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Abstract

The authors describe electrical resistivity method using
alaboratory experiment, which was conducted in order
to calculate the percentage of current that penetrated
each layer of soil arranged in a container using Schlum-
berger array. Four soil samples arranged in three dif-
ferent set-ups were used. The apparent resistivity
obtained was interpreted using curve matching tech-
niques and WinResist iteration yielding types A curve,
H curve and A curve, respectively. The interpreted data
gave the resistivity of each layer and its thicknesses.
The thicknesses obtained from the interpretation were
at variance with the actual thicknesses arranged in the
container. A multiplier was obtained which serves as
a constant in other to obtain the actual thickness. The
effective penetration depth of current was determined
through the calculated thickness of each layer and the
known electrode spacing (AB). The percentage of cur-
rent that penetrates the layers was found to depend on
the electrode spacing as well as the thickness of that
layer. Thus, a layer with relatively small thickness has
a small percentage of current passing through it com-
pared to a thicker layer.
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Povzetek

Raziskava prikazuje elektri¢no uporovno metodo z la-
boratorijskim eksperimentom, ki je bil izveden z name-
nom izracuna odstotka elektri¢nega toka, ki se je gibal
preko posamezne plasti zemljine v posodi, z uporabo
Schlumbergerjeve postavitve elektrod. Uporabljeni so
bili Stirje razli¢ni vzorci zemljine s tremi postavitvami.
Pridobljena navidezna upornost je bila interpretirana z
uporabo tehnike ujemanja krivulj ter WinResist itera-
cijskih tipov krivulj A, H in A. Iz interpretacije podatkov
so razvidne upornosti posamezne plasti in njena de-
belina. Pridobljeni rezultati debelin posameznih plasti
niso bile skladne z dejanskimi debelinami. Za izracun
dejanske debeline je bil zato pridobljen in uporabljen
korekcijski faktor, ki sluzi kot konstanta. Efektivna
globina prodiranja elektricnega toka je bila dolocena
preko izra¢unane debeline posamezne plasti in znane
razdalje med elektrodama (AB). Odstotek elektri¢nega
toka, ki prodira preko plasti, je bil odvisen od razmika
med elektrodama ter debelino plasti. Tako ima plast ze-
mljine z razmeroma majhno debelino v primerjavi z ve-
¢jo debelino majhen odstotek toka, ki prehaja skoznjo.

Klju¢ne besede: upornost, globina, krivulja, zemljina,
elektri¢ni tok.
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Introduction

The electrical resistivity method is a
geophysical prospecting method in which
electrical current is transmitted through
copper electrodes to the ground for the
determination of the electrical properties of
subsurface [1-3]. Two types of electrodes are
involved in the resistivity surveying method
and they are current and potential electrodes.
A pair of current electrode is used to transfer
current into the ground, while the same pair
of potential electrode is employed to measure
the potential drop [4]. In other words, the
resistivity meter calculates the current flow
resistance. The distribution of resistivity of
the volume of sounding soil is determined by
the electrical resistivity surveys. The possible
patterns of differences in result provide
information on the form of heterogeneities
in the subsurface and their corresponding
electrical properties [5, 6].

Resistivity measurementsarealsobased onrock
composition, interstitial fluids, temperature
and pore geometry. Such parameters influence
the electrical resistivity of the soil, butin various
ways and in varying degrees [7-9]. Electrical
geophysical methods allow soil electrical
properties to be measured non-destructively,
cost-effectively and quickly [10, 11]. Over the
years, engineering studies and groundwater
exploration are on the increase as a result of
geophysical survey. This is made possible due
to the swift advances in software development
and associated numerical modelling solutions
which have shown the way to the development
of the present day technology [12-14].

Studies have shown that vertical electrical
sounding (VES) and electrical profiling are the
two ways by which electrical resistivity survey
can be conducted [6, 15, 16]. VES is applicable
for the study of horizontal and near-horizontal
interfaces. The procedures involve positioning
of both the current and potential electrodes
at the same relative spacing. The range is
gradually expanded around a fixed central
point while electrical profiling is used to assess
lateral resistivity variations. The current and
potential electrodes are retained and gradually
moved along a profile at a fixed distance [6,
17, 18]. This research is aimed at determining
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the relationship that exists between electrode
separation and the percentage of current
passing at a particular depth based on the
arrangement of layers.

Theoretical background

Resistivity varies with conductivity inversely.
A high-conductivity surface therefore has low
resistivity and vice versa. The relationship
between resistivity (p) and conductivity (o) is
presented as Equation (1);
p=1/c (1)
The principle of electrical resistivity is based on
Ohms’ law which state that “the current flowing
through a metallic conductor is proportional to
the potential difference across its end provided
other conditions are kept constant”.
Mathematically, it is defined as V = IR

Where V is the Voltage in volts, I is the current
in Amps and R is the resistance in Ohms.

The current density (J) and the Electric filed
(E) are related through Ohms’ law by Equation
(2) where E is in volts per meter and o is the
conductivity of the medium in Siemens per
meter (S/m)
J=oE (2)
The Electric field is the gradient of the scalar
potential

E=-VV 3)
Thus we have

J=-oVV 4)
Taking the gradient of both side
VI=-V.(cVV) (5)
But AJ=0

V.(6VV)=0 (6)

VoVV+ oV?V =0

The Equation (6) becomes Laplace if ¢ in the
first term is constant and disappear, that is, the
potential is harmonic which is stated as follows:

Adegoke J.A., Layade G.O., Kadir T.
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Figure 1: Electric field lines and equipotential surfaces on the surface of a uniform half-space around a single electrode: (A)
hemispheric equipotential surfaces, (B) radially outward field lines around a source, and (C) radially inward field lines around a

sink [19].

ViV=0 (7)

The potential of a single electrode

The current (I) is injected into a homogeneous
half-space, with a specificelectrical conductivity
(o) and resistivity (p). The current passes
under the surface in all directions, but does not
flow through the surface. The electric field lines
are parallel to the current flow and normal to
the hemisphere-shaped equipotential surfaces.
Hence, the current density ] as a function of
radius r is written as

I
J= 8
2’ ®)
But E=pJ
Therefore, E = Pl (9)
2mr’ .
Now, E = —VV=——V= - sz (10)
or 27r

Integrating Equation (10), the equation for the
potential can be stated as follows

ve PV
2nr

for a point source at the surface of the half-
space.

The four-electrode method

Among the existing geophysical techniques,
the resistivity method is generally and mostly
used for shallow subsurface studies and
groundwater exploration [20]. Four electrodes
are used in this method to measure resistivity
[21]. One pair of electrodes is used to penetrate
the current into the ground and another pair
is used to measure the potential difference of
hemispheric equipotential surfaces where the
ground surface is intersecting them [22]. This
is the conventional way in which resistivity is
measured in uniform half space [23]. Figure 2

Fractional Current Flow in the Subsurface Using Electrical Resistivity Method: A Laboratory Approach
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Figure 2: General resistivity measurement method of four electrodes.

shows the basic configuration of four electrodes
for measuring resistivity.

The current electrodes, A and B act as source
and sink, respectively. The potential at the
electrode M due to the source A is +4, while
sink Bis -7, . The combined potential (V) at M
is (V,,) which relates the resistivity (p), current
(I) and distance (r) between the source and
sink is presented in Equation (11) as;

pl [ 1 1
Vu=—|—— 11
Mooon (rAM rBMj (1)
Similarly, at N, the combined potential is
voo P11 a2
2n \ 1y Ty

The potential difference measured between M
and N,

V=V, +Vy
I 1 1 1 1
2n |\ Iy v Ipn

Then the resistivity (p) can be determined
using the following formula stated here:
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_2Vn
pa I

ﬂl_l}(l_lﬁ(m
I.AM I‘]\/IB rAN rBN

So, from the above equation we derive

2Vn

Po= k, (15)

where k is the geometric factor.

Apparent resistivity

Apparent resistivity is the volumetric average
of a heterogeneous half-space, through a
complex weighing function depending on the
configurations of the electrode [24, 25]. On the
other hand, true resistivity is the measured
relationship between the current applied
and the potential difference of an electrically
homogeneous and isotropic half-space for a
particular electrode arrangement and spacing
[3]. This in situ resistivity is supposed to be
homogeneous but not in a real situation, it
gives the apparent resistivity of an equivalent
uniform half-space and does not represent the
ground’s true resistivity [19]. The resistivity
of the underlined layers is obtained from the
measurement taken using a resistivity meter.
Thus, apparent resistivity (p,) is obtained by
multiplying measured value by the geometric
factors [26] under the assumption that the
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Figure 3: Schlumberger array for resistivity measurement, consisting of a pair of current electrodes (A, B) and a pair of potential

electrodes (M, N).

ground is uniform; therefore, the measured
resistivity is only the apparent resistivity and
not the ground’s true resistivity. Depending on
the resistivity value of the layers underlined,
the apparent resistivity increases or decreases
with electrode spacing.

Schlumberger configurations

Schlumberger array used for VES investigation
[11, 21], is a type of direct current resistivity
survey described by its configuration. It makes
use of four collinear electrodes, a pair of
current electrodes as source and another pair
of potential electrodes as the receivers. The
potential electrodes are arranged in between
the current electrodes; the central point is
kept constant while the distance between the
current electrodes is increased so that current
can penetrate far down into the ground while
the potential electrode is moved only when the
voltage becomes too small to measure [27].
This arrangement enhances the capacity of the
current to penetrate into greater depths, as the
conductivity is distributed vertically [19]. The
Figure 3 shows the Schlumberger configuration
for resistivity measurement;

Let the separations between current and
potential electrode be (2s + a) and a. This
transforms Equation (14) as follows:

Ty =S.

)

Iyg =S+a, Ty =S+a, fpy =3

Cove () (o)
P I Iov Tus Iav o Ty (16)
vr (11 N
T {() LJ} (7

2Vn |s+a—s—s+s+a B
P = { s(s+a) } (18)
_ave[ 2 |
Pa ™ s(s+a) (19)
_ 2Vn |s(s+a)
Pa= a (20)
pfw{s(”a)} (21)
1 a

Materials and method

Data acquisition

The research procedure was carried out at the
geophysics research laboratory located at the
Department of Physics, University of Ibadan. It
was done using a tabletop model system made

Fractional Current Flow in the Subsurface Using Electrical Resistivity Method: A Laboratory Approach
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of a perspex container with a total depth of
29 cm and a length of 120 cm. Four samples
of soil were used which were arranged in the
transparent perspex container at different
proportions. The experiment was done three
times with three different arrangements. The
arrangement from top to bottom is as follows;

— A three-layer soil containing humus (7 cm),
sandy clay (10 cm) and sand (12 cm) which
all together make a depth of 29 cm.

— A three-layer soil consisting of clay (4 cm),
sandy clay (10 cm) and sand (15 cm) which
all together make a depth of 29 cm.

— A two-layer soil consisting of clay (7 cm) and
sand (11 cm) which make a depth of 18 cm.

In each of the arrangements, the soil samples
were compacted one after the other to reduce
the pore space in-between the soil particles and
the moisture content was regulated. Electrical
resistivity survey using Schlumberger array
was carried out on each of the arrangements
using Geopulse Tigre resistivity meter, first on
three-layer arrangements which are humus,
sandy-clay, and sand; then, clay, sandy-clay and
sand; and lastly, a two-layer arrangement of
clay and sand. The current electrode spacing
starting from 1.0 cm to 55.0 cm and potential
electrode spacing starting from 0.25 cm to
5.0 cm were used for measurement. Copper
wire was used as probes in place of the copper
electrode. A current of 0.5 mA was sent into the
soil through the electrodes placed at two points
with equal distance apart from the central
point. The potential difference between the
two points was measured using the resistivity
meter in W-cm. Six measurements were taken
in all, two for each arrangement for certainty
purpose.

Results and discussion

Data acquired in centimetres were converted to
meters and multiplied with the geometric factor
(K) to obtain the apparent resistivity. The AB/2
was plotted against apparent resistivity and
interpreted using a 2 layer master curve and
WinResist. The mean of the thicknesses of each
arrangement was mathematically simulated to
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Figure 4: The laboratory setup of three soil layers in a
container.

obtain a constant value of 6.03 which serves
as a multiplier to obtaining a value close to
the real value. The thicknesses obtained were
used to calculate the fraction of current that
penetrated each layer using the equation for
current (I) distribution in a uniform half space
as stated in Equation (22); where Ix depends
upon the current electrode spacing L:

(22)

The fraction of current between any two depths
is obtained from the difference in the fractions
above each depth, calculated with Equation
(22).

First arrangement

The first arrangement contains humus, sandy-
clay, and sand. The curve is a type-A curve that
showed an increase in the resistivity value
with depth in Figures 5 and 6, respectively.
This indicates that the resistivity of humus is
lower than that of sandy clay and the sandy-
clay is lower than that of sand. This result is
due to the degree of water saturation in the
soil type. This factor depends on the porosity,
permeability and the interconnectivity of pore
spaces in the rock type. Humus and sandy
clay have lower resistivity of 23.15 W-m and

Adegoke J.A., Layade G.O., Kadir T.



. GEQPHYSICS LAB 1A
*RMS- ;4 )
103 ovor: &1 | Schlumberger Configuration

J
t
g | : //
= | - Y
2 | s
E 10n3 5 oo P T T +/ ..... -
s —J ’ +/
g \ Z S
Z | _
\ e
10!\2 = 0 0 .v. ' — -]
B :ﬂh_f): n .
10M L L
1040 10M 1042 10°3

Current Electrode Distance (ABf2) [m]

1 314 09 09

No Res Thick Depth

2 352 14 23
36135 21 44
4248753 --

*RMS on smoothed data

Figure 5: Resistivity measurement of soil layers against electrode spacing (AB/2) for the first arrangement.

43.8 W-m, respectively, while sand has a higher
resistivity of 757.95 W-m. Humus and sandy-
clay have more porosity than sand because
porosity decreases with grain size but they are
less permeable, that is, they allow less water to
flow. Sand in its case is less porous than humus
and sandy-clay but its permeability is higher,
so more water flows through it. It cannot hold
water like the two types of rocks discussed
earlier. This accounts for its high resistivity. The
fourth layer is assumed as the plastic container
whose resistivity value is very high and can be
taken to be infinity. The thicknesses obtained
are 5.0, 7.0 and 12.0 for the first layer, second
layer and third layer, respectively, against the
real values of 7.0, 10.0 and 12.0. The fraction of
current passing through each layer is calculated
using Equation (16) and it is 6% for first layer,
8% for second layer and 14% for the third layer.

Second arrangement

The second arrangement contains clay, sandy-
clay and sand. The sand was made to serve as an
aquifer as the base of the container was sealed
and the flow of water out of it was restricted.
In Figures 7 and 8, the curve is a type-H curve
which demarcates the resistivity of each layer.
Clay and sandy-clay have higher resistivity of

122 W-m and 161.7 W-m, respectively, while
the resistivity of sand is 27 W-m. These values
clearly show that in this particular experiment,
the clay and the sandy-clay were less saturated
compared to the sand. Sand is a good aquifer
because of its high permeability property;
therefore, it allows the flow of water. The fourth
layer is assumed as the plastic container whose
resistivity value is very high and can be taken
to be infinity. The thicknesses obtained are 5.0,
11.0 and 34.0 for the first layer, second layer
and third layer, respectively, against the real
values of 4.0, 10.0 and 15.0. The fraction of
current through each layer is calculated using
Equation (16) and the values obtained are 6%
for first layer, 13% for second layer and 35%
for the third layer.

Third arrangement

The third arrangement contains clay and
sand. The curve obtained in Figures 9 and 10
is a type-A curve which shows that there is a
direct relationship between the increases of
resistivity and depth. The resistivity of clay is
67 W-m while that of sand is 301.15 W-m. The
value of resistivity obtained for each layer of
rock shows the degree of saturation of each
layer, and which indicates that the clay held

Fractional Current Flow in the Subsurface Using Electrical Resistivity Method: A Laboratory Approach
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arrangement.

more moisture content and therefore is more
conductive than the sand. The third layer is
assumed to be the plastic container whose
resistivity value is very high and can be taken
to be infinity. The thicknesses obtained are 6.0
and 11.0 for the first layer and second layer,
respectively, against the real values of 7.0 and
12.0. The fraction of current passing through
each layer is calculated using Equation (16)
and the values are 7% for first layer and 14%
for second layer.

Conclusion

The percentage of current penetrating
each layer shows that the effective current
penetration depth depends on the spacing
of electrodes. When the electrode spacing is
increased, the effective current penetration
depth is also increased. This is true when
compared to Lowrie, 2007 who stated when
Z =L/2, 50% of the current penetrates while
about 90% of the current flows in the same
layer when Z = 3 L. This implies that the
percentage of current passing through alayer of

RMZ - M&G | 2020 | Vol.67 | pp. 149-159

shallow thickness is lower than that of passing
through a deeper layer. Therefore, in electrical
resistivity survey method, the subsurface
depth being investigated should be considered
for current needed.
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