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Abstract—This paper is dedicated to the development of techniques allowing for design solutions to be
refined on grounding devices. The resistivity is used in the design of grounders in dependence on the soil
humidity, temperature, and density. To determine soil humidity at the depth of soil occurrence, two models
are used: depending on the season at a depth of up to 1 m and depending on the level of groundwaters at
depths of more than 1 m. The models are developed based on the fuzzy logic theory and data from water sta-
tions and geological exploration. The technique and corresponding dependencies are used to find the tem-
perature of soil layers during a year and calculate soil resistivity. Temperature was simulated based on the Fou-
rier theory of thermal conductivity and data from weather stations. It is shown that these methods and depen-
dencies allow one to calculate more precisely the resistances of grounders at the design stage. The obtained
in vitro dependencies of soil resistivity on the soil humidity and density are considered. These dependencies
allow one to refine the dynamics of change in the grounder resistance from the time of installation to com-

plete soil subsidence.
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Grounding devices (GDs) of electric stations and
substations are designed to provide safety and reliabil-
ity of their operation, which is regulated by the Electri-
cal Installation Code (PIC, first and second standard)
[1]. Solutions should be found to reduce GD resis-
tance for any object. To calculate the resistance of
GDs, it is necessary to know soil resistivity p, which
changes over wide ranges depending on temperature ¢,
humidity v, density d, and kind of soil. For example,
for dry soil, p = 1500—4200 Q m, while for very wet
soil p = 10—60 Q m [2]. The known formulas [2] and
seasonal coefficients recommended by the PIC allow
one to obtain only approximate values of p. Paper [3]
suggests a method based on the use of fuzzy-set theory.
The method makes possible to determine a value of p
depending on ¢, v, and kind of soil more exactly that
the previous ones, but requires a lot of time-consum-
ing measurements of temperature and soil humidity.
The problem of determining the soil temperature at
depth (0—15 m in the middle and 0—10 m in southern
latitudes, with the layer of constant temperature being
lower, as deep as 50 m) in any season without such
measurements is solved in [4] (the formula by which ¢
is calculated is given in Appendix 1). The paper pro-
poses techniques of determination of natural soil
humidity at such depths. The techniques allow one to
refine the resistivity formulas obtained in [3] and con-
trol the change in the resistance of soil layers over a

year. The density dependencies of resistivity were also
obtained in [4]. (Corresponding formulas are given in
Appendix 2.)

The methods of determination of soil humidity are
based on using fuzzy logic, data of weather stations
(for depths less than 1 m), and geological exploration
centers (for depths more than 1 m). The humidity
depends on the depth, season, and climatic conditions
in the first case and on the proximity to groundwaters
in the second.

The first method. Here, “humidity at depth” is an
unclear notion. Therefore, two notions are used:
“close to surface” and “far from surface” with mem-
bership functions (MFs) p,(4) and p,(4). Hence, there
are two intervals: the first interval is 0 < 4 < 20 cm,
while the second is 2 > 100 cm, where 4 is the soil
depth at which soil humidity is determined. Such lim-
its of the intervals are chosen because the weather sta-
tions give data on humidity v,, and v, at depths of 20
and 100 cm, although the intervals are determined by
the regions of wind forcing, temperature at soil sur-
face, and rainfall. It is believed that such action ceases
at a distance of 80—100 cm from the surface, while
humidity is strongly affected by all the aforementioned
parameters at a distance less than 20 cm. The transi-
tion area between the intervals is 20 < 4 < 100 cm. If
there are two intervals, standard membership Z- and
S-functions are recommended as p,(#) and ,(#) in
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Fig. 1. Rectangular membership functions: (/) p(m);
(2) up(m).

fuzzy logic theory. Moreover, for the notion “close to
surface” w,(#) = 1 and p,(#) = 0 on the first and sec-
ond intervals, respectively, while, for the notion “far
from surface,” p,(h) = 1 — p,(#). Upon the transition,

interval p(h) =1 — M As a result, the soil
100 — 20
humidity at depth # is
Vi = Vol (1) + Vigota(h). (D

Functions v,, and v, can be find using multifactor
regressive modeling from the data of weather stations
for each month (excluding the soil freezing period).
The dependencies of functions on the rainfall r,,, mm;
soil surface temperature £ , °C; and mean wind veloc-
ity v,,, m/s. For example, for an arid region and zone
of weak spring moistening in 2005—2008, the follow-
ing formulas were obtained: v,, = 8 + 0.03r,, —
0.2t,, — 0.8v,, and v,40 = =4 + 0.03r,, — 0.007z,, +
1.3v,,. The soil humidity at depths up to 1 m in the soil
freezing period (from November to February) is
unchanged, since rainfall is accumulated in the form
of snow and ice on the ground surface and does not
penetrate deeply. Therefore, the humidity is not mea-
sured by weather stations in this period.

To determine humidity in any season at a depth up
to 1 m, the linguistic variable “month” was intro-
duced. The months in which the air temperature is sta-
bly kept below zero (for the considered climatic zone
from November to February) are in the first interval;
April to October are in the second interval. Therefore,
it can be assumed that the membership functions
p,(m) = 1 and p,(m) = 0 from November to February,
while p,(m) = 0 and p,(m) = 1 from April to Septem-
ber, where m is the month number. The transition
intervals are March (month of intensive snow melting)
and October (month, in which soil temperature
approaches negative values); for northern latitudes in
the month of intense snow melting. the rainfall that
has accumulated in the form of snow cover in the win-
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Fig. 2. Time dependencies of humidity at a depth of 1 m:
(1) from data of weather stations in 2005—2008; (2) in
2006.

ter months is calculated by summing (for southern lat-
itudes soil surface temperature is above zero during a
year). The membership functions are represented in
the form of a rectangular pulse (Fig. 1)

0,m<3, m=>11,

exp(-3(m - 4)2), 3<m<4,
1,4<m<10,

exp(=3(m—10%)), 10<m<11;

Hi(m) =

Hy(m) = 1—p (m).

As a result, for a depth of 1 m, the humidity is cal-
culated as a function of r,, %, v,, and season
(by months) by the formula

2
v = Zni(m)lli(m)

i=1

= M (m)p,(m) +ny(m)p,(m),

()

where n,(m) = vﬁ,m =1 and MN,(m) = v, are the humid-
ity calculated by Eq. (1) for October and warm months
(m = 4—10). In winter months (m = 1, 2, 11, 12), the
humidity is unchanged. Thus, two different notions of
humidity depending on depth 2 and month m are
grouped according to fuzzy logic. The appropriateness
of the model has been proven from Fischer’s criterion
[4]. A typical dependence of soil humidity on the cli-
matic conditions and seasons is shown in Fig. 2. The
dependence is plotted from weather station data aver-
aged over 4 years. Analysis showed that the error in
humidity determination by such dependencies is no
higher than 30% and the dependencies can be used in
designing grounding devices in subsequent years.

Determination of soil humidity at depths of more
than 1 m. Humidity at such depths is unaffected by the
climatic conditions [5] but changes depending on the
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level of groundwaters (4, ,,, m). In addition to the rules
of fuzzy logic, height of capillary water rise 4, (0.5 m
for sand, 1 m for loamy sand, 2.5 m for clay [6]), as
well as data from geological exploration centers, are
used in the developed method. The linguistic variable
“proximity to groundwaters” h,, and two notions,
“near” with membership function p,(4,,) and “far”
with membership function p,(4,,), are introduced in
the model. Hence, there are two intervals: the first
interval is 0 < A, ,, < 0.8A,, m (0.8A,, is used because,
starting at this distance, soil begins drying); the second
one is h,,, > h.,, m; the transition interval is 0.84_, <
hy < h.,, m. The kind of MF for two intervals is cho-
sen similarly to the previous functions as Z- and
S-functions. For the notion “near” p,(4,,) = 1 and
1, (A,y) = 0 on the first and second intervals, respec-
tively, on the transition interval p,(h,,) = 1 —

hyw—0.8h,
0.2h,,

W (hgy,) is decreasing, w(h,,) = 1 — py(h,,), while

x—a _ hy—08h,

b—a  h,—08h,,’

from the ratio of sides ae/ax = ce/bx of triangles acd
and xea (Fig. 3a), since they are similar. The member-
ship functions are shown in Fig. 3a, and the depen-
dence p,(4,,,) can be expressed by

. The latter is determined as usual: if

which is calculated

MZ(hg.w) =

1,0 <h,, <0.8k

c.rs

h,,—0.8h
h =1 -2 09k, ,<h,,<h 3
“1( g.w) O.th_r H 9 c.r W c.rs ( )
0,h,y,2h,.

The formula to determine v will be derived by anal-
ogy with Eq. (2), where n,(4,,) is plotted by the data
of a geological exploration center, for example, for
sand n,(h,,,) = 18=27h,, while ny(A,,,) is taken as a
mean value for undisturbed soil (for example, 4.5% is
humidity of natural sand occurrence).

As a result, the following formulas are obtained

Vsand = (18_27hg.w)ul(hg.w) + 4'5p'2(hg.w)9
Vloamysand = (23_193hgw)ul(hgw) + 3'5u2(hg.w)7 (4)
Vclay = (So_lzghgw)ul(hgw) + 18Mz(hg.w),

where 18, 23, and 50 are the maximum water capacity
(ability to keep water) of sand, loamy sand, and clay,
respectively; 27, 19.3, and 12.8 are the coefficients
obtained by the least-squares method and taking into
account capillary water rise.

For example, for sand at depth 2 = 5.2 m (point x|,
Fig. 3b) soil humidity should be determined at
groundwater level A, = 5 m. It is calculated that
hgw = |h — hy\| = 0.2 m, which corresponds to notion
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Fig. 3. Humidity as a function of groundwaters: (a) mem-
bership functions (A ) and py (4 ); (b) determination
of sand humidity.

“near” since 0 <, , <0.8h , with MF p,(4,,) = 1and
W, (Fig. 3a), humidity v = 18—-27h,,, = 12.6%. If h =
5.8m (point x2)’ hg.w = 0.8 m, ul(hg.w.) =0, u2(hg.w) =1,
v=4.5%.If h=35.47 m (point x), h,,, = 0.47 m. Since
this point is at transition interval 0.8k, < h,,, < h,,
hg.w. B Oghcr

0.2h,,
we can determine by Eq. (4) v=4.7%.

MF (k) = =0.7, py(hy,) = 0.3, and

With the use of this model, the soil resistivity for
some wells in the regions of Pavlodar and Novosibirsk
oblasts was calculated. Comparison between the
experimental data and simulation results showed that
the calculation error is no higher than 20% for dry and
10% for damp soils.

The adequacy of the model is confirmed from Fis-
cher’s criterion. Thus, if the number of layers, layer
type, and groundwater level are known, the humidity
in any season at depths of more than 1 m can be deter-
mined by formulas (4) with a calculation error no
higher than 20% for dry and 10% for damp soils, which
gives calculation error p of no more than 15%.

Density dependence of soil resistivity. Degree of soil
compactness d; alongside humidity and temperature,
has a direct influence on the soil resistivity.

To determine the dependence of p on d, a setup was
manufactured [6]. The setup contained a tube fixed
vertically, two internal electrodes placed in radial holes
in the middle tube part, and two external electrodes
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Fig. 4. Density dependence of resistivity for sand with
humidity of (1) 9, (2) 5, (3) 1, and (4) 0%.

placed in the upper and lower parts. A sample of the
soil with known mass, humidity, and temperature was
loaded into the tube, the voltage with a frequency of
50 Hz was applied across the external electrodes, the
current flowing through soil was measured by an
ammeter, and the internal electrode voltage was mea-
sured by a voltmeter. Then, the setup was switched off
and the soil was subjected by vibropilon for compact-
ing. After a successive stage of compacting, the voltage
was again applied and measurements were carried out.
This was continued until final sample compacting.

As was mentioned in [7], the higher d, i.e., the
more soil is puddled, the less soil p. This has also
been confirmed by our experiments (Fig. 4), and for
sand with humidity more than 1% the dependence of
p on the density shows an exponential behavior
(curves 1—3). In the wet state, pg,,q = 40 Q m; in the
dry state it can reach 10 kQ2 m; i.e., the damper the
soil, the lower p.

For sands in a dry state (from 0 to 1%), first a
decrease in p by exponent as low as 1.6 kg/m? was
observed with compacting, and a linear growth of p
was then registered, unlike in [7] (Fig. 4, curve 4).
Such a picture was not observed for loamy sand and
sandy clay, because, under real conditions, they can-
not have humidity less than 1.5 and 1%, respectively,
since they have a high hygroscopic property [5]. This
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Fig. 5. Density dependencies of resistivity for loamy sand
with humidity of (/) 9, (2) 5, and (3) 1% and sandy clay
with humidity of (4) 7 and (5) 2%.

fact once more corroborates the recommendations of
[7]: the soil should be thoroughly puddled.

Based on the experimental investigations, the fol-
lowing dependence of p on the density was obtained
for sand, loamy sand, and sandy clay:

ky(d—dy)

P = Pao® ", Q)
where p,, and d,, are the resistivity and density of soil
from geological exploration data that are taken before
designing of grounding devices or p,, can be calculated
by Eq. (A2.3) with corresponding density d,
(for example, sand d, ~ 1.4 kg/m?); k, is the coeffi-

(—0.46v +2.05) — 5: for sand

(=0.05v +1.1)

cient: for sandy clay k, = e

k,=e ") and loamy sand k, = ¢

For loamy sand and sandy clay at humidity from
1% to the water-saturation state, p decreases exponen-
tially with increasing density. The left and right scales
of p values correspond to dependence p(d) (Fig. 5) for
loamy sand (Fig. 5, curves /—3) and sandy clay,
respectively. For sandy clays and clays in the wet state,
particle agglutination leading to the formation of
numerous voids and cracks is typical, which decreases
soil conductivity; this fact should be taken into
account in designing grounding devices. A structure
almost homogeneous over density was obtained for
sandy clay with humidity of 10% using the laboratory
setup.

It is known that, when a grounding device is
installed, the parameters of the device are frequently
worse than the calculated ones despite careful compli-
ance with the technological requirements of construc-
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tion works. In such a case, dependence (5) can be used
since it allows one to determine the dynamics of
decreasing p during soil packaging from the loosening
state to complete soil subsidence. To do this, p is cal-
culated by Eq. (A2.3) depending on the temperature
and humidity. There are data on soil subsidence [8]
that determine the time intervals of soil transition to
the state of undisturbed soil. For example, for con-
struction of the grounding with a use of thorough
tamping, from 2 to 5 years are needed for clays and
1-2 years for sands, but without tamping from 10 to
15 and 2—5 years, respectively.

Using the obtained techniques, an algorithm and
program to calculate p of soil were developed, they
were applied to calculate and design of resistance of
the grounding electrode. As initial data, the depth of
soil occurrence, temperature #g and temperature
amplitude A4g, the time period for which the calcula-
tions are carried out, kind of soil, and distance from
groundwaters 4, ,, are used.

The algorithm of calculations is as follows:

—humidity of soils is determined using Eqs. (1)—(3)
for a depth of less than 1 m or (4) and (5) for higher
depths;

—temperature of the given soil layers is calculated
by formula (Al.1);

—p is calculated by dependencies (A2.3) and
(A2.4);

—temperature and humidity dependencies of p
during a year are plotted;

—the value depending on the density is deter-
mined from Eq. (5); and

—resistance of the grounding electrodes is deter-
mined.

The proposed program allows one to determine
and plot dependencies of p on the soil temperature
and humidity and to choose or determine the worst
variant of value of p with an accuracy up to 12—30%
relative to data from weather stations and geological
exploration centers, as well as to deduce the result of v
and ¢ calculations for each soil layer and plot their
dependencies in any season to calculate resistances
and design grounding electrodes. The program can be
used as an assistance program for ones without p but
giving exact calculation of resistances of more compli-
cated structures of GDs. The Delphi programming
language was used.

APPENDIX 1

Determination of Soil Temperature
at Depth of Soil Occurrence

On the basis of the Fourier theory of thermal con-
ductivity and data from weather stations, the following
formula was deduced [9] to determine soil tempera-
ture in any season for depths of less than 15 m in mid-
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dle latitudes and less than 10 m in southern latitudes
with an accuracy of less than 10%:

h/h,
t= 1 —AS(A—C-‘) cos[z—n(g— 20h)}.

Al.l
Aq 365 (AL

Here, £ is the temperature of the layer of constant #, °C,
which is close to the mean year temperature of soil sur-
face, for example for middle latitudes #g = 8§°C [10];
Ag is the soil surface temperature amplitude (relative
to layer of constant year temperature) at required
deptha OC; AS = (tSmax - tSmin)/za where tSmax and tSmin
are the maximum and minimum monthly mean tem-
perature of the soil surface over a year for a given
region (from weather station data); 4 is the depth, m;
gis the number of days; the coefficient 20 takes into
account a delay (in days) of maximum (minimum)
year temperature oscillation at a depth of 1 m relative
to soil surface temperature; and Ag, is the temperature
oscillation amplitude at depths with constant year
temperature, Ag, = 0.1°C; and A is the depth of the
constant temperature layer (15 and 10 m in middle and
southern latitudes, respectively). Formula (Al.1) is
not valid for the permafrost region.

The worth of the model was proven for regions in
middle latitudes (the regions of Kaliningrad, Pavlodar,
and Pskov) and southern latitudes (the regions of
Stavropol and Vladivostok) [9]. Formula (Al.1) allows
one, at the stage of grounder design, to determine soil
temperature from weather station data with an accu-
racy of up to 10% in any season at depths of changing
temperatures: less than 15 and 10 m in middle and
southern latitudes, respectively, which that provides a
calculation error of resistivity no higher than 5%.

APPENDIX 2

Determination of Dependencies of pon t, v,
and Kinds of Soil

This [3] is based on a use of the fuzzy-set theory
[11], since humidity is a fuzzy notion.

The idea of the model is that a system of fuzzy rules
is developed for each kind of soil. The system can be
expressed as follows [11]:

{]F(xl € A, )AND(x, € A,))HOR(x, € A,,),

(A2.1)
THEN y = n,'(x);i = I,K, M’

where A is the fuzzy subset, i.e., a fuzzy interval for
variable x; with MF p; (x); M is the number of rules
(number of intervals); and y = 1,(x) is the function deter-
mining a local model solution for set x = (x, ..., X).

For a one-dimensional dependence, in our case, a

parameter of soil humidity is considered; the system of
fuzzy rules (A2.1) can be expressed by

IFx € Ai THENy =n,(x), i=1, K, M,

where A; have membership function p ().
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The membership functions have the property that
the following condition is satisfied at any point

z Hy(x) = 1.

i=1

To describe a fuzzy set, two notions are introduced:
fuzzy variable “humidity” with a basic term-set
(for example, “dry,” “slightly wet,” “wet”) and MF
p(v) € [0,1], which is a some subjective measurement
of fuzzy membership of element v to the given set; the
MF is constructed for each linguistic term. There are
more than ten typical forms of curves to define MF, for
example, the Z-function, etc. If MF p,(v) =1, the ele-
ment is strictly belonged to the given set, if p,(v) =0,
it is not belonged.

For such soils as sand, loamy sand, and clay, the
model is composed as follows: the number of fuzzy
intervals is two: first interval is 0 < v < 2%, the second
one is v > 6%, and the transition region is 2 < v < 6%.
The membership functions are as follows [3]:

1, 0<v<2,
o= 408072y oy <
0, v>6,
(A2.2)
0, 0<v<?2,
Mo =41 _e 8072 )<y <,
1, v>0.
The composed model is y = ZM w;(vIn,(v),
=1

where my(v] is the regressive dependence obtained
experimentally and N is the number of intervals. Thus,
the dependencies for sand, loamy sand, and clay can
be expressed by [2]

P, = (6x03"1,(v)

—0.022(¢ - 20)

+1.5%0.7 u,(v))e ,

Pis = (90 x 0.1, (v)

(A2.3)
+0.3x0.8"p,y(v))e "0,
P = (100 x 0.25Vu1(v)
+3x0.8"py(v))e M0,
At £<0°C,
P = pi k08777,
P = pi 'k, 0887, (A2.4)

P = Py 0.88"7 "
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where p’=% is the soil resistivity calculated by
Eq. (Al.2) at = 0°C and k, and k;, are the coefficients
[2] taking into account a stepwise increase in p in the
range from 0 to —1°C. These coefficients are calcu-
lated by the formulas k, = —0.03v? + 0.86v — 1.9 and
ki, = 0.024v? — 0.022v +0.2. There is no such jump for
clay, and p,, changes smoothly with decreasing #, since
wet clay is amorphous structure unlike sand.

Formulas (A2.3) and (A2.4) allow one to deter-
mine the dependencies of sand, loamy sand, and clay
resistivity on the temperature and humidity with accu-
racy that is sufficient for practice.

APPENDIX 3
Calculations of Errors

1. There are data from geological exploration:
sand, month is October, depth A =4 m, p=2.5Q m,
v = 19%, and groundwater level A, ,, = 4 m.

Soil temperature is calculated by Eq. (Al.l):
t=13°C. Humidity, from Eq. (4), is v = 18% (depth
lower than I m, and A,,, = 4 m), p of sand is calcu-
lated by Eq. (A2.3): p, = (6 x 0.3V, (v) + 1.5 x
0.7Vp2(v))e00220-20) = (6 x 0.3 x 0 + 1.5 x 0.7'8 x
1)e=0022(3-20 = 2 8 O m.

The computational errors of humidity and resistiv-
ity are 5 and 12%, respectively.

There are data from geological exploration: loamy
sand, month is May, depth 2= 1.1 m, p = 141 kQQ m,
v = 5%, and groundwater level A, ,, = 3 m.

Soil temperature from Eq. (Al.l) is # = 9.5°C.
Humidity, from Eq. (5), is v = 3.5% (depth more than
I m, and h,,, = 2 m), p of loamy sand is calculated
from Eq. (A2.3): p,, = (90 x 0.1Vpy(v) + 0.3 x
0.8V,(v))e~002¢=20) = 150 kQ m. The computational
errors of humidity and resistivity are 30 and 6%,
respectively.
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