction

The variables influencing the dispersion resistance of an
EGR are relatively numerous, encompassing design
parameters such as electrode dimensions, their quantity,

Rp = R({,n,,a),Q )

the spacing between electrodes, the characteristics of the
interconnecting conductors, the burial depth of the EGR,
and material properties, such as the average soil
resistivity [1, 2, 6, 7].

For instance, in the case of an EGR with vertically
driven pipe electrodes, the set of variables consists of
the following: the length £ of the pipe electrodes, their
diameter d the number of electrodes n., the distance a
between adjacent electrodes, the perimeter p, of the
interconnecting flat bar (tape), the burial depth ¢, and
the average soil resistivity p,.

Rp = R(f, d,n,a,q, pp),Q, (D

Consequently, there are theoretically six variables. If
we consider that the pipe diameter d is selected at the
minimum value required to ensure mechanical strength,
that the flat bar perimeter is relatively constant, and that
the burial depth q € {0,8;0,9} m, (representing
maximum frost depths in Romania) is constant for a
given site, and furthermore, that the soil electrical
resistivity is  determined  through specialized
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In the absence of sizing criteria backed by technical
or economic justifications, providers of physical EGR
models have opted to recommend electrode dimensions
and layouts to designers that result in higher utilization
coefficients;  consequently, this has led to
technologically prohibitive electrode dimensions and
EGR units with considerable surface footprints.

The novelty introduced by the proposed
optimization criteria for EGR sizing [3, 4] has provided
quantitative data for comparing various EGR
configurations and minimum values for key aspects,
such as the surface footprint area, the total volume of the
EGR, metal consumption for electrodes and
interconnections, as well as the capital expenditures
associated with the EGR.

Since the physical models provided by standards and
regulations are insufficiently detailed and precise for
certain EGR variants, this paper aims to redefine EGR
physical models by separately calculating the
components of their dispersion resistance-specifically,
the equivalent length and the cross-section of the
dispersion resistance. The latter is to be evaluated based
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on the soil contact surface of the electrodes and
interconnecting conductors, a parameter that can be
estimated with high precision once the characteristic
dimensions of the EGR are established. It remains to
determine the equivalent length of the dispersion
resistance, for which a method combining
measurements and calculations applied to different
types of EGR is envisioned.

2 Methodological fundamentals

2.1 Length/cross-section ratio for simple EGR

The resistance of an electrical conducting element is
defined by three characteristics: the material resistivity
p, the length L, and the cross-section S of the conducting
element, according to the well-known relation:

L

RZPE'Q' (3)

Relation (3) forms the basis of the alternative
calculation concept for EGR, aiming for the separate
evaluation of the length L and cross-section S
components, so that after the measurement-based
determination of the soil resistivity, the final calculation
of the EGR dispersion resistance is performed using a
relation of form (3).

For a more comprehensive overview of the current
state in the field of EGR design, Table 1 presents the
recommended calculation formulas [1, 6, 7] for four
types of EGR. Among these, the variant with vertically
driven pipe electrodes is the most recommended and
widely used (Table 1, row 1); variants with horizontal
pipe electrodes (Table 1, row 2) and horizontal
rectangular plate electrodes (Table 1, row 3) were also
considered.

The fourth variant, featuring a horizontal circular
disc electrode, was chosen both as an alternative to the
rectangular plate and to exemplify the complex
calculation formulas that discourage designers from
promoting such types of EGR.

Table 1. Dispertion resistances of simple grounding units and the L./ App, ratio for EGR with pipe electrodes and with flat plate
electrodes (rectangular or circular)

Type of . Dispertion resistance calculation .
EGR Figure formula, r,, Q Ratio L./App
NN QNI 0,366,
NG = 220 Ky (4)
. . (0,366mdKry)
Vertical pipe | ,=lg %" + % lg i:_j; T{,)T (®)
d, 4
] | =
, t=q+0,5¢
1 T !d
Horizonta L _ p, £ [0,366md 1g(£%/qd)]
pipe I —— Ton = 0,36651g = (5) O
Horizontal 7 q 242 [0,732 b1g(2¢?/bq)]
_ P ) g q
rectangular b Tpn = 0,366% 197 (6) —©am 10
plate /
-~
N, _ L.
. ' D =p (5 + ﬁ) ™ [zD?(1/4D + Kp/81q)/2]
Circular disc - o 7 D* 33 D* (mD?/2)
Kp=1-———t——— .
N D 22¢ T 201624 (1D

It is important to emphasize that the calculation
formulas (4)+(7), currently proposed in standards for
determining the dispersion resistances of respective
simple EGR units, do not explicitly distinguish an

equivalent length nor a cross-section of the earth
conductor. For this reason, in the fourth column of Table
1, the contact surface area between the electrodes and
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the soil, denoted as App (EGR dispersion area), will be
distinctly highlighted in the denominator as follows:

e For pipe electrodes (vertical or horizontal):
ADP = T[d‘g, m2 ( 12)

e For the rectangular plate, neglecting the plate

thickness:
App = 20b,m? (13)
e For the circular disc electrode, neglecting the plate
thickness:
2
App == m? (14)

To follow the authors' intent, consider the case of an
EGR with a single horizontal pipe [5], for which the
dispersion resistance of the simple EGR is given by
relation (5). It is observed that from the App area in
relation (12), only the magnitude ¢, appears in relation
(5). Consequently, to ensure the area defined by relation
(12) appears in the denominator of the ratio (L. /App),
relation (5) is amplified by the factor (nd), resulting in
relation (9). Therefore, in the case of an EGR with a
single horizontal pipe, the equivalent length of the EGR
is:

Lo, = 0,3667d lg :—Z m, (15)

indicating a relatively complex dependence on the pipe
diameter d, a direct proportionality with (lg£?) and a
decrease in equivalent length as the burial depth ¢
increases.

In soils with low resistivities, it is possible for an
EGR to be realized using a single electrode, the
dimensions of which are determined by calculations,
considering the nominal dispersion resistance-
specifically, the maximum value permitted by
regulations for each specific case.

2.2 The case of multiple EGRs

In the case of EGRs with multiple electrodes of identical
shape and dimensions and a specific layout, the starting
point is the general relation accepted in standards and
regulations [6, 7] for the dispersion resistance due to the
electrodes:

Rpe = —2-,Q, (16)

- ’
ung

where 7, is the dispersion resistance of a simple
grounding unit (Table 1), n. is the number of identical
electrodes composing the multiple EGR, and u is the
utilization coefficient of the multiple unit, which
accounts for the mutual shielding effect between the 7.
electrodes.

Naturally, the dispersion resistance Rp., due to the
interconnecting conductor between the electrodes must
also be considered, for which the following relation is
recommended [7]:

18,3

ane

Rp. = 1g(62,5 - a?-n2), (17)

in which the distance a between the electrodes appears.
Once the resistances Rp. and Rp. are known, the total
equivalent dispersion resistance Rp, of the multiple EGR
can be calculated:

Rpe'Rpc
= - <
RP Rpe+Rpe — RPna (18)

which must not exceed the regulated (nominal)
resistance value, Rp.

Relations (16)+(18) highlight the difficulty of
explicitly defining the length-section components of the
total dispersion resistance Rp, for this reason, a
calculation method based on the following relation is
proposed:

Rp =p%,ﬂ, (19)

similar to relation (3), where Lp. , represents the
equivalent length of the multiple EGR, Sp. is the
equivalent cross-section of the multiple EGR, and p is
the average soil resistivity.

Here, the hypothesis is put forward that the
equivalent length of the multiple EGR should be
identical to, or in a determined relationship with, the
equivalent length of the simple unit, Lp, = L, or Lp, =
K, L. (K. is a correction coefficient to be determined).
Practically, there are no elements that could influence
this magnitude, assuming the hypothesis of average
resistivity remains valid across the entire perimeter of
the multiple EGR.

Regarding the equivalent cross-section of the
multiple EGR — SPe, this can be linked to the soil
contact area ADP of the metallic elements within the
multiple EGR configuration (electrodes and connecting
conductors), through the relation:

Spe = KsApp, m?, (20)

using the correction coefficient K, which accounts for
the skin effect and the influence of the fault current's
own magnetic field through the EGR. For example, for
a multiple EGR with pipe electrodes, whether placed
vertically or horizontally, the total dispersion area of the
multiple EGR is calculated with the relation:

(App)r = mdtn, + (n, — Dap,, m?, @n
and for the one with rectangular plate electrodes:
(App)p = 2¢bn, + (n, — Dap,, m?, (22)

where pj is the perimeter of the cross-section of the flat
bar used as a connecting conductor.

From relation (19), the expression for the ratio (Lp./Sp.)
is determined as:

Lpe _ Rp
— == 23
She - p? (23)

so that if the dispersion resistance of the EGR is taken
as equal to the nominal (standardized) value ) Rp = Rp,
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and the soil resistivity p is measured, the upper limit of
the ratio (Lp/Spe); can be determined; for

exemplification, Table 2 indicates the maximum limit
values of this ratio for several soil resistivity values.

Table 2. Maximum limit values of the (Lr./Sp.), ratio, for normalized dispersion resistances and three soil resistivity values.

Soil resistivity p, Qm Normalized dispersion resistance - RPn, of the EGR, Q
1 4 5 10 25
15 0,0667 0,267 0,333 0,667 1,667
50 0,02 0,08 0,1 0,2 0,5
120 0,00833 0,0333 0,0417 0,0833 0,208

From these informative data, the required value for
the EGR dispersion area can be reached, provided that a
method for estimating the equivalent length Lp, of the
EGR is specified.

2.3 Equivalent
electrodes

length of EGR with pipe

The choice of EGR with vertically driven pipe
electrodes, arranged so that their upper ends are aligned
in a straight line at the same frost limit depth (in this
paper, ¢=0.8 m), is justified by the fact that their
physical model is more comprehensive and carefully
developed, providing more numerous and precise
guidelines for selecting dimensions and, consequently,
being the most frequently used in practice. The
extensive experience of designers and contractors in
implementing EGR with vertical pipe electrodes
practically supports the validity of their physical model.
By virtue of these clarifications, the application of
optimization criteria for EGR sizing has been prioritized
for EGR with vertical pipe electrodes [3,4].

Also, for this type of EGR, the issue of the equivalent
length Lp. is presented below, for the first time, in
accordance with the concept defined by relation (19). To
perform the calculations, the dataset obtained by
applying the optimization criteria for the established
EGR type and the selected constant magnitudes is used
[4]: Rpi=4 Q, p=100 Qm, d=0,04 m. Additionally, in the

referenced Excel table, columns were added for the
dispersion surface App, determined with relation (21),
and for the equivalent length of the multiple EGR Lp.,
calculated with the relation:

Rp
Lpe = —App,

; 24)

obtained from relation (19) by equating Spe=App.

The analysis of the obtained data led to the idea of
using as an independent variable the magnitude:

Lpp = a(n, — 1), m, (25)

representing the total physical length of the EGR with
vertically driven pipe electrodes placed in a line and
resorting to the representation of the function of two
variables, Lp,(Lpp,£), in which the length € of the
electrodes is considered a parameter. Table 3 presents
the values of the variables LPP (independent, in m) and
£ (parameter, in m) for the EGR types and concrete data
presented above; the values of the function Lp. are
expressed in cm for a more concise presentation.

Among the numerical data taken from [4], those with
distances between electrodes a < 0,2 m, were not taken
into account as they cannot be technologically
implemented, which led to the use of a dash in the
corresponding cells of Table 3.

Table 3. Equivalent lengths Lp. of EGR with vertically driven pipe electrodes arranged in a line, as a function of electrode length ¢,
total physical length Lpp, and number of electrodes re..

‘m Physical Number of electrodes, 7.
’ quantities 2 3 4 5 6 7 8 9 10 11 12
0.8 Lpp, m 8,9 10,9 | 11,3 | 11,04 | 10,5 | 9,72 | 8,89 8,0 | 7,11 6,2 | 517
’ Lp., cm 39,1 | 50,3 | 55,7 58,8 61 62,3 | 63,4 | 64,3 65 65,7 | 66,4
1 Lpp, m 8,05 9,4 9,15 8,2 7,0 5,7 434 | 2,96 1,71 - -
’ Lp., cm 433 | 65,6 | 62,2 66,5 70 72,7 | 754 | 78,2 | 81,1 - -
5 Lpp, m 7,55 | 844 | 7,74 6,4 49 | 3,24 | 1,68 - - - -
Lpe,cm | 46,7 | 598 | 67,3 | 72,8 | 77,3 | 81,7 | 86,2 - - - -
3 Lpp, m 6,65 6,7 5,22 3,28 1,3 - - - - - -
Lp., cm 53,5 | 68,7 | 78,6 86,7 94,7 - - - - - -
A Lep,m | 58 | 508 | 3,0 | 08 - - - - - - -
Lpe,cm | 60,6 | 78,1 | 90,8 | 102,3 - - - - - - -

Based on the data in
representation of

the

Table 3, the graphical

functions Lp,(Lpp, ),

was

performed for three values of the parameter £, namely
£ € {0,8; 2; 4} m, for the sake of figure clarity; it can be
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observed that all three represented curves have similar
shapes, each consisting of an increasing and a
decreasing  portion. The two  representations
corresponding to the parameter € € {0,8; 2} m, have the
appearance of "sideways" parabolas, with their vertices
pointing to the right.

For a certain value of the parameter £, which should
be seen here as the vertical dimension of the EGR (ex.

A
cm

1107

1007

90 T

80 T

{=2 m), the initial portion of the graph is increasing,
from the value Lp~46,7 cm (for n.=2) to Lp. =59.8 cm
(for ne=3); this is explainable by the significant increase
in the total physical length, from Lpp =7.55 m (for n. =2)
to Lpp =8.44 m (for n. =3), while the number of
electrodes remains small, n, € {2, 3}.

L., —»

PP

T T ]

8§ 9 10 1lm

Fig. 1. Dependence of the equivalent length Lp. of the EGR with vertically driven pipe electrodes, arranged in a straight line, as a

function of the total physical length

Next, an interesting but explainable phenomenon
occurs: as the number of electrodes increases, n, > 3, a
decrease in the total physical length Lpp takes place (to
achieve the same dispersion resistance of 4 Q, a
decreases as the number of electrodes increases);
however, the growing number of electrodes leads to a
continuous increase in the equivalent length Lp., from
Lpe =59.8 cm (for ne=3) to Lp. =86.2 cm (for ne=8).
Analog and especially numerical simulations could fully
explain such a phenomenon; furthermore, for current
physical models of EGR, clear specifications should be
made regarding their domains of validity in relation to
the values of the present variables.

For comparison, it is necessary to determine the
equivalent length for simple EGR units with a single
vertical pipe electrode, all other physical and geometric
quantities having values according to the cases
presented in Table 3; the only different quantity will be
the dispersion resistance, given that, for the purpose of
comparison, the electrode length e
{0,8; 1,5; 2; 3; 4} m; is kept constant; the results of the
calculations using relations (4) and (8) are presented in
Table 4.

Table 4. Equivalent lengths for simple EGR, with a single
vertical pipe electrode

Physi
y51.c.al Values
quantities
¢, m 0,8 1,5 2,0 3,0 4,0
Lev, cm 7,7 9,1 9,77 | 10,7 | 11,3

Comparing the equivalent length of the multiple
EGR Lp. (Table 3) with that of the simple unit Lev
(Table 4), for the same values of the electrode length £,
the following are observed:

e In the case of an electrode length of 0.8 m, the
ratio (Lp./ Lev) increases from 5.1 (for n. =2) to
8.6 (for n~12);

e For {=4 m, the ratio is (Lp,/ Le¢y) € [54 +
9,1], with the lower limit corresponding to
ne~2 and the upper limit corresponding to 7.
=5.

These increases are plausible, considering the
significant increases in the physical lengths Lpp for
multiple EGR, even in the case of two electrodes (Fig.1).
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3 Conclusions

Calculating the dispersion resistance by separately
determining its equivalent length and equivalent cross-
section represents a viable alternative for sizing EGR,
provided that the method leads to smaller calculation
errors and facilitates the calculations.

The first implementation of the proposed method is
carried out for four types of simple grounding units. The
first two refer to EGR with pipe electrodes, placed either
vertically or horizontally; the third type of EGR is that
with a horizontal rectangular flat plate, complemented
by the version with a horizontal circular plate. It is
appreciated that these types of EGR can meet future
requirements by achieving minimum values for the
optimization criteria already proposed and further
studied for EGR with pipe electrodes. According to the
calculations based on the physical models approved by
regulatory acts, the equivalent length of a simple
grounding unit with vertical pipe electrodes lies within
the range of L., € [7,7 = 11,3] cm, cm, for electrode
lengths of £ € {0,8 + 4} m.

Until further studies are conducted through analogue
and numerical modelling, the equivalent cross-section
of the EGR dispersion resistance is equated to the
contact area between the metallic parts of the EGR and
the soil, a magnitude that can be determined with fairly
good precision. Regarding the equivalent length of
multiple EGR, it is estimated that it depends on the type
of the system and the characteristic dimensions of the
layout used, so that, once these values are determined,
they can be reused in similar circumstances.
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