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Abstract: The possibility of using a set of unequal electrodes, within limits, in a Wenner arrangement
for the measurement of apparent resistivity at small depths is explored in this paper. A procedure
in which only a simple preliminary calibration is necessary to obtain the best measurements of the
apparent resistivity is proposed. On the basis of some case studies, a comparison with the usual
procedures to obtain the apparent resistivity from resistance measurements is carried out. The results
showed that when an unequal set of electrodes was used, the procedure proposed here was the only
one that guaranteed the best apparent resistivity values for any value of electrode separation in the
Wenner arrangement, especially for those associated with small depths.

Keywords: vertical electrical sounding; grounding resistance; multilayer soil model; apparent
resistivity measurements

1. Introduction

One of the most frequently used methods to determine the electrical resistivity of the ground
versus the depth is vertical electrical sounding (VES) [1]. By means of electrode arrangements—such
as Wenner, Schumberger, dipole—dipole, and aligned quadrupolar arrays, among others—it is possible
to explore the variation of the electrical properties of soil with depth by simply varying the distance
between the electrodes in the array [2]. In particular, the resistivity at shallow depths of the ground is
of special interest in archeology, geophysics, and electrical engineering. This resistivity is generally not
well measured using these types of arrangements, mainly because the electrodes are usually treated
as point electrodes, while their finite size is ignored. Some attempts to improve this situation use
a non-aligned quadrupole array [3] or other more sophisticated techniques, which are significantly
different to those that are studied in this paper [4]. Although this paper focuses on the aligned
Wenner arrangement, the results can be extended to other arrangements of interest, such as the
Schumberger arrangement.

In the Wenner arrangement, four equal aligned electrodes are arranged separated from each other
by the same distance, a. Two of the electrodes are activated as the injection point and the return point
of a fixed current, I, while the voltage difference, AV (a), between the other two electrodes, which
has been generated by the artificially generated electric field, is measured [5]. The four electrodes
are usually arranged with the active electrodes on the outside, although other configurations are
possible. The survey is carried out by increasing the separation distance, 4, but keeping the distances
between the electrodes in the array equal. Other Wenner arrangements either locate the electrodes in a
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semi-circle, in order to avoid obstacles in the ground, or arrange them unaligned to take full advantage
of the limited soil surface for measurement purposes [6]. In any case, it is usually necessary to have a
set of equal electrodes and a device to inject current through the active electrodes while at the same
time being able to measure either AV (a) or the resistance between the measuring electrodes [7,8].
Regarding the electrodes, well-conductive metal rods that are stuck in the ground, of length L = 0.3 m,
are used. The VES is carried out by separating the rods from a recommended initial value of 2 > 10-L
to several tens of meters. For each value of the electrode separation 4, AV (a) is measured and the
apparent resistivity is obtained from p,,, = F(a)-(AV(a)/I), where F(a) is a function that we will
here call the geometric function, which depends on the geometric shape of the electrodes used in the
VES. AV (a)/1 is the apparent electrical resistance of the conductive soil between the points where the
potential difference is measured. The distance between the electrodes is usually set to F(a) = 27a,
which is equivalent to considering the electrodes as current points at ground level. If depths smaller
than those associated with the previous values of the separation a are to be explored, it is suggested to

use F(a) for the Equation [9]:
4rta

P(a) = 2a a (1)

W Toar Ve
which basically considers the electrodes as current point at depth L and reduces to F(a) = 27ra when
L — 0. However, in a recent paper [10], the authors showed that if the bare rods described above
are used as electrodes, then the two previous expressions of F(a) for the calculation of the apparent

resistivity do not give the correct values of this magnitude for electrode separations of 4 < 10 L.
This issue is very significant because it involves depths that are important, either from the technical or
scientific point of view. The incomplete knowledge of the electrical structure at small depths can lead,
for example, to significant errors in the calculation of the grounding resistance of the protection systems.
Consider, for example, a synthetic three-layer model with parameters p; = 100 Om, p; = 20 Om,
p3 = 50 OOm, by =1 m, and hy = 3 m. If a Wenner VES is made using equal bare rods as electrodes
L = 0.3 m long and r = 0.005 m radius with the distance a between electrodes ranging from 0.1 m to
13 m, one can obtain either the curve in Figure 1 that is labeled “points” (corresponding to use as a
geometrical function F(a) = 27ta, which is associated with point electrodes as probes at ground level)
or the curve labeled IEEE, in which Equation (1) (which is associated with point electrodes buried
at a depth L) is used for F(a). The curve labeled ‘theoretical’ corresponds to the apparent resistivity
associated with the proposed synthetic model. This preliminary example emphasizes the importance
of using the appropriate F(a) function if one wants to reproduce the apparent resistivity correctly,
especially for small values of the electrode separation 4, as is shown in the subfigure in Figure 1.

In view of Figure 1, the need to perform some type of electrode calibration is claimed in order
to find an adequate F(a) function. The calibration is a really simple operation that provides the key
to convert the values of the potential, AV (a), into values of the apparent resistivity of the ground,
pPapp(a), for any value of the separation between electrodes a. As is demonstrated in this paper, the
calibration is not limited to a set of equal electrodes. Almost any type of electrode can be part of a
Wenner arrangement whenever a distance between electrodes a can be defined so that it can be varied
in order to carry out the electrical survey of the ground.
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Figure 1. Apparent resistivity curves for the synthetic three-layer soil defined in the text. The continuous
line curve, labeled ‘theoretical’, corresponds to the real value of the apparent resistivity for any value of
the electrode separation.

As a motivation for the present study, let us suppose that a complete set of electrodes for the
Wenner sounding is not available. In this paper it is shown that almost any elongated metallic object
can serve as a probe, together with the rest of the available electrodes. Another situation, which can
take place in this study, arises when, for various reasons, it is not possible to bury all the electrodes of
the Wenner arrangement at the same depth while subsurface exploration at small depths is necessary.
In any case, whenever it is necessary to obtain a real measurement of the resistivity at shallow depth
by using electrodes of varying shape and size that are introduced into the ground at a not negligible
depth, it is necessary to make a correction in the measurements. This is related to the calibration
proposed in this work.

In summary, in the present paper it is shown that it is possible to use electrodes of varied shapes
and sizes for Wenner arrangements, as long as the geometrical function, F(a), is adequately defined
either analytically or numerically. With a selected set of electrodes, the apparent resistivity, obtained by
applying the commonly used expressions for F(a), is compared with that obtained from the calibration.
For this purpose, the paper is organized as follows: After the introduction to the problem in section,
the theoretical foundation is sketched in Section 2. In Section 3, some case studies and subsequent
analyses are presented. Finally, the conclusions of this work are summarized in Section 4.

2. Theoretical Background

The theoretical foundations on which this work is based have been well established for decades,
except for some necessary improvements related to the peculiarities of how some problems are
treated [10]. Starting from a current point in a multilayered soil, the Poisson equation for the electric
potential must be solved within the layer containing the source and the Laplace equation is used for
the other layers, in addition to imposing the boundary conditions at each interface. It is usual to use
the separation of variables method for cylindrical coordinates to obtain a general solution, to which
the boundary conditions will be applied [11].

To deal with real electrodes, the thin wire approach is used, which allows for the application of
the moments method [12] for the numerical resolution of the problem. In a first stage, the distribution
of current filtered to the ground by the electrode is calculated by imposing a constant value of the
potential on the electrode. Subsequently, the potential and the electric field, at any point on the ground,



Energies 2019, 12, 695 4 0f 10

can be calculated without difficulty. Some details concerning the shape, thickness, or size of the
electrodes, should be treated carefully within the general calculation scheme.

Based on the Maxwell equations and using the moments method, the authors of this paper
wrote a MatLab code (which contains the appropriate modifications to deal with almost any type of
electrode, always within the thin wire approach [10]) that performed all the necessary calculations for
multilayered soils.

3. Application to Selected Case Studies

As mentioned in the introduction, once the set of electrodes has been selected to carry out
the survey, the first step is to calibrate them. The purpose of the calibration operation is to find
the appropriate geometrical function to implement the conversion between either the potential or
resistance of the measuring electrodes, supplied by the measuring device, to values of the apparent
resistivity. The basis of the calibration method is simple. The electrodes must comply with the thin
wire approach and the common distance between electrodes, 4, to be varied must be clearly identified
in the arrangement. The selected electrodes are buried in a soil of homogeneous resistivity, p, and a
simulated VES is performed to find the values of the potential difference, AV (a), for a complete range
of values of the electrode separation a. The geometrical function sought is obtained numerically by the
expression F(a) = pI/AV (a).

Figure 2 shows the system of electrodes used in the simulation. The geometrical characteristics,
length, L, and radius, r, of the electrodes, as well as the number of segments M into which each
electrode was divided, are shown in Table 1.
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Figure 2. Four-pin Wenner arrangement to simulate the vertical electrical sounding (VES). For
the determination of the geometrical function F(a), the Wenner probe is placed in a homogeneous
semi-conductive medium.

Table 1. Geometrical features (GF), length and radius of the Wenner arrangement electrodes.
The number of segments of each electrode is M.

Electrode
GF 1 2 3 4
L (m) 0.2 0.02 0.01 0.9
r (m) 0.007 0.01 0.01 0.005

M 20 2 1 30
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Figure 3 shows the values of F(a) for 150 values of the electrode separation, 4, ranging from 0.02
to 15 m. The function is almost rectilinear from a > 4 m. In the subfigure, the values of F fora < 1.5m
are represented. That region corresponds to the critical zone for F(a), where clear differences between
the various methods of calculating the apparent resistivity were found. The result did not change
significantly if the segmentation was refined.

100

Characteristic Function F(a) (m)

0 ) I I

0 5 10 15
Electrode Separation a (m)

Figure 3. Four-pin Wenner geometrical function F(a) vs. a for the considered set of electrodes.

Once the Wenner probe with the real electrodes is calibrated, the VES sounding on multi-layered
soils can be performed in order to find either the potential, AV (a), or the resistance, R(a) = AV(a)/I,
between the measurement electrodes. Finally, the apparent resistivity is obtained from

Papp(a) = R(a)-F(a). )

Note that the calibration is not restricted to straight rods and can be extended to any type of
electrode, provided that it can be modeled as a structure of thin wires and a parameter equivalent to a
can be defined.

In the first two case studies, presented below, a real sounding, performed with identical electrodes
to obtain a multilayer model of the soil, was the starting point. The set of identical electrodes were
bare rods buried at ground level, with a 5 mm radius and length of 0.3 m, which were calibrated to
obtain the correct value of the apparent resistivity at any value of separation between electrodes. Next,
a simulated sounding was performed on the previously modeled ground, using the set of electrodes
seen in Figure 2, which shows that the obtained apparent resistivity curves fit well with the data. The
third case study was completely synthetic, with the purpose of showing that almost any electrode is
valid as a probe in a Wenner arrangement.

3.1. Case Study 1

Using a C.A. 6472 Chauvin-Arnoux resistivity tester and equal vertical bare rods (of L = 0.3 m
and r = 0.005) as electrodes, a VES involving four values for the electrode separation, a2 =2, 5, 10, and
15 m, was performed at a site located in Madrid (Spain). Although there were few available measures,
a two-layered model, with parameters p; = 23.41 Om, pp = 12.05 Om and & = 3.11 m, was proposed
by the authors [10].

Next, a simulated VES sounding, with the set of electrodes as shown in Figure 2, was performed on
the proposed two-layered soil. Figure 4 shows the apparent resistivity, pa,,(a), for the different models
of the geometrical function F(a) namely, a model corresponding to point electrodes at ground level
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(labeled ‘points” in Figure 4); a model proposed in Equation (1) and associated with point electrodes all
buried at a depth /i as the average value of all the electrode lengths (labeled IEEE1); a model that is the
same as the previous model but considering a burial depth /; as the average length of only the longest
electrodes (labeled IEEE2 in Figure 4); and the model proposed in this paper from Equation (2) by
taking the geometrical function, F(a), from Figure 3 and associating it with the actual set of electrodes
used in the simulated sounding (labeled ‘real” in Figure 4). It can be clearly seen that from a > 4 m all
resistivity curves are nearly coincident, whilst for lower values a very different behavior is apparent.
Only the curve labeled ‘real’, where we used an electrode calibration resulting from the geometrical
function, most closely resembles the theoretical resistivity curve associated with a two-layer model, as
was proposed, for all values of separation a between electrodes.

35
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Figure 4. Curves of apparent resistivity vs. the separation a between the electrodes, for the measured
site in Madrid (Spain), according to a two-layer soil model. Beside the actual measured data (green
triangles), those simulated using the geometrical function F(a), proposed in the text, are shown.

Related to the IEEE model, the IEEE1 curve associated with the average length /11, was the closest
to the true apparent resistivity, at least for @ > 1 m, whereas the IEEE2 curve was only close for a > 5m,
which indicates that the value of parameter L in the model of Equation (1) is critical. Even for equal
electrodes, the length L in Equation (1) must be less than the length of the largest electrode. It is not
easy to determine L accurately so that the apparent resistivity curve approaches the curve labeled
‘real’. Similar results were obtained if the active electrodes were smaller than the measuring electrodes.
Additionally, similar results were obtained by assuming that each individual electrode had a variable
radius, as long as the thin wire approximation in the calculations remained valid. Although it is not
one of the objectives of this paper, Figure 4 indicates that if the standard geometric factor is used,
which corresponds to considering the probes as point electrodes, the soil model would correspond
to a three-layer soil, with the upper layer having a very low resistivity and thickness. Applying our
inversion algorithm [13,14] results in p; = 6.89 QOm, pp = 27.31 OOm, p3 = 12.59 Om, h; = 0.13 m and
]’lz =13 m.

3.2. Case Study 2

The following presents a second application case using a three-layered model. Measurements
made on a site located in Vitoria (Spain) are shown in Table 2. For this purpose, a set of equal
electrodes, 0.3 m in length and with a 0.005 m radius, were used in field measurements. Table 2
shows the measured values of the resistance and the geometrical function for the considered set of
equal electrodes.
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Table 2. Measured resistance vs. the electrode separation, a, for Vitoria (Spain). The values for the
geometrical function associated with the set of equal bare rods, 0.3 m in length and with a 0.005 m
radius, are F(a).

a (m) R(a) () F(a) (m)
0.5 13.64 3.75
1 6.87 6.64
1.5 4.69 9.67
2 3.51 12.75
3 2.88 18.97
4 2.29 25.23
6 1.76 37.76
8 1.40 50.31
10 1.25 62.87
12 1.07 75.43

After calibrating the electrodes, the apparent resistivity was calculated and a three-layer model
with parameters p; = 53.62 Om, p, = 33.79 Qm, p3 = 89.82 Om, h; = 0.61 m, and i, = 1.25 m was
estimated [13,14]. Next, a set of non-equal electrodes similar to that of Table 1 but with Ly = 0.5 m was
used to simulate a VES in a three-layered soil with those parameters. The main reason for shortening
electrode 4 was to not involve the second layer of the ground when performing the VES. Table 3 shows
the values of the simulated resistance and those of the geometrical function after calibration for the
same values of 4 as in Table 2, although in practice some further values were considered.

Table 3. Simulated resistance vs. the electrode separation, a, for Vitoria (Spain). The values for the new
geometrical function are F(a).

a (m) R(a) () F(a) (m)
0.5 13.81 3.63
1 6.92 6.57
1.5 4.62 9.62
2 3.63 12.71
3 2.76 18.95
4 2.32 25.21
6 1.79 37.75
8 1.45 50.30
10 1.22 62.86
12 1.05 75.42

Figure 5 shows the apparent resistivity,04,p (), of the different models of the geometrical function
F(a). The model labeled IEEE], as seen in case study 1, is the model that is the closest to both the ‘real’
model and the data measured, even at small values of 2. However, the IEEE2 model clearly departed
from this behavior, again suggesting the critical character of the L parameter in Equation (1) when
electrodes of different length are used. The figure indicates the values measured for this soil using
triangular markers.
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Figure 5. Curves of apparent resistivity vs. the separation a between the electrodes for the measured
site in Vitoria (Spain), according to a three-layer soil model. Besides the actual measured data (green
triangles), those simulated using the geometrical functions F(a) proposed in the text are shown.

3.3. Case Study 3

As a final case study, a new synthetic three-layer model with parameters, p; = 10 Qm,
p2 =100 Om, p3 = 50 Om, h; = 2 m, and h; = 3 m, was considered and a VES was simulated
using the electrodes in Figure 6. Electrode 1 had the shape of an inverted uppercase Y, with branches
of the same size and thickness, L; = 0.3 m, and r; =7 mm. Electrode 4 had the shape of an inverted
truncated cone of radius rmax = 5 mm and rjn = 1 mm, and Ly = 0.5 m. The remaining electrodes
were analogous to those shown in Figure 2. The set of electrodes was chosen to try to take advantage
of a previously buried conductor of known properties, setting it up as electrode 1. Note that the
distance between the electrodes was defined here as the common distance between the upper ends of
the electrodes.

Figure 6. The new set of electrodes for the simulated VES of case study 3.

Figure 7 shows the apparent resistivity, papp(a), for the different models of F(a) when a VES was
performed in the synthetic three-layer soil with previously defined parameters. Again, it can be seen
that the ‘real’ model was the one that best accounted for the values of the apparent resistivity. It was
also verified that the IEEE1 model, which entails the definition of L in Equation (1) as the mean value
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of the z-coordinates of the lower ends of the electrodes, was the one that was closest to the curve of the
‘real’ model.
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Figure 7. Curves of apparent resistivity vs. the separation, 4, between the electrodes for the synthetic
three-layer soil model for all the considered F(a) models when the set of electrodes from Figure 6
are used.

4. Conclusions

On some occasions, a non-standard set of electrodes are used as Wenner probes to measure
apparent resistivity. In these cases, the measurement of apparent resistivity at shallow depth may
contain significant errors that must be corrected. In this work, it was shown that it is possible to use
electrodes of different shape, size, and thickness in a Wenner arrangement, as long as they can be
treated as thin wires. Once the resistance measurements have been made, it is necessary to convert
them into values of apparent resistivity. This is usually done using expressions such as Equation
(2), with F(a) = 2ma. However, these expressions provide incorrect values for distances between
electrodes that can reach up to 5 m. To be precise, the previous model can provide differences in
resistivity of 10% for values of 2 < 1 m. Although this may seem to be a short distance, note that many
grounding system electrodes are buried between 0.5 and 1 m deep, thus knowing the resistivity at that
depth is a very important matter.

The model of Equation (1) can theoretically only be applied to equal electrodes of length, L, the
parameter contained in Equation (1). When unequal electrodes are used, L does not make sense and
must be defined. In this work, two values for L were defined. The so-called IEEE1 model considers L
as the mean of the lengths, while for the IEEE2 model, L was the average of the two longest electrodes.
In this work it was possible to verify that the IEEE1 model produced better results, although for small
values of a it continued to supply incorrect values for the apparent resistivity.

This model, based on the calculation of the geometrical function F(a) from a simple process of
calibration of the electrodes, is the only one that supplies the best resistivity values for any value of the
separation a between electrodes. Electrodes that differ in size and thickness can be used, with the sole
exception that they cannot be too long to avoid crossing the interface between the first layers. Finally,
electrodes of different shapes within the thin wire approach can also be used as a probe whenever a
parameter equivalent to the usual distance between electrodes, a, can be clearly defined.
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