friried applied
b sciences

Article

Grounding Electrodes with Internal Resistance: Application to
Feasibility Study of the Driven-Rod Method for Modeling the
Soil Electrical Resistivity Profile

Gregorio Denche, Eduardo Faleiro **, Gabriel Asensio

check for

updates
Citation: Denche, G.; Faleiro, E.;
Asensio, G.; Moreno, J. Grounding
Electrodes with Internal Resistance:
Application to Feasibility Study of the
Driven-Rod Method for Modeling the
Soil Electrical Resistivity Profile. Appl.
Sci. 2021, 11, 5032. https://doi.org/
10.3390/app11115032

Received: 12 May 2021
Accepted: 26 May 2021
Published: 29 May 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Jorge Moreno

Escuela Técnica Superior de Ingenieria y Disefio Industrial, Universidad Politécnica de Madrid,
28012 Madrid, Spain; gregorio.denche@upm.es (G.D.); gabriel.asensio@upm.es (G.A.);
jorge.moreno@upm.es (J.M.)

* Correspondence: eduardo.faleiro@upm.es

Featured Application: The model proposed in the paper can be applied to any electrode to assess
the impact of its internal resistance on the main parameters that define a grounding system.

Abstract: The paper presents a model to include the internal resistance of the grounding electrodes
in the calculation of its electrical features. The semi-analytical expressions for the calculation of
the grounding resistance arising from the model are used to study the feasibility of the driven-rod
method for the estimation of the soil resistivity profile since, unlike other methods, the internal
resistance of the conductors can be of great influence for a correct estimate. From the grounding
resistance profile an inverse problem based on the minimization of the quadratic differences between
the resistance measured and that calculated from the model is posed. Several synthetic examples
are used to assess the limitations of the method in conditions close to real situations. Finally, some
real cases involving data measured in the field are analyzed. Whether in synthetic examples or in
real soils it is found that the spatial frequency of the driven-rod resistance sampling is a determinant
factor in order to study the feasibility of the driven-rod method.

Keywords: non-zero internal resistance electrode; driven-rod method; grounding resistance logging;
soil parameters optimization

1. Introduction

The estimation of the soil resistivity as a function of the depth is a key point for modelling
any grounding system [1]. There are several methods to determine the soil resistivity. Most of
them are indirect methods that use an intermediate magnitude as the apparent resistivity. In
one of the most used methods, the resistivity is estimated from a vertical electrical sounding
(VES) performed with a four-pin device as in the Wenner and Schlumberger arrays, from
which the apparent resistivity is obtained [2]. From the apparent resistivity, it is possible to
find out the soil resistivity profile, provided that a constant multi-layered model has been
adopted [3,4]. Even though the VES is a non-invasive procedure, small errors in the measuring
procedure could lead to a soil model far from the real one. The ill-conditioned nature of the
method to obtain the resistivity profile from the soil’s apparent resistivity is at the bottom
of the issue [5,6]. On the other hand, in some sense a VES could be seen as a non-local test
since the soil conductivity between the active electrodes of the test array is being checked.
Note for instance that in a Wenner array the active electrodes are separated three times the
distance between adjacent probes. The soil properties could change horizontally leading to a
soil resistivity profile that would not match with the real one. This is especially important
when a grounding system makes use of vertical rods as grounding electrodes, such as in the
case of lightning protection electrodes.

Another indirect procedure sometimes used is the driven-rod method. In this method,
the grounding resistance of a rod driven into the ground is measured by the fall-of-potential
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procedure [7]. If the rod is modeled as a cylinder of length L and radius r, where L >>r
and with a hemisphere at the end, the grounding resistance in a homogeneous medium
of resistivity, rho, is R = % ln(%). On the other hand, if the rod is modeled as a half-
ellipsoid of revolution, whose major axis is L and its minor axis is the diameter d, the
expression R = £+ ln(%) must be used. Another expression widely used to theoretically
estimate grounding resistance is R = ﬁ [ln(%) — 1] [8] in which the supplementary
assumption is made that the ground leakage current has a constant distribution along the
rod. By varying the length of the rod, an apparent resistivity profile psp,(L) representing
the resistivity seen by the rod of length L can be obtained. Figure 1 outlines the data that
are necessary to implement the method. An advantage of the driven-rod method is that it
allows obtaining valuable information on the feasibility of a grounding system. Knowing
the necessary depth to obtain a given grounding resistance could greatly facilitate the final
touch-up of the grounding system design.

SOIL SURFACE

A A
I ) le
P1 hy

<

NN

Ry

P

P2 h, Ry

R;
P3 :

Figure 1. Outline of the RDR method.

An important observation is that the above mentioned VES method is not very sensi-
tive to the state or type of electrodes used except for a shallow depth where the electrodes
are very close together and their size and shape influence somewhat the potential [9]. In
general, it does not matter if the electrodes are corroded or if they have a great internal
resistance since what is measured is a potential difference on the ground. In contrast, the
driven-rod method is greatly affected by oxidation and the internal resistance of the rod.
The previous expressions for the grounding resistance R as a function of the rod length L,
were found under the condition that the rods are ideal conductors without internal resis-
tance. Therefore, it is to be expected that this fact will need to be taken into account when
looking for a model for soil resistivity. There are more reasons, in addition to those already
exposed, to incorporate the internal resistance of the conductors into the calculation scheme
of the electrical properties of a grounding electrode. The current trend of using materials
with non-negligible internal resistance such as carbon steel or others for the electrodes of a
grounding system makes it necessary to study their effect on the parameters of the system.
After setting a calculation model for the electrodes that takes into account their internal
resistance, the here called Resistive Driven-Rod method (RDR), which takes into account
the internal resistance of the rod will be applied both to synthetic and real soils.
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A direct method to determine the resistivity as a function of the depth is known
in literature as normal resistivity logging (NRL) [10]. This is a geophysical method for
determining the rock’s conductivity by studying the drilling geological profile in a well.
However, this technique requires the drilling of a well of a section large enough for the
probes to be introduced. Resistivity is measured with a four-pin device taking a short
electrode separation so that the well walls can be tested. To complete this brief review
of several of the methods used to investigate the electrical structure of soils, mention
should be made of the magnetic field-based eddy-current methods (ECM), framed in
the transient electromagnetic methods class. By means of a coil near the soil surface, a
variable magnetic field is produced. Eddy-currents are generated in the conductive soil,
producing magnetic fields that depend on the layer structure. Although they are based
on very different principles from those of the methods described so far, ECM are clearly
non-invasive methods with high resolution at shallow depth [11].

From the apparent resistivity data obtained with the indirect methods described above,
the soil resistivity profile can be obtained by posing an inverse problem. Starting from
semi-analytical expressions for the grounding resistance as a function of the parameters of a
multilayer model, an optimization algorithm is implemented to find the set of parameters of the
model that minimizes the squared differences between the values of the resistance measured
in the field and those calculated with the theoretical expressions that contain the parameters.
However, the techniques used in the inverse problem with the measurements made with the
Wenner array cannot be extended when the measurements come from a driven-rod logging.
Apparent resistivity has a different meaning depending on the type of measurement.

The main objectives of this paper are, firstly, to establish a systematic procedure to
include the internal resistance of conductors in the calculation of the grounding resistance of
buried electrodes, and secondly, testing the feasibility of the RDR method to determine the
parameters of a multilayer soil model from grounding resistance measurements, pointing
out its limitations. To achieve these goals, the paper is structured as follows. After the
present introduction, the backgrounds section is intended to introduce the foundations of
the proposed method. In the next section, some tests are carried out on synthetic soils in
order to test the method relevance. In the same section some real examples are also studied.
Finally, the conclusions of the work are collected in the last section.

2. Modeling Grounding Electrodes with Internal Resistance: Backgrounds

The calculation of the grounding resistance of an electrode needs the model for the
electrical conductivity of the soil to be known. From a general point of view, it would
be necessary to solve the equation % : (a(?)%cp(?)) = 0 together with some boundary
conditions, where 4)(7) is the absolute potential at the point 7 and 0(7) represents the
conductivity of the ground. For a multilayered model it is possible to find acceptable
semi-analytical solutions for the potential. This model assumes that conductivity is just
a non-continuous piecewise constant function. The soil is composed of horizontal layers
of infinite extension and specific thickness in which the electrical conductivity takes a
constant and different value in each layer. Thus, the actual conductivity is replaced by a
step function although in practice, due to the difficulty of the calculations, only a few layers
are considered. The soil conductivity profiles of interest for this work comprise layers of
almost any conductivity with thicknesses ranging from a few centimeters to tens of meters.
Although for applications in grounding design it is common to deal with models in which
the top layer is a few meters thick in which to place the grounding electrode.

Choosing a constant conductivity in each layer allows calculating the potential from the
equation for a generic conductivity. The connection between the solutions corresponding to
each layer is made by imposing the continuity of the potential at the different interfaces as
well as the continuity of the normal component of the current density through interfaces.

Due to the supposed cylindrical symmetry of the potential, which is associated with
conductivity dependent only on the depth as the z coordinate, the procedure to solve
the equation for the potential relies on using the method of separation of variables in a
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cylindrical coordinate system. Thus, the potential created in layer j by an electric point
current source of strength I in layer i could be written as [12]

0i = i+ [(Ne M5 4 gy (ME p(ndd ()
0

P

where §;; is the Kronecker delta and the unknown functions f;; and g;; need to be calculated

iy
by imposing the boundary conditions at each interface, namely V¢;; - . |z—0 = 0 which
stands for the null current flux through the soil surface and

—
4911( jj+1) = <Pij+1(rj,j+1)
= = @)
oj - V i N =0 V

] ¢l] 71‘# 1 4)1]“ i jii+1
what guarantees continuity of potential and normal current flux conservation through
the interface separating the layers j and j + 1. In (1) and (2), p;, is the constant resistivity

of layer i, r = \/ (x; — xj)2 + (yi — y]-)2 and Jj is the zero-order Bessel function. In (1) the
functionsf;;(A) and g;;(A) must be calculated by (2) at the above-mentioned interfaces. The
calculation of the functions f and g can be difficult and the evaluation of the integral in (1)
is only approximate due to the oscillatory character of the Jo Bessel function, in addition to
the own singularities of the f and g functions [13].

In order to properly implement the boundary conditions (2), it is necessary to convert
the first term on the right hand of (7) to an integral form so that the entire expression is in
an integral form. The integral forms of Lipschitz (3), allow such a conversion to be carried
out [14],

e~ MEzel Iy (rA)dA
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Thus, the boundary conditions (2) lead to a linear system in the unknowns f;; and g;;
that is solved by symbolic calculus using the software Wolfram Mathematica.

The point current source potentials (1), serve as the basis for calculating the grounding
resistance of any electrode, particularly a rod driven into the soil. If it is a perfectly conduc-
tive rod, the potential can be calculated using the superposition law and the grounding
resistance, as well as the step and touch potentials can be obtained. Indeed, the expression
(1) stands for the potential generated by a single point current source. When an extended
electrode leaking a fault current to the ground is considered, expressions like (1) can be
used under some conditions imposed on the electrodes. The electrodes are assumed as
composed by thin wire pieces assembled to form the entire electrode. Thus, each thin
wire could be considered as a distribution of point current sources located in the axis. The

potential at point 7 of the layer j generated by a thin wire of length L located in the layer i,
is given by

(7 — pirp(r P) 5.
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0

where y(7 p) stands for the point current sources density along the thin wire axis and
the functions ﬁjand gij need to be calculated, again imposing the boundary conditions at
each interface. A more general situation could take place when the thin wire is between
several layers at the same time. In practice, the thin wire is segmented in M short pieces of
length Al each of them with constant point current sources density {m },,_1...,, Wwhich
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are used to calculate the potential of the electrode itself by imposing a constant value of
such potential along the entire electrode, the grounding electrode potential [15]. Thus, the

potential at point 7 of the layer j becomes:

i
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This procedure, known as moment method, gives rise to a system of linear equations
whose unknowns are the constant densities {1, },,_;...s of point current sources in each
segment [16]. The knowledge of these densities allows the calculation of the potential
at any point on the ground by superposition. The electrode potential itself is of special
interest for this work. As it was pointed out, it is obtained as a part of the solution for the
Uy densities and then the grounding resistance can be easily calculated.

When the electrode is a conductor with non-zero internal resistance, the calculation of
the potential acquired by the electrode is somewhat more complicated since it is no longer
equipotential. In this case, the electrode potential is commonly measured at the current
injection point which is the point of the electrode where the fault current to be leaked to
the ground enters. Usually, for electrodes with non-negligible internal resistance, both
the current injection point and the measurement point are important parameters since the
potential value is strongly dependent on the internal distribution of leakage currents to
the ground. With respect to the model used to take into account the internal resistance
of the electrodes, the one used here is the Circuit-Based Model (CBM) [17,18]. According
to this model, the electrodes are broken down into branches and nodes to which circuit
theory applies. Figure 2 shows in the upper part a rod like the ones used in the driven-rod
test, which is divided into N branches. The potential Uy and the leakage current I in each
branch are displayed. At the bottom, the circuit-based model is shown. At each node of the
circuit, the potential V¢ and the source of nodal leakage current J; are located. The internal
currents i; that move inside the conductor are also shown.

U3 UN

® (4 ®
v ‘v
I3 IN

Vi V3 V4 VN VN+

V,
=
1(® # J4 JN JN+1

Figure 2. A picture of the circuit-based model of the rod driven into the soil.

Each branch obeys a general equation for the potential difference between the ends
(nodes) that for the generic branch k takes the form,

B
Vie = Vi =gz + Y ir- ZF, (6)
r=1

where B is the number of branches of the electrode system containing N nodes, i, is the
current through the branch r, z; is the internal resistance of the branch k and Z,%r is the
inductive impedance of the branch k due to the branch r (sometimes called longitudinal
impedance), which can be neglected for stationary or low frequency currents. Figure 3
shows a diagram of the magnitudes introduced for a branch of the circuit.
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R b

Figure 3. An outline of some of the magnitudes used on the k branch.

The branch currents iy and the node currents J, are related by Kirchhoff’s law: for the
node 7, the algebraic sum of all currents that concur in the node is zero, ) i + |, + F, =0,

where the possible source or injection currents F,; on the node n have beer? introduced. This
expression must be introduced in (6) so that only the currents and potentials of node, ], and
V respectively, together with the supply currents Fy;, are considered as the main variables.

To establish the relationship between the currents in the nodes, it is necessary to agree
on a consistent sign criterion. It will be agreed to consider positive the outgoing currents
of the nodes either towards the branches, i, or towards the ground, J,;, and the potential
differences between the nodes of each branch will be evaluated from the node through
which the current leaves until the node through which it enters. Using this convention, it
can be written:

N
Jk+ Y G- Vi=F (k=1---N) 7)
-1

The square matrix G is constructed from Kirchhoff’s law in each node, Ohm’s law
in each branch and the branch-node connection matrices, all together with the coherent
criterion of signs for the currents.

At the same time that a potential difference due to the internal circulation of branch
currents is generated in each branch, an absolute potential (with respect to the null potential
of infinity) is also generated in each branch due to the leakage currents towards the
surrounding conductive soil. Thus, each branch acquires a potential Uy, which depends on
the currents filtered to the ground by all other branches I,;;, including the branch k itself.
Thus, it can be stated

B
Uy = Z I - Zi ®)
m=1

where the impedance Zj,,, (sometimes called transverse impedance [19]) has the following
expression for a multi-layered soil,

Ziem = 4ﬂfdlm ‘ﬁ 5km + f (fim(A)e™E=2m) 4 g (M)A E=20) ) [o(Ar)dA|  (9)

The expressions (8) and (9) are completely equivalent to (5) with Iy = pp - Aly,.
Moreover, p;, is the soil resistivity around the branch m and as it was already mentioned
before, the functions f(A) and g(A) are calculated by imposing the boundary conditions at
each interface [12].

From the expressions (8) and (9) it is shown that the absolute potential acquired by
the branch k as a result of the current filtered to the ground, can be put in the matrix form
(U)p; = (Z1)p p(I) 1, Where the subscripts indicate the dimension of the matrices (B will
denote the number of branches and N will denote the number of nodes) and the square
matrix (Z7) is the matrix of transverse impedances.

For a proper application of circuit analysis, it is necessary to establish a relationship
between leakage currents and potentials in the branches and nodes. In Figure 3, two types
of currents are shown, the leakage current of the branch I; and those that go from the nodes
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of the branch Ji, y Ji., both towards the surrounding medium. It will be agreed that both
node and branch currents to the surrounding medium are related by the matrix equation

D1 = Ong-(Dpa (10)
where (C) is a matrix of N rows (nodes) and B columns (branches) whose elements are

o 1/2 if the node i is connected to the branch j (1)

771 0 otherwise

This means that each branch leakage current I; is divided into two halves that go to

the currents of nodes J;+ and J;-. With regard to the branch potential U; and the potentials
of the branch nodes V;* and V;~,

(W= K)pn- (VN1 (12)

with (K) being a matrix of B rows (branches) and N columns (nodes), whose elements are
1/2 if the branch i is connected to the node j

kij = . (13)
0 otherwise

which really means that the branch potential is the average value of the potentials of its
nodes U; = % With Equations (7), (8), (10) and (12) a system of matrix equations can
be proposed,

Dn1+ G)yn-(VIn1 = (Fna

(Wpy=(Z)gp- ), (14)

(I)N,1 = (C)N,B ’ (I)B,l

(u)B,l = (K)B,N ’ (V)N,l

Defining a vector of unknowns consisting of currents and potentials I, y V;,

(W)pina = ( (Dg, ) (15)

the system of Equation (14) can be written as

(Z)pp —(K)pn ) . _ [ Oy
(8 e )0 = (B "
which allows us to find the solution of the problem in terms of potentials and currents.

The electrode potential is the one corresponding to the node through which the current
enters the electrode and the grounding resistance is the quotient between this potential
and the injected current. Note that both depend on the parameters of the multilayer model
chosen through p,, and the functions f(A) and g(A) in (9).

For an L length rod driven into the soil of parameters {p1,02...,h1,h> ...}, the calcu-
lated grounding resistance will be denoted as Ry (L; {p1,02...,h1,h2...}). In practice,
a direct measurement in the field of the grounding resistance Ry;eqs of the rod by the fall-
of-potential method is performed. The control variable is the rod length L, thus a set of
grounding resistance values corresponding to increasing lengths of the rod are available.
From these measurements an optimization algorithm that minimizes

X = Z [Rmetw(Lj) - Rcalc(Lj} {p1,02... 1, bz })]2 (17)

J

could be implemented. This problem falls into the category of so-called inverse problems,
which are very often ill-conditioned. That means in practice that uncertainties in the
measurements of grounding resistance can led to very dramatic changes in the parameter
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values of the multilayered model. Consequently, there may be no single solution to the
resistivity profile from the measured grounding resistance series.

To finish this section, some considerations about the model presented here will be dis-
cussed. The internal resistance of a grounding electrode plays an important role for several
reasons. In the first place, as already mentioned, the electrode is no longer equipotential,
and the grounding resistance must be defined as indicated above. The current injection
point is an important choice and must be chosen so that its potential is as low as possible.
Second, the calculations made with this model allow validating or discarding materials to
be used in electrodes on condition of verifying technical requirements on the value of the
grounding resistance and the step and touch potentials required in an installation. Note
that increasing the size of the electrodes can help to decrease the grounding resistance as
long as the internal resistance of the conductors does not result in a final increase in the
grounding resistance. Finally, another effect to consider that can only be evaluated with
models such as the one presented here is the heating by the Joule effect on the electrodes.
The heat generated can cause an unwanted increase in grounding resistance when taking
into account the variation in resistivity with temperature. The effect must be studied and
only models that take into account the internal resistivity of the conductors are valid for
this purpose.

3. Application to Resistive Driven-Rod Method: Testing with Some Examples

In the tests that will be described below, a rod is vertically driven into a multilayer
soil and the grounding resistance is measured as a function of the length of the rod that
is buried in the soil. According to the circuit-based model introduced in Section 2, each
branch of the buried rod contributes with a leakage current leakage to the ground and
electric potentials are generated at its ends that must be determined by solving (16). The
grounding resistance can be calculated from the potential acquired by the injection point of
the total current, which is usually the upper end of the rod. This potential depends on the
internal resistance of the rod and the resistivity profile of the ground through the resistivity
and width of the different layers. These soil parameters can be found by a minimization
procedure of (17). In order to work in conditions similar to the real tests, some additional
considerations need to be discussed.

First of all, it is necessary to comment that in many real cases, the rod driven into
the soil is composed of rod segments of fixed length assembled by means of small joining
pieces. Such connecting pieces provide a contact resistance between the two rods that are
joined that makes the whole rod a conductor with non-zero internal resistance. This fact
will be modeled by associating a non-zero resistivity to the connecting piece between the
adjacent rods, the rods themselves being ideal conductors. Each time a rod segment is
assembled with a joining piece and driven into the ground, the grounding resistance of the
entire rod is measured. For practical reasons, the rod segments usually have a size ranging
from 1 m to 1.5 m while the connecting pieces have a length of a few centimeters. In some
of the synthetic cases that will be studied, 0.5 m rod segments will be used although this
size is actually fictitious.

3.1. Synthetic Examples with No Internal Resistance

Let us consider first a synthetic example in which the rod has no internal resistance.
Let the ground be a synthetic three-layer soil with parameters p; = 100 Om, p; = 50 Om,
p3 =300 Om, h; =2 m, and hy, = 3 m, where a vertical zero-resistive rod of 9 mm radius is
driven into the soil from 0.5 m up to 8 m deep. The rod is assumed to be made of a single
continuous piece that is introduced in segments of 0.5 m in the ground. For every 0.5 m
of drilling, the grounding resistance is calculated assuming that it is a value obtained in a
field measurement using the fall-of-potential method. Table 1 shows the results where L is
in meters and R is in Ohms.
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Table 1. Buried rod length L (m) and the corresponding grounding resistance R ((2).
L (m) 0.5 1 1.5 2 2.5 3 35 4
R (QY) 139.90 80.67 57.79 44.68 31.74 25.52 21.66 19.05
L (m) 4.5 5 5.5 6 6.5 7 7.5 8.0

R (QY) 17.18 15.97 15.76 15.54 15.31 15.07 14.85 14.62

From data of Table 1, a MatLab-based minimization algorithm using the fminsearch
routine is launched where the objective function is (17). The parameters of the model ob-
tained from the minimization procedure are p; = 99.01 Om, py =49.79 Om, p3 =292.45 Om,
h; =2.03 m, and hy = 2.94 m. Figure 4 shows by using diamond markers the values on the
Table 1. The red continuous line, labeled as Calculated 1, stands for the calculated ground-
ing resistance from the obtained optimum solution while the dashed blue line, labeled
as Calculated 2, shows the calculated grounding resistance from the true soil parameters.
The subfigure in Figure 4 stands for the percentage error eg = (Ryrue — Regie) / Rirue in the
calculation of the grounding resistance using the estimated soil model, where Ry is the
grounding resistance from the true soil model, whilst R, is the calculated grounding
resistance from the estimated soil model.

150 T T T T T

¢ Simulated
Calculated 1
----- Calculated 2
4
@ 100 g ’
4 & 2
=
8 g
S w1
8
@
8 0
o 0 2 4 6 8
=§ Buried rod length L (m)
E
S s0f b
(]

Buried rod length L (m)

Figure 4. Simulated and calculated grounding resistance.

Although sixteen simulated data have been used in this synthetic example, it is
possible to recover the soil structure with much less data. Let consider another example
of synthetic soil p; =50 Om, p; =200 Om, p3 = 10 Om, h; =2 m, and hy =3 m. Again,
we will assume a non-zero internal resistance rod of 9 mm radius driven into the soil. As
before, the rod is assumed to be made of a single continuous piece that is driven into the
ground, but in this experiment the grounding resistance is simulated every 1.5 m. Only
five grounding resistances corresponding to five buried electrode lengths will be simulated.
Table 2 collects the simulated grounding resistance for the considered rod lengths.

Table 2. Buried rod length L (m) and the corresponding grounding resistance R ((2).

L (m) 1.5 3 4.5 6 7.5
R () 30.51 22.78 19.46 5.79 3.24

The parameters of the model obtained from the minimization procedure are p; = 49.47 Om,
p2 = 171.76 Om, p3 = 9.59 Om, h; = 1.85 m, and h; = 3.22 m, which shows significant dif-
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ferences with the values of the real soil, especially in the intermediate layer. However, the
grounding resistance obtained for the five lengths considered is very close to its true value.
Figure 5 shows with diamond markers the values on the Table 2. The red continuous line
labeled as Calculated 1, stands for the calculated continuous grounding resistance from the
solution of the minimization procedure. The blue line stands for the calculated continuous
grounding resistance but using the true soil structure. The differences between the estimated
soil structure and the actual structure come from coarse sampling of the soil when using the
grounding resistance of the vertical rod in jumps of 1.5 m length. This effect is most obvious
when there are large changes in resistivity between layers. The continuous red line in subfigure,
labeled as E-Calculated 1, stands for the percentage of error eg = (Rirue — Regic) / Rerue in the
calculation of the grounding resistance using the estimated soil model, which give rise to the
above-mentioned curve labeled Calculated 1 in the main figure.

80 T

¢ simulated

Calculated 1
70 Calculated 2
----- Calculated 3

60 - E-Calculated 1
E-Calculated 3

50 -

40

30 -

Grounding resistance R (Q)

Buried rod length L (m)

Figure 5. Simulated and calculated grounding resistance.

If the grounding resistance is now measured every time 0.5 m of rod driven into the
ground, new data have to be added to Table 2 obtaining Table 3.

Table 3. Buried rod length L (m) and the corresponding grounding resistance R ((2).

L (m) 0.5 1 1.5 2 25 3 3.5 4
R () 71.11 41.63 30.51 25.10 24.01 22.78 21.66 20.53
L (m) 4.5 5 5.5 6 6.5 7 7.5 8.0
R () 19.46 18.12 8.21 5.79 4.55 3.77 3.24 2.85

The minimization procedure applied on data of Table 3 results in a set of soil parameters
p1 =49.34 OOm, p; =217.28 Om, p3 =10.73 OOm, h; =1.95m, and hy =3.02 m, which give rise to
the green dashed line labeled as Calculated 3 in Figure 5. Note that the calculated grounding
resistance by the new optimum model is very close to that calculated by the true soil model
since the values of the estimated soil parameters are very close to those of the actual soil.
The continuous blue line, labeled as Calculated 2, stands for the grounding resistance profile
from the improved resistivity model. The corresponding error eég = (Rirue — Regre) / Rerue 18
shown as E-Calculated 3 in the subfigure. As a conclusion, the larger the sample of grounding
resistance data, the better the estimation of the soil model parameters.
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3.2. Synthetic Examples with Internal Resistance

To finish the study of synthetic soils, a rod again 9 mm radius with non-zero inter-
nal resistance driven into the soil will be considered. Let us consider the synthetic soil
p1 =100 Om, py =200 Om, p3 =40 Om, h; =3 m, and hy = 1 m. In order to get closer to
the real data that will be used as a test of the RDR method, suppose that sections 1.5 m
long of galvanized-steel low-resistive rod p = 13.8 x 10~8 (m are assembled as shown
in Figure 6. Let also suppose that the imperfect contact between the pieces along the
junction, which is 2 cm long, is equivalent to a small branch with an internal resistivity of
1.27 x 10~® Om. This value has been estimated after measuring the resistance of a section
of 1.5 m rod, 1.02 m(), and of two joined sections, 2.14 m(), which results in a contact
resistance of 0.1 mQ). This resistance along a 2 cm length with a radius of 0.009 mm is
achieved with the assigned junction resistivity. The grounding resistance of a rod composed
by N low-resistive rod sections plus N joining sections is measured when N ranges from 1
to 6. Simulated measurements are shown in Table 4.

Figure 6. Detail on the rod sections junction.

Table 4. Buried rod length L (m) and the corresponding simulated grounding resistance R (Q) for the
considered synthetic soil when a non-zero internal resistance rod is driven into the soil.

L (m) 1.5 3.0 4.5 6.0 7.5 9.0
R (Q) 56.85 32.17 19.65 11.81 8.65 6.88

The minimization procedure (17) is somewhat more complicated since the calculated
resistance profile R qc(Lj; {p1,02--.,h1,h2...}) for a given set of soil parameters and for
the different rod lengths L; must be evaluated taking into account the internal resistivity of
the different pieces. The minimization procedure applied on data of Table 4 give rise to
the best set of estimated soil parameters p; = 99.72 Om, p; = 159.50 Oim, p3 = 37.71 Om,
h; =2.77 m, hy =1.33 m. As in the previous examples, values significantly different from
the true ones are estimated for the intermediate layer. As mentioned before, this fact is
related to the size of the rods, which results in a coarse sampling of the grounding resistance.
Refining the sampling by using low-resistive rods 0.5 m length together with the junction
segments, the simulated grounding resistance is shown in Table 5. The estimated soil
parameters are p; = 99.99 (OOm, p, =201.32 QOm, p3 =40.01 Om, h; =2.99 m,and h, =1.02 m
which are very close to the real values taken as starting point.
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Table 5. Buried rod length L (m) and the corresponding grounding resistance R ((2).
L (m) 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 4.5
R (Q)) 137.09 79.20 56.86 44.76 37.15 32.17 29.94 27.36 19.60
L (m) 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0

Grounding resistance R (f2)

60

50

40+t

30

20

R () 15.92 13.52 11.80 10.50 9.47 8.64 7.95 7.37 6.88

Figure 7 shows the grounding resistance of the rod as a function of the buried length for
data of Table 4 (left panel) and for data of Table 5 (right panel). As it was pointed out in previ-
ous Figures, green diamonds correspond to simulated grounding resistance data from the true
resistivity profile, whereas the continuous line stands for the calculated grounding resistance
profile from the estimated soil parameters obtained from the minimization procedure.

T 140 T T T T T T

T
¢ Simulated ¢ Simulated
Calculated Calculated

Error [ (%)
N

80

Error c. (%)

0 5 10
Buried rod length L (m)

60 - 0 4
0 5 10

Buried rod length L (m)

o
Grounding resistance R (2)

20

L I L L I 0 I L I L I | L I
4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9

Buried rod length L (m) Buried rod length L (m)

Figure 7. Grounding resistance vs buried length of a rod composed by sections of 0.5 m length (left panel) and 1.5 m length
(right panel) joined by resistive segments.

Although it is the same synthetic soil, the grounding resistance profile exhibits some
different features depending on the performed type of soil sampling. Coarse sampling, such
as that shown in Table 4, could hide some of the complexity in the grounding resistance
profile. Indeed, this happens between the values 3 m and 4.5 m of depth. A fine sampling
as shown in Table 5 reveals a structure that is smoothed in the coarse sampling, which
leads to a poor estimate of the soil resistivity profile. As a preliminary conclusion, it can be
stated that to get a good approximation to the soil resistivity profile, a fine sampling of the
ground resistance of the rod is necessary.

With the purpose of comparing with the Wenner method, starting from the parameters
of the synthetic soil, the apparent resistivity of a test with separations between electrodes
equal to the rod lengths used in Table 4 has been obtained. The process is then reversed,
and the soil parameters are obtained from the apparent resistivity profile. The result
of the reverse process is p; = 99.99 Om, pp, = 183.32 Om, p3 = 39.94 Om, h; =295 m,
and hy = 1.13 m, somewhat better than the one obtained with the present RDR method.

Another detail to consider is that with a fine sampling a greater number of joints
between pieces is introduced and therefore a greater overall internal resistance in the length
of buried rod. As a consequence, as the total length of buried rod increases, the grounding
resistance for a given length is somewhat higher in fine sampling than in coarse sampling.
For this reason, a continuous graph of the grounding resistance calculated with the real
values of the soil cannot be superimposed on Figure 6 for comparing purposes, as was
done in Figure 4.
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3.3. Real Examples with Internal Resistance

So far, only synthetic resistivity profiles have been considered in order to test the feasi-
bility of the RDR method for recovering the soil structure when real electrodes and practical
procedures are used. Next, some real cases corresponding to coarse sampling grounding
resistance test will be analyzed. The data has been kindly provided by the INGESCO Lighting
Solutions firm, located in Terrassa, Barcelona (Spain), for academic purposes.

A real case that comes from the measurement of a soil located in Girona, Catalonia (Spain)
is considered first. Five galvanized steel rods 1.5 m long and 9 mm radius are assembled as
described previously and driven into the ground piece by piece, measuring each time the
grounding resistance of the buried part. Measurement data are shown in Table 6.

Table 6. Buried rod length L (m) and the corresponding measured grounding resistance R (Q2) of the
rod located in Girona.

L (m) 1.5 3.0 4.5 6.0 7.5
R Q) 68.01 53.99 50.02 22.00 12.10

The parameters of the model obtained from the minimization procedure are p; =
105.78 Om, pp = 943.53 Om, p3 = 36.71 OOm, hy =2.01 m, and h; = 3.25 m. Figure 8 shows
by using diamonds markers the values on the Table 6. The red continuous line stands for
the calculated grounding resistance from the solution. In the subfigure, the percentage
error just defined as er = (Ryeas — Restim ) / Rineas, Where Ryeas is the measured grounding
resistance, whilst R,y is the grounding resistance from the estimated soil model.

T T
¢ Measured
Estimated

70

60 -

50 -

40+

30 -

Grounding resistance R ((2)

Error e (%)

20 [

2 4 6
Buried rod length L (m)

8

1 2 3 4 5 6 7 8
Buried rod length L (m)

Figure 8. Measured and calculated grounding resistance in Girona.

Next, consider another real case from measurements of a soil located in Castelldefels,
a region of Barcelona, Catalonia (Spain). As in the previous example, seven rods 1.5 m long
and 8 mm radius are assembled and driven into the ground piece by piece, measuring each
time the grounding resistance of the buried part. Measurement data are shown in Table 7.

Table 7. Buried rod length L (m) and the corresponding measured grounding resistance R (Q2) of the
rod located in Castelldefels.

L (m) 1.5 3.0 4.5 6.0 7.5 9.0
R () 43.50 11.01 4.82 3.70 2.76 2.10

The parameters of the model obtained from the minimization procedure are p; = 80.28 Om,
p2 = 13.28 Oim, p3 = 14.54 OOm, h; = 2.39 m, and h, = 4.78 m. Figure 9 shows by using dia-
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monds markers the values on the Table 7. The red continuous line stands for the calculated
grounding resistance from the solution. In the subfigure, the percentage error defined as
er = (Ryeas — Restim) / Rimeas, Where Ripeqs is the measured grounding resistance, whilst Regyip,
is the grounding resistance from the estimated soil model.
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Figure 9. Measured and calculated grounding resistance in Castelldefels, Barcelona.

In this soil, a Wenner sounding has been carried out with the purpose of comparing
the models resulting from the application of the two methods, namely the driven-rod
method addressed in this paper and the method based on the apparent resistivity profile
obtained from the Wenner sounding. The apparent resistivity profile is shown in Table 8.

Table 8. Apparent resistivity profile data vs. electrode separation 4, for the site located in Castelldefels.

a(m) 1.0 20 30 40 50 60 70 80 90 100 11.0 120
Papp(Qm) 778 689 523 398 308 249 211 188 173 163 157 153

From data of Table 8, a three-layer resistivity model with parameters p; = 80.18 Q0m,
pp =104.12 Om, p3 = 13.96 OOm, hy =1.77 m, and h; = 0.44 m has been obtained. Although
this model is essentially different from the one obtained from Table 7, a simulation of RDR
logging carried out with the obtained parameters gives a resistance profile very close to
that shown in Table 7. This is a situation similar to that found in the synthetic model test of
Figure 5. Again, the coarse sampling of resistance is at the origin of the differences. The
most reliable model in this case is the one that comes from the Wenner sounding since there
is a greater number of data involved preventing fine structures in the resistivity profile
from being underestimated.

As final comments, it can be stated that the soil resistivity profile could be recovered
with a sufficient degree of reliability by using a few grounding resistance measurements
provided that the sampling does not smooth possible structures in the grounding resistance
profile that may distort the result of the minimization process of (17). Thin soil layers may
not be well tested if the rods used in resistance logging are too long. Results improve
using finer sampling as long as a greater number of resistive junctions have to be taken
into account. The here-analyzed RDR method has been proven to be valid although it has
certain drawbacks. Together with the aforementioned problem with the sampling of the
grounding resistance, an increase in the difficulty of the minimization process of (17) must
be added to achieve adequate values of the soil parameters. The introduction of the internal
resistivity of the rod in the semi-empirical formulas for the calculation of the resistance
(16), leads to the expression (17) which may have some local minima that the minimization
algorithm can take as the solution of the problem. The proper choice of the values of the
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parameters that start the minimization process is important. For this reason, it is necessary
to repeat the minimization process with different initial values and analyze the final results.
This situation is much less frequent in the method based on apparent resistivity.

4. Conclusions

Assuming a multilayer model for a soil, its parameters can be estimated by means of a
grounding resistance logging carried out by means of a vertical rod that is progressively
introduced into the soil. As a novelty compared to previous studies, the internal resistance
of the rod is taken into account. Thus, the term Resistive Driven-Rod method is introduced.
After establishing a resistance calculation procedure based on semi-analytical expressions
that include the aforementioned internal resistance of the rod, several application examples
were considered, from rods without internal resistance in synthetic soils to experiments in
real soils with real rods. The examples discussed show the viability of RDR under certain
conditions, which do not represent major problems in the more popular apparent resistivity
method. Rod resistance sampling should not smooth out possible structures in the ground
resistance logging. This problem is not easy to avoid since fixed length pieces of rod are
usually available that are assembled and inserted into the ground, measuring the resistance
next. The union between pieces can introduce a contact resistance that must be taken into
account. Mainly, the size of the rod pieces determines the resistance sampling. These
cannot be too small for technical reasons. In addition, the process of searching for the soil
resistivity profile by minimizing (17) must be repeated in order to avoid spurious solutions.
For coarse sampling, it is possible to find various soil resistivity profiles compatible with
RDR sounding values. Only the profile that corresponds to the actual soil can be selected
by finer sampling.

As a final comment, although RDR is a clearly invasive method with the already
mentioned drawbacks, it has some well-known advantages. Among them stands out a
more direct and local estimate of the soil resistivity profile, suitable when there is the
possibility of significant lateral variations in soil resistivity.
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