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Za analizu rezultata i obavljanje mjerenja specifi€nog otpora tla inzenjerima su dane na raspola-
ganje smjernice i naputci razli¢itih medunarodnih normi. Prilikom koriStenja matematickih izraza
iz navedenih normi ¢esto nisu jasne okolnosti pod kojima su dobiveni navedeni izrazi. Jedan takav

slu€aj opisan je u ovom ¢lanku, a odnosi se na medunarodnu normu |EEE Std. 81-1983, izraz

za prividni specifi€ni otpor tla, a koji se odnosi na teorijski model i predvidanje mjernih rezultata
dobivenih Wennerovim mjernim rasporedom elektroda. U |IEEE Std. 81-1983 Stapne elektrode su
modelirane kao kuglaste, Sto u konacnici rezultira jednostavnim matematic¢kim izrazom za prividni
specifi¢ni otpor tla. Zbog navedenog pojednostavljenja inZzenjeri nemaju uvid u granice valjanosti
prema normi dobivenog izraza, odnosno njegovu to¢nost.

For the analysis of soil resistivity results and measurement, engineers have guidelines and instruc-
tions from various international standards at their disposal. The circumstances under which the
mathematical expressions in these standards were obtained are not always clear. One such case is
described in this article and refers to the international IEEE Standard

81-1983, an expression for apparent soil resistivity, and refers to a theoretical model and the pre-
diction and interpretation of measurement results obtained by using the Wenner method of electro-
de arrangement. In IEEE Std. 81-1983, rod electrodes are modeled as spherical, which ultimately
results in a simplified mathematical expression for apparent soil resistivity. Due to this simplifica-
tion, the expression in this standard does not provide engineers with insight into its validity limits,
i.e. accuracy.
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Reforma Skolstva fakultetskog i srednjeg obrazova-
nja kontinuiran je proces koji se odvija u cijelome
svijetu. Reforme naj¢e$¢e imaju trend smanji-
vanja opsega nastavnog gradiva, koji se provodi
smanjenjem udjela satnice teorijskih predmeta, a
povecanjem udjela nastavnih sati prakti¢ne nasta-
ve, odnosno znanstveno usmjeravajuéi predmeti.
InZenjeri Skolovani u takvom okruzju suoceni su
s poteSkocama u tumacenju i koristenju matema-
tickog instrumentarija pri slozenijim zadacama, a
koje im se namecu u inzenjerskoj praksi. Iz tog
razloga razli¢ita normativna medunarodna tijela
prilikom izdavanja normi, ¢ije smjernice i naput-
ke i mi slijedimo, koriste vrlo jednostavne mate-
maticke izraze u svojim izdanjima. Takvi izrazi
izvedeni su pod brojnim pretpostavkama, kako
fizikalnim, tako i matemati¢kim. Navedena po-
jednostavljenja fizikalne slike opravdana su pod
odredenim uvjetima koji se u normama cesto ne
navode. Naime, mnoge norme pisane su u vrijeme
kada je nastavni program u vecini zemalja svijeta
sadrzajno bio bogatiji teorijskim predmetima te
ve¢om satnicom matematike. InZenjeri kao kori-
snici normi u takvim uvjetima ¢esto nemaju pot-
punu predodzbu o mogucoj pogresci pri koristenju
normom preporucenih izraza za proracune ukoliko
se ista koristi u grani¢nim uvjetima, ili izvan njih.
Osim navedenog, znatan udio medunarodnih nor-
mi pisan je unazad nekoliko desetlje¢a, u vrijeme
kada su osobna rac¢unala bila dostupna uzem kru-
gu inZenjerske populacije. Naime, tek od kolovo-
za 1981. godine kada je IBM na trziste lansirao
osobno racunalo (PC) zapocela je era osobnih
racunala. Danas, 25 godina poslije, kada gotovo
svaki inZenjer u razvijenom svijetu posjeduje osob-
no racunalo nije potrebno da se za inzenjerske
proracune koriste matematic¢ki pojednostavljeni
izrazi, koji vrijede u vrlo uskim granicama fizikal-
nih varijabli. Ovaj ¢lanak daje osvrt na jedan takav
izraz opisan medunarodnom normom IEEE Std.
81-1983 [1] za interpretaciju mjernih rezultata
mjerenjem specificnog otpora tla Wennerovom
metodom. Da bi se odredila to¢nost izraza prema
medunarodnoj normi IEEE Std. 81-1983 odreden
je toCan izraz za prividni specifi¢ni elektri¢ni otpor
dvoslojnog tla mjeren Wennerovom tehnikom [2].
Na nekoliko primjera koji se mogu javiti u praksi
odredena je pogreSka predvidanja prividnog speci-
fi€nog otpora tla prema normi IEEE Std. 81-1983
u odnosu na to¢niji pristup prikazan u ovom c¢lan-
ku. Rezultati oba pristupa prikazani su analitic¢ki,
graficki te diskutirani.

INTRODUCTION

Reform of higher and secondary education is an on-
going process throughout the world. Reforms most
often tend to reduce the range of material taught
and are implemented by reducing the percentage of
the class hours devoted to theoretical subjects and
increasing the percentage of class hours devoted
to practical subjects, i.e. scientifically oriented
subjects. Engineers schooled in such an environ-
ment are confronted by difficulties in interpreting
and using mathematical instrumentation in the
complex tasks they encounter in practice. For this
reason, various international institutions use highly
simplified mathematical expressions when issuing
the standards whose guidelines and instructions we
follow. Such expressions have been derived under
numerous assumptions, both physical and math-
ematical. This simplification of the physical picture
is justified under certain circumstances, which are
not frequently mentioned in the standards. Many
standards were written at a time when the curricula
in the majority of the countries in the world includ-
ed more theoretical subjects and hours of math-
ematics. Engineers, as the users of these standards
under such circumstances, are frequently not fully
aware of the errors that are possible when using
the expressions recommended by the standards for
calculations under or outside boundary conditions.
Moreover, a significant percentage of the interna-
tional standards were written several decades ago,
at a time when personal computers (PCs) were only
available to small group of the engineering popula-
tion. It has only been since August 1981 that IBM
launched the personal computer on the market
and launched the PC era. Today, twenty-five years
later, when nearly every engineer in the developed
world posses a personal computer, it is not neces-
sary to use mathematically simplified expressions
for engineering calculations, which are only valid
under very narrow limits of physical variables. This
article provides a review of such an expression de-
scribed by an international standard, IEEE Std. 81-
1983 [11] for the interpretation of the results of the
measurement of soil resistivity using the Wenner
method. In order to determine the precision of the
expression according to IEEE Std. 81-1983, a pre-
cise expression has been determined for the appar-
ent resistivity of a two-layer soil model using the
Wenner technique [2]. The error in predicting and
interpreting apparent soil resistivity in several ex-
amples that can occur in practice was determined
according to IEEE Std. 81-1983 and compared to
the precise approach presented in this article. The
results of both approaches are presented graphi-
cally and analytically, and are discussed.
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MJERENJE SPECIFICNOG
OTPORA TLA

Naj¢eScée preporucivana i koristena mjerna tehni-
ka elektricnog mjerenja specificnog otpora tla je
Wennerova metoda [2] (slika 1). Razlog raspro-
stranjenosti uporabe navedene mjerne tehnike je
u jednostavnosti interpretacije mjernih rezultata
[31i [4].

MEASUREMENT OF SOIL
RESISTIVITY

The most frequently recommended and used meas-
urement technique for the electrical measurement
of soil resistivity is the Wenner method [2] (Figure
1). The reason for the widespread use of this meas-
urement technique is the simplicity of the interpre-
tation of the measured results [3] and [4].

medija/
medium a

gornji sloj tla / U U

upper soil layer a a h
Py e ———f————

doniji sloj tla / Pa
lower soil layer

Navedena mjerna tehnika veoma je prikladna za
odredivanje parametara dvoslojnog tla. Postupak
mjerenja obavlja se za tu namjenu specijalizi-
ranim baterijski napajanim mjernim uredajem.
Mjerni uredaj u sebi sadrzi strujni izvor sinusno
promjenjive struje kojemu je frekvencija razli¢ita
od mrezne, tj. od 50/60 Hz, koja se ne podudara
s moguc¢im harmonicima mreze, filtar kojim se iz-
dvaja izmjeni¢ni mjerni napon frekvencije strujnog
izvora mjeren voltmetrom, a koji potiskuju ostale
frekvencije te ampermetar.
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This measurement technique is highly suitable
for determining the parameters of two-layer soil.
The measurement procedure is performed for this
purpose using a specialized battery-operated meas-
uring device. The measuring device consists of a
sinusoidal current source of variable amplitude, the
frequency of which differs from that of the mains
frequency, i.e. 50/60 Hz and does not coincide with
possible mains harmonics, a filter that separates al-
ternating measuring voltage of the frequency of the
current source measured by a voltmeter and attenu-
ates other frequencies, and an amp meter.

Slika 1

Dvoslojno tlo i Wennerov
raspored elektroda
Figure 1

Two-layer soil and

the Wenner electrode
arrangement



STATICKI MODEL STRUJNOG
POLJA

Tumacdenje dobivenih mjernih rezultata temelji se
na statiCkom modelu strujnog polja u tlu [5]. U tu
svrhu koristi se tehnika odslikavanja izvora struj-
nih polja na granicama diskontinuiteta specifi¢nog
elektri€nog otpora tla (slika 2a). Utiskivanjem
struje I kroz strujne elektrode u tlo, nastalo struj-
no polje u dvoslojnom tlu mora zadovoljiti rubne
uvjete na granicama diskontinuiteta specificnog
elektricnog otpora: tlo-zrak, te gornjeg i donjeg
sloja tla, a koji glase [5] i [6]:

STATIC MODEL OF A
CURRENT FIELD

Interpretation of the measurement results is based
upon a static model of a current field in the soil [5].
For this purpose, the method of images is used to
describe the discontinuity boundaries of soil resis-
tivity (Figure 2a). The current field resulting from
the injection of current I through the current elec-
trodes in the two-layer soil must satisfy the bound-
ary conditions at the discontinuity boundaries of re-
sistivity: soil-air, the upper soil layer and the lower
soil layer, as stated in [5] and [6]:

i'.'!-f[lr.!..f.—ﬂ._.fl_}=l'}, nx{pJ, - pd |=0 (1)

n g, =Jd)=0, n-(J, -J)=0.

gdje je:

n — vektor normale na granice diskontinuiteta
specificnog elektri¢nog otpora,

J.  —gustoca struje u mediju a (zrak) na granici
diskontinuiteta specifi¢nog elektri¢nog otpora,

J,  —gustoca struje u mediju b (gornji sloj tla) na
granici diskontinuiteta specificnog elektri¢-
nog otpora i

J. - gustoca struje u mediju c (donji sloj tla) na
granici diskontinuiteta specificnog elektri¢-
nog otpora.

Zrak (medij a) ima visok specifi¢ni elektri¢ni otpor
za koji se misli da moze biti 108 Qm. |z tog razlo-
ga moze ga se gotovo bez ikakve pogreSke smatrati
izolatorom [7] i [8]. Poznavanje rubnih uvjeta (1) i
(2) na granicama diskontinuiteta specifi¢nog elek-
tri¢nog otpora omogucéava matematicko rjeSavanje
zadace i odredivanje potencijala na naponskim
mjernim elektrodama (slika 1).

@)
Where:
n — is the normal vector at the discontinuity bo-
undary of resistivity,
J.  —is the current density in medium a (air) at
the discontinuity boundary of resistivity,
J, — is the current density in medium b (upper

soil layer) at the discontinuity boundary of
resistivity and

J.  —is the current density in medium c (lower
soil layer) at the discontinuity boundary of
resistivity.

Air (medium a) has high specific resistivity, and is
thought to be 10'® Qm. For this reason, it can be
considered as an insulator, with practically no error
[7] and [8]. Knowing the boundary conditions (1)
and (2) at the discontinuity boundary of specific re-
sistivity facilitates the mathematical solution of the
task and the determination of the potential on the
voltage measurement electrodes (Figure 1).
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Prema teoriji odslikavanja [5] izvori strujnog polja,
tj. strujne elektrode A i D odslikavaju se od grani-
ca diskontinuiteta specificnog elektricnog otpora.
Prvo odslikavanje odvija se na granici tlo-zrak.
Ukopani dio strujnih elektroda duljine [ odslikava
se od granice tlo-zrak, u elektrodu duljine [, a iz
koje istjeCe jednaka struja kao iz originalne elek-
trode. S obzirom da jednaka struja istjeCe iz ori-
ginalne elektrode i njezine slike u podrucju a, te
kako se one dodiruju na granici tlo-zrak, mozemo
ih za proracune u podru¢ju b promatrati kao jed-
nu cjelinu, tj. kao elektrodu dvostruke duljine
21, a iz koje istjeCe dvostruka struja. Tako nastali
konglomerati originalnih strujnih elektroda A i D
s njihovim slikama koje se nalaze u podrucju a
odslikavaju se od granice izmedu gornjeg i donjeg
sloja tla, tj. od granice izmedu podru¢ja b i c u po-
drucje c. Novonastale slike nalaze se u podrucju c
(donji sloj tla), a srediste slika Stapnih elektroda
udaljeno je od granice tlo-zrak za dvostruku deblji-
nu gornjeg sloja tla, te iznosi 2A. |1z ove slike elek-
trode A viSe ne istjeCe struja 27, nego -2, gdje je
p koeficijent odslikavanja izmedu podrucja b i c
(B=(pa-p)!(pa+p,))

U idu¢em koraku potrebno je odslikati zamisljene
slike iz podru¢ja c u podru¢je a. Odslikavanje iz
podru¢ja ¢ u podrucje a odvija se na granici tlo-
zrak, a srediSta novonastalih zamisljenih slika u
podru¢ju a nalaze se na jednakoj udaljenosti od
granice tlo-zrak, kao i zamisljene slike iz prethod-
nog koraka u podrucju c, a koja odgovara dvostru-
koj debljini gornjeg sloja tla te iznosi 2h. U ovom
slucaju odslikavanje iz podru¢ja ¢ u podrucje a
ne mijenja iznos struje koja istjeCe iz zamiSljene
elektrode u podrucju a, jer je koeficijent odslika-
vanja jednak jedinici s obzirom da se podrucje a
(zrak) moZe smatrati izolatorom. Tako dobivene
zamis$ljene slike u podru¢ju a (zrak) potrebno je
ponovno odslikati od granice izmedu gornjeg i do-

"’ ||
@ Podrucje a/ Area a
[

(2} -
] A T,aB C D
I r [ L
y Py
Podrucje b / Area b
Pa

- Podruéje ¢ / Area c 7

According to the method of images theory [5], the
sources of the current field, i.e. current electrodes
A and D are mirrored at the discontinuity boundary
of resistivity. The first application of the method of
images occurs at the soil-air boundary. The parts of
the current electrodes buried in the soil of length
[ are mirrored at the soil-air boundary, in an elec-
trode of length [ from which equal current flows out
as from the original electrode. Since equal current
flows from the original electrode and its image in
Area a, and since they touch the soil-air boundary,
for calculations in Area b we can consider them to
be a single entity, i.e. an electrode of double length
21 from which double current flows. Thus, such
conglomerates of original current electrodes A and
D, with their images in Area a are by the method
of images mirrored at the boundary between the
upper and lower soil layers, i.e. from the bound-
ary between Area b and Area c in Area c. The new
images are located in Area c (lower soil layer) and
the center of the image of the rod electrodes is at
a distance from the soil-air boundary of two times
the thickness of the upper soil layer, amounting to
2h. Current B-21 instead of 21 flows from this image
of electrode A, where 3 is the reflection coefficient
[1] (reflection factor [3]) between Areas b and c
(B=(ps-p)/ (ps+pe).

In the next step, it is necessary to apply the method
of images on the imaginary image in Area c to mir-
ror them in Area a. Mirroring from Area ¢ to Area a
occurs at the soil-air boundary, and the centers of
the new imaginary images in Area a are at the same
distance from the soil-air boundary as the imaginary
images from the previous step in Area c, which cor-
responds to a thickness twice that of the upper soil
layer and equals 2A. In this case, the mirroring from
Area c to Area a does not alter the amount of cur-
rent that flows from the imaginary electrode in Area
a, because the reflection coefficient is equal to 1,
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Slika 2

Wennerov raspored
elektroda, dvoslojno tlo
i odslikavanje strujnih
elektroda

Figure 2

Wenner electrode
arrangement, two-layer
soil images of current
electrodes



Slika 3
Odslikavanje u
dvoslojnom tlu
ekvivalentnim

kuglama i Wennerov
raspored elektroda
Figure 3

Mirroring in two-layer
soil with equivalent
spheres and the
Wenner electrode
arrangement

njeg sloja tla, tj. podru¢ja b i ¢ u podruéje c, s
koeficijentom odslikavanja 3, te se takav postupak
nastavlja unedogled. Prilikom svakog odslikavanja
od granica diskontinuiteta elektricnih znacajki
(specificnog elektricnog otpora tla) povecava se
udaljenost novonastalih zami$ljenih izvora polja
od granice tlo-zrak te se njihova sredista nalaze
na udaljenosti od granice tlo-zrak h, 2h, 4h, ..., 2nh,
gdje je nredni broj zamisljene slike.

Za razliku od prikazanog odslikavanja u kojemu je
oCuvana stvarna geometrija strujnih izvora polja
(elektrode A i D) prema slici 2a, u medunarodnoj
normi |EEE Std. 81-1983 [1] navedeno odslika-
vanje je znatno pojednostavijeno. Naime, prva
pretpostavka koja je ucinjena u fizikalnom modelu
norme |EEE Std. 81-1983, je zamjena Stapnih
elektroda s polukuglama, koje su se stopile sa svo-
jom slikom iz podru¢ja a, koja je takoder poluku-
gla, pa se daljnje odslikavanje provodi s kuglama
(slika 3).

since Area a (air) can be considered as an insula-
tor. Such obtained imaginary images in Area a (air)
must be mirrored again from the boundary between
the upper and lower soil layers, i.e. Areas b and c in
Area c, with the reflection coefficient /3, and such a
procedure is continued indefinitely. On the occasion
of every mirroring from the discontinuity boundary
of soil resistivity, the distance increases between the
new imaginary field sources and the soil-air bound-
ary, and their centers are located at distances from
the soil-air boundary of h, 2h, 4h, ..., 2nh where n is
the ordinal number of the imaginary image.

Unlike the mirroring presented in which the actual
geometry of the current source fields (electrodes
A and D) is according to Figure 2a, this mirror-
ing is significantly simplified in the international
I[EEE Std. 81-1983 [1]. The first assumption in
the physical model of IEEE Std. 81-1983 is the
replacement of rod electrodes with hemispherical
ones, which merge with their image from Area a,
which is also a hemisphere, and further mirroring is
conducted with spheres (Figure 3).

@np
2h
(DB
o a e e a 5 Podrugje a/ Area a
A =B .C oD Pk
2 F \ 4 \ / \ 4 \
@h h u u u u Py Podrucje b / Area b
Yy
A
h Pad Podrugje ¢ / Area ¢
2np '
2h
@np’

Predstavljanjem Stapnih (cilindri¢nih) elektroda
strujnih mjernih sondi s kuglama omoguceno je
koriStenje izraza za potencijal u okoliSu kugle,
odnosno to¢kaste izvore polja, jer se potencijal
odreduje izvan ekvivalentne kugle. lzrazi za elek-
triéni potencijal u prostoru oko toc¢kastih izvora
polja su matematicki vrlo jednostavni. Zbog na-
vedenog pojednostavljenja izraz za prividni speci-
fi¢ni otpor tla prema IEEE normi Std. 81-1983 [1]
je valjan ukoliko je dovoljno velik razmak izmedu
susjednih elektroda a. Naime, ukoliko je dovoljno
velik razmak izmedu elektroda a, tada su ekvipo-
tencijalne krivulje koje su uzrokovane strujnim
elektrodama cilindri¢nog oblika sli¢ne ekvipoten-
cijalnim krivuljama tockastih izvora polja.

Presenting the rod (cylindrical) electrodes of cur-
rent measuring probes with spheres permits the
use of the expression for potential in the sphere
vicinity, i.e. field point sources, because the poten-
tial is determined outside the equivalent sphere.
Expressions for electric potential around the point
sources are mathematically very simple. Therefore,
the cited simplified expression for apparent soil
resistivity according to IEEE Std. 81-1983 [1] is
valid if there are is a sufficiently large spaces be-
tween the neighboring electrodes a. If there is a
sufficiently large space between electrodes «a, the
equipotential curves that are caused by cylindrical
current electrodes are similar to the equipotential
curves of the point sources.
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Ekvipotencijalne krivulje kojeg uzrokuju cilindri¢ne
elektrode su oblika elipse, a ukoliko je to¢ka pro-
matranja daleko od elektrode ekvipotencijalna
krivulja koja prolazi kroz nju je priblizno kruznog
oblika, Sto odgovara tockastom izvoru polja (slika
2b). Iz navedenog je jasan fizikalni smisao pojed-
nostavljenja, ali ne i utjecaj navedenog pojedno-
stavljenja na pogresku pri odredivanju specificnog
otpora tla, pogotovo u sluc¢aju kada su mjerne elek-
trode relativno blizu jedna drugoj. Da bi se dobio
odgovor na ovo pitanje potrebno je odrediti izraz
za prividni specifi¢ni otpor tla mjeren Wennerovim
spojem u kojemu su mjerne elektrode modelirane
kao Stapovi (tanki cilindri). Zatim je na nekoliko
primjera iz prakse odredena pogre$ka koja nastaje
zbog modeliranja Stapnih elektroda s kuglama te
utjecaj blizine elektroda na mjerenje.

ODREBIVANJE TOCNOG
IZRAZA ZA PRIVIDNI
SPECIFICNI OTPOR TLA

Postupak odredivanja to¢nog izraza za prividni
specificni elektri¢ni otpor tla sastoji se od neko-
liko koraka. U prvom koraku potrebno je pronaci
neki jednostavniji izraz uz pomoc¢ kojega se lako
odreduje potencijal u okolini Stapne elektrode
iz koje istjeCe struja I, kada se ona nalazi u ne-
ograni¢enom mediju. U drugom koraku potrebno
je uvaziti utjecaj granice tlo-zrak koriStenjem
tehnike odslikavanja, te odredivanje izraza za
skalarni elektri¢ni potencijal na mjestu jedne od
naponskih mjernih elektroda. Treci korak sastoji
se od uvazavanja jo$ jedne granice diskontinuiteta
specifitnog elektricnog otpora tla, a koja se na-
lazi ispod gornjeg sloja tla. Kao i u prethodnom
koraku primjenom tehnike odslikavanja, potrebno
je odrediti potencijal u gornjem sloju tla (podrucje
b) na mjestu jedne od naponskih mjernih elektro-
da. U posljednjem koraku na temelju prethodno
odredenih izraza potrebno je odrediti izraz za pri-
vidni specifi¢ni elektri¢ni otpor dvoslojnog tla mje-
rene Wennerovim rasporedom elektroda (slika 1).

Skalarni elektri¢ni potencijal u okolini Stapne elek-
trode konacne duljine 7 iz koje istjeCe struja I, a
koji se nalazi u neograni¢enom mediju specifi¢nog
otpora p, prikazan slikom 4a prema [5] glasi:

X+o+ J[r re) + ¢

-l',ﬂ..l
= I = —
4al .l'—i."'\jl:.'l.'—{'r'l'_l"-

@lx.v)=

Equipotential curves caused by cylindrical electrodes
are in the form of an ellipse, and if the observation
point is distant from the electrode, the equipotential
curve that passes through it is approximately round in
shape, which corresponds to the point source (Figure
2b). Therefore, the physical purpose of simplifica-
tion is clear but not the impact of this simplification
on the error in determining soil resistivity, especially
when measurement electrodes are relatively close to
each other. In order to obtain an answer to this ques-
tion, it is necessary to define an expression for appar-
ent soil resistivity measured by the Wenner method
in which the measurement electrodes are modeled
as rods (thin cylinders). In several actual examples,
errors were determined that occurred due to modeled
rod electrodes with spheres and the influence of the
vicinity of the electrodes upon measurement.

DEFINITION OF A PRECISE
EXPRESSION FOR APPARENT
SOIL RESISTIVITY

The procedure for defining a precise expression for
apparent soil resistivity consists of several steps. In
the first step, it is necessary to find a simpler expres-
sion with the help of which potential can be easily
defined in the vicinity a rod electrode from which cur-
rent I flows, when it is in an infinite medium. In the
second step, it is necessary to take into account the
influence of the soil-air boundary by using the meth-
od of images and the determination of an expression
for electrical scalar potential on the site of one of the
voltage measurement electrodes. The third step con-
sists of taking into account one more discontinuity
boundary of soil resistivity, which is found below the
upper soil layer. As in the previous step in the applied
method of images, it is necessary to define the poten-
tial in the upper soil layer (Area b) at the site of one
of the voltage measurement electrodes. In the final
step, based on the previously defined expressions, it
is necessary to define an expression for the appar-
ent resistivity of two-layer soil measured using the
Wenner electrode arrangement (Figure 1).

The electrical scalar potential in the vicinity of a rod
electrode of the final length I, from which current 1
flows, located in an infinite medium of resistivity p,
shown in Figure 4a according to [5], is as follows:

©)
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Slika 4

Ravni §tap i
relevantna geometrija
Figure 4

Straight rod and the
relevant geometry

gdje je: where:
I - struja koja istjece iz povrsine vodica (A), I — the current that flows from the conductor
p.  — specificni elektricni otpor gornjeg sloja tla surface (A),
(Qm), p,  —the resistivity of the upper soil layer (Qm),
l — duljina vodi¢a elektrode (m), l — the length of the electrode (m),
c — pola duljine vodica strujne elektrode (i=2c). c — half the length of the current electrode
(I=2¢) (m).
a) b) Iy y 0
Ay
T(xy) !
[ | x [ y
| I > i 3 >
. 1=2¢ N 1 .
" i * T(x.y)
X

Stapanjem strujne elektrode duljine [ s njezinom
slikom novonastala elektroda ima duljinu ['=2/
(slika 4b), a ukupna struja koja istjece iz nasta-
log konglomerata iznosi =21, te je potencijal u
okolini takve elektrode prema slici 4b za x>0 dan
izrazom:

With the merging of a current electrode of the length / of
with its image, the new electrode has the length of /'=2/
(Figure 4b), and the total current that flows from the
new conglomerate amounts to /=21, and the potential in
the vicinity of such an electrode according to Figure 4b
for x>0 is given with the following expression:

j“'ﬂ THJFE*‘JII{'“""":}:* fp  x+l+ |:.1-'+-I':|:F_l':
{H'}_ : = =0 S+ (4)
i '1"_""'!* =FiZ) +y 4d ¥ =l yflx=1) + )

Naravno, pod duljinom elektrode koja se odslika-
la od granice tlo-zrak razmatra se samo ukopani
dio strujne elektrode u tlu (ono $to je izvor polja).
Potencijal na mjestu naponske elektrode B zbog
istjecanja struje iz strujne elektrode A stopljene
sa svojom slikom koja se nalazi u podrucju a (slika
4b), i utjecanja struje u strujnu elektrodu D sto-
pljene sa svojom slikom koja se nalazi u podrucju
a (slika 4b), u tocki T, (slika 2b) u jednoslojnom
tlu iskazan geometrijom mjernog spoja glasi:

I"+a*

I +12u]|

Naturally, along the length of the electrode that is
mirrored at the soil-air boundary, only the part of
the electrode buried in the soil is considered (that
which is the source of the field). The potential at
the site of voltage electrode B due to the flow of
current from current electrode A merged with its
image that is located in Area a (Figure 4b), and
the inflow of current in electrode D merged with its
image that is located in Area a (Figure 4b), at point
T, (Figure 2b) in one layer soil is expressed by the
geometry of the measurement circuit, as follows:

3

W = ]
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Zbog simetrije potencijal elektrode C suprotnog
je predznaka od potencijala elektrode B, te vrije-
di: ¢.=—¢;,. Potencijal ¢, odnosno potencijal ¢
odredeni su na uzduznim osima naponskih mjer-
nih elektroda B i C u tocki koja dodiruje granicu
tlo-zrak (slika 2b). Medutim, treba imati na umu
da potencijal treba odrediti metodom srednjeg
potencijala, jer se prema izrazu (4) potencijal
mijenja duz uzduzne osi naponske elektrode.
Naocigled je ova konstatacija zbunjujuca, jer se
sve toCke na idealnom vodic¢u pri elektrostatskim
uvjetima nalaze na jednakom potencijalu. Da bi
sve to¢ke vodi¢a naponskih elektroda bile na jed-
nakom potencijalu, bilo bi potrebno vrsiti odslika-
vanje od cilindri¢ne granice, tj. strujnih elektroda
od povrSine naponskih elektroda. Medutim, kako
je duljina naponskih mjernih elektroda konac¢na,
takvo odslikavanje je teSko provedivo. Zanemariva-
njem odslikavanja strujnih elektroda od naponskih
mijernih elektroda, vodi¢i naponskih mjernih elek-
troda presijecaju razli¢ite ekvipotencijalne krivulje
uzrokovanih strujnim elektrodama (slika 2b). lako
su sve toCke na idealnom vodi¢u u stati¢kom polju
na jednakom potencijalu, matematicki nije jed-
nostavno odrediti iznos tog potencijala. U takvim
slucajevima ukoliko je moguce koristi se metoda
srednjeg potencijala. Srednja vrijednost poten-
cijala predstavlja nepristranu procjenu potenci-
jala na kojemu se nalazi vodi¢ naponske mjerne
elektrode.

Uzmimo da je duljina strujnih mjernih elektroda /,
a naponskih mjernih elektroda d (slika 2a).

Tada srednji potencijal na mjestu naponske elek-
trode B zbog struje konglomerata elektrode A i
njezine slike u podrucju a, te konglomerata strujne
elektrode D i njezine slike u podru¢ju a glasi:

= |J
o s y=a)dx,
i) H!q.':l{r_p drjdx

Srednji potencijal elektrode B zbog struja kon-
glomerata originalne elektrode A, koja se nalazi u
podrucju b i njezine zamisljene slike koja se nalazi
u podrucju a, te konglomerata originalne elektrode
D, koja se nalazi u podrucju b i njezine zamisljene
slike koja se nalazi u podrucju a glasi:

ff
S T

=1In

Due to the symmetry, the potential of electrode C is
opposite to that of the of the potential of electrode
B, as follows: ¢-.=—¢,. Potential ¢, or potential ¢
are defined along the axes of voltage measurement
electrodes B and C at the points that touch the soil-
air boundary (Figure 2b). However, it is necessary to
bear in mind that the potential should be determined
by the mean potential method, because according to
Expression (4), the potential changes along the length
of the axis of the voltage electrode. Apparently this
statement is confusing because all the points on the
ideal conductor under electrostatic conditions are lo-
cated at the same potential. In order for all the points
on voltage electrodes to be at the same potential, it
would be necessary to perform the method of images
from the cylindrical boundary, i.e. current electrodes
from the surface of the voltage electrodes. However,
since the length of the voltage measurement elec-
trodes is finite, in such case it is difficult to perform
the method of images. By ignoring the image of the
current electrodes from the voltage measurement
electrodes, the buried part (conductor) of the voltage
measurement electrodes intersect with various equipo-
tential curves caused by the current electrodes (Figure
2b). Although all the points on an ideal conductor in a
static field are of an equal potential, mathematically it
is not simple to determine the value of this potential.
In such cases, insofar as possible, the mean potential
method is used. The mean potential value represents
an unbiased assessment of the potential of the buried
part of the voltage measurement electrode.

Let us say that the length of the current measure-
ment electrodes is 7 and the voltage measurement
electrodes is d (Figure 2a).

Then the mean potential at the site of the voltage
electrode B due to the current conglomerate of
electrode A and its image in Area a, and the con-
glomerate of current electrode D and its image in
Area a is as follows:

The mean potential of electrode B, due to the currents
from conglomerates of the original electrode A, which
is located in Area b and its imaginary image that is lo-
cated in Area a, and the conglomerates of the original
electrode D, which is located in Area b and its imagi-
nary image that is located in Area a, is as follows:

x+f+ Jl:.r--”: +{3{r}; | g

o Ay n.‘r--uf-- (x+f)f +a°
4“""""'1 = +yflx=1) +&’

x—I+ 1..,"[.'4.' —1F +(2af
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Umjesto rjeSavanja integrala u izrazu (7), za kojeg
postoji analiti¢ko rjeSenje, prikladnije je ishoditi
numeric¢ko rjeSenje, tj. provesti numeri¢ku in-
tegraciju. Kako je podintegralna funkcija glatka
funkcija, umjesto sloZenijih postupaka numerickih
integracija (Trapezno pravilo, Simpsonovo pravilo,
Romberg ) prikladnije je provesti jednostavnu inte-
graciju prema pravokutnom pravilu [91:

Instead of solving the integral in Expression (7),
for which there is an analytical solution, it is more
appropriate to obtain a numerical solution, i.e. to
perform numerical integration. Since the subinte-
gral function is a smooth function, instead of more
complex procedures of numerical integration (the
trapezoidal, Simpson and Romberg rules), it is
more appropriate to perform a simple integration
according to the rectangular rule [9]:

: X, — X o \ \ X, — X,

j'_r{ Ax==2_"1%" fx +m-A)+O(4), A==1_1"L ®)
b M 4 M

gdje je: where:

A — korak tj., prostorna udaljenost izmedu dvi- A — step, i.e. the spatial distance between two

je susjedne tocke u kojima se uzima uzo-
rak funkcije f(x), a koji se nalazi na krivulji
integriranja, x, i x, po¢etna i krajnja tocka
duz krivulje na kojoj se integrira funkcija
Sx),

O(A) — numericka pogreska integracije, tj. odstu-
panje od to¢ne vrijednosti integrala,

M - broj uzoraka funkcije na intervalu izmedu
tocaka x, i x,.

Naravno, zbog jednostavnije sheme numeri¢kog
integriranja potreban je nesto veéi broj uzoraka M
funkcije fix), ali je iskazivanje rjeSenja analitiCkim
izrazom olaksano.

Primjenom izraza (8) na izraz (7) srednji potencijal
elektrode B zbog konglomerata originalnih strujnih
elektroda A i D, koje se nalaze u podru¢ju b i nji-
hovih zamisljenih slika koje se nalaze u podrucju
a glasi:

B B

Am+l+f(x+1) +a® Am-I +\l|r[ e~1) +(2ay

neighboring points in which a sample of fun-
ction fix) is taken, which is on the integrati-
on curve, x, and x, the initial and final points
along the curve on which the function f(x) is
integrated,

O(A) — the numerical integration error, i.e. the de-
viation from the precise value of the integral,

M - the number of the samples of the function
between points x, and x,.

Naturally, due to the simpler scheme of numerical in-
tegration, a somewhat larger number of samples of the
M function f(x) are required, but the presentation of
the solution is easier with the analytical expression.

By applying Expression (8) to Expression (7), the
mean potential of electrode B, due to the conglom-
erate of the original current electrodes A and D,
which are located in Area b and their imaginary im-
ages that are located in Area a, is as follows:

[ET R LA
I

gdje je korak A duz osi naponske mjerne elektrode
B dan izrazom:

i

m=0,12,..M-1,

"'IJIJI j‘f il \ lif” —,|r-|-\|{':t'—|r'r +IJ; jﬂ""f"‘ "Ir{r'klr}ﬂ +13“}; l.l

where step A along the axis of the voltage measurement
electrode B is given with the following expression:
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u kojemu je:

d — duljina ukopanog dijela naponske mjerne
elektrode B,

M - broj uzoraka, tj. toCaka promatranja po-

tencijala, a koje se nalaze na uzduznoj
osi ukopanog dijela naponske elektrode B.

U dvoslojnom tlu situacija je nesto slozenija, jer
na potencijal naponske mjerne elektrode utjecu
zamis$ljene slike zbog viSestrukih odslikavanja, a
koje se nalaze u podru¢jima a i c. Utjecaj slika
strujnih elektroda A i D u podruc¢jima a i ¢ moze
se uvaziti neovisno te se u konatnom izrazu za po-
tencijal algebarski zbrajaju zajedno s potencijalom
odredenim izrazom (9). Srednji potencijal zbog
slika iz podrucja a prema izrazu (8) iznosi:

A -1

in which:

d — the length of the buried part of voltage mea-
surement electrode B,
M - the number of samples, i.e. the points in

which potential is observed, which are loca-
ted on the longitudinal axis of the buried
part of charge electrode B.

In two-layer soil, the situation is somewhat more
complex because the potential of the voltage meas-
urement electrode is influenced by the imaginary im-
age due to multiple image sources, which are located
in Areas a and c. The influence of the images of the
current electrodes A and D in Areas a and c can be
considered independently and in the final expression
for the potential, they are summed algebraically to-
gether with the potential defined by Expression (9).
The mean potential due to the image from Area a
according to Expression (8) is as follows:

@ = ﬁ J olx, vidx , 1. @ = *Lf;'w{t = 2k + Am, v) ()

2

Srednji potencijal zbog zamisljenih slika iz po-
dru¢ja c prema izrazu (8) iznosi:

The mean potential due to the imaginary images from
Area c according to Expression (8) is as follows:

Pt} -
— | j o
= - el vy, 4. p=— ol x = 2nh—d + Am, ), 12
g 4. ; 4 Y -E“ ; (12)
ot = il
ili prema: or according to:

Af-1

0= -'l-lF Egﬂ{l = 2rihi = Ani, ) .

Da bi se mogao odrediti izraz za srednji potencijal
naponskih mjernih elektroda prema posljednjim
izrazima potrebno je odrediti analiti¢ki oblik izraza
za potencijal ¢(x,y) u dvoslojnom tlu za podrucje
b, u kojemu se nalaze naponske mjerne elektrode,
a zbog odslikanih strujnih elektroda A i D, koje se
nalaze u podruc¢jima a i c. Potencijal u podru¢ju
b, na granici tlo-zrak na mjestu naponske mjer-
ne elektrode B u to¢ki T, prema slici 2b, a zbog
uvazenih N slika strujnih elektroda A i D koje se
nalaze u podrucju a glasi:

(13)

In order to define the expression for the mean po-
tential of the voltage measurement electrodes ac-
cording to the previous expressions, it is necessary
to define the analytical form of the expression for
potential ¢(x,y) in two-layer soil for Area b, in which
the voltage measurement electrodes are located,
and due to the images of current electrodes A and
D, which are located in Areas a and c. The poten-
tial in Area b, at the soil-air boundary at the site of
the voltage measurement electrode B in point T,
according to Figure 2b, and due to N images of the
current electrodes A and D that are located in Area
a, which are taken into consideration, is as follows:
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: (2nh+ 0+ J(2ah+ 1Y +a°
b +

(2rf—1) +~,j'{2m':—!l: +a’

(14)

i Inl:znh—i'u J:Em':—."l" +{2ay’

(2nh+1)+ J{En.l’: +1Y +(2a)

Potencijal u podru¢ju b, na granici tlo-zrak na
mjestu naponske mjerne elektroda B zbog slika
strujnih elektroda A i D, koje se nalaze u podrucju
c glasi:

The potential in Area b, at the soil-air boundary at
the site of voltage measurement electrode B due to
the images of the current electrodes A and D, which
are located in Area c, is as follows:

“In (Znh+ D)+ J(2nh+ 0V +a  (2nh—1) 4+ J(2nh—1Y +(2a)

_ Ip, <
iﬁ.—ﬁzlﬁ

(Znh-1)+ J{_zi?h—lr_': +a (2mh+N+ JLZMH +1V +(2ay

.(15)

Kao $to se to moze zapaziti izrazi (14) i (15) su
identi¢ni, jer je potencijal odreden u toCki na
granici tlo-zrak. Medutim, kada se potencijal
odreduje u bilo kojoj drugoj to¢ki unutar podrucja
b izrazi (14) i (15) ¢e se razlikovati. Prema slici
2b izrazi (14) i (15) odnose se na potencijal u
toCki T,. Ukoliko se prema navedenim izrazima
potencijal odreduje u tocki T,, tada je izraze (14)
i (15) potrebno modificirati. U izrazu (14) umjesto
2nh+l treba pisati 2nh+I1+d, a umjesto 2nh-I treba
pisati 2nh-I+d. U izrazu (15) umjesto 2nh+[ treba
pisati 2nh+I-d, a umjesto 2nh-[ treba pisati 2nh-I-d.
Na temelju iznesene logike razmisljanja dolazi se
do izraza za srednje potencijale elektrode B zbog
slika strujnih elektroda A i D, koje se nalaze u po-
dru¢jima a i c, koji glase:

As can be observed, Expressions (14) and (15) are
identical because the potential is defined at the point
at the soil-air boundary. However, when the potential is
defined at any other point within Area b, Expressions
(14) and (15) will differ. According to Figure 2b,
Expressions (14) and (15) refer to the potential at
point T,. If according to the cited expressions the po-
tential is defined at point T,, then Expressions (14)
and (15) must be modified. In Expression (14), in-
stead of 2nh+l it is necessary to write 2nh+I/+d, and
instead of 2nh-[ it is necessary to write 2nh-I+d. In
Expression (15), instead of 2nh+I it is necessary to
write 2nh+[-d, and instead of 2nh-l it is necessary to
write 2nh-I-d. Based upon the logic presented, the
expression is obtained for the mean potential of elec-
trode B due to the images of the current electrodes A
and D, which are located in Areas a and c, as follows:

2nh+ Am+| 4+ J{Eum Am+Iy +a
.

In
o kxus | 2mh4Am-l+ uﬁlvrhhﬂ.m—ff-rn:
—EZEJ’J’ _ = h (16)
Mo lnznmam—hJ{zun+;~.m—f}-+;3ur
2nh+ Am+i+ J{Enh +Am+I) +(2ay
2uh—An 41+ J(2ah-Am 4 1Y +a”
- By 2ah=Am =1+ J(2ah=Am =1V +a’
&Yy fhn v . (1
Mo Enh—ﬂm—HJI:ln-’l—.‘Lnr—H: +1{2a)’

Znh—Am 414 J(2nh—-Am 4+ 1Y 4 (2a)

u kojima je K=Ip,/4nl, a korak A odreden izrazom
(10).
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in which K=Ip,/4nl, and step A is defined by
Expression (10).
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Ukupni srednji potencijal zbog zami$ljenih slika
elektroda A i D koje se nalaze u podruc¢jimaaic te
konglomerata strujnih elektroda A i D s njihovom
slikama koje se nalaze podru¢ju a, jednak je zbro-
ju srednjih potencijala @4i @5 sa @%. Takav bi izraz
zbog svoje duljine postao nepregledan, a ujedno
ne bi bio prilagoden za pisanje programa za racu-
nalo koristenjem programskih petlji. Naime, treba
imati na umu da izraz treba svesti na takvu formu
koja je prikladna za pisanje programa na racunalu,
pogotovo za koriStenje programskih petlji.

Sre¢om, moguce je napisati jezgrovitiji izraz za
srednji potencijal zbog slika iz podru¢ja a i c, a
koji je istodobno prikladan za pisanje programa za
osobno rac¢unalo (PC) te on glasi:

The total mean potential due to the imaginary im-
ages of electrodes A and D in Areas a and ¢ and the
conglomerate of current electrodes A and D with their
images located in Area a, is equal to the sum of the
mean potentials @}and @;, with @} . Due to the length
of such an expression, it is not easy to comprehend
and would not be suitable for writing programs for a
computer using program loops. It is necessary to bear
in mind that an expression must be reduced to a form
that is suitable for writing programs on a computer,
especially for using program loops.

Fortunately, it is possible to write a more concise ex-
pression for mean potential due to the images from
Areas a and c, which at the same time is suitable for
writing programs for a personal computer, as follows:

Inzem-.s-m-1-1r+a'=..|’i1rm-.'.-m-1-||'+n‘-+u-‘ '
EE.EI* 2h—A-m-(~1) -r-...fxzn:r-.m-m-q-11' Y 4o s
s 2nh=Aom-(=1) [+ ‘|r[ imh= A (=1} 2a)’

2pph = A {=1)" + /4 ‘flﬂrrfr- Avme{=17 +IV +(2aV |

Kratkim osvrtom na prethodni izraz uoCavaju se
sliéni ¢lanovi u razlomku pod logaritmom, Sto
otvara mogucnost daljnjeg sazimanja dobivenog
izraza na jo$ jezgrovitiji oblik:

Briefly reviewing the previous expression, it is evi-
dent that there are similar articles in the fraction
under the logarithm, thereby opening the possibility
for further reduction of the expression obtained into
an even more concise form:

LN LU e TPY P PO i R L U R,
(=10 + (2= A m-(=1) +(=1)1Y + 2 19)

== Eﬂqle [—[IZMM- A (=1}

g 2ol —Awre =1

) = (-1 + J2h - A (-1 — (=11 + 2

Ukoliko se u kona¢nom izrazu za potencijal na-
mjerava koristiti jednadzba za srednji potencijal
u obliku prikazanom jednadzbom (19), tada je
jednadzbu (9) potrebno svesti na takav oblik, tj.:

If it is intended to use an equation for the mean
potential in the form presented by equation (19) in
the final expression for potential, then Expression
(9) must be reduced to such a form, i.e.:

FE_*

L

ﬁll

sl

[i[ Acm+{= T+ J{A-m (= 1IF +2'&
A= (=1 T+ J(Aem— (-1 1) + 2"

= (20)

Ukupni srednji potencijal naponske mjerne elek-
trode B iznosi:

The total mean potential of the voltage measure-
ment electrode B amounts to:

1
IT|.

A+ (= 1N+ JlA-m+ (1) IF + 2

! k) ]

o A== 14 A -m— (= 1Y IY 42

- (21)

]qu,!uh-- Aopi-(=11" + (=1 )+ .ﬁ‘m’:- A =10 =1V IV + 2

g in

(2uh= Asmi-(= 1) = (=104 20k = A= 1) (- 1) JF +2'a a |
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Kako je zbog geometrijske i elektri¢ne simetrije
(slika 2a) potencijal elektrode C suprotnog pred-
znaka od potencijala elektrode B, a time i srednji
potencijal, tj. .=—@g, napon Uy izmedu napon-
skih elektroda B i C, mjeren voltmetrom (slika 1)
iznosi Uy = Uye= 25, a iskazan geometrijom mjer-
nog spoja glasi:

Since due to geometric and electrical symmetry
(Figure 2a), the potential of electrode C is of the
opposite sign of the potential of electrode B, and
thereby the mean potential, i.e. §.=-@;, then volt-
age U, between voltage electrodes B and C meas-
ured with a voltmeter (Figure 1) amounts to U, =
Usc= 2@, and expressed by the geometry of the
measurement circuit is as follows:

A cma (=10 (A (= 1) 42
||"|I'II b I +

ra

= & W=l e
e == 2

-y

V=1V 4 LA - (- 1T+ 2

(22

ek (2= A = 1) (=D 2k = A = 1) (=101 = 2
Syl !

=S e Cah-Aem (=1 (= 1) 2Rl Ao (= 1) (=100 + 2 |

Ukoliko je iz nekog razloga prikladnija proSirenija
forma, napon Uy glasi:

If for some reason an expanded form is more suit-
able, Uy is as follows:

h.'!'ﬂ'l-‘hl + ..||'| -|'|. +il .'.l-ﬂ'r-.l+..|| 'r—|'|.+1'_'.rr'

Sem=l+ .‘III-.I"I +dr .‘.u-rr|-+.l+.~|ll r+ 1} +{2uf

¥

= & i i b & L 16 = k- 'F ¥ T % N . |-|| . ' | - 1 1
‘-_-. ri E.ﬂrl"-“ﬁ Armsf -.|E-rn'r+.'| mdf +a Iol+&-m- -.||1-|n'r+.'!|m ¥+ 2y . (23)

L R

Dahr+ Aem— = o2+ Acm—dF +° Db At f5 {2+ A me+ I+ (20)
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=] -.'Jll'r-'i-nl--l'-‘lli'.‘-m'r Avi=11 i Zeb=A rrrdl'--,,'ll,."ul'l--"l. -IIH"I:-'::’H_I'

Jednom odreden napon Uy. = Uy iskazan geo-
metrijom mjernog spoja omogucava odredivanje
izraza za prividni specifi¢ni elektri¢ni otpor p(a)
za svaku pojedinu mjernu tehniku, tj. raspored
elektroda. Prividni specifi¢ni otpor tla p(a) iskazan
geometrijskim faktorom F po definiciji glasi:

Once voltage U= U, is determined, expressed
by the geometry of the measurement circuit, it is
possible to determine an expression for apparent
soil resistivity p(a) for each individual measurement
technique, i.e. electrode arrangement. Apparent
soil resistivity p(a) expressed by the geometric fac-
tor F is by definition as follows:

o, 1 O 1
a)=—Y—_ =Bc __
2| s

(24)

Kada je tlo homogeno, tada prividni specifi¢ni ot-
por tla p(a) ne ovisi o razmaku elektroda, te je on
jednak specifi€nom otporu tla gornjeg sloja tla, tj.
pla) = p,, odnosno vrijedi:

When the soil is homogeneous, the apparent soil
resistivity p(a) does not depend upon the distance
between the electrodes and is equal to the soil re-
sistivity of the upper soil layer, i.e. p(a) = p,, or:

I

L
po= 5=

==

Odatle je:
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F=—-2 (26)

Kada je specifi¢ni elektri¢ni otpor gornjeg sloja When the specific resistivity of the upper soil layer
tla p, jednak specificnom elektricnom otporu do- p. equals the resistivity of the lower soil layer p,,
njeg sloja tla p, tada je koeficijent odslikavanja 3 the reflection coefficient (reflection factor) 5 equals
jednak nuli. Tada u jednadzbi (22) za napon Uy zero. Thus, in equation (22) for voltage Uy the arti-
otpada ¢lan uz B, te se dobiva izraz za napon Uy cle next to A is eliminated and the expression Uy is
kada je tlo jednoslojno te on glasi: obtained for a one-layer soil, as follows:

7 —Ei‘lln L Am =1V 14 ftAm + (- DY + 2
TOM S Am—(= W J(Am— -1 + 20"

27)

Uvrstavanjem dobivenog izraza (27) u jednadzbu By including the obtained Expression (27) in
(26) dobiva se: Expression (26), the following is obtained:

- . G - 4 A i Ol JI p
: 1 |nr]ﬂ i (=104 (Ao IH:I_q < 08
'l; M."' =0 1‘|'m_‘_.ll-ll*1lli_n"i'm_[_Ir-r"-i-'_"u-'

ili u obliku: or in the following form:

] =l -M-C"s (29)

Aema{=111+

=0 s Aem={~111+

(Acmw{=11F +2'a°

(A-m={=11 +2a°

gdje je novi geometrijski faktor C dan izrazom: where the new geometric factor C is given by the
following expression:

{'=Eln ! a~m+[~|}'1+\.l'm-m+:~n'.*lf+l'ui
mnD el ..ﬁ-m—i—l}"ﬂ'+..||l{.'1~m —{=1yIy +2'a

: (30)

Sada je moguce koriStenjem izraza (22), (24) i Using Expressions (22), (24) and (29), it is now
(29) odrediti prividni specificni elektri¢ni otpor possible to determine the apparent resistivity of two-
dvoslojnog tla u slucaju kada je uvazena duljina layer soil when the lengths of the current and voltage
strujnih i naponskih mjernih elektroda: measurement electrodes are taken into account:

- L 1 L Sl = A=l = W Fie = 4 S L [P, T
Y Pt ot o 301 g o . 0 | R 1) JiZh = A (=1 e =10 e 2 | o
i P ] : =0 @31
| =R - A w1 — (=T Stk — A (-1 -1 2
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gdje je koeficijent odslikavanja 3 dan izrazom:

P A

£, + P,

Dobiveni izraz je najto€niji izraz kojim se odreduje
prividni specifi¢ni otpor tla mjeren Wennerovim
spojem. Vrijedi kako za male razlike izmedu elek-
troda a<l, tako i obrnuto I>a, odnosno, vrijedi
za sve razmake mjernih elektroda, jer je uvazen
utjecaj stvarne geometrije strujnih elektroda za
odredivanje napona Uy.. Zbog svoje to¢nosti do-
biveni izraz ¢e se smatrati referentnim izrazom,
uz pomo¢ kojeg ¢e se provjeravati tocnost izraza
za prividni specifi¢ni otpor tla prema IEEE nor-
mi. Jedina pretpostavka, a time i ogranicenje pri
koristenju dobivenog izraza je da mjerne elektrode
ne prodiru u doniji sloj tla.

Medunarodnom normom |EEE Std. 81-1983 [1],
prividni otpor tla odreduje se izrazom:

where the imaging coefficient § is given by the fol-
lowing expression:

(32)

The expression obtained is the most precise expres-
sion with which apparent soil resistivity is deter-
mined when measured by the Wenner method. It
applies for small differences between electrodes
a<l, as well as the reverse [>aq, i.e. it is valid for all
spacing between measurement electrodes, because
the influence of the actual geometry of the current
electrodes for determining voltage U,. is taken
into account. Due to the precision of the expres-
sion obtained, it will be considered as a reference
expression, according to which the precision of the
expression for apparent soil resistivity according to
the IEEE standard will be checked. The only as-
sumption, and thereby limitation, in using the
obtained expression is that the measurement elec-
trodes do not penetrate into the lower soil layer.

With the international IEEE Std. 81-1983 [1], ap-
parent soil resistivity is determined with the follow-
ing expression:

I""d:in |-r-l£,lr|!' i

[ Tl V' [ f

g \

koji je izveden pod pretpostavkom da se Stapne
elektrode mogu zamijeniti s kuglastim. lzraz (33)
ima upitnu to€nost za male razmake izmedu
elektroda, tj. kada je a<l. O tome kolika ce
pogreSka tada nastupiti bit ¢e jasno iz numeric¢kih
primjera.

(33)

that is derived under the assumption that rod elec-
trodes can be replaced with spherical electrodes.
Expression (33) has doubtful precision for small
spaces between electrodes, i.e. when a<I. The ex-
tent of the error occurring then will be clear from
numerical examples.
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NUMERICKI PRIMJERI

KoriStenjem izraza (31) za prividni specifi¢ni
elektri¢ni otpor dvoslojnog tla moguce je na nu-
meri¢kom primjeru lako utvrditi granice valjanosti
i pogresku koja nastaje koristenjem pojednostav-
ljenog izraza prema medunarodnoj normi (33) [1]
za razlicite slucajeve koji mogu nastupiti u praksi.

Kao Sto je to i uobiCajeno granice valjanosti nekog
izraza i/ili modela umjesto matemati¢kog dokaza
najlakse je utvrditi usporeduju¢i dobivene rezul-
tate s to¢nim modelom. Neka kao primjer posluzi
slu€aj kada je tlo dvoslojno, debljina gornjeg sloja
iznosi 1 m, 2 mi 5 m, njegov specifi¢ni elektri¢ni
otpor 200 Qm (p, = 200 ©m). Donji sloj tla neka
ima specifi¢ni elektri¢ni otpor 100 @m (p, = 100
Qm), te se proteze u beskonac¢nost. Neka su sve
Cetiri elektrode mjernog spoja (sonde) jednake kao
i njihov ukopani dio. Duljina ukopanog dijela mjer-
nih elektroda iznosi 0,4 m (I=d = 0,4 m).

Za ocekivati je da ¢e najveéa pogreSka pri
odredivanju specifi¢nog elektricnog otpora tla teo-
rijskim modelom koji nadomjesta Stapne elektrode
s kuglastim nastupiti pri malim razmacima izmedu
strujnih elektroda, tj. kada je udaljenost a izmedu
susjednih elektroda mijerljiva s duljinom strujnih
i/ili naponskih mjernih elektroda. Iz tog razlo-
ga analiza je ograni¢ena na promatranje krivulje
prividnog specificnog elektricnog otpora za male
razmake izmedu susjednih elektroda koje iznosi
proizvoljno 10 m. Promatra se slucaj kada je dulji-
na cijelog ozi¢enja mjernog spoja 30 m (slika 1).
Pogreska ¢e ovisiti o nekoliko parametara: debljini
gornjeg sloja tla, specificnom elektri¢cnom otporu
gornjeg sloja tla, specificnom elektri¢nom otporu
donjeg sloja tla, duljini naponskih mjernih elektro-
da te duljini strujnih mjernih elektroda i naravno o
udaljenosti izmedu susjednih elektroda.

Slika 5 prikazuje krivulje prividnih specifi¢nih ot-
pora tla u funkciji udaljenosti izmedu susjednih
elektroda. Krivulja prividnog specificnog otpora
tla dobivena prema izrazu (31) prikazana je cr-
venom bojom, a ona dobivena prema IEEE normi
tj. prema izrazu (33) prikazana je plavom bojom.
Specifi¢ni otpor gornjeg sloja tla iznosi p, = 200
Qm, njegova debljina 2 =1 m, a specifi¢ni otpor
donjeg sloja tla p, = 100 Qm. Brojevi iteracija su
M=5iN =20.

NUMERICAL EXAMPLES

By using Expression (31) for the apparent resistivity
of two-layer soil, it is easily possible to determine
the validity limits and error that occur on the nu-
merical example when using the simplified expres-
sion according to the international standard (33)
[11 for various instances that occur in practice.

As is usually the case, the validity limits of an ex-
pression and/or model instead of a mathematical
proof can most easily be determined by comparing
the results obtained with a precise model. A case in
which the soil is two-layer, the thickness of the soil
is1 m, 2mandb5 m; and its resistivity is 200 Qm
(p, =200 ©m) is used as an example. Let the lower
soil layer have a resistivity of 100 Qm (p, = 100
Qm) and extend to infinity. Let all four electrodes
(probes) of the measurement circuit be equal, as
well as their buried part. The length of the buried
part of the measurement electrodes amounts to 0,4
m(l=d=0,4m).

It is to be expected that the greatest error in deter-
mining the soil resistivity with a theoretical model
that replaces rod electrodes with spherical ones
will occur when the spacing between the current
electrodes is small, i.e. when distance a between
neighboring electrodes is approximately the same
length of the current and/or voltage measurement
electrodes. For this reason, analysis is limited to
studying the apparent resistivity curve for small
spaces between neighboring electrodes that ar-
bitrarily amount to 10 m. A case is studied when
the length of the entire wiring of the measurement
circuit is 30 m (Figure 1). The error will depend
upon several parameters: the thickness of the upper
soil layer, the resistivity of the upper soil layer, the
resistivity of the lower soil layer, the length of the
voltage measurement electrodes and the length of
the current measurement electrodes and, naturally,
the distance between neighboring electrodes.

Figure 5 presents apparent soil resistivity curves
as functions of the distance between the neighbor-
ing electrodes. The apparent soil resistivity curve
obtained according to Expression (31) is shown in
red, and that obtained according to the IEEE stand-
ard, i.e. according to Expression (33), is shown in
blue. The resistivity of the upper soil layer amounts
to p, = 200 Qm, its thickness is # =1 m, and the
resistivity of the lower soil layer is p, = 100 Qm.
The number of iterations are M =5 and N = 20.
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Slika 5

Prividni specifi¢ni
otpor tla prema
izrazima (31) i (33)
Figure 5

Apparent soil
resistivity according
to expressions (31)
and (33)

Slika 6

Postotna pogreska
IEEE izraza u
odredivanju prividnog
specifi¢nog otpora
Figure 6

Percentage error of
the IEEE expression
in determining
apparent resistivity
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Na slici 6 prikazana je krivulja postotne pogreske
u odredivanju prividnog specifi¢nog otpora tla pre-
ma |EEE normi, tj. prema izrazu (33) u odnosu na
izraz (31), u funkciji razmaka izmedu susjednih
elektroda za parametre tla prema slici b.

Prema izrazu (33 accorcing to expression (

9 (@) - Prrarmaorazs @1yaccoring toexprssion a1 (@)

In Figure 6, the percentage error curve is shown when
apparent soil resistivity is determined according to
the IEEE standard, i.e. according to Expression (33),
in comparison to Expression (31), in the function of
the distance between the neighboring electrodes for
soil parameters according to Figure 5.
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Slika 7 prikazuje krivulje prividnih specifi¢nih ot-
pora tla u funkciji udaljenosti izmedu susjednih
elektroda. Krivulja prividnog specificnog otpora
tla dobivena prema izrazu (31) prikazana je crve-
nom bojom, a ona dobivena prema IEEE normi,
tj. prema izrazu (33) prikazana je plavom bojom.
Specifi¢ni otpor gornjeg sloja tla iznosi p, = 200
Qm, njegova debljina 2 =2 m, a specifi¢ni otpor
donjeg sloja tla p, = 100 @m.

Figure 7 shows the apparent soil resistivity curves
the functions of the distance between neighboring
electrodes. The apparent soil resistivity curve ob-
tained according to Expression (31) is shown in red
and that obtained according to the IEEE standard,
i.e. according to Expression (33), is shown in blue.
The resistivity of the upper soil layer amounts to p,
= 200 Qm, its thickness is £ =2 m, and the resistiv-
ity of the lower soil layer is p, = 100 Qm.
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Na slici 8 prikazana je krivulja postotne pogreske
u odredivanju prividnog specifi¢nog otpora tla pre-
ma |EEE normi, tj. prema izrazu (33) u odnosu na
izraz (31), u funkciji razmaka izmedu susjednih
elektroda za parametre tla prema slici 7.

In Figure 8, the percentage error curve is shown in
the determination of apparent soil resistivity accord-
ing to the IEEE standard, i.e. according to Expression
(33) in relation to Expression (31), as the function of
the distance between the neighboring electrodes for
the soil parameters according to Figure 7.
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Slika 9 prikazuje krivulje prividnih specifi¢nih ot-
pora tla u funkciji udaljenosti izmedu susjednih
elektroda. Krivulja prividnog specificnog otpora
tla dobivena prema izrazu (31) prikazana je crve-
nom bojom, a ona dobivena prema IEEE normi,
tj. prema izrazu (33) prikazana je plavom bojom.
Specifi¢ni otpor gornjeg sloja tla iznosi p, = 200
Qm, njegova debljina 2 =5 m, a specifiCni otpor
donjeg sloja tla p, = 100 Q@m.

Figure 9 presents apparent soil resistivity curves as
functions of the distance between neighboring elec-
trodes. The apparent soil resistivity curve obtained
according to Expression (31) is shown in red, and
the one obtained according to IEEE standard, i.e.
according to Expression (33), is shown in blue. The
resistivity of the upper soil layer amounts to p, =
200 @Qm, its thickness is - =5 m, and the resistivity
of the lower soil layer is p, = 100 Qm.
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Apparent soil resistivity
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Slika 8

Postotna pogreska IEEE
izraza u odredivanju
prividnog specifi¢nog
otpora
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comparison to apparent
resistivity



Slika 9

Prividni specifi¢ni
otpor tla prema
izrazima (31) i (33)
Figure 9

Apparent soil
resistivity according
to Expressions (31)
and (33)

Slika 10

Postotna pogreska
|IEEE izraza u
odredivanju prividnog
specifi¢nog otpora
Figure 10
Percentage error of
the IEEE expression
in the determination
of apparent resistivity
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Na slici 10 prikazana je krivulja postotne pogreske
u odredivanju prividnog specificnog otpora tla pre-
ma |IEEE normi, tj. prema izrazu (33) u odnosu na
izraz (31), u funkciji razmaka izmedu susjednih
elektroda za parametre tla prema slici 9.

Porerazrazu @ayacooraing to expresion 53) (@) = Pirema razu @1yaceoraing to expression @1) (@)

In Figure 10, the percentage error curve in the de-
termination of apparent soil resistivity according
to the IEEE standard, i.e. according to Expression
(33), is shown in comparison to Expression (31), as
the function of the distance between the neighbor-
ing electrodes for the soil parameters according to
Figure 9.
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ANALIZA REZULTATA

Slike 6, 8 i 10 ukazuju da pogre$ka u odredivanju
prividnog specifi¢nog otpora tla prema izrazu (33)
u odnosu na izraz (31) moZze biti pozitivna, ili ne-
gativna, ovisno od slucaja do slucaja.

Na slici 6 navedena pogreSka pri vrlo malim raz-
macima izmedu dvije susjedne elektrode je pozi-
tivna, zatim naglo postaje negativna te maksimum
pogreSke nastupa kada je razmak izmedu susjed-
nih elektroda priblizno 2 m. Daljnjim povecanjem
razmaka izmedu susjednih elektroda pogreska se
smanjuje te tezi ka nuli. Ovako vladanje pogresSke
u odredivanju prividnog specificnog otpora tla pre-
ma izrazu (33) u odnosu na izraz (31) tipi¢no je i
za ostale analizirane slucajeve.

Kada su mjerne elektrode jako blizu (a << 1) jedna
drugoj, tada na potencijal naponskih mjernih elek-
troda izraziti utjecaj imaju originalne strujne elek-
trode A i D, a njihove slike tek neznatan utjecaj. S
obzirom da ekvipotencijalne krivulje u blizini struj-
nih elektroda imaju oblik elipse s jako izrazenim
ekscentritetom, jedna takva ekvipotencijalna kri-
vulja prelazi preko uzduzne osi naponskih mjernih
elektroda, te se s vrlo dobrom to¢noSéu moze uzeti
da potencijal naponske mjerne elektrode odgovara
tom potencijalu.

Daljnjim poveéanjem udaljenosti izmedu mjernih
elektroda na iznos potencijala naponskih mjer-
nih elektroda raste utjecaj zamisljenih odslika-
nih strujnih elektroda. Njihove ekvipotencijalne
krivulje, koje su takoder oblika elipsi presijecaju
uzduznu os naponske mjerne elektrode u vise toca-
ka, $to uzrokuje i pojavu maksimuma pogreske pri
odredivanju prividnog specificnog otpora tla prema
izrazu (33) u odnosu na izraz (31). Naime, prema
izrazu (33) potencijal je odreden samo u jednoj
tocki, a koja se nalazi na granici tlo-zrak, dok je
prema izrazu (31) ona odredena u viSe to¢aka me-
todom srednjeg potencijala.

Daljnje povecavanje udaljenosti izmedu mjernih
elektroda uzrokovat ¢e smanjenje pogreske u
odredivanju prividnog specifi¢nog otpora tla prema
izrazu (33) u odnosu na izraz (31). Naime, iako
ekvipotencijalne krivulje oko Stapnih elektroda
imaju oblik elipse, kada su tocke promatranja da-
leko od njih, ekvipotencijalne krivulje poprimaju
oblik kruznice. |z tog razloga kada je velik razmak
izmedu strujnih i naponskih elektroda potencijal
se moze s dobrom to¢nos$¢u odredivati izrazima za
tockaste izvore polja, kod kojih su ekvipotencijalne
krivulje oblika kruznice.

ANALYSIS OF THE RESULTS

Figures 6, 8 and 10 show that the error in the determi-
nation of apparent soil resistivity according to Expression
(33) in comparison to Expression (31) can be positive or
negative, depending on the particular case.

In Figure 6, the stated error when there are very
small distances between two neighboring elec-
trodes is positive, then suddenly becomes negative
and the maximum error occurs when the distance
between neighboring electrodes is approximately 2
m. With further increases in the distance between
neighboring electrodes, the error decreases and
tends toward zero. Such behavior of the error in the
determination of apparent soil resistivity according
to Expression (33) in comparison to Expression (31)
is also typical for other cases analyzed.

When measurement electrodes are very close (a << 1)
to each other, the original current electrodes A and D
have a marked influence on the potential of the voltage
measurement electrodes and their images have only an
insignificant influence. Since the equipotential curves
in the vicinity of the current electrodes have the form of
an ellipse with marked eccentricity, one such equipo-
tential curve crosses the longitudinal axis of the voltage
measurement electrodes, and it can be said with very
good precision that the potential of the voltage meas-
urement electrode corresponds to this potential.

With further increases in the distance between the
measurement electrodes, the influence of the imagi-
nary images of the current electrodes upon the poten-
tial of the voltage measurement electrodes increases.
Their equipotential curves, which are also in the form
of an ellipse, cross the longitudinal axis of the volt-
age measurement electrode at several points, which
also causes maximum error in the determination
of apparent soil resistivity according to Expression
(33) in comparison to Expression (31). According to
Expression (33), the potential is determined at only
one point, which is located at the soil-air boundary,
while according to Expression (31) it is determined at
several points using the mean potential method.

Further increases in the distance between the meas-
urement electrodes will result in a reduction in error
in the determination of soil resistivity according to
Expression (33) in comparison to Expression (31).
Although the equipotential curves in the vicinity
of the rod electrodes have the form of an ellipse,
when the observation points are distant from them,
the equipotential curves acquire the form of a cir-
cle. For this reason, when there is a large distance
between the current and voltage electrodes, the
potential can be determined with good precision
with the expressions for the point sources, where
equipotential curves are of circular form.
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Osim toga, zbog velike geometrijske udaljenosti
odslikanih zamisljenih slika strujnih elektroda od
naponskih elektroda, neznatna je promjena poten-
cijala duz uzduznih osi naponskih elektroda. Iz
tog razloga nije velika razlika izmedu potencijala
odredenog u jednoj tocki na granici tlo-zrak, ili
metodom srednjeg potencijala kada je velik raz-
mak izmedu mjernih elektroda. Zanimljivo je za
primijetiti da maksimum pogreske nastupa kada
je razmak izmedu susjednih elektroda priblizno
jednak dvostrukoj debljini gornjeg sloja tla.

Prve slike izvora polja elektroda A i D u podrugji-
ma a i ¢ imaju najveci doprinos korekciji potenci-
jala, u prvom redu zbog njihove relativne blizine
spram naponskih mjernih elektroda u odnosu na
ostale slike, te neznatno oslabljene struje fI, koja
se uvazava u racunu. Ekvipotencijalne krivulje pr-
vih slika elektroda A i D u podru¢jima a i ¢ na
mjestu naponskih elektroda presijecaju uzduznu
os naponskih mjernih elektroda u vise tocaka (sli-
ka 2b). Navedeni utjecaj uvazen je koriStenjem
metode srednjeg potencijala. Kako su prve slike
strujnih elektroda A i D udaljene od granice tlo-
zrak upravo za dvostruku debljinu gornjeg sloja tla
razumljiva je pojava maksimuma pogreske kada je
razmak izmedu susjednih elektroda jednak dvo-
strukoj debljini gornjeg sloja tla. Upravo pri tom
razmaku najizrazeniji je utjecaj prvih slika strujnih
elektroda.

Zanimljivo je za primijetiti da je pogreska |EEE
izraza prevladavaju¢e negativna. Razlog tome je
§to potencijal odreden izrazom za Stap logaritam-
ski opada pri povecanju udaljenosti tocaka pro-
matranja od njegove uzduzne osi, a za kuglu, tj.
tockaste izvore s kvadratom udaljenosti, odnosno
pri malim udaljenostima, opada brze nego li za
Stap. Na taj nacin je potencijal izracunat izrazima
za toCkaste izvore polja pri istoj struji manji, te je
iz tog razloga i specifi¢ni elektri¢ni otpor nizi.

ZAKLJUCAK

Iznenadujuce je da pogreSka koja se dobiva
koriStenjem izraza iz IEEE norme nije prelazila
10 %, za brojne analizirane slu¢ajeve, odnosno
6 % u prikazanim primjerima. Na temelju ovog
¢lanka i njegovih rezultata neosporna i razvidna
je svrhovitost uporabe IEEE izraza. Autori su dali
svoj doprinos u odgonetanju desetlje¢ima stare
zagonetke o to¢nosti IEEE izraza za prividni spe-
cifiéni elektri¢ni otpor dvoslojnog tla. Ujedno, dan
je alternativni izraz za odredivanje prividnog spe-
cificnog otpora dvoslojnog tla mjeren Wennerovim
spojem, koji je prema trenutnim spoznajama auto-
ra jedinstven.

Moreover, due to the great geometric distance of the
imaginary images of the current electrodes from the
voltage electrodes, the change in potential is insig-
nificant along the longitudinal axis of the voltage
electrodes. For this reason, there is not a large differ-
ence between the potential determined at one point
on the soil-air boundary or by the mean potential
method when there is a great distance between the
measurement electrodes. It is interesting that the
maximum error occurs when the distance between
neighboring electrodes is approximately twice the
thickness of the upper soil layer.

The first images of the field sources of electrodes A and
D in Areas a and ¢ make the greatest contribution to
the correction of the potential, in the first place due
to their relative vicinity to the voltage measurement
electrodes in comparison to the other images, and the
insignificant reduction in current 1, which is taken into
account in the calculation. The equipotential curves of
the first images of electrodes A and D in Areas a and
c at the site of the voltage electrodes cross the longi-
tudinal axis of the voltage measurement electrodes at
several points (Figure 2b). This influence is taken into
account by using the mean potential method. Since the
first images of current electrodes A and D are at a dis-
tance from the soil-air boundary of twice the thickness
of the upper soil layer, the occurrence of the maximum
error is understandable when the distance between the
neighboring electrodes is equal to twice the thickness
of the upper soil layer. It is precisely at this distance
that the influence of the first images of the current
electrodes is the most marked.

Interestingly, the error of the IEEE expression is
predominantly negative. The reason for this is that
the potential determined by the expression for the
rod is logarithmically decreased with an increase in
the distance of the observation point from its lon-
gitudinal axis, and for a sphere, i.e. point sources
with the square of the distance or at small distances
decreases more rapidly than for a rod. In this man-
ner, the potential calculated with the expressions
for point sources at the same current is lower, and
for this reason the resistivity is lower.

CONCLUSION

It is surprising that the error obtained by using the
expression from the IEEE standard did not exceed
10% in numerous cases analyzed, i.e. 6% in the ex-
amples presented. Based upon this article and their
results, the purpose of using the IEEE expression is
indisputable and clear. The authors have contributed
to deciphering the decades-old enigma regarding the
precision of the IEEE expression for the apparent
resistivity of two-layer soil. An alternative expression
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lako je ovim c¢lankom potvrdena primjenjivost
IEEE izraza, to ne znaCi da svaki izraz predlozen
normom treba prihvatiti bez kritickog osvrta. Nai-
me, pri izdavanju normi i preporucenih izraza za
uporabu treba imati na umu fizikalne pretpostavke
pod kojim one vrijede, te ponekad i ograni¢enja
matematic¢kog instrumentarija koji su ukljuceni u
njihovu uporabu.

lako se dobiveni izraz (31) za prividni specifi¢ni
elektri¢ni otpor, moze Ciniti znatno sloZenijim od
izraza (33) prema IEEE normi, treba imati na umu
da se danas proracuni ove vrste odvijaju iskljucivo
na osobnom racunalu (PC). Iz tog razloga nesto
sloZeniji izraz nije zapreka njegovoj uporabi, po-
gotovo ukoliko se ima na umu da je on svojom
formom prilagoden pisanju programskih petlji, te
je time programiranje elegantno.

Autori ovog ¢lanka se nadaju da ¢e dobiveni al-
ternativni izraz kao i prikazana metodologija
uvaZzavanja stvarne geometrije elektroda i pri ne-
kim drugim mjernim postupcima omoguciti za-
interesiranim Citateljima da na beskompromisan
nacin pristupaju svojim zada¢ama.
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