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Bupiweno npobaemy nidsuwenns Gesne-
KU 8 npoueci 3azemaents A6MOHOMHUX nepe-
cysnux eaexmpoycmanogox. Pozenanymo i
docniosceno ichyoui Memoouxu po3paxynxy
HOPMOBAH020 ONOPY 3A3EMNI0BAUIE eTLEKMPOY -
cmanosox. Buseneno ix ocnoeni medonixu:
cxaaonicmos i epomizoxicme 6 obuucIeHHAX;
iMogipHicHuil i npubaUHUL Xapakmep; 6UK0-
PUCMAHHA BUXIOHUX OAHUX NPUUHAMUX OIS
obuucaenns enexmpoizunnux napamempie
CMAayionapHux 3a3emnio8a4ie; He 6paxosy-
10MbCA 8 PO3PAXYHKAX CMpYKmypHo-da3osi
o0yodosu epynmy i o0'em enexmponimy. Ha
O0CHOGI 3acmocyeanus meopii nepxoaayii i
anapamy @paxmanvno-Kaacmepnoi zeome-
mpii, 3m00enbo8an0 npoyec enexmpoimuy-
H020 3a3eMIEHHS 8 HeOOHOPIOHUX epyHmMax
pi3noi nopucmoi cmpyxmypu, aki 60100iromo
neproaAuiuHuUMU i paxmanrvHumMu 8aacmu-
eocmamu. Pozpooneno izuuny mooenv npo-
uecy eneKkmpoimunH0z0 3a3eMNAeHHS, AKA
8paAxX08Y€E 61ACMUBOCMI CMPYKMYPU 2pYHMY
npu 3mini ppaxmanvroi po3mipnocmi xaac-
mepa 6 nesHomy iHmepeasi, w0 Ymeoproe
eeKmpoNimuuHull 3a3emnr06au 3 HOPMOBa-
Hum onopom. Iloxazano, wo modenv npo-
8i0HOCMI eNeKMPOIMUMHO20 3A3eMAI08a4A
BUIHAUAEMBCS eAEKMPONPOBIOHICMIO 2pYHMY
8 NePKONAUIUHUX KAHANAX NOPUCMOT CIMPYK-
mypu epynmy i ModHce po32n10amucs K QyHx-
uii 6i0 00'eMnoi KOHYeHmpauii enexmposimy
i posmipy 06'emnoi cmpyxmypu eaexmpo-
Jimuunoezo kaacmepa nepkonsuii. Ompumano
ananimuuti eupasu 0N 36 13Ky HOPMOBAHO-
20 ONOpY eNeKMpONIMUUHUX 3A3EMAI0BAUIE
i numMomoz20 onopy epynmy 3 paxmanvroro
po3mipuicmio, 00'emom enexmpoaimy, Kiiv-
Kicmio nip 3 e1eKxmpoaimom, wiabHiCmIo z2eo-
Mempuunozo 06'emnozo mina. Yoocxkonaneno
Memoo po3paxynxy enexmpoizuunux napa-
Mempie enexmposimMUMHUX 3a3emnr08a4ie, Ha
O0CHO8i 8Paxy6anHs 207106H020 JNiHINIHO20 PO3-
Mipy Kaacmepa eaexmpoimunioz0 06 emuozo
mina, axuii 30izacmoca 3 2AUOUHOI0 NPOHUK-
HEHHA eeKmpoaimy 0N Pi3HUX CMPYKMYp
epynmy. Busnaueno ymosu nposionocmi enex-
mpoaimuunozo 3azemmosara 0ns 3abdesne-
Yenns Oe3nexu npu excniayamauii A6MoHOM-
HOi nepecyenoi eeKkmpoycmano6Ku.

Kntouosi cnosa: npouec 3azemaenns,
eeKMPOoNIMmudHi 3a3emMa08a4i, NepKoNAUIUHT
i ppaxmanvni 61acmusocmi, Hopmoeame onip
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1. Introduction

safety is the grounding of conductive part that is in elec-

In accordance with the rules of operation of electrical
installations, one of the main requirements in terms of

trical contact with the ground, either directly or through
an intermediate conductive medium of the structure of
different soils.




To prevent electric shock, conductive parts of electrical
installations and equipment must be earthed in order to
avoid a possibility of the occurrence of voltage on them,
which represents a danger to humans, under all operational
modes of the electrical installation.

These requirements are especially relevant for mobile au-
tonomous electrical installations (MAEI) due to the absence
of a stationary protective grounding and their work on soils
(clay, rocky, sandy) with a different soil structure (DSS).

Calculation of grounding systems is a complex engineer-
ing and scientific task, since it is based on source data that
are probabilistic in nature, and implies taking into consid-
eration a large number of factors affecting the result. In this
case, an error in calculations reaches 20...50 %, and in some
cases the estimated values are different from actual data by
orders of magnitude.

One of the basic parameters that determines the normal-
ized resistance of a grounding device (NRGD) is the integral
indicator of soil properties — the specific resistance of soil
(SRS) [1]. This indicator can be determined with a reason-
able accuracy only for a specific grounding site, based on the
results of multiple measurements, covering all characteristic
climatic and weather seasons over time. For MAEI, the appli-
cation of such a method for determining SRS is impractical.

There are a number of methods and procedures of calcu-
lation (PC) and grounding techniques for MAEI [2], which
imply intentional local modification of SRS parameter.
However, PC to determine NRGD for electrolytic grounding
(ELG) are based on the classical calculation methods for
stationary grounding electrodes and do not take into consid-
eration the features that are characteristic of EG.

Existing PC of NRGD [3] consider soil structure as a
pseudo-homogeneous structure with layered variations of
large scale, or as a medium with parameters that change
gradually in the specified direction. All the properties of
the soil structure, predetermined by its heterogeneity, are
expressed in calculation formulae by characteristic empirical
coefficients whose magnitudes of values could be within a
few orders of magnitude.

During operation of EG systems there is the deliberate
formation of a certain structure and properties of soil at
the site of grounding. There is a need to solve the inverse
problem, that is, not determining the actual SRS but rather
determining the conditions necessary for the formation of
the structure and properties of soil which would provide for
acceptable SRS. However, existing calculation procedures
[4] do not take into consideration changes in the geometrical
size of the soil’s structure at the electrolyte flow.

Therefore, geometrical data on the size of ELG, im-
mersed in soil, and SRS at the site of grounding cannot be
applied to calculate NRGD because they are formed during
operation of ELG systems [5]. Consequently, determining
the electrophysical parameters of ELG for MAEI requires
the improved PC, built on the model that would take into
consideration the geometrical and structural-phase charac-
teristics of the system soil-electrolyte, which is a relevant
scientific-practical task.

2. Literature review and problem statement

Modern methods of ELG calculation are based on the
use of the geometrical size of grounding electrodes and
averaged tabular values for SRS known in advance [6]. To

calculate the normalized resistance of electrolytic ground-
ing electrodes (NREG), the use of such PC predetermines
considerable errors. The formation of an electrolytic body
in the structure of soil is random in nature and its form is
uncertain, while SRS, specified in tables for various soils,
depending on a moisture content, differs by several orders
of magnitude [7].

Depending on the design characteristics of grounding
devices (GD), there are several PC of their parameters as
well as diagnosing techniques [8]. A characteristic feature
of ELG is the progress of electro-physical phenomena in
multiphase porous media. The structural elements of soil
are characterized by the volume of natural electrolyte,
which it contains, and the electrolyte, introduced pur-
posefully, and the proportion of the unfilled pore volume
of space [9].

Electrophysical processes in porous media have their
own characteristics, and require a separate approach to
their theoretical description. The closest to the physical es-
sence of the process of ELG are the porous media spreading
electric current in the electrolyte due to the ionic conduc-
tivity of the latter [10].

Simulation of electrophysical processes in porous media
should consider both the structural-phase characteristics
of a medium and the current spreading processes, accom-
panied by the transfer of matter [11].

Thus, the existing and applied modeling methods [12] of
the process of conductivity of medium of porous structures
for different soils do not take into consideration the struc-
tural-phase changes during operation. They aim to define
the relation between input and output parameters of the
structure in general. Such an approach does not elucidate
the mechanism of forming conductivity by changes in the
structural-phase parameters of ELG for MAEI [13].

There are several techniques for grounding the elec-
trical installations [14], which imply a local change in the
parameter (treating soil with salts, electrolytic grounding,
etc.). However, PC for determining NREG are based on
classic PC for stationary grounding electrodes and ignore
the features that are characteristic of ELG.

Applying known PC to the estimation of NREG [15],
developed for stationary grounding electrodes, is not possi-
ble. Specific resistance of soil is not a reference magnitude;
it is built deliberately in the form of a volumetric body,
formed by the electrolyte impregnating the soil. In this
case, the estimation problem should address the issue on
the electrolyte volume required to achieve NREG in soil
with known characteristics [16].

Consequently, the calculation and determining of the
electrophysical parameters (SRS) by employing existing
PC [17] for ELG, is probabilistic in nature, or very close to
it, which significantly affects the operational reliability of
autonomous mobile electrical installations. In this regard,
the problem has been set to construct new physical models
of ELG process, which would consider both the geometrical
and structural-phase characteristics of the system “soil —
electrolyte” and the electrophysical parameters of a porous
medium in various soils.

Thus, our analysis of the scientific, technical, and spe-
cial literature [18] aimed to study processes in the porous
structures of a heterogeneous soil medium allows us to
apply the apparatus of percolation theory and fractal ge-
ometry. These theories have defined the research methods
to explore the properties of an electrolytic volumetric body.



3. The aim and objectives of the study

The aim of this study is to improve the method for
calculating the magnitude of the normalized resistance of
electrolytic grounding electrodes for electrolytic grounding
employing the apparatus of fractal-cluster geometry in order
to ensure meeting safety requirements during operation of
mobile electrical installations.

To accomplish the aim, the following tasks have been set:

—to perform an analysis of the physical processes at ELG
and to build a physical model of ELG conductivity in porous
soils with a different structure;

—to improve PC of electrophysical parameters for ELG,
based on the accounting for the structural-phase character-
istics of different soil structures and their percolation and
fractal properties;

—to carry out experimental study into determining a
dependence of the ELG electrophysical parameters on struc-
tural-phase characteristics of the porous structure of soils
with a different structure and volume of electrolyte.

4. Improvement of safety of autonomous sources of
electricity employing a method for the calculation of
parameters of electrolytic grounding electrodes

4.1. Modeling the process of electrolytic grounding
based on the theory of percolation and the apparatus of
fractal geometry

In order to consider and model the processes of elec-
trolytic grounding under conditions of the electrolyte flow
through the porous structure of a heterogeneous medium,
we have applied the theory of percolation and the apparatus
of fractal-cluster geometry. As is known, the main current
conductor in the soil structure is the electrolyte, which pos-
sesses ionic conductivity. The larger its volume in the soil
the less its specific resistivity p. Hence, for a heterogeneous
soil medium there are certain optimal values for the volu-
metric electrolyte concentration V., that is V. nin>Ve>Vi max
at which specific soil resistance p reaches a minimum, and the
soil electrical conductivity 6 —a maximum. The heterogeneous
soil medium is a porous volumetric structure that contains a
sufficient number of voids whose characteristic size ,,,, is small
in comparison with the typical size of a volumetric body Ly;.

In addition, pores in the heterogeneous soil medium can
be communicating or not communicating (dead-point). Part of
the pores’ space, which are connected via porous channels, is
the effective pore space of the structure of a heterogeneous soil
medium (Fig. 1).

For the electrolyte molecules in the porous structure of
a heterogeneous soil medium, the process of the formation of
ion channels of conductance from the dielectric to the con-
ducting phase of soil is based on the phase transitions of per-
colation. The process of the formation of current conductive
paths implies the formation of a percolation cluster (Fig. 2).

The electrolyte, in line with the percolation theory,
when flowing through the structure of soil, fills the pores
thereby forming at least a single current conducting per-
colation path that connects a layer of soil-dielectric and
soil-conductor (Fig. 2).

Knowing the critical concentration x,, below which
there is no flow, has important practical significance in the
percolation theory when modeling physical processes of the
electrolyte transfer.
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Fig. 1. Porous structure of inhomogeneous soil:
a — interconnecting pores; b — dead-end pores

For a volumetric electrolytic body, in which the number
of pores is very large, there is a critical reliability x,,, which
equals the threshold of the flow x, and is derived from ex-
pression (1):

N
_ _ " Vpor.el — 1
xot _xc - 1\/0 Allzgloxc (NO)y (1)
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where N, = (iJ is the number of conductive pores in
rOpar

the volume of an electrolytic soil body; Ly is the cluster size;
Topor is the radius of the middle pore; dyis the fractal dimen-
sionality; Ny is the total number of pores in the volume of an
electrolytic body in soil.

Based on the above reasoning, it follows that when x,,=0
the structure of a volumetric electrolytic body is not con-
ductive, and at x, .;,=1 is unambiguously conductive. Hence
it follows that there is a critical reliability or a percolation
threshold x,;=x. in the interval over which there is a transi-
tion of the porous structure of a heterogeneous soil medium
from the dielectric to conductive phase (Fig. 2).

Thus, expression (1) is the primary assertion of the per-
colation theory and the percolation threshold is a constant
magnitude x.=const for the structure of a volumetric elec-
trolytic body and the dimensionality of its space.

In order to construct a percolation model of conductivity
of the electrolytic volumetric structure, we employed the ap-
paratus of percolation theory, where the conductivity of a sto-
chastic two-phase system is defined by probability P(xyp ).
A pore, randomly filled with the electrolyte, belongs to the
infinite connecting percolation cluster Rp, as shown in ex-
pression (2):

N -x
_1: por por
P(x,,,)= Jim N ()
N
where —222X — R, N, is the number of pores that form a

0
percolation cluster; Ny is the total number of pores in the

volume of an electrolytic body.

Based on the above, and taking into consideration ex-
pression (2), soil electrical conductivity in the porous struc-
ture of a heterogeneous soil medium can be represented in
the general form by expression (3):

o=/f(x,R)=f(x,Ly) 3)



Based on ratio (3), a model of conductivity of the elec-
trolytic grounding electrode represnets, in the general form,
the electrical conductivity conductivity of the percolation
channel of soil 6. Electrical conductivity can be considered
to be a function of the volumetric concentration of electro-
lyte x. and the size of the volumetric structure of electrolytic
percolation cluster Ry, which is identical to the size of cluster
Ly for spaces of the Euclidian dimensionality 3>d/>2.
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Fig. 2. Schematic of forming a conductive percolation channel
when the electrolyte flows through the porous structure of a
volumetric body of the heterogeneous soil medium: 1 — solid
particles (0.05-1.0 um); 2 — separate isolated pore filled
with electrolyte molecules; 3 — free porous space; 4 — dead
channels; 5 — conductive percolation channel

It should be noted that the percolation cluster, formed
by the merger of pores filled with the electrolyte mole-
cules, interconnected by the conductive percolation chan-
nels (Fig. 3), is, in fact, an example of a random statistical
fractal. Therefore, the percolation cluster has fractal prop-
erties, that is, it is characterized and defined by the fractal
dimensionality dy (4):

InN,,

Inn

d,=

)
where N, is the number of pores that form a percolation
cluster but which have 7 times smaller spatial scale than the
cluster itself, if it is possible to make the original percolation
cluster out of them.

Our study has found that fractal dimensionality dy of the
cluster of a volumetric electrolytic body increases by +Adyin
the case of an increase in the probability Py of a merger of the
pore and cluster (Fig. 3, a).

Thus, having determined the value for fractal di-
mensionality dr of a percolation cluster, it is possible to
determine the probability value Py for the merger between
pores with the electrolyte molecules and the cluster.
Therefore, based on this, it is possible to determine the
probability of the formation of percolation channels of
conductivity for electrolytic grounding electrodes for
various soil structures.

At large size scale >Ry the system acts as a homoge-
neous macrosystem, composed of elements the size of R. The
properties of these elements are defined by the behavior of
the system on the scale of an intermediate asymptotic I<Ry,
where the geometry of objects is fractal.

Knowing the magnitude of d;, we propose to express
mass My, and density pg; of the fractal structure of the per-
colation cluster of a volumetric electrolytic body in the form
of ratios (5):

L L\
M, = mo( lkl J > Pu =Py (IMJ ) ()
0 0

where m is the mass of an average pore; Ry is size of the
fractal percolation cluster; [y is the pore size; dyis the frac-
tal dimensionality of the fractal cluster; pg is the density
of the electrolyte; d3=3 is the Euclidean dimensionality of
a volumetric body, which houses the percolation fractal
cluster.
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Fig. 3. The process of formation of the percolation conductive
channels: a— formation of a current conductive percolation
channel between the dielectric and current conductive
structures of soil formed at probability Py,es; b, c— variants
of percolation channels formation, which are insufficient for
forming the current conductive pathways by the magnitude ALy

Thus, mass My; and density py; of the fractal percola-
tion cluster depends on its size Ly and on fractal dimen-
sionality dy.

The data obtained in determining the fractal dimen-
sionality make it possible to determine the number of pores
N(Ly;) with radius r( in the structure of a fractal cluster of
radius L. To this end, it is proposed to apply ratio (6):

dr
N,, (Lk,)=[L’f’] : (6)

7% por
where N, is the number of pores; 7¢,,, is the radius of an av-
erage pore; 2<d,<3 is the fractal dimensionality of the fractal
percolation cluster of radius Ly;.

It is proposed to use expression (6) to determine the
mean mass density of a volumetric electrolytic body p(Lg)
and the area of particle surface S(Lg) in the volume of an
electrolytic body of radius Ly

. 3-df I 3-df
p(Lkl):po (LO) ; S(Lkz):ro2 (J ) )
w

n

where 7y is the average radius (of pores) of the starting po-
rous structure.

Thus, knowing pg and 7y for the starting substances, that
is, the threshold space of the inhomogeneous soil, it is possi-
ble, based on values pg and ¢, to determine the density of the
fractal percolation cluster p(L).

As noted above, the porous structure of a volumetric
electrolytic body has a fractal structure in a certain domain
of special scale Lo<L<L; where Lyis the minimum size of
particles, clusters, pores, which form a fractal structure



(cluster), Ly is the correlation length of self-similarity — the
size of fractals that are similar to each other.

It is proposed to apply a model that makes it possible to
describe the conductivity of the structure of a volumetric
electrolytic body of inhomogeneous medium, if one knows
the distribution function of structure elements (pores) based
on the magnitude of their own conductivity.

Thus, we obtain the following expression (7) for a model
of the cluster conductivity that forms an electrolytic ground-
ing electrode

O = 273"3172(} |:]. fo(G)dG:| X

0] o

do, (7)
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the numerical coefficient y3 (the order of unity) is employed
to correct the fact that overflows between conducting paral-
lel chains were not taken into consideration.

Under the assumption that all conductive channels have
identical conductivity at /=L and, by expressing the proba-
bility values for conductivity of connection Pcb via the cluster
size Ly and the percolation threshold x,, formula (7) takes
the form of the critical percolation dependences and takes
the following form (8):
Lkl (JC — X )Ad/’

o, ~
kl 3
0

®

Hence, the size of the fractal percolation cluster

kl (x_xC)Ad/,

(8) shows that the percolation conductivity model of
a volumetric electrolytic body is defined by the size of
the fractal percolation cluster Ly (electrolytic grounding
electrode) and depends on a change in the fractal dimen-
sionality of a porous structure of the heterogeneous soil
medium by the magnitude Adyat achieving the percolation
threshold x,.

4. 2. Improvement of the method for calculating the
resistivity of soil for electrolytic grounding electrodes of
autonomous mobile electrical installations

Based on modeling the process of electrolytic grounding
in the porous structure of an inhomogeneous medium of
structures of various soils, we considered in this work the
structures of an infinite percolation cluster in the volume of
an electrolytic body. It has been shown that its size Ly, is the
size of the volumetric electrolytic body L.

In order to provide the conductivity channels from the
dielectric layers to the conductive layers of soil, it is pro-
posed to accept, as depth H of the electrolyte flow through
the structure of an electrolytic body, the size of a percolation
cluster size Ly, that is Ly=H.

It is also necessary to draw attention to the fact that,
according to the theory of percolation, in order to ensure
conductivity, it will suffice to form even a single channel
for the electrolyte percolation. In this case, it will suffice
to consider the calculation of resistance to current spread

along one percolation channel Ry"*" (in a single r-chain),
as shown in Fig. 4.

Dielectric

2chan| 3chay
Rg Rg ‘r’L
|

p kchan
Ny

—
29

Ichan
Rg

5

o
—

——A
——A

iy

1 l——

iy

\
|
|

. .

\ i

[ .

I I

. .

o0

L L

| E— | -

Soil conductive layer

Fig. 4. Schematic of calculation of the current spread
resistance in a single percolation channel

Known methods for calculating the grounding resistance
are based on the following quantities: soil resistivity p, mag-
nitude of the linear size of grounding electrode L, as well
as the coefficients that depend on the shape of a grounding
electrode and the conditions for its penetration.

To calculate the grounding resistance R, of a single ground-
ing electrode, the following expression (9) is typically used:

rR="Lc ©)

where L is the main greatest linear size of a grounding elec-
trode, m; C is the dimensionless coefficient that depends on
the shape of a grounding electrode and conditions for its
penetration.

For a problem on the electrolyte percolation along a sin-
gle conductivity channel, we shall determine R, accepting
that the resistivity in a percolation channel p,; is equal to
the electrolyte resistivity, that is pye,=per.

Then we obtain expression (10) in order to determine
the current spread resistance R,!"" for a single percolation
channel:

l

R1chrm _ M, 10
< Pe s, (10)
where €4, is the correlation (meandering) length of a perco-
lation channel; Sy is the surface contact area.

Hence, from expression (10), we obtain for £upen~(Rp)™!
o Lopamr~(H)™ and Sy=mr? (where rq is the radius of the
pore), then, by substituting values €cq, and Sy in (10), we
obtain expression (11):

R )4u ( H)du
R1chan - ( kI _ ) 1
g pel TC7'02 P el 7'57’02 ( )

Taking into consideration expression (10) and the sche-
matic of calculation of resistance to current spread along a
single percolation channel (Fig. 4), it follows that the total
resistance of electrolytic grounding Ry, for all percolation
channels is derived from expression (12):

1 1 1 1 1

F ot o
s 8

In determining the electrical resistance of an electro-
lytic cluster, we consider a volume unit of a given body,

(12)

= + +
1 2 C
R Rgchan Rg chan R g chan



confined to a parallelepiped with a base area of § and
height L (Fig. 5).
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Fig. 5. Structure of electrolytic body

The resistance of soil in the volume of a percolation clus-
ter, confined to a site of area S, is determined by the resistance
of a single channel and the number of channels that form par-
allel circuits and can be determined from formula (13):

R, n. et
Rkl — 1chan. eko , (13)
Nk.ekz:

where Nejan.eko is the number of parallel percolation channels
placed at a site of the cross-section of the percolation cluster
of area S, Richanero is the equivalent resistivity of a single
channel, Ohm, derived from formula (14):

L d:;*é:s’d/
R1chan.ekz' = pel ' 2 )
7

where p,; is the electrolyte conductivity, Ohm, L is the ax-
ial percolation channel length (excluding meandering and
unevenness of the way the channel is filled with the elec-
trolyte), m; 7 is the radius of the structural element of the
cluster (pore), m, ds is the dimensionality of the Euclidean
space equal to 3; &3 is the base indicator of sinuosity equal
to 1, dfean. is the fractal dimensionality of space in which the
percolation channel is formed, equal to (15):

(14)
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where [ is the scale of the spatial dimensionality, 7 is the num-
ber of structural elements (pores) in a cluster, keom por is the
filling factor of the electrolyte for a pore space, equal to (16):

Vo Va (16)
' Vpor Vgeom : kpor

where Vo is the geometrical body volume, m3, V,; is the
electrolyte volume, m?; kpor is the coefficient of soil porosity.
The number N can be determined from formula (17):

S dr,—1
Nchan,ekz: = - 7’2 ’

where S is the area of the site of the cross-section of a percola-
tion cluster; m?,

a7

_1n(n~kn)
Y]

is the fractal dimensionality of the site’s plane.

Taking this into consideration, the resulting formula for
the magnitude of soil resistivity in the volume of a percola-
tion cluster takes the form (18):
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where

is the cluster size;

dy~dy
7
— kL
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is the density of the volumetric geomet-rical body; p.; is the
mass density of the electrolyte; 74 is the radius of a cluster;
Tporis the average size of a pore; dy is the fractal dimensional-
ity of the percolation cluster; d3=3 is the geometrical Euclid-
ean dimensionality of a volumetric body

dyd,
r
— kl
Vgeom - ‘/el .
rpor

The derived analytical expression (18) relates the elec-
trophysical and geometrical parameters of a volumetric
body of the electrolyte in soil and takes into consideration a
change in the properties of space at a change in its structur-
al-phase characteristics with fractal properties.

In addition, we have examined and demonstrated that the
size of cluster Ly can be considered as depth Hg,,, of the elec-
trolyte penetration into a heterogeneous soil, that is, Ly~Hye.

The method that follows from formula (18) implies
determining the electrophysical parameters based on a
fractal-percolation model of a volumetric electrolytic body,
which, in contrast to those known, makes it possible to ex-
press and relate the electrophysical parameters to the struc-
ture’s percolation parameters, and the geometrical charac-
teristics (L, 7por Haep, S) to the fractal dimensionality d.

5. Experimental research into electro-physical properties
of surface electrolytic grounding electrodes

In the course of experiment, in order to confirm a theo-
retical study, we investigated an electrolytic grounding elec-
trode depending on the shape and volume of the electrolytic
body in the form of a percolation cluster.

To determine the electrophysical parameters of the elec-
trolytic grounding electrode, we proposed a procedure of ex-
perimental research, designed and constructed a laboratory
installation whose schematic is shown in Fig. 6.

Laboratory study has allowed us to obtain actual depen-
dences of ohmic resistance of circuits “model of an electrolytic
grounding electrode — sensor” for the for layerwise and point



sensors in different soil structures and for various electrolytes.
Ohmic resistance curves demonstrate three distinctive zones.
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concentration x, of the electrolyte in a porous space of soil
coincides with the qualitative changes in ohmic resistance of
the percolation cluster.

Fig. 8 shows that a sharp fall in ohmic resis-
tance occurs within the range of change in the
values for volumetric electrolyte concentration
x, from 0.11 to 0.43, that is, at the time of for-
mation of the conductive percolation pathways.
The lower bound of this range, x,=0.11, is near
the values for the probability of initial formation
of percolation pathways while the upper bound,
x.=0.43, is close to the values for the unambig-
uous overcoming of the percolation threshold.

The results of computational experiment
reveal that when the soil is filled with the
electrolyte the space of the electrolytic cluster
changes its properties, resulting in a sharp

Fig. 6. Schematic of the laboratory installation to conduct the experiment

During experimental study aimed at determining the
electro-physical parameters of the conductivity cluster, we
used sandy soil with a faction of structural elements (sand —
pores) with a radius of 0.07 mm, soil porosity coefficient
is k,=0.375, applying copper sulphate as the electrolyte
(pe=0.35 Ohmm). It was found that the degree of filling the
space of soil with the electrolyte varies in the range from 0
to 0.375 c.u., for an ideal dry sand, which corresponds to the
full saturation of the soil with the electrolyte. Therefore, the
calculations were carried out specifically for this range and
for the linear dimensions of the sample of a sandy soil with
the height, width, and depth of 1 m. In order to obtain soil
resistivity, we examined a change in the increment of fractal
dimensionality of the percolation channel Adjq, and the site
of the cross-section of cluster Ady, of conductivity due to a
volumetric concentration of the electrolyte in pores x, and the
fill factor for the volume of an electrolytic body k..

We have derived a dependence of the resistance of a per-
colation cluster on the volumetric concentration of electrolyte
in pores x, and the fill factor for the volume of an electrolytic
body k,, (Fig. 7).

The computational experiment has allowed us to derive
dependences of change in the basic electrophysical quanti-
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Fig. 7. Change in the gain of fractal dimensionalities of
percolation channel Ady,, and the conductivity cluster’s
cross-sectional site Ady, on volumetric concentration of the
electrolyte in pores x. and the fill factor of the electrolytic
body’s volume ko

ties of PEES at an increase in the electrolyte content in the
volumetric body of soil (Fig. 8). Fig. 8 shows that a change
in the degree of filling the soil pore space leads to a change
in the fractal dimensionality increment. Values for critical

change in electrical resistance, from dozens
kOhm to units Ohm. Thus, the soil medium
becomes conductive in nature.
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Fig. 8. Dependence of percolation cluster resistance on
volumetric concentration of electrolyte in pores x. and the fill
factor of an electrolytic body’s volume A,

Results of the laboratory study and the field tests are
shown in Fig. 9. The experiment was conducted to establish
the dependence of resistance of a soil sample on the volume of
electrolyte used, and the dependence of resistance to current
percolation on the electrolyte’s volume.

Fig. 9 shows three main stages of change in the magni-
tude of electrical resistance:

—a stage of initial fall of electrical resistance due to the
creation of a reliable contact “electrolytic grounding elec-
trode — soil structure” by wetting the upper layers of the soil
and the further growth of the volume and surface of the elec-
trolytic cluster of conductivity. Within this zone, the fall of
the ohmic resistance does not result in that the soil acquires
the properties of a conductor;

—a stage a sharp fall in electrical resistance due to the
creation of a totality of percolation channels that connect
the electrolytic grounding electrode to the layers of good
conductivity. The boundaries of this zone are near the per-
colation threshold values and correspond to establishing the
critical electrolyte concentration in soil;

— astage of stable low ohmic resistance, which practically
does not change depending on the volumetric concentration
of the electrolyte.

Field tests (measurement of grounding resistance of the
electrolytic grounding electrode using a method of amme-
ter-voltmeter) that were performed employing a specially
designed full-sized sample have confirmed the results of
theoretical study and laboratory tests. A significant drop



in ohmic resistance of the electrolytic grounding electrode
coincides with the formation of the electrolytic conductivity
cluster. The total volume of the cluster is defined by its main
linear size that matches the laying depth of the well-watered
layers of soil structure.
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Fig. 9. Results of laboratory study and field tests:

a — experimental dependence of resistance of the soil
sample on volume of the electrolyte used; b — dependence of
resistance of current spread from the electrolytic grounding

electrode on the electrolyte’s volume (field testing)

6. Discussion of results of studying the processes of
electrolytic grounding

In order to calculate the basic electrophysical resistance
characteristic of spreading the electrolytic grounding for
grounding the autonomous mobile electrical installation,
the percolation theory was applied. This theory allowed us
to simulate the process of conductivity in heterogeneous
porous media in the structures of various soils.

The constructed percolation model has made it possible
to consider the physical process of formation of the structure
of conductive paths through electrolytic grounding elec-
trodes (the electrolyte’s volumetric body) — the conductive
layer of soil. However, it has been obtained that the conduc-
tivity of the volumetric electrolyte’s body is predetermined
by the formation of the conductivity cluster in the structure

of porous space of soil and is defined by the parameters of a
given cluster and the electrolyte’s conductivity in the perco-
lation channels of the cluster.

It is shown that the conductivity cluster of the system
“soil — electrolyte” has fractal properties that are accounted
for via the fractal dimensionality with a stage character of
change.

The percolation channels’ sinuosity and the heterogene-
ity of their filling with the electrolyte, as well as the filling
degree of space in the volumetric electrolytic body, was in
general accounted for via fractal dimensionality.

We have determined the critical volumetric concentration
of the electrolyte, which, in line with theoretical calculations,
was 0.34, which provided for a condition to form percolation
channels and, therefore, conductive paths of conduction.

To determine the electrophysical parameters of the electro-
lytic body in the formation of the electrolytic grounding elec-
trode in the structure of soil during operation of an autonomous
electrical installation, the derived analytical expressions made
it possible to relate the structural-phase characteristics of space
to the geometrical sizes of the conductivity cluster.

It has been shown that at a qualitative fall in the ohmic
resistance of soil structure, at the time of overcoming the
percolation threshold, one should observe the formation of an
infinite electrolytic cluster between a grounding object and
the conductive phase of soil’s structure. In addition, near the
percolation threshold the soil’s structure demonstrate chang-
es in the structural-phase soil characteristics expressed by a
change in its quantitative magnitude of a pore space — fractal
dimensionality. The fractal dimensionality of the soil pore
space can act as its power function of spatial scale.

Overcoming the percolation threshold is observed at a
volumetric concentration of the electrolyte in pores in the
region of certain values; in this case, there is a change in
the fractal dimensionality of an inhomogeneous space of
the electrolytic cluster. The process of change in the fractal
dimensionality is observed in the region of the cluster’s
border.

It was established that the percolation threshold value
(a sharp fall in electrical resistance) almost does not depend
on the type of an electrolyte, and is defined by the structure
of the soil.

We have established the interval of change in the magni-
tude of fractal dimensionality of the system electrolyte — soil
(for example, for sand of fraction 0.07 mm) and determined that
its change reflects the degree of heterogeneity (filling) of the
pore space in the soil’s structure and corresponds to a change in
the volumetric concentration. Therefore, fractal dimensionality
can be represented as a spatial scale of a power function.

We have accepted the following limitations and assump-
tions during study:

— the resistivity of soil in the percolation channel of elec-
trolyte spread is equal to the electrolyte’s resistivity;

—a skeleton of the porous structure of soil is not conduc-
tive and the spreading of current in soil is predetermined by
the ionic conductivity of the electrolyte;

— the depth of process investigation could not be limited
to the surface layer; it propagates throughout the entire vol-
ume of an electrolytic body and further in the soil;

—a soil structure has a random nature of formation and
cannot be described as being homogeneous; it relates to the
dissipative self-organizing systems;

—a parabolic shape of the electrolytic body in soil was
adopted in calculations;



— the fractal dimensionality of the electrolyte was taken
to equal three, that is, the electrolyte’s phase was accepted
conditionally homogeneous.

The assumptions made, and the constraints accepted,
during modeling of the processes of electrolytic grounding do
not significantly affect the description of these processes, but
they are important in order to enable the application of the
percolation model to describe the processes of soil conductivity.

The disadvantage of the present study that must be
noted is the complexity of the experiment for different multi-
component complex soils and their structures, as well as the
use of a rather large volume of the electrolyte.

A promising direction for the development of this research
is the process of creating the electrolytic grounding electrodes
of modular type for stationary electrical installations.

7. Conclusions

1. We have constructed a physical model of the electro-
lytic grounding process that takes into consideration the soil

structure properties when changing the fractal dimension-
ality of a cluster in the interval from 2.56 to 3.00, forming
the grounding electrode, with the normalized resistance of
up to 4 Ohm.

2. We have improved a method for calculating the ELG
electro-physical parameters, based on accounting for the
main linear size of an electrolytic volumetric body, which
coincides with the electrolyte penetration depth for various
soil structures. The analytical expressions have been derived
to relate the normalized resistance of electrolytic grounding
electrodes and the resistivity of soil to the fractal dimension-
ality, the volume of electrolyte, the number of pores with the
electrolyte, the density of geometrical volumetric body.

3. During the experiment, we have confirmed the de-
pendence of soil resistivity on the shape and volume of the
electrolytic body. It has been established that the formation
of conductivity channels, that is, electrolytic grounding
electrodes with the penetration depth of the electrolyte, is
confirmed by a sharp decrease in ohmic resistance in the
range of values for a volumetric electrolyte concentration
from 0.11 to 0.43.
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